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Lighting controls in offices are still mainly focused on energy savings. However, focusing 
on a potential productivity increase of office workers would lead to much higher savings in 
company costs. A less alert office worker performs a task worse compared to a more alert 
office worker. This project aimed at developing input (personal lighting conditions, predictors 
of personal lighting conditions, and its relation with subjective alertness) for intelligent 
systems to optimize subjective alertness of office workers. Personal lighting conditions are 
defined in this thesis as continuous lighting conditions at eye level. A systematic approach 
has been developed which comprises of four parts: gathering personal lighting conditions, 
interpreting personal lighting conditions, identifying predictors of personal lighting 
conditions, and relating personal lighting conditions to subjective alertness. 

First, in order to gather continuous personal lighting conditions, one can perform Person-
Bound Measurements (PBM), Location-Bound Measurements (LBM), or estimate them via 
a newly developed Location-Bound Estimations (LBE) method (Chapter 2). This method 
estimates continuous lighting conditions based on a predictive model and a reference 
measurement instrument which continuously measures the lighting conditions at the 
reference location. Although this method complies with the continuous measurements, it 
only estimates at locations which are specified with a predictive model. The location of the 
office workers needs to be tracked and inserted in this method to obtain personal lighting 
conditions. The location of the office worker was certainly included in the PBM method. 
Although the performance and comfort issues of PBM devices were notable, these devices 
were used to investigate personal lighting conditions of office workers in the majority of this 
project.

Second, personal lighting conditions of 62 Dutch office workers gathered during a field study 
in spring 2017 were interpreted according to light factors identified to initiate effects beyond 
vision (Chapter 3). Despite the large individual differences, some general trends were visible. 
The light quantity peaked three times during the day (one in the early morning, one during 
lunchtime, and one in the late afternoon). In addition, the light quantity “elsewhere” (all 
locations except “at work” and “at home”) was significantly higher than “at home” or “at 
work”. And last, the light spectrum (represented as correlated colour temperature) did not 
vary much throughout the day.

Third, the same field study revealed predictors influencing personal lighting conditions 
(Chapter 4). Weather conditions, the daily schedule of an office worker (i.e., time spent “at 
work”, “at home”, or “elsewhere”), office characteristics, and personal conditions were found 
to influence personal lighting conditions. Not all office lighting systems can be controlled 
per luminaire to change personal lighting conditions at work. Therefore, another way of 
addressing the office workers to their best personal lighting conditions at work may be to 
recommend a desk which fits the lighting conditions best for them. 
 
Fourth, the personal lighting conditions were investigated in relation to subjective 
alertness (Chapter 5). The influence of lighting conditions on subjective alertness was 
often demonstrated by comparing two or more different light scenarios. In the field studies 
performed in this project, the lighting conditions were uncontrolled and varied per individual 
and throughout the entire day. This discrepancy in lighting conditions may explain the lower 
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number of significant correlations found between light and subjective alertness in the field 
studies. In an exploratory field study in the Netherlands, the data from only 6 out of 46 
participants showed a significant correlation between light and subjective alertness. This low 
number of correlations may also be explained by the type of office workers participating 
in the field study. The relationship between light and subjective alertness was tested in a 
second field study as well (N=62). Besides light quantity, light spectrum and duration of light 
exposure were included in the investigation of the relationship between personal lighting 
conditions and subjective alertness as well. This field study demonstrated that the duration of 
light exposure may be relevant in this relationship. Nearly all dose-response curves between 
personal lighting conditions and subjective alertness determined in this study turned out to 
be not significant (p<.05). However, the results may be of high importance in the exploration 
of the exact relationship between personal lighting conditions and subjective alertness. 
 
The above-mentioned systematic approach conveys personal lighting conditions, predictors 
of personal lighting conditions, and its relationship with subjective alertness to be inserted 
in intelligent systems to optimize alertness of office workers. Such systems would provide 
recommendations for office workers to adjust their own personal lighting conditions instead 
of adjusting the electric lighting at the location of the office worker. This type of system may 
not only be energy efficient (since it uses the availability of daylight to its optimum) but also 
practical because it can be applied everywhere as long as it concerns the (indoor or outdoor) 
environment of an individual. The system can be used by companies to support their office 
workers to experience their optimal subjective alertness during the entire day. The office 
workers would feel more alert whereas the employers would see productivity gains to help 
them reducing their company costs.
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Tegenwoordig vindt de regeling van kantoorverlichting voornamelijk plaats met het oog op 
mogelijke energiebesparingen. Dit om zo bedrijfskosten te kunnen drukken. Wanneer echter 
het ontwerpdoel van lichtregelsystemen verschoven kan worden richting menselijk welzijn 
zou er wellicht meer bespaard kunnen worden. Zo kan een alerte kantoormedewerker zijn 
taak bijvoorbeeld beter uitvoeren vergeleken met een minder alerte kantoormedewerker. De 
toename in productiviteit als gevolg hiervan zou tot hogere besparingen in de bedrijfskosten 
kunnen leiden. Het doel van het onderzoek in dit proefschrift is het nader onderzoeken van 
de input voor de ontwikkeling van intelligente lichtregelsystemen. Deze systemen horen bij 
te dragen aan de optimalisatie van de alertheid van kantoormedewerkers. Dit proefschrift 
beschrijft de input die bestaat uit persoonlijke lichtcondities, voorspellende factoren voor de 
persoonlijke lichtcondities en de relatie tussen deze lichtcondities en subjectieve alertheid. 
Persoonlijke lichtcondities zijn in dit proefschrift gedefinieerd als continue lichtcondities 
die op het oog vallen van het individu. Tevens beschrijft dit proefschrift een systematische 
werkwijze die ontwikkeld is om deze input te verzamelen en te onderzoeken. De gevolgde 
werkwijze bestaat uit vier onderdelen: (1) verzamelen van persoonlijke lichtcondities, (2) 
interpreteren van deze persoonlijke lichtcondities, (3) identificeren van variabelen die 
de persoonlijke lichtcondities kunnen beïnvloeden en (4) verbinden van de persoonlijke 
lichtcondities aan subjectieve alertheid.

Het eerste onderdeel is het verzamelen van de persoonlijke lichtcondities (hoofdstuk 2). 
Persoonlijke lichtcondities kunnen worden gemeten met persoons- of locatiegebonden 
meetapparatuur. Daarnaast kunnen deze lichtcondities ook benaderd worden via een 
nieuwe praktische methode. Deze methode schat langdurige lichtcondities op basis van een 
set continue referentiemetingen, gemeten op een vaste locatie, en een model dat condities 
voorspelt. Het nadeel van deze methode is dat de geschatte persoonlijke lichtcondities 
corresponderen met lichtcondities op vaste locaties. Een kantoormedewerker zal zich 
echter niet constant op dezelfde locatie bevinden. Daarom is het van belang om de exacte 
locatie van de medewerker te meten en mee te nemen in de methode. Daarentegen 
houden de, zoals de naam zegt, persoonsgebonden metingen (PBM) al rekening met de 
exacte locatie van de kantoormedewerker. Het feit dat de persoonsgebonden metingen 
hier dus rekening mee houden weegt op tegen de mindere meetprestaties en de grotere 
last voor de kantoormedewerker bij het dragen van de meetapparatuur. Vanwege dit feit 
zijn persoonsgebonden metingen toch toegepast in het merendeel van dit onderzoek om 
persoonlijke lichtcondities van kantoormedewerkers te verzamelen en te onderzoeken. 

Nadat de persoonlijke lichtcondities verzameld zijn, volgt de interpretatie van de data 
(hoofdstuk 3). Dit is het tweede onderdeel van de systematische werkwijze. De persoonlijke 
lichtcondities van 62 kantoormedewerkers werden verzameld tijdens een veldstudie in 
het voorjaar van 2017. De persoonlijke lichtcondities zijn vervolgens geïnterpreteerd op 
verschillende lichtfactoren. Dit omdat licht niet alleen voor zicht zorgt, maar zoals eerdere 
studies hebben aangetoond kan licht nog veel meer processen in gang zetten. Het gaat dan 
onder meer om de processen zoals het aansturen van het bioritme, de stemming en de 
alertheid. Van de lichtfactoren die gebruikt zijn voor de interpretatie van de persoonlijke 
lichtcondities is eerder aangetoond dat zij effectief zijn voor het initiëren van de hierboven 
genoemde processen. Naast de grote individuele verschillen die ontdekt zijn in de persoonlijke 
lichtcondities, waren er ook algemene trends te zien. Zo is te zien dat de lichtintensiteit 
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drie keer piekt tijdens een dag (te weten in de vroege ochtend, tijdens lunchtijd en in de 
namiddag). Daarnaast was de lichtintensiteit op de locatie “elders” (alle locaties behalve 
“thuis” en “op kantoor”) significant hoger dan “thuis” of “op kantoor”. De kleur van het licht 
varieerde niet veel gedurende de dag. 

Nu duidelijk is aan wat voor persoonlijke lichtcondities kantoormedewerkers blootgesteld 
kunnen worden gedurende de dag, is het van belang na te gaan hoe deze persoonlijke 
lichtcondities beïnvloedt kunnen worden (hoofdstuk 4). Met deze kennis als input is het 
namelijk mogelijk om via de lichtregelsystemen de alertheid van kantoormedewerkers te 
optimaliseren. In de veldstudie zijn weercondities, tijdsbeheer (bijvoorbeeld de hoeveel 
tijd die is doorgebracht is “op kantoor”, “thuis” of “elders”), kantooreigenschappen en 
persoonlijke karakteristieken als voorspellende factoren geïdentificeerd. Aangezien niet alle 
kantoorverlichting aangestuurd kan worden per individu worden er in dit proefschrift ook 
alternatieve manieren aangereikt. Zo kan een kantoormedewerker bijvoorbeeld aanwijzingen 
krijgen om zich te verplaatsen naar een andere werkplek. De lichtcondities op die werkplek 
zijn op dat moment wellicht gunstiger voor deze specifieke kantoormedewerker dan waar zij 
of hij zich eerst bevond. 

Het laatste onderdeel van de systematische werkwijze is het onderzoeken van de 
daadwerkelijke verbinding tussen licht en alertheid (hoofdstuk 5). De invloed van licht op 
alertheid is al vaak aangetoond in studies waarin mensen blootgesteld werden aan meerdere 
verschillende lichtcondities. In de veldstudies beschreven in dit proefschrift waren de 
lichtcondities niet gecontroleerd en varieerden deze dus per individu en gedurende de dag. 
Een eerste verkennende veldstudie met 46 deelnemers toonde alleen zwakke verbanden 
aan tussen lichtintensiteit en alertheid. Dit zou mogelijk verklaard kunnen worden door 
bijvoorbeeld de grote variatie in de lichtcondities, de lage variatie in alertheid of het type 
kantoormedewerkers. De relatie tussen licht en alertheid werd ook onderzocht in een tweede 
veldstudie (de veldstudie die eerder al genoemd werd met 62 deelnemers). In deze studie 
werden naast de lichtintensiteit ook de kleur van het licht en de duur van de lichtblootstelling 
meegenomen. Deze resultaten toonden aan dat de duur van de lichtblootstelling belangrijk 
zou kunnen zijn in de relatie tussen licht en alertheid. Echter bleken bijna alle onderzochte 
verbanden tussen licht en alertheid niet statistisch significant. Desalniettemin neemt dit niet 
weg dat de bevindingen belangrijk zijn voor het verder onderzoeken van de exacte relatie 
tussen persoonlijke lichtcondities en subjectieve alertheid. 

De werkwijze, zoals in dit proefschrift beschreven, is effectief gebleken in het consistent 
bepalen van persoonlijke lichtcondities, de voorspellende factoren voor deze lichtcondities 
en de relatie tussen de lichtcondities en alertheid. Deze input kan vervolgens gebruikt worden 
voor intelligente systemen om de alertheid van kantoormedewerkers te optimaliseren. 
Deze intelligente systemen kunnen adviezen sturen naar kantoormedewerkers zodat ze 
hun persoonlijke lichtcondities zelf aan kunnen passen. Een dergelijk systeem is hierdoor 
niet alleen energie-efficiënt (het gebruikt daglicht immers zo optimaal mogelijk), maar ook 
erg praktisch aangezien het overal toegepast kan worden. Deze systemen kunnen gebruikt 
worden door bedrijven om hun kantoormedewerkers te ondersteunen, zodat zij optimaal 
alert zijn wanneer nodig. Kantoormedewerkers zullen zich alerter voelen terwijl werkgevers de 
productiviteitswinst zeer aangenaam zullen vinden om zo de bedrijfskosten te verminderen.
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Studies regarding office buildings often aim to identify or develop new possibilities to reduce 
company costs. Energy consumption is one of the main aspects being addressed. Four 
ways for energy efficiency in a building have been described in literature: the design of a 
nearly zero energy passive building, the usage of low energy building materials, the usage 
of energy efficient equipment for low operational energy requirement, and the integration 
of renewable energy technologies (Chel & Kaushik, 2018). Three of the abovementioned 
aspects correspond to the Trias Energetica which was already developed in 1979 (Korbee, 
Smolders, & Stofberg, 1979) and internationally introduced in 1996 (Lysen, 1996). 

The largest part (48.8 %) of the operational company costs are staff costs. Figure 1-1 shows 
the typical annual company costs in the Netherlands for 2017 (StatLine, 2019a). Energy 
consumption, housing, equipment and inventory, transport, sales, communication, other 
services, and other costs are nearly negligible compared to the large peak for staff costs. This 
separation of costs is similar to the North-American costs as demonstrated by Rowbottom 
(Rowbottom, 2009). Rowbottom suggested focussing on the bulk cost for staff by generating 
productivity gains. He showed that a small productivity saving (1 %) was already enough to 
compensate for all energy costs. That remarkable statement was not completely supported by 
the Dutch data. Nevertheless, the Dutch data showed that the costs for energy consumption 
are equivalent to an annual productivity saving of 4.4 %, see Figure 1-1. The relevance of 
energy saving goals with regard to the climate goals as described in the 2030 Energy Strategy 
of the European Commission (2019) still remains of high importance.

Productivity is, besides job satisfaction and organizational commitment, one of the three 
most desired organizational outcomes as identified by McNeese-Smith (McNeese-Smith, 
1995). Regularly, the terms ‘productivity’ and ‘work performance’ are used interchangeably. 
Productivity is defined in this thesis as the measure of efficiency of an office worker in converting 
inputs into useful outputs (BusinessDictionary, 2019) whereas work performance is defined 
as how well or poorly a person had accomplished her or his work tasks (George & Jones, 
2012). Since useful outputs and thus productivity are rarely observable at the individual level, 
individual measures of work performance are used as an approximation of their productivity 
(Sauermann, 2016). Many determinants have been identified to influence work performance 
(Anitha, 2014). The physical office environment was often reported to contribute to the work 
performance of the office worker (Clements-Croome, 2006; Haynes, 2008; Kegel, 2017; Kim, 
2014). One aspect of this physical environment is the lighting condition.

16 | Chapter 1
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Figure 1-1: Typical annual costs for all types of companies in the Netherlands, 2017 (StatLine, 2019a). An annual 
productivity saving of 4.4 % (€200.452 billion × 0.044 = €8.819 billion) is equivalent to the total annual costs for 

energy consumption (€8.789 billion).

The lit environment at workplaces has been demonstrated to strongly impact the productivity of 
office workers (Mills, Tomkins, & Schlangen, 2007). Veitch developed a conceptual model for the 
relationship between lighting conditions at the workplace and organizational outcomes, such 
as productivity (Figure 1-2). The model shows psychobiological and psychological processes in 
the middle of the model which are influenced by workplace conditions, (individual differences 
in) home conditions, other roles, social and organizational context, and group processes. 
These psychobiological and psychological processes then influence individual outcomes and 
these individual outcomes ultimately influence the organizational outcomes (Veitch, 2001).  



Figure 1-2: Conceptual model demonstrating the relationships between lighting conditions, individual processes, 
and individual outcomes (Veitch, 2001)

18 | Chapter 1

The conceptual model developed for the current thesis, based on the model of Veitch (2001), 
focuses on the individual physical environment and the relations between these environmental 
conditions and organizational aspects (see Figure 1-3). The figure demonstrates that 
occupational aspects, fixed personal characteristics, and flexible personal conditions impact 
physical environmental conditions. These environmental conditions to which an individual 
gets exposed have an (in)direct effect on organizational outcomes. 

Since differences between different physical environments, occupations, and individuals cause 
large variations in the lighting conditions an individual gets exposed to, it is recommended to 
gather and consider personal lighting conditions (see Chapter 2). Personal lighting conditions 
are defined in this thesis as continuous lighting conditions at eye level. Office workers may 
need or desire different personal lighting conditions to perform their task as well as possible. 
The following section elaborates on personal lighting conditions as well as the physical 
environment, occupational aspects, fixed personal characteristics, and flexible personal 
conditions. 
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Figure 1-3: Framework, based on the model of Veitch (2001), demonstrating links between the physical 
environment, occupational aspects, fixed personal characteristics, flexible personal conditions, and 

organizational outcomes. Fixed personal characteristics cannot be influenced by environmental conditions or 
occupational aspects (e.g., gender or age) whereas the flexible personal conditions (e.g., subjective alertness) 

can.
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The physical environment, occupational aspects, fixed personal characteristics, and flexible 
personal conditions may cause differences in individual environmental conditions and thus 
the light entering an individual’s eye. In order to consider the entire variety affecting lighting 
conditions, it is recommended to measure the specific lighting conditions of the individual. 
When gathering the lighting conditions of an individual, two methodological aspects need 
to be taken into account. First, the lighting conditions entering the individual’s eye consist 
nowadays of the combination of both daylight and electric light. Since daylight varies largely 
throughout the day and electric light may vary depending on the type of luminaire, spectral 
output, and the dimming strategy, it is recommended to measure the lit environment 
continuously. Second, it has been suggested before that the environment around an individual 
needs to be considered at the individual level (Fanger, 2000; Meng, Spector, Colome, & Turpin, 
2009). Several other environmental conditions (e.g., air pollution) were already investigated 
at the individual level (de Bakker, de Jong, Schmitz, & Karssenberg, 2017). Gathering lighting 
conditions at the individual level ensures the determination of lighting conditions regardless 
of position or viewing direction. Personal lighting conditions are defined as continuous 
lighting conditions at the individual level (see Chapter 2). It is expected that the accuracy and 
reliability of the results obtained in a light effect study would increase when personal lighting 
conditions are included instead of averaged lighting conditions. 

The personal lighting conditions in this project are mostly expressed using the photometric 
quantities illuminance and correlated colour temperature. The reason that no other quantities 
(e.g., radiometric quantities, for example, to calculate α-opic irradiances (CIE, 2018)) were 
included were the limited abilities of the applied measurement devices to gather the personal 
lighting conditions. However, the idea of continuously gathering personal lighting conditions 
at the individual level can easily be extended to include more measures of luminous radiation. 

Personal lighting conditions of an individual may depend on differences between and within 
environments, occupations, and humans. Table 1-1 demonstrates examples of inter- and 
intra- environmental, occupational, and personal differences. The interpersonal differences 
correspond to the fixed personal characteristics and the intrapersonal differences to the 
flexible personal conditions, as introduced in Figure 1-3. The following sections describe 
the influences of these environmental, occupational, and personal differences on personal 
lighting conditions and (in)directly on the organizational outcomes (see Figure 1-3). 

1.1 Personal lighting conditions



Physical environment Occupation Person

In
te

r d
iff

er
en

ce
s

Workplace Home Office worker Athlete Male Female

In
tr

a 
di

ffe
re

nc
es

Office landscape Private office Presenting Writing Alert Sleepy
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Table 1-1: Examples of inter- and intra- physical environmental, occupational, and personal differences 
influencing personal lighting conditions and (in)directly organizational aspects as well.

1.1.1. Physical environment
The physical environment strongly influences psychobiological and psychological processes 
and therefore organizational outcomes (Figure 1-2). The conceptual model of Veitch focused 
on workplace conditions and briefly mentioned home conditions. This project focuses on 
all environments around the individual; and therefore, Figure 1-3 shows that the physical 
environment “at work”, “at home”, and “elsewhere” all have a prominent place. Environmental 
conditions “elsewhere” comprise, for example, conditions outside, at the commute to and 
from work, inside public buildings, or at friends’ houses. The conditions “at work” and “at 
home” both only correspond to indoor environments. Physical environmental conditions 
to be investigated often relate to indoor environmental quality (IEQ) aspects including 
air quality, thermal comfort, acoustic comfort, and visual comfort (Al horr et al., 2016). 
Altomonte, Schiavon, Kent, and Brager (2019) reported that a specific IEQ credit obtained by 
a certification system does not substantially increase satisfaction with the corresponding IEQ 
factor. Therefore, the challenge really is to create more comfortable and healthier buildings. 
Since the focus of this project, similar to the focus of the conceptual model of Veitch, is on 
lighting, the descriptions of the physical environmental conditions “at work”, “at home”, and 
“elsewhere” primarily focus on lighting conditions. 
 
Light is electromagnetic radiation emitted in the visible part of the spectrum, ranging from 
380 to 780 nm (Boyce, 2014). Radiation below 380 nm is called ultraviolet (UV) radiation 
and radiation above 780 nm is called infrared (IR) radiation. The quantum of radiation can 
be expressed by the energy of the photons; however, for building engineers, it is common 
to express radiation via radiometric or photometric quantities. The photometric quantities 
are weighted towards the sensitivity of the rods and cones in the human retina. The spectral 
sensitivity of the cones are used for photopic vision (luminances higher than approximately 
5 cd/m²) and the spectral sensitivity of the rods for scotopic vision (luminances less than 
approximately 0.005 cd/m²). The most common photometric quantities are luminous flux Φ 
[lm], luminous intensity I [lm/sr or cd], illuminance E [lm/m² or lx], luminance L [cd/m²], and 
luminous exposure H [lxh] (CIE, 2011). Luminous flux means the total light emitted, transmitted, 
or received. Luminous intensity is defined as the ratio of luminous flux leaving a source and 



propagated in a given direction divided by the solid angle. Illuminance is the ratio of luminous 
flux incident on a surface divided by the area of that surface. Luminance is defined as the ratio 
of luminous flux transmitted or reflected through the given point and propagating in a given 
direction divided by the area of the surface of the given point and the exit angle. Luminous 
exposure is the time integral of the illuminance over the given duration. In addition to the 
photometric quantities, there are colorimetric quantities of which the most common ones 
are the relative spectral power distribution SPD [-], the correlated colour temperature CCT 
[K], and the colour rendering index CRI [-], respectively representing the ratio of the spectral 
distribution to a fixed reference value, the temperature of the Planckian radiator having the 
chromaticity nearest to the chromaticity associated with the given spectral distribution, and 
the degree to which the colour of an object match to that of the same object illuminated 
by the reference illuminant (CIE, 2011).  All terminologies regarding personal lighting 
conditions used in this thesis (i.e., light aspects and light factors) are displayed in Figure 1-4. 
Personal lighting conditions is a combined term including all light aspects and light factors. 
 
As mentioned before, the most common light quantities are weighted towards the 
spectral sensitivity of the rods and cones on the human retina. The discovery of the 
ipRGCs (intrinsically photosensitive Retinal Ganglion cells) in 2002 led to new knowledge 
in the lighting field (Berson, Dunn, & Takao, 2002). A small portion of the Retinal Ganglion 
Cells are responding to light stimuli and these ganglion cells capture light (i.e., effective 
irradiances) and initiate processes for vision but effects beyond vision as well. When ipRGCs 
capture light, effects beyond vision are being initiated in the brain (e.g., the regulation of 
blood pressure, core body temperature, hormone production, and the sleep-wake rhythm)
(Sonoda & Schmidt, 2016). The discovery of ipRGCs resulted into multiple suggestions 
to express light when investigated in relation to effects beyond vision, by radiometric 
quantities weighted towards the spectral sensitivity of these ipRGCs or a combination 
of the spectral sensitivity curves of all photosensors in the eye (CIE, 2014b, 2018). 
 
Many researchers proposed new methodologies and terminologies to determine the effective 
radiation (CIE, 2015). Rea, Figueiro, Bierman, and Bullough (2010) highlighted the importance 
of developing a measurement system to quantify the photic stimulus for the human circadian 
system. However, up to now, there is still no consistently used single quantity to express 
effective radiation with respect to the effects beyond vision. The most recent publication 
from the CIE proposes to express luminous radiation by α-opic radiant flux, α-opic radiances, 
or α-opic irradiances (CIE, 2018). These radiometric quantities are weighted to the α-opic 
action spectrum of each of the five photoreceptors in the eye (i.e., rod, S-cone, M-cone, 
L-cone, ipRGC). Khademagha, Aries, Rosemann, and van Loenen (2016) summarized six light 
factors which are important to initiate effects beyond vision: the light quantity, spectrum, 
directionality, and the timing, duration, and history of light exposure. Up to now, the light 
quantities illuminance and correlated colour temperature have mainly been used to easily 
express the lighting conditions (van Duijnhoven, Aarts, Aries, Rosemann, & Kort, 2019). In 
addition, lighting standards still only consider photometric quantities (NEN, 2011). Therefore, 
applying these photometric quantities ensures a validation with the lighting standards. 
Nevertheless, this does not detract from the fact that the standards for measuring light-
induced effects beyond vision need to start incorporating radiometric quantities or α-opic 
irradiances with respect to the effects beyond vision.
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Figure 1-4: Schematic overview of the main terminologies regarding personal lighting conditions used in this 
thesis. The light aspects shown in circular shapes are calculated light aspects based on other light aspects. For 

example, the correlated colour temperature is calculated based on the spectral power distribution. 



Workplace conditions
Alongside with the advancement of scientific knowledge in the field of light and effects beyond 
vision (Berson et al., 2002; CIE, 2018), the workforce itself is changing. Approximately 30 
years ago, it has been recommended that the lighting exposure should be different in Visual 
Display Unit (VDU) offices compared to offices in which paper-based work is performed (Konz 
& Yearout, 1987). At that time, approximately 25 % of the workforce was using computers. 
They stated that the office tasks were changing and that the need for specific types of lighting 
became more complex. In addition, they discussed that office lighting affects the ability to 
perform visual tasks, visual comfort, and the aesthetics of an office space. Presently, the 
office tasks are continuing to change: in 2004, approximately half of the Dutch workforce was 
using computers and in 2013, more than a quarter of all Dutch employees were working on a 
computer for at least six hours a day (Meulen, 2015). Since computer work is causing higher 
visual demands (Van Tilborg, 2017), it can be questioned whether working this amount of 
time with a computer requires a similar alertness level compared to, for example, paper-
based work. 
 
Effects of light on alertness have often been investigated and demonstrated (Souman, Tinga, 
te Pas, van Ee, & Vlaskamp, 2018). In addition, the influences of different lighting situations 
on employee’s work performance have been investigated (Linhart & Scartezzini, 2011). They 
found that the performance for a paper-based task was better under the test scenario (lower 
lighting power density, higher illuminance level, and higher uniformity) compared to the 
reference scenario. They did not find any significant difference between the lighting scenarios 
for the computer-based task. Linhart and Scartezzini concluded that it might be that the lit 
environment has a smaller influence on the performance of computer-based tasks. It could 
also be that the applied lighting systems were optimized for paper-based horizontal tasks 
instead of the vertical screen-based tasks. This conclusion is highly important for the current 
change towards working in a digital world. 

Besides the workforce, the office environment around these office workers has been 
transforming as well. Steelcase conducted a large online survey-based study including 12480 
office workers from 17 different countries throughout the year 2014. They found that 23 % 
of the office workers reported working in an office building entirely consisting of open plan 
offices, 31 % in an office entirely consisting of individual offices, and 46 % in an office building 
with both open-plan offices and individual offices. Globally 8 % of the office workers did not 
have an assigned desk whereas in the Netherlands 22 % of the office workers reported being 
mobile within the office with no assigned desk (Steelcase, 2016). 

Lighting recommendations for indoor workplaces do not distinguish between open plan 
offices or individual offices. The recommendations regarding electric lighting mainly focus on 
seven light aspects (NEN, 2011). First, a well-designed luminance distribution can preclude 
glare (e.g., by high luminance peaks), eye fatigue (since the eyes need to adapt constantly 
to changing luminance values), and dullness (e.g., when the contrasts are limited). Second, 
lighting recommendations concerning illuminances often only focus on the horizontal 
illuminances within the task area and the surrounded area. The recommended horizontal 
illuminance at desk level for writing, typing, reading, and data processing is 500 lx in offices. 
For some specific tasks (e.g., parking in a parking area, teaching in educational environments, 
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passport checks at the airport), the recommended illuminance refers to the vertical 
illuminance. However, the lighting recommendations for offices (NEN, 2011) still only focus 
on horizontal illuminances whereas the office tasks are transforming from horizontal tasks 
(e.g., reading or writing on paper) towards more vertical tasks (e.g., tasks on a computer 
or face to face meetings). Third, glare, expressed with the Unified Glare Rating (UGR), is 
specified to be limited to avoid errors, fatigue, and accidents. Recommendations were given 
on shielding angles for light sources. The fourth and fifth light aspect are the colorimetric 
quantities correlated colour temperature and colour rendering index. The choice for the 
correlated colour temperature depends on the illuminance (Kruithof, 1941), the colours in 
the workplace, and the field of application. The colour rendering index needs to be at least 
80 to ensure colours to be rendered naturally. The sixth aspect that is mentioned is that 
flickering and stroboscopic light effects need to be avoided. And last, the recommendations 
regarding the use of daylight highlight that daylight decreases by an increasing distance from 
the window and that additional electric lighting is required to maintain a certain uniformity in 
the office space (NEN, 2011). Therefore, lighting conditions at workplaces are nearly always 
a combination of daylight and electric light. The new daylighting standard EN17037 (BSI, 
2019) provides recommendations to achieve an adequate subjective impression of lightness 
indoors and a view out. In addition, recommendations were given for the duration of 
sunshine exposure within occupied spaces and how to limit glare. First, a space is considered 
to provide adequate daylight when a target illuminance level is achieved for at least half 
of the daylight hours. Second, the view quality is reported to be based on the size of the 
daylight openings, the width of the view, the outside distance of view, the number of layers 
(sky, landscape, and ground), and the quality of the environmental information of the view. 
Third, at least 1.5 hours of sunlight exposure is recommended for a space to be received on 
a selected date between February 1st and March 21st (BSI, 2019). And last, it is recommended 
to use shading devices to reduce the risk of glare and the direct view to the sun. The Daylight 
Glare Probability (DGP) is used to assess protection from glare. 

Besides the seven light aspects as described in the standards for electric lighting, three 
light factors have been discussed (light quantity, spectrum, and directionality)(NEN, 2011). 
Variation in light quantity and spectrum are reported to be important because of its power to 
stimulate people and enhance their wellbeing. However, the recommended range is still not 
determined. In addition, the factor light directionality is mentioned to avoid direct shadows. 
Lighting control is mentioned to potentially be required to achieve adequate flexibility in 
lighting conditions. 

Since not every office building contains the possibility to adjust electric lighting per individual, 
electric lighting is often controlled per group of office workers. The lighting control may 
function on occupancy patterns (de Bakker, 2019) or on preferences of dominant office 
workers (van der Vleuten-Chraibi, 2019). Although the emitted electric lighting per workplace 
may be similar, the contribution of daylight as well as the received light exposure at eye 
level (personal lighting conditions) at each workplace differs. All six light factors related to 
effects beyond vision (Khademagha et al., 2016a) vary largely between workplaces inside 
the office environment. First, the emitted light quantity (i.e., horizontal illuminances at desk 
level) ranges from 100 lx to 1000 lx between countries (Fotios, 2011).  The light quantity 
also changes with a varying distance to the window (van Duijnhoven, Aarts, et al., 2017a). 



Second, the light spectrum in offices depends on the ratio of daylight/electric light (van 
Duijnhoven et al., 2016). The most common light sources in offices have a correlated colour 
temperature between 2700 and 5000 K (Boyce, 2014). Most often it applies that the more 
daylight contributes to the lighting conditions inside at work, the higher the correlated colour 
temperature gets. Third, the light directionality highly depends on the office layout (e.g., the 
reflectance coefficients of the office surfaces, the positions of the workplaces inside the office 
environment, the positions and orientations of the daylight openings, shading devices, and 
the applied light fixtures, for example, ceiling-mounted or free standing lamps)(Khademagha 
et al., 2016a). Furthermore, the timing, duration, and history of light exposure inside offices 
depend on, among others, the contribution of daylight as well. Higher contributions of daylight 
cause more variation in lighting conditions in offices since daylight varies largely throughout 
the day. Offices are more often attempting to simulate daylight by applying dynamic lighting 
which varies in light quantity and spectrum throughout the day (de Kort & Smolders, 2010). 

Since light quantity and spectrum deviate from workplace to workplace within the office 
environment and timing, duration, and history of light exposure depend highly on the location 
of the office worker, the lighting conditions per office worker differ largely (see Table 1-1). 
These intra environmental differences inside the office environment need to be considered 
when investigating the personal lighting conditions of the office worker and consequently the 
organizational outcomes.
 
Home conditions
Office worker’s light exposure before and after work is often “at home”. In addition, in 2017, 
approximately 37 % of all working people in the Netherlands were regularly or occasionally 
working from home (StatLine, 2018). Therefore, lighting conditions at home throughout the 
entire day are becoming more important to consider as well. 

Light fixtures and sources in houses are often selected based on photometric quantities, 
preference or energy efficiency. For example, if a certain light fixture does not direct the light 
into the desired direction (e.g., to properly read a book while sitting on the couch) or if the 
light source emits too low intensities (e.g., to see contours of furniture to not get hurt by 
bumping into it), it may not be the best light source. 

Spaces within residential buildings may be used for different purposes. A dining table may be 
the location to have breakfast, to work at when an individual works from home, or to have 
dinner in the evening. Therefore, the required or desired lighting conditions may depend on 
the use of spaces and the time of the day. During working hours, sufficient light comparable 
to the lighting conditions in the office environment may be wanted whereas a warm, inviting, 
and relaxing atmosphere may be desired before and after working hours. In order to create 
a warm atmosphere at home, a recommendation for correlated colour temperatures of light 
sources at home is 2700-3000 K (NRC, 2010). In addition, the light quantity, spectrum, and 
directionality in residential buildings may largely differ between cultures (NEN, 2011) and due 
to individual preferences. These individual preferences would, therefore, lead to individual 
differences in lighting conditions at home. 
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Conditions elsewhere
The term “elsewhere” refers to all locations except the workplace or home environment. 
Therefore, this term includes, amongst others, outdoor locations and multiple indoor 
locations such as hotels, restaurants, cafes, bars, shops, schools, and hospitals. 

The lighting conditions outside are not controllable. The solar radiation emitted by the sun 
is being attenuated by absorption and scattering along the way until it reaches the Earth’s 
surface. The extra-terrestrial illuminance E0 is 133800 lx (Kittler & Danda, 2000). However, 
the illuminance received by the Earth’s surface depends on the sun position and the weather 
conditions. Daylight covers a wide range of illuminances: from 100000 lx for a clear sky to 
1000 lx for a completely overcast sky. In addition to the daylight quantity, the spectrum of 
daylight varies as well. The correlated colour temperature of daylight can vary from 4000 
K for an overcast day to 40000 K for a clear blue sky (Boyce, 2014). The light directionality 
depends on the sun position and the potential presence of obstructions. Timing, duration, 
and history of daylight depend on the time of the day. 

Lighting conditions in hotels, restaurants, bars, and cafes are particularly designed to create 
a warm atmosphere. Lu, Li, Xu, and Lin (2019) suggested that not only illuminances and 
correlated colour temperatures influence visual comfort and feelings of cosiness. The dynamic 
changes of light need to be considered as well. Lighting designs for shops are often created 
so that the products look the most appealing. The colour rendering index plays an important 
role in highlighting certain colours. Schools and hospitals are still mainly designed for visual 
performance. However, the proven effects of lighting conditions in learning environments on 
concentration levels of pupils (Sleegers et al., 2013) may adjust design purposes in the future. 

Since the lighting conditions at the abovementioned indoor locations within the location type 
“elsewhere” (e.g., outside, hotels, schools) are significantly lower than the lighting conditions 
outdoor during daytime, the personal lighting conditions of the office worker highly depend 
on the location of the office worker. Movements of the office worker throughout all locations 
may cause individual differences in personal lighting conditions (see Figure 1-3).
 
1.1.2. Occupation
The occupation of an individual may influence, either directly or indirectly, environmental 
conditions, psychobiological and psychological processes, individual outcomes and 
consequently organizational outcomes (see Figure 1-2 and Figure 1-3). This project focuses 
on all kinds of office workers (see Table 1-1 for intra occupational differences). 

Well-functioning teamwork often improves group processes and therefore the entire 
organizational atmosphere. While hiring new employees, it is considered more important 
to verify whether the new employee fits in the team rather than matching the complete 
list of required individual talents and competencies (HRZONE, 2017). In addition, informing 
employees about goals and complimenting them on their ongoing or completed tasks helps 
to increase the productivity of the office workers. 

Besides the aspect of teamwork, time management plays an extremely important role in the 
productivity of office workers. It certainly pays off when a flexible working style is applied. 



Anon even mentioned an average productivity increase of 25 % due to the flexible working 
style (Anon, 2008). Not every office worker has the same chronotype and some office workers 
would, therefore, prefer to start early whereas others would prefer to start later in the 
morning (HRNETWERK, 2012). Besides the increase in productivity, it is concluded that self-
organisation of the work on employee’s own responsibility works as a prevention of acute 
musculoskeletal complaints (Luttmann, Schmidt, & Jäger, 2010). Furthermore, office workers 
can gain productivity by planning the tasks on their working day, reducing the amount of 
distraction (Haynes, 2007b), regularly checking their email instead of being online the entire 
day, abolish unnecessary meetings, use social networks more often (Shahrulanuar, Safiah, 
Siti, Norliah, & Mahadi, 2017; Smith, 2013), and regularly taking breaks (Dababneh, Swanson, 
& Shell, 2001). 

1.1.3. Personal
Besides occupation, fixed personal characteristics and flexible personal conditions 
may influence personal lighting conditions as well (see Figure 1-3 and Table 1-1). The 
psychobiological and psychological processes and the individual outcomes as demonstrated 
in the model of Veitch are referred to as flexible personal conditions (e.g., an individual 
can be alert or sleepy or healthy or sick, see Table 1-1). Fixed personal characteristics (e.g., 
gender or age) may also influence the flexible personal conditions (Levene, Roehrs, Zorick, 
& Roth, 1988)(see Figure 1-3). Flexible personal conditions were demonstrated to influence 
organizational outcomes (Veitch, 2001).

Flexible personal conditions
Environmental conditions, occupational aspects, and fixed personal characteristics influence 
flexible personal conditions. One of the psychobiological and psychological processes to be 
added to Veitch’ conceptual model is alertness. Alertness relates to both psychobiological 
and psychological processes. The psychobiological process arousal often refers to non-
specific activation of the brain in relation to the sleep-wake rhythm (Oken, Salinsky, & Elsas, 
2006). The psychological process attention refers to more specific activation of the brain that 
enhances information processing (Mesulam, 1990). Alertness is a term that overlaps with the 
meanings of arousal and attention (Oken et al., 2006). It includes the wakefulness of arousal 
and the ability to cognitively function of attention.

Numerous factors have been proven to affect alertness. Johnson et al. (2012), for example, 
demonstrated a reduction in daytime sleepiness after chewing gum usage. Moreover, Kohler, 
Pavy, and Van den Heuvel (2006) showed that the usage of caffeine resulted in even higher 
increases in alertness compared to the usage of chewing gum. Besides the effects of nutrition 
on alertness, chronotype and time of the day were found to affect alertness (Matchock & 
Toby Mordkoff, 2009). And as mentioned before, the social and organizational context or the 
physical environment influences alertness as well (see Figure 1-3).

The quantification of alertness can go via objective measurement tools (e.g., task performance 
tests or physiological measures) or validated questionnaires (Walsleben, 1992). Task 
performance includes sustained attention (e.g., Psychomotor Vigilance Task (Loh, Lamond, 
Dorrian, Roach, & Dawson, 2004)) and executive performance tasks (e.g., the N-back task 
(Jaeggi, Buschkuehl, Perrig, & Meier, 2010)). Physiological measures can, amongst others, 
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be obtained via electroencephalography measurements (Tzyy-Ping Jung, Makeig, Stensmo, 
& Sejnowski, 1997). However, objective measurement methods often do not include the 
individual’s ability to remain awake. The Karolinska Sleepiness Scale is one example of 
a validated questionnaire which includes this ability (Åkerstedt & Gillberg, 1990). This 
questionnaire is just one example of the many currently available validated questionnaires 
to measure subjective alertness (Shahid, 2012). The Karolinska Sleepiness Scale is very often 
applied in lighting research (Cajochen, Zeitzer, Czeisler, & Dijk, 2000; Kakooei et al., 2010; 
Linhart & Scartezzini, 2011). 

Impaired alertness has been proven to have an adverse effect on safety, health, and productivity 
(Rosekind, 2005). Health was one of the individual outcomes (i.e., seeing, task performance, 
communication and social interaction, mood, health & safety, and aesthetic judgments) 
discussed in the last step of the conceptual model of Veitch to influence organizational 
outcomes (Veitch, 2001). Health and safety are combined in the term ‘occupational health’ 
defined by the World Health Organization (WHO). It ranges from the prevention of hazards to 
working conditions (WHO, 1948). Occupational health is often recorded via sickness absence 
rates of companies. The Dutch sickness absence rates in 2017 can be separated into 28.6 % 
physical problems (e.g., musculoskeletal disorders or fractures), 32.7 % psychological issues 
(e.g., burn-out or stress), and 38.7 % other health-related problems (e.g., cardiovascular 
diseases, stomach and intestinal complaints, neurological disorders, urogenital complaints 
and lung complaints)(Volksgezondheid en zorg, 2019). These categories for sickness absence 
are only identified for sickness absence of at least 6 weeks. Short-term sickness absence (e.g., 
flu, fever, migraine) are often inevitable (ArboNed, 2019). 

Healthy office workers and office workers who still come to work but do not feel entirely 
energetic may benefit from improvements in their psychobiological and/or psychological 
processes (i.e., visibility, photobiology, arousal and stress, perceived control, attention, 
environmental appraisal, affect, as demonstrated in the model of Veitch (Veitch, 2001)). 
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Organizational outcomes include amongst others communication within the office 
environment, collaboration, creativity, organizational commitment, job satisfaction, employee 
wellbeing, employee retention, and productivity (Kegel, 2017; McNeese-Smith, 1995). The 
main organizational outcome considered in this project is productivity. Productivity can be 
(in)directly measured objectively (e.g., company costs or increasing values in output products, 
sickness absence rates, activity logs) or subjectively via questionnaires (attitude and opinion 
surveys)(Haynes, 2007a; Thompson, Veitch, & Newsham, 2014). The validity of measuring 
productivity is not identical for all measures. Sickness absence rates may, for example, not 
directly be linked to productivity. A sick office worker might still come to work and not be 
productive whereas a sick office worker might be very productive working from home. 

Besides the flexible personal conditions, many of the abovementioned organizational 
outcomes contribute to productivity as well. Organizational commitment has been proven 
to beneficially influence productivity (Phipps, Prieto, & Ndinguri, 2013) and lower workplace 
satisfaction ratings were found to increase the likelihood of negative votes on the productivity 
scale (Kim, Candido, Thomas, & de Dear, 2016). Productivity may be improved due to an 
increasing work performance caused by a better visual performance (i.e., higher visual 
performance increases the easiness of performing tasks), higher alertness (i.e., a more alert 
office worker performs her or his task better), or higher job motivation (i.e., a more motivated 
office workers results in higher productivity ratings). Since other factors may influence 
productively more strongly, increases in visual performance, alertness, and job motivation 
do not necessarily improve work performance, and moreover, a higher work performance 
does not necessarily improve productivity. The four pathways to indirectly affect productivity 
(work performance, visual performance, alertness, and job motivation) can all be touched 
by the lit environment. (Mills, Tomkins, & Schlangen, 2007; Smolders, de Kort, & Cluitmans, 
2012; Vahedi & Dianat, 2014).

1.2 Organizational outcomes
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Light can influence human performance via the visual system, circadian timing system, or 
mood and motivation pathway (Boyce, 2014). The visual system enables vision through the 
rods and cones in the human retina. The circadian timing system is triggered when ipRGCs 
capture light. The mood and motivation pathway functions via emotional responses caused 
by lighting conditions. It is important to mention that these three different pathways can also 
interact (Boyce, 2014). For example, an office worker who is more satisfied with the lighting 
conditions may experience a healthier feeling (van Duijnhoven, Aarts, Rosemann, & Kort, 
2017b) or increased wellbeing (van der Vleuten-Chraibi, 2019). 

Light effects are often described as effects on vision and effects beyond vision (P. Boyce, 2013; 
CIE, 2018; Dai et al., 2016; C. Lok, 2011). This project focuses on the light effects beyond 
vision rather than the effects on vision. These effects can be either acute or circadian. Acute 
reactions include fluctuations in alertness, melatonin secretion, core body temperature, 
heart rate, brain blood flow and cognitive performance, whereas circadian responses include 
circadian phase shifts and changes in sleep patterns which over time might lead to specific 
behavioural disorders. 

Lighting conditions are demonstrated to relate to, amongst others, atmosphere experiences 
(Kalinauskaite, 2018), user’s comfort (de Bakker, 2019), satisfaction with the lighting conditions 
(van der Vleuten-Chraibi, 2019; van Duijnhoven, Aarts, et al., 2017b; van Duijnhoven, 
Makaremi, Pisello, & Kort, 2019), work performance (Huiberts, 2018; Rowbottom, 2009), 
and health (Aries, Aarts, & van Hoof, 2013; Boyce, 2014; Das, 2015; Liu & Wojtysiak, 2013; 
van Duijnhoven, Aarts, et al., 2019). These light effects were investigated using different 
light aspects. First, luminance distributions in large offices have the ability to impact feelings 
of loneliness and provide visibility and attention (de Bakker, 2019).  Second, personal 
control over lighting conditions was found to improve user’s appreciation and satisfaction 
with the office lighting (van der Vleuten-Chraibi, 2019). Third, a lower correlated colour 
temperature (warmer street lighting compared to regular street lighting) was found to be 
related to a higher perceived liveliness of the atmosphere (Kalinauskaite, 2018). And last, 
potential improvements in subjective wellbeing and cognitive performance were found when 
participants were exposed to higher illuminances compared to lower illuminances (Huiberts, 
2018). Since this finding was not confirmed in all of Huiberts’ studies, she recommended to 
include more light aspects (e.g., light dosages or spectral power distributions during a full 
day) simultaneously. 

Due to the large variety in included light aspects in light effect studies, the first step of the 
project described in this thesis was to perform a literature review exploring which light 
aspects were included in light effect studies. As mentioned above, light causes effects on 
vision and effects beyond vision but more importantly, these effects may subsequently cause 
health effects (Boyce, 2010). Therefore, the literature review described in the following 

1.3 Light effects on human



section focused on the relationship between office light and occupational health. 

1.3.1. Light and health
Light is essential for human health and well-being. In this systematic literature review, the 
following research questions were investigated: 

A. What relationships between office light aspects and occupational health aspects  
 have been found, and in what way? 
B. What are gaps and methodological issues regarding studies that investigated the  
 relationship between office lighting conditions and occupational health? 

Review methodology
Four online scientific databases were used to execute a literature search (PubMed, 
ScienceDirect, Scopus, and Web of Science). Databases PubMed and Scopus focus on 
human-related research, while ScienceDirect and Web of Science are broad and combine 
technical and health publications. Details regarding the literature search can be found in van 
Duijnhoven, Aarts, et al. (2019). 

All studies reviewed were performed in an office environment. The base of the literature 
search was the word combination: ‘Office Lighting’ and an occupational health aspect. Both 
aspects had to have a prominent role in potentially eligible articles. First, the quotation 
marks for ‘office lighting’ were used to exclude studies regarding lighting in other buildings 
or regarding offices without the focus on lighting. Second, the CIE recommends researchers 
to investigate a wide variety of behavioural and health outcomes that might reasonably be 
affected by luminous exposure (CIE, 2016). Therefore, a wide interpretation of occupational 
health was employed, ranging from sleep quality to sickness absenteeism. The interpretation 
focuses on health whereas the safety of employees is excluded in this study. 49 search terms 
related to occupational health were used for this literature review and these search terms 
were based on:

• The definition of health from the WHO: “Health is a state of complete physical,    
   mental and social well-being and not merely the absence of disease or infirmity”  
 (WHO, 1948);
• The separation of health into psychological, physiological and physical health;
• Eye health issues (Sinoo, van Hoof, & Kort, 2011); 
• Keywords to express health in a corporate setting (Markussen, Røed, Røgeberg, &  
 Gaure, 2011; Ziebarth & Karlsson, 2010).

The definition of health from the WHO has been criticized by multiple researchers. Huber et 
al. (2011) suggested changing the emphasis from ‘complete’ to the ability to adapt or self-
manage social, physical and emotional challenges. The term ‘glare’ was not included in the 
search terms for this literature study. Glare is often restricted to visual comfort for people 
with healthy eyes. People with eye diseases might experience more glare; however, these 
papers were already included in this literature study when searching for visual functioning. 
Articles investigating glare should include other search terms (e.g., visual comfort or visual 
functioning) to be relevant for this literature study. 

All articles in the qualitative synthesis were published English articles. Only articles published 
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after January 1st 2002 were collected. The year 2002 was chosen since this was the year 
in which the functionality of the ipRGC was discovered (Berson et al., 2002). On August 
24th 2017, the last search was performed. In total, 20 research papers were included in this 
qualitative synthesis. 

Since most included papers failed to report effect sizes or sufficient details regarding the 
statistical analyses, the relationships between office lighting and occupational health aspects 
were analysed based on reported significance (significant or not significant). It needs to be 
mentioned that significant results in small studies may be overrated whereas not significant 
results in small studies may be overlooked. All relationships between light aspects and 
occupational health aspects reported in the included articles were summarized in part A 
of the results section. Subsequently, an overview was provided showing all significant 
relationships and thus the research gaps as well. Methodological aspects of the papers were 
extracted for part B of the results section. 

Review results
This section is separated according to the two research questions A and B. 

A. Office lighting and occupational health
All results regarding the relationship between office light and occupational health are 
summarized in this section. The section is structured according to the five occupational health 
categories: physical and physiological health, mental health, eye health, sleep parameters, and 
visual comfort. The occupational health categories were created based on the International 
Classification of Diseases (ICD-10)(WHO, 2010). The italic definitions of occupational health 
aspects are definitions described as such in the corresponding literature. 

Physical and physiological health
• Type of light source (daylight/electric light) does not influence feeling healthy  nor  
 physical well-being (Borisuit, Linhart, Scartezzini, & Munch, 2014; Hedge, Miller, &  
 Dorsey, 2014);
• Correlated colour temperature influences fatigue, light headedness, and vitality, but  
 it does not influence headache (Mills et al., 2007; Viola, James, Schlangen, & Dijk,  
 2008);
• Illuminance influences headache, malaise, physical well-being, and skin dryness  
 (Jafari et al., 2015; Maierova et al., 2016);
• The influence of luminance on physical and physiological health was not investigated  
 in the included articles;
• The influence of uniformity on physical and physiological health was not investigated  
 in the included articles.

Mental health
• Type of light source (daylight/electric light) does not influence mood (Borisuit et al.,  
 2014);
• Correlated colour temperature influences concentration, mental health, positive  
 mood, social functioning, and thinking clearly. It does not influence negative mood  
 and memory (Mills et al., 2007; Viola et al., 2008);



• Illuminance influences mental effort and mood (Maierova et al., 2016);
• The influence of luminance on mental health was not investigated in the included  
 articles;
• The influence of uniformity on mental health was not investigated in the included  
 articles. 

Eye health
• Type of light source (daylight/electric light) does not influence eyestrain (Hedge et  
 al., 2014); 
• Correlated colour temperature influences blurred vision, difficulty focusing, eye  
 discomfort, eye fatigue, eyestrain, and irritability (Viola et al., 2008);
• Illuminance influences eye pain (Jafari et al., 2015);
• The influence of luminance on eye health was not investigated in the included  
 articles;
• The influence of uniformity on eye health was not investigated in the included  
 articles. 

Sleep parameters
• Type of light source (daylight/electric light) does not influence alertness, a  
 disrupted biological clock, nor sleepiness during the day (Borisuit et al., 2014; Das,  
 2015; Münch, Linhart, Borisuit, Jaeggi, & Scartezzini, 2012);
• Correlated colour temperature influences alertness, daily sleep timing, daytime  
 dysfunction, daytime performance, energy, evening fatigue, lethargy, sleep duration,  
 sleep quality, self-reported activity, sleepiness during the day, and tiredness (Mills  
 et al., 2007; Vetter, Juda, Lang, Wojtysiak, & Roenneberg, 2011; Viola et al., 2008); 
• Illuminance influences AIS-5 (the first 5 items of the Athens Insomnia Scale (Soldatos,  
 Dikeos, & Paparrigopoulos, 2000) to assess sleep difficulties). It does not influence  
 AIS-3 (the last 3 items of the Athens Insomnia Scale to assess next-day consequences  
 of sleep or daytime symptoms). Statistics were missing to show the significance for  
 the relationship between illuminance and alertness (Kozaki, Miura, Takahashi, &  
 Yasukouchi, 2012; Maierova et al., 2016);
• The influence of luminance on sleep parameters was not investigated in the included  
 articles;
• The influence of uniformity on sleep parameters was not investigated in the included  
 articles. 

Visual comfort
• Type of light source (daylight/electric light) influences glare, luminous perception of  
 darkness, and visual acceptance. It does not influence the luminous perception of  
 brightness (Borisuit et al., 2014);
• Correlated colour temperature influences the pleasantness of light (Viitanen,  
 Lehtovaara, Tetri, & Halonen, 2013);
• Illuminance influences glare and the pleasantness of light. Statistics were missing to  
 show the significance of the relationship between illuminance and visual comfort  
 (Viitanen et al., 2013; Villa & Labayrade, 2012);
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• Luminance influences glare (Hirning, Isoardi, & Cowling, 2014; Hirning, Isoardi,  
 Coyne, Garcia Hansen, & Cowling, 2013; Xia et al., 2011);
• Uniformity influences visual acceptance and visual comfort (Geerdinck, Van Gheluwe,  
 & Vissenberg, 2014; Linhart & Scartezzini, 2011).
 

Based on findings from the literature study, an overview was derived to place lighting 
conditions in relation to occupational health, see Figure 1-5. The overview consists of two 
types of symbols: (1) the health-related indicators displayed in hearts, and (2) the office 
lighting parameters displayed in rectangles. The outer boxes at the right side of the figure 
provide additional information regarding the health indicators. Each arrow stands for a 
significant correlation (p<.05) found in literature. Effects of combinations of light parameters 
were not investigated in the articles included in the literature review; therefore, these 
potential relations are not demonstrated in the overview. 

Figure 1-5: Overview based on all significant correlations found in the papers included in the systematic review 
(van Duijnhoven, Aarts, et al., 2019). The heart-shaped terms are occupational health aspects and terms in the 
rectangles are office lighting aspects. All arrows indicate significant correlations (p<.05). The outer boxes at the 

right side of the figure provide additional information regarding the occupational health terms.



B. Gaps and methodological issues in light and health studies

Gaps based on the review findings
The findings from the literature review show a focus on the light aspects illuminance and 
correlated colour temperature. This immediately shows the gap of research investigating the 
light aspects type of light source, luminance, and uniformity. Besides the light aspects used in 
the included articles, there are more light aspects or light factors which were not even found 
in any of the included articles in this review (e.g., flicker, light spectrum, light directionality, 
and timing, duration, and history of light exposure). In addition to that, not every aspect 
within an occupational health category (i.e. physical and physiological health, mental health, 
eye health, sleep parameters, and visual comfort) was investigated in relation to every office 
lighting parameter.

One example of a gap is the investigation of the relationship between luminance and eye 
health. It was shown that luminance influences glare and it may be assumed that glare 
influences eye health (e.g., too much glare might deteriorate eye health)(Hirning, Isoardi, 
& Cowling, 2014; Hirning, Isoardi, Coyne, Garcia Hansen, & Cowling, 2013; Xia et al., 2011). 
However, the link between luminance and eye health was not directly investigated. This is just 
one example of a gap in the state-of-the-art of light and health research. Figure 1-5 provides 
the complete overview and demonstrates the relationships between lighting conditions and 
occupational health, and thereby, the missing links as well. 

(In)Consistencies
Although several studies reported correlations in the same direction or between the same 
variables, the studies cannot always be compared due to different methodologies. For 
example, Mills et al. (2007) and Viola et al. (2008) both investigated health aspects based on 
changes in correlated colour temperatures in a field study. The study of Mills et al. compared 
illuminants with correlated colour temperatures of 2900 K and 17000 K while Viola et al. 
used illuminants of 4000 K and 17000 K. Although both studies found a beneficial effect on 
occupational health with the higher correlated colour temperature compared to the lower 
correlated colour temperature, the results cannot be completely compared due to potential 
differences in the spectral power distributions of the applied light sources in their studies. 

Two studies reported correlations between (the lack of) daylight and health aspects. Das 
(2015) reported inadequate daylight exposure to be a potential cause for several health 
issues. However, the specific health issues linked to this inadequate daylight exposure were 
not reported. Headache and eyestrain are examples of health issues that were measured in 
the study. It is also unclear whether the conclusion that Das drew was based on objective 
light measurements or on subjective questions regarding office lighting. In contrast, Hedge 
et al. (2014) did not perform objective light measurements in their study and found no 
significant correlation between (subjective) satisfaction with daylight and headache or 
eyestrain. Therefore, it is possible that Das’ conclusion was based on the objective light 
measurements. Other possible explanations of this contradiction may be the difference in 
geographic locations or the economic situations in the surveyed countries. It is possible that, 
due to the economy and subsequently the money invested in lighting systems, the quality of 
lighting systems in the studies of Das was lower. In that case, correlations between the office 
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lighting and occupational health issues may have been easier to detect. 

In all types of experiments (field and laboratory studies), it was reported that daylight 
availability is important for employees. Based on objective light measurements, Das (2015) 
reported a difference of measured illuminances between bright and dark outdoor lighting 
conditions of less than 20 % in all cases. All horizontal illuminances measured at desk level 
fell in the range of 300 to 550 lx. Das reported that daylight penetration was marginal and 
at the same time, from the subjective measurements, that it appeared that occupants were 
deprived of view and natural light. Figueiro and Rea (2016) demonstrated differences in sleep 
problems of office workers between the summer and winter season. They used a portable 
measurement device to measure illuminance levels and so called ‘circadian illuminances’. 
The circadian illuminances were determined based on the spectral sensitivity of the circadian 
system. From the circadian illuminances, they calculated ‘circadian stimulus’ values. Higher 
exposures of circadian stimulus values were recorded after work in summer compared to 
winter, which is consistent with the longer daylight availability in summer. Borisuit et al. (2014) 
and Münch et al. (2012) mentioned the importance of daylight availability for occupant’s 
work satisfaction and alertness during the day. This unanimous indication of importance of 
daylight is in accordance with Galasiu and Veitch (2006) as well as to Aries, Aarts, and van 
Hoof (2013). 

Inconsistencies in findings may be explained by, amongst others, methodological issues or 
differences between studies. 

Methodological issues
Differences in study methodologies such as the study type (lab or field study), (un)availability 
of daylight, (confounding) variables included in the study, and participant’s personal 
characteristics and conditions (e.g., age, gender, job type, working hours) may cause 
differences in the measured (effects of) lighting conditions. 

An interesting difference between the investigated studies is the level of detail of the health 
measures. Sleep parameters were often analysed comprehensively, while headache or ailment 
symptoms were investigated using one general question regarding their frequencies. Health 
aspects were shown to be measured subjectively and/or objectively. In contrast, lighting 
aspects can only be precisely measured with objective assessments. Although it is possible 
to estimate lighting conditions with subjective measures (e.g., perception of brightness or 
darkness), objective assessments at the individual level can provide a precise measurement 
of lighting aspects. Only one study included in this review did not use an objective measure 
of lighting conditions (Hedge et al., 2014). In addition, only eleven out of the nineteen articles 
including objective light measurements reported what type of measurement equipment 
was used to measure the lighting conditions. Two studies used person-bound measurement 
devices (Borisuit et al., 2014; Figueiro & Rea, 2016). They measured the luminous exposure 
per person and close to the eye. Both aspects (measuring person-bound and close to the 
eye) lead to more precisely measured lighting conditions at the individual level and it is 
expected that conclusions drawn based on these more accurate lighting conditions will be 
more trustful. Subchapters 2.3 and 2.4 demonstrate the importance of measuring personal 
lighting conditions by using portable measurement devices and provide recommendations 



for selecting the most appropriate measurement device.

Besides describing the measurement methodology, it is of high importance to be precise 
about what aspect of the lighting conditions was measured (Aarts, Aries, Diakoumis, & van 
Hoof, 2016; van Hoof et al., 2012). Jafari et al., for example, mentioned that ‘poor office 
lighting’ was the leading cause for malaise in offices (Jafari et al., 2015). Unfortunately, the 
term ‘poor lighting’ was not defined and may be related to the quality or quantity of the office 
light conditions or both. In addition, this literature review describes five studies mentioning 
the term ‘bright light’. This term was, in these papers, related to illuminance levels, correlated 
temperatures, or a combination of both. It is highly essential to define terms being applied 
in a research paper for other researchers to understand the work. A third issue in describing 
lighting conditions is to be as specific as possible while describing the lighting parameters. 
Three articles described the lighting conditions as illuminance levels; however, it was not 
specified whether this value was the horizontal or vertical illuminance. Vertical illuminances 
have often been measured to investigate health aspects, whereas horizontal illuminances 
are measured to determine both visual comfort and health aspects. This is in accordance 
with Vetter et al. (2011). They reported that vertical levels are supposed to be relevant for 
biological effects, while horizontal data is important for good vision. 

Reflection on the review findings
Based on the thorough literature study, an overview (Figure 1-5) was derived to place lighting 
conditions in relation to occupational health. The lighting aspects included in the overview 
are the type of light source (daylight or electric light), correlated colour temperature, 
illuminance, luminance, and uniformity. It is interesting to see that specifically these light 
aspects appeared when executing the literature search using ‘office lighting’ as the lighting 
search term. Literature, not included in the current literature review, has, for example, shown 
effects of light flicker on human health (Rider et al., 2012; Wilkins, Veitch, & Lehman, 2010). 
Nevertheless, light factors such as the light spectrum, duration and timing of light exposure 
or the light aspect flicker did not emerge from this literature search. It is notable that only 
subjective occupational health outcomes emerged in this overview. 

Occupational health
It is striking that from all studies included in this review, only six articles  included physical 
or physiological health issues (Borisuit et al., 2014; Hedge et al., 2014; Jafari et al., 2015; 
Maierova et al., 2016; Mills et al., 2007; Viola et al., 2008).  Six articles included mental 
health  aspects when reviewing the influences of office light conditions on occupational 
health (Borisuit et al., 2014; Figueiro & Rea, 2016; Maierova et al., 2016; Mills et al., 2007; 
Veitch, Newsham, Boyce, & Jones, 2008; Viola et al., 2008). The fact that there were eleven 
articles related to visual comfort (Borisuit et al., 2014; Geerdinck et al., 2014; Hirning et al., 
2014, 2013; Linhart & Scartezzini, 2011; Maierova et al., 2016; Maleetipwan-Mattsson & 
Laike, 2015; Veitch et al., 2008; Viitanen et al., 2013; Villa & Labayrade, 2012; Xia et al., 
2011) and ten articles related to sleep parameters (Borisuit et al., 2014; Das, 2015; Figueiro 
& Rea, 2016; Kozaki et al., 2012; Linhart & Scartezzini, 2011; Maierova et al., 2016; Mills 
et al., 2007; Münch et al., 2012; Vetter et al., 2011; Viola et al., 2008) indicated the focus 
of past office lighting research. In addition to subjective methods to measure occupational 
health outcomes, several objective measures were used in the included articles. It is worth 
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noting that the use of objective health measures did not lead to significant correlations in the 
corresponding studies. 

The workplace as a study location
This review includes seven articles that did not provide information about the type of office 
environment, i.e. there was no information on whether the research was carried out in a 
single or multiple user office. The majority of the studies of which the environment was 
specified in the articles was performed in single occupant offices. Nearly all single occupant 
offices were simulated offices (i.e. laboratory test rooms offering not the exact office 
setup the participants were used to at their own work environment). There were slightly 
more laboratory studies included in this review (five articles regarding surveys, six articles 
regarding field studies, and nine articles regarding laboratory studies) and it is shown that 
different aspects were investigated in these laboratory studies compared to field studies. In 
most cases, there was an agreement between the results from the two types of experiments 
(e.g., the importance of daylight availability which is highlighted in articles of both types of 
experiments).

Review conclusions and recommendations
This research investigated studies on office light conditions and its relation to occupational 
health outcome measures based on literature. Showing a causal relationship between 
office light conditions and occupational health outcomes is beyond the scope of this 
review. Nevertheless, the review summarized the correlations from twenty eligible studies 
researching this relationship and based on this literature study an overview of the significant 
correlations between office light conditions and occupational health was proposed (Figure 
1-5). All occupational health aspects were mostly but not exclusively measured subjectively. 
Researchers often investigated a part of occupational health in relation to lighting conditions, 
whereas the CIE recommended researchers to investigate a wide variety of behavioural and 
health outcomes (CIE, 2016). The proposed overview, together with the complete literature 
review, can be used to place all research findings (including future experiments) in relation to 
each other, to design new study objectives, and to conduct further research. 

Five main conclusions can be drawn based on the performed literature review:
1. Visual comfort and sleep parameters are assumed to be relevant for occupational  
 health;
2. There are many light aspects and light factors not (properly) included yet in light  
 effect studies;
3. Daylight is an important aspect to be considered for occupational health;
4. The majority of the light effect studies included in this review were performed under  
 controlled conditions;
5. Inconsistencies in research findings may be introduced due to measurement or  
 description inaccuracies.

Based on the conclusions drawn, it is recommended to focus on visual comfort or sleep 
parameters. Regarding office workers’ health and the potential acute effects of light, it is 
recommended to focus on alertness during the day. In addition, the field studies should 
include the most as possible light aspects and light factors. Especially the fact that temporal 



variables such as timing, history and duration of light exposure were not included yet, 
highlights the importance of taking these factors into account. Continuously measured 
personal lighting conditions may be essential to be included in light effect studies. 
Furthermore, it is recommended to perform field studies rather than lab studies.  Under 
laboratory conditions, it is easier to adapt the lighting conditions in order to isolate one single 
aspect and draw potential relationships between this single lighting aspect and occupational 
health outcomes. While a laboratory study allows for a controlled experimental environment, 
a field study is often more realistic as it automatically includes multiple possible influential 
variables (e.g., illuminance and correlated colour temperature, but also variables not related 
to the lighting conditions). The limitation of a field study is that one cannot exclusively 
investigate the effect of one specific lighting aspect on a potential health outcome. In order 
to investigate the interaction between office light conditions on occupational health, it is 
recommended to perform field studies in realistic office environments. Challenges of field 
studies are that these studies are usually demanding and costly and the presence of potential 
confounding variables in the field. These field studies should preferably include both daylight 
and electric light to create the most realistic situation for office workers. The importance of 
daylight should never be underestimated. The last recommendation for performing future 
light effect studies relates to the researchers themselves. Since the publications regarding 
light effect studies are utilized by researchers with different perspectives, it is important 
that these studies are described in sufficient detail (CIE, 2014a; van Duijnhoven, Aarts, Aries, 
Rosemann, & Kort, 2019; van Hoof et al., 2012). Hence, the studies may be repeated and 
compared in a comprehensive manner. The CIE proposed a protocol for describing lighting 
in an indoor environment including people, context, lighting systems and components, 
room surface light levels and distribution, task details, task area light distribution, high-
luminance areas, modelling colour appearance, and dynamic effects (CIE, 2014a). Spitschan 
et al. (2019) provided specific guidelines for reporting lighting conditions in light effect 
studies in the field of chronobiology, sleep research, and environmental psychology. 
 
1.3.2. Light and alertness
As abovementioned in the literature review conclusion, it is recommended to perform field 
studies investigating the relationship between continuously measured personal lighting 
conditions and alertness (see Figure 1-6).  Environmental, occupational, and personal 
conditions were mentioned before to influence the light received at the individual level 
also referred to as personal lighting conditions. Since the organizational outcome measure 
productivity is complicated to measure and alertness is often related to work performance 
and therefore productivity, alertness was chosen as the main light-induced effect beyond 
vision in the project described in this thesis. 

Furthermore, alertness was one of the most investigated occupational health aspects in the 
literature review described above and was therefore assumed to be relevant for occupational 
health. Lastly, alertness is one of the proven acute light effects beyond vision and that makes 
this occupational health aspect suitable to be investigated in office environments. Therefore, 
alertness is utmost relevant to be investigated amongst office workers.  
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The relationship between light and alertness has often been investigated and certainly 
receives close review lately (Lok, Smolders, Beersma, & de Kort, 2018; Souman et al., 2018; 
Xu & Lang, 2018). It was generally accepted that a higher light intensity and a shorter 
wavelength or higher correlated colour temperature of light exposure was related to higher 
alertness levels. However, Souman et al. (2018) reported that this is not that clear as was 
thought before. Although the majority of the papers included in their review investigating 
the relationship between light intensities and alertness showed significance, in 38 % of the 
included papers no significant effect was found. They reported two potential explanations for 
these non-significant relationships: the dim light condition was too bright and the statistical 
power was too low. In addition, they reported that the effect of colour temperature of white 
light on subjective alertness was less clear. Furthermore, they cautiously reported that there 
was little indication for moderating factors systematically influencing alerting effects of light 
exposure. They suggested that further research should include larger samples sizes to obtain 
higher statistical power, investigate entire ranges of light exposures rather than two or three 
scenarios, and focus more on individual differences with respect to responsiveness to light. 

Lok, Smolders, et al. (2018) reported that in 14 out of the 18 included articles in their review 
a significant relationship was found between light and self-reported sleepiness. In addition, 
they reported that this relationship was moderated by time of the day, duration of light 
exposure, prior light exposure, and affective state of the participants. 

Xu & Lang (2018) divided their review analysis into studies investigating the relationship 
between light exposure and alertness during the intervention and as post-intervention 
effects. Based on the relationship investigated during the interventions, they concluded that 
fluorescent light of 1000 lx for a duration of at least two hours seems effective in promoting 
alertness during daytime. In addition, they suggested that monochromatic blue light with a 
low irradiance was not as effective. Furthermore, 14 studies investigating post-intervention 
alerting effects demonstrated that a ‘during intervention effect’ disappeared at four hours 
after the intervention and that a non-significant effect during the intervention could still lead 
to a post-intervention effect. The findings from this review, therefore, indicate that history of 
prior light exposure is utmost relevant to be considered when investigating the relationship 
between light and alertness. 

Figure 1-6: Framework demonstrating the effects of personal lighting conditions (vision and beyond vision) in 
which the focus of this project is highlighted (i.e., alertness). The red arrows demonstrate the focus of this thesis.



Based on the conclusions from the three abovementioned reviews on the daytime relationship 
between light and alertness, it becomes clear that larger ranges of light exposures, individual 
differences in responsiveness to light, multiple light factors, and methodological aspects 
should be (more accurately) considered when investigating this relationship. 

Continuously measured personal lighting conditions, as introduced in section 1.1, may 
be essential to include multiple light factors such as light quantity, light spectrum, timing, 
duration, and history of light exposure. In addition, the fact that personal lighting conditions 
are measured at the individual level, gives rise to the possibility for investigating individual 
differences in responsiveness to light. It is expected that investigating the daytime 
relationship between light and alertness would be simplified when personal lighting 
conditions are being used. Since there is no consistent approach yet to use continuous 
lighting conditions at the individual level, this thesis aims to develop this systematic approach.  
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This thesis delivers three main contributions: personal lighting conditions, predictors of 
personal lighting conditions, and the relationship between personal lighting conditions and 
subjective alertness. These three contributions may potentially be used as input for future 
intelligent systems to optimize subjective alertness of office workers. The systematic approach 
to gather these contributions consists of four steps (see Figure 1-7). These four steps are 
(1) gathering personal lighting conditions, (2) interpreting personal lighting conditions, 
(3) identifying predictors of personal lighting conditions, and (4) linking personal lighting 
conditions to subjective alertness.

Figure 1-7: Four steps of the systematic approach to determine personal lighting conditions, predictors of 
personal lighting conditions, and the relationship between personal lighting conditions and subjective alertness.

The first step (gathering personal lighting conditions) is described in Chapter 2. This chapter 
provides an overview of possible methods to collect data on what lighting conditions an 
individual effectively is exposed to. Two methods, person bound measurements (PBM) and 
location-bound estimations (LBE), are discussed in further detail. 

Chapter 3 provides insight into the second step of the systematic approach: interpreting 
personal lighting conditions. This chapter describes a large Dutch field study in which 62 
participants wore a dosimeter for 10 working days. In addition to their personal lighting 
conditions, information was gathered on their locations via daily diaries in order to split 
their luminous exposures into three categories (“at work”, “at home”, and “elsewhere”; 
as demonstrated in Figure 1-3). The personal lighting conditions were evaluated on five of 
the six light factors (i.e., light quantity, spectrum, and timing, duration, and history of light 
exposure) relating to alertness. 
 
The third step (identifying predictors of personal lighting conditions) is described in 
Chapter 4. As mentioned before, light influences human performance. In order to control 
the relationship between light and subjective alertness, it may be useful to influence the 
personal lighting conditions to potentially steer the subjective alertness level of the office 

1.4 Thesis outline
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worker. This chapter, therefore, aims at identifying variables that influence personal lighting 
conditions. The same field study as discussed in Chapter 3 was used to give information on 
how to influence personal lighting conditions. In addition to the personal lighting conditions 
and the daily diaries of the 62 office workers, four questionnaires a day were distributed to 
extract information on variables which may influence personal lighting conditions. Besides the 
subjective variables, several objective variables were added to the analysis as well. Variables 
included in the analysis on how to influence personal lighting conditions were amongst 
others weather conditions, flexible personal conditions, fixed personal characteristics, office 
characteristics, and the daily schedule of office workers. 

The last step of the systematic approach is linking personal lighting conditions to subjective 
alertness. Two field studies are described in Chapter 5 investigating the relationship between 
personal lighting conditions and subjective alertness. 

Chapter 6 presents the general discussion of the project. It describes the key findings, the 
concept of intelligent systems to optimize subjective alertness for office workers based on 
personal lighting conditions, strengths and limitations of this thesis, and the final conclusions. 
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2 Gathering personal lighting 
conditions

Figure 2-1:  The focus of this chapter: step 1 of the systematic approach 
to collect personal lighting conditions, predictors of personal lighting 
conditions, and the relationship between personal lighting conditions and 
subjective alertness, see Figure 1-7.
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2.1 Introduction

This chapter focuses on gathering personal lighting conditions in light effect studies (see 
Figure 2-1). Before personal lighting conditions can properly be used in light effect studies, 
the method of gathering personal lighting conditions needs to be thoroughly considered. 

The findings of the literature review presented in Chapter 1 demonstrate that different light 
aspects have been used in light effect studies. Illuminances and correlated colour temperatures 
were the most commonly used light aspects to map a lighting condition. Furthermore, there 
were many light aspects or factors not even included once in the included papers of the 
review. It is recommended to identify the lit environment as comprehensively and precisely 
as possible assuring valid outcomes (CIE, 2016). Therefore, it may be essential to include 
continuously measured personal lighting conditions consisting of multiple light aspects and 
factors simultaneously. It is expected that these personal lighting conditions cause a more 
accurate and reliable measurement of the lit environment around the individual. This may be 
essential when performing a light effect study. 

Subchapter 2.2 provides a literature review on current measurement methodologies in 
light and alertness studies to identify potential methodological issues. It was investigated 
which light aspects were included in the research papers but also how, when, and where the 
light measurements were performed. Two methods to gather personal lighting conditions 
are elaborated in the remainder of this chapter. The accuracy, acceptance, and comfort of 
the Person-Bound-Measurements (PBM) method are discussed in subchapters 2.3 and 2.4. 
Furthermore, a new practical unobtrusive method to estimate personal lighting conditions 
based on reference measurements has been proposed. The development and validation of 
the Location-Bound-Estimations (LBE) method is discussed in subchapter 2.5. Subchapter 
2.6 elaborates on potential improvements of the LBE method when the location and viewing 
direction of the office workers get included. This part highlights the importance of including 
these aspects by showing the differences in personal lighting conditions for different viewing 
directions.  
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2.2 Light measurement methodologies in light and 
alertness field studies: a literature review

This subchapter is based on:
van Duijnhoven J., Aarts M. P. J. , Kort H. S. M. The importance of including the position and 
viewing direction when measuring and assessing the lighting conditions of office workers. 
WORK. 2019; 64(4), with permission from IOS Press. Accepted for publication.

van Duijnhoven J., Burgmans M. J. H., Aarts M. P. J., Rosemann A. L. P., Kort H. S. M. Personal 
lighting conditions to obtain more evidence in light effect studies. In: Proceedings of the 
20th Congress of the International Ergonomics Association (IEA 2018), 26-30 August 2018, 
Florence, Italy. P110-121. DOI: 10.1007/978-3-319-96059-3_12. 



2.2.1. Introduction
This subchapter provides an overview of the currently used methodologies for measuring 
lighting conditions in light and alertness studies as reported in literature. The methodological 
aspects that are being identified are the light aspects, and how, when, and where the light 
measurements were performed. This literature review is an extension of an earlier published 
literature review (van Duijnhoven, Burgmans, Aarts, Rosemann, & Kort, 2018).

2.2.2. Methodology
In conducting this review, a literature search was performed using the following search 
terms: (1) ‘alertness’, (2) a lighting parameter (i.e., ‘lighting’, ‘daylight’, ‘light exposure’, or 
‘light’), and (3) ‘office’. No restrictions were placed on the publication year. All three search 
terms had to be present in potentially eligible articles. These three search terms led to four 
possible combinations: (1) alertness – lighting – office, (2) alertness – daylight – office, (3) 
alertness – light exposure – office, and (4) alertness – light - office. Inputting these four 
search combinations into the databases ScienceDirect, Google Scholar, PubMed, and Web of 
Science resulted in 163 hits. Of these 163 hits, 141 were determined to be eligible articles. 
There were three fundamental reasons for removing the 22 articles from the eligible-articles 
list: the main topic deviated too far from subject of light and human performance, it was a 
review paper, or the full text was unavailable. Next, duplicates papers were removed from 
the 141 eligible articles. This resulted in a final number of 25 relevant papers to be included in 
the literature review. All these papers were published English articles. Figure 2-2 provides an 
illustration of this entire process. The final literature search was performed in October 2018.
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Figure 2-2: Literature review: search process.

The 25 relevant papers were analysed pertaining to the following four aspects: 
1. Which light aspects were measured?
2. How were the light measurements performed? I.e., what measurement instruments  
 and which measurement method (e.g., PBM, LBM)?
3. When were the light measurements performed? I.e., what measurement interval?
4. Where were the light measurements performed? I.e., what was the type of study— 
 field or lab? And where was the measurement location?



The analysis of the literature recorded whether a particular light aspect was included in 
the research (yes or no) and to what extent. The results based on this data extraction are 
discussed below.

2.2.3. Results
Which light aspects were measured? 
Table 2-1 summarizes the particular light aspects per paper. The papers in the table are 
presented in chronological order, since the publication year may explain the inclusion or 
exclusion of certain light aspects (Berson et al., 2002). The four colours in the table also show 
the extent to which various light aspects were included in the papers. Dark green squares 
mean included and measured. Light green squares mean included but not measured. This can, 
for example, be an intervention study comparing two scenarios in which light sources were 
installed applying different correlated colour temperatures; however, actual measurements 
of the lit environment were not performed. Orange squares mean not included; for example, 
it is deliberately reported in a paper that daylight is not included in the study. Red squares 
mean not reported. 

The reported light quantities were categorized as photometric aspects, colourimetric 
aspects, radiometric aspects, photon aspects, material characteristics, psychological aspects, 
and other aspects. These categories included horizontal illuminance, vertical illuminance, 
luminance, daylight factor (DF), uniformity, correlated colour temperature (CCT), colour 
rendering index (CRI), spectral power distribution (SPD), photon flux density (PFD), 
reflectance, brightness, subjective glare, presence of daylight, and flicker. The International 
Commission on Illumination (CIE) has defined most of these light aspects in their lighting 
vocabulary (CIE, 2011). 

In the final group of 25 papers, horizontal illuminance was included and measured the most 
frequently—in 18 of the 25 papers (see the dark green squares in Table 2-1), followed by 
vertical illuminance in 16 papers. CCT was a light aspect that was often included in the papers 
but not measured (light green squares). For example, this was the case in an intervention 
study that compared the effects under two different CCT conditions (Hoffmann et al., 2008). 
The aspect concerning either the presence or absence of daylight was the only element that 
was reported to be not included (orange squares). Lastly, light flicker was the aspect that was 
the least frequently reported (red squares). 

Table 2-1 shows that throughout all publication years (2000-2018), photometric quantities 
were both included and measured in the studies. Additionally, radiometric quantities were 
included and measured more frequently in the later publication years of the sample. 
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Table 2-1: Overview of the light aspects incorporated into light effect studies, as based on the literature review. 
Dark green signifies included and measured; light green signifies included but not measured; orange signifies 
not included; and red signifies not reported. Asterisks for particular light aspects indicate that the light aspect 

was calculated based on the measurements of other light aspects. Units for the light aspects are provided 
within brackets [ ]. The papers are ordered by publication year. Notes: DF: daylight factor; CCT: correlated colour 

temperature; CRI: colour rendering index; SPD: spectral power distribution; PFD: photon flux density.
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How, when, and where are the light aspects measured?
Table 2-2 summarizes how, when, and where the light measurements were performed for 
the 25 papers in the literature review.

How the light measurements were performed was rarely reported in detail: in 14 of the 24 
papers that included objective light measurements, no measurement instrument details were 
provided (Bahri et al., 2013; Boyce et al., 2006; Chellappa et al., 2011; de Kort & Smolders, 
2010; Eklund et al., 2000; Hoffmann et al., 2008; Iskra-Golec et al., 2012; Maierova et al., 2016; 
Mills et al., 2007; Sivaji et al., 2013; Smolders & de Kort, 2017; Smolders et al., 2012; Viola et 
al., 2008; Yuda et al., 2017a) . However, the measurement method—i.e., PBM or Location-
Bound Measurements (LBM) — was not reported in only two instances. The literature search 
revealed only two studies that used PBM (Figueiro et al., 2018; Hubalek et al., 2010). In these 
two studies, the wearables ‘LuxBlick’ and ‘Daysimeter’ were used to measure individual light 
exposure. Of these two studies, one did not report the accuracy of the measurement device, 
nor the corresponding advantages or disadvantages of the method (Hubalek et al., 2010). 

Exactly when the measurements were performed—the measurement interval—differed 
between the papers. Only six studies mentioned that they measured lighting conditions with 
a measurement interval of less than or equal to one hour (Borisuit et al., 2014; Figueiro et 
al., 2018; Maierova et al., 2016; Toftum et al., 2018; van Duijnhoven, Aarts, et al., 2017a; 
subchapter 5.1). 

The light effect studies were carried out in either laboratory environments (n= 17) or as 
field studies (n= 8). Among these studies, the light measurements were either recorded at 
a number of locations and then averaged over the entire study environment or performed 
at the specific locations of the occupants. Sixteen studies performed measurements at the 
personal level (Borisuit et al., 2014; Boyce et al., 2006; Chellappa et al., 2011; de Vries et al., 
2018; Eklund et al., 2000; Figueiro et al., 2018; Hubalek et al., 2010; Iskra-Golec et al., 2012; 
Maierova et al., 2016; Mills et al., 2007; Smolders & de Kort, 2017; Smolders et al., 2012; te 
Kulve et al., 2017; van Duijnhoven, Aarts, et al., 2017a, 2018a; Viola et al., 2008).
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Table 2-2: Overview of methodological aspects (i.e., how, when, and where light measurements were performed) 
of the light effect studies included in the literature review. An asterisk indicates that the paper did not include 

objective light measurements.

64 | Chapter 2

Li
te

ra
tu

re

How When Where

Measurement 
equipment 
details

Measurement method Measurement interval Type of study Measurement location
Re

po
rt

ed

N
ot

 re
po

rt
ed

PB
M

LB
M

N
ot

 re
po

rt
ed

Co
nti

nu
ou

sl
y 

(m
ea

su
re

m
en

t i
nt

er
va

l ≤
 1

 h
ou

r)

Re
gu

la
rly

 (m
ea

su
re

m
en

t i
nt

er
va

l >
 1

 h
ou

r)

O
nc

e 
(fo

r e
ac

h 
sc

en
ar

io
)

N
ot

 re
po

rt
ed

La
bo

ra
to

ry
 st

ud
y

Fi
el

d 
st

ud
y

Av
er

ag
e

Pe
rs

on
al

N
ot

 re
po

rt
ed

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

P13

P14

P15

P16

P17

P18

P19

P20

P21 No description of light measurements* No description of light 
measurements*

P22

P23

P24

P25



2.2.4. Discussion
The purpose of the literature review was to summarize the current measurement 
methodologies used in light and alertness studies and to identify any potential methodological 
issues. 

The literature review discussed four methodological aspects—which light aspects were 
investigated, and how, when, and where were the light measurements were performed—as 
they pertained to light and alertness studies. Photometric light quantities were found to be 
included and measured the most in the literature. This can be explained by the fact that current 
standards still focus on photometric quantities (e.g., for offices, recommending a horizontal 
illuminance of 500 lx at desk level). However, measuring only photometric quantities while 
investigating the light effects beyond vision is insufficient. While photometric quantities relate 
to the spectral sensitivity of the rods and cones, a third photoreceptor—ipRGC (Berson et al., 
2002)—is a strong contributor to the effects beyond vision. Since the spectral sensitivity of 
ipRGCs differs from the spectral sensitivity of rods and cones, radiometric quantities (i.e., 
quantities not having spectral sensitivities already included, so that the measurements can be 
converted to any desired α-opic (Lucas et al., 2014)) need to be included when investigating 
effects beyond vision. In the review, it was found that the number of papers including more 
than just photometric quantities (e.g., radiometric quantities, such as SPDs) has increased 
over the years (see Table 2-1). The discovery of ipRGCs and the many papers suggesting both 
the importance of including more than just photometric quantities (Lucas et al., 2014) and 
the value of describing the total lit environment, rather than just individual aspects within 
it (CIE, 2016), is likely to have contributed to this growing body of work. Additionally, the 
expanding number of light aspects included and measured in each paper also strongly 
contributes to researchers being able to replicate studies and compare results. Furthermore, 
numerous authors—especially those working in fields of multidisciplinary research—have 
recommended that investigators measure and describe the lighting conditions of their 
respective studies as comprehensively as possible (Aarts et al., 2016; CIE, 2014a, 2016; van 
Duijnhoven, Aarts, et al., 2019; van Hoof et al., 2012). 

In addition to adequately and accurately measuring and describing the lit environment, 
some researchers have also highly recommended that researchers describe how, when, and 
where their light measurements were performed (CIE, 2014a). That said, the majority of 
the papers (i.e., 14 out of 24 that included objective light measurements) did not provide 
sufficient details regarding the used measurement instruments. As the level of accuracy and 
practical issues per measurement device differ, it is essential for all researchers to provide 
the specifications of the measurement instruments. Wearables instruments used for PBM 
studies are often cheaper and less-developed than instruments used for LBM studies and, 
therefore, the former may cause a higher number of performance errors (subchapter 2.3). 

It is also important to note that while one of the two papers utilizing PBM used a measurement 
interval of less than one hour, only five of the 21 studies utilizing LBM were measured at this 
same interval. Wearables (PBM) are often used in studies to monitor daily light exposure 
continuously and, therefore, it is more common to measure these lighting conditions at 
shorter intervals. Additionally, the measurement interval also depends on the range of 
lighting conditions: a broad range of lighting conditions necessitates measuring those 
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conditions more frequently. Under laboratory conditions, lighting conditions are often more 
controlled—especially when daylight is excluded—which makes it easier to investigate one 
single element. However, the significant advantage of performing field studies is that these 
types of investigations are conducted in realistic work environments; thus, there is no need 
to doubt the possibility of extending the results to real-world environments. Yet, it was found 
that of the 25 investigations, only eight were performed in the field. 

2.2.5. Conclusions and recommendations
The literature review showed that researchers were not fully mapping the lit environment 
during their light effect studies, as was also suggested by the CIE (2014a, 2016). Photometric 
quantities were found to be included and measured the most in light effect studies, which 
makes sense, as this is aligned with existing knowledge regarding light aspects and the effects 
on vision. However, it is currently recommended that one include radiometric quantities as 
well, particularly when investigating the light effects beyond vision. In addition, the review 
showed that the majority of the papers (14 out of 24) did not include measurement details.

Furthermore, it was found that the light aspects in the research were often averaged over 
time (only six studies applied light measurements with a measurement interval of less than an 
hour) or over locations (seven studies calculated lighting conditions averaged over locations). 
Averaging light measurements in this way precludes providing information about the specific 
locations (e.g., the distance to a window) of the occupants. Since the physical environments, 
occupational aspects, fixed personal characteristics, and flexible personal conditions differ 
per individual, the environmental conditions the individual receives differ as well (see Figure 
1-3). Therefore, lighting conditions need to be measured at the individual level as well 
across spaces. It is recommended to include personal lighting conditions to provide essential 
information, allowing researchers to draw firm conclusions from their light effect studies. 
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2.3 Person-Bound Measurements: Controlled 
assessment methods of accuracy 

This subchapter is based on:
Aarts M. P. J., van Duijnhoven J., Aries M. B. C., Rosemann A. L. P. Performance of personally 
worn dosimeters to study non-image forming effects of light: Assessment methods. Build 
Environ. 2017;117:60–72. DOI: 10.1016/j.buildenv.2017.03.002, with permission from 
ELSEVIER. 



2.3.1. Introduction
As mentioned in the introduction of this chapter, person-bound measurements (PBM) is 
one of the methods that can be used to gather personal lighting conditions. This subchapter 
investigates the accuracy of seven PBM devices in controlled environments. The accuracy 
of the devices was determined according to the standard (CIE, 2014c) and expressed in 
classes (DIN, 2016). In this subchapter, assessment methods for the three most basic, so-
called quality indices are described: the directional response index (f2), the linearity index 
(f3), and the temperature index (f6,T). The results of the measurements were analysed and the 
classes were calculated and discussed for the included PBM devices. In addition to the three 
quality indices, the influence of the location of the measurement device on the body was 
investigated on the measured lighting conditions. Unawareness of the inaccuracies of these 
PBM devices might result in relating certain light effects to incorrect light exposures.

2.3.2. Methodology
The methodology section covers the applied methods for the determination of the accuracy 
regarding different positions on the body of a worn device and the methods for determining 
the f2, f3, and f6,T index (CIE, 2014c). The specifications of the seven different PBM devices 
included in the tests are provided in Table 2-3. 
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Table 2-3: Overview of the specifications of the seven tested PBM devices and the reference illuminance meter. E 
means illuminance. 

* Calibrated in 2015
** In the studies described in this subchapter

Specifications

De
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ce
 1
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ce
 2
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ce
 3

De
vi

ce
 4

De
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ce
 5

De
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ce
 6

De
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ce
 7

Re
fe
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nc

e 
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um
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an
ce

 
m

et
er

*

Picture

Type/serial number Actiwatch
Actiwatch 
Spectrum 

PRO

Ambient Light 
Sensor SFH 

5711 – 47000Ω

OT Light-
Watcher

Hobo data 
logger (UA-

002-64)

Motion-
watch 8 Lightlog E4X

Manufacturer Fypro Philips Osram (GmbH) OT Object 
Tracker ONSET CamN-

tech
Lightlog-
project

Hagner 
(SE)

Software Actiwatch 
sleep 5

Philips 
Actiware 

6.0.2
Squirrelview OT Sensor 

2.4.0.1
Hoboware 

3.7.2

Mo-
tion-Ware 

1.1.15

LightLog-
Control 

2.1
N/A

Most common 
position of PBM 
device on the body

Wrist Wrist Anywhere Next to 
the eye Chest Wrist Chest N/A

Weight [g] Unknown 31 Unknown 12 18 9 14 420

Material Nylon Synthetic Plastic + solder Metal Polypropyl-
ene Synthetic

Plastic (3D 
printed 
boxes)

Plastic

Used in setup** f2, f3, f6,T f2, f3, f6,T

Location on 
body, f2, f3, f6,T

f2, f3, f6,T f2, f3, f6,T f2, f3, f6,T f2, f3, f6,T f2, f3, f6,T

Number of devices 
used** 1 1 4 1 1 1 1 1

Measured light 
aspects used** E [lx] E [lx] E [lx] E [lx] E [lx] E [lx] E [lx] E [lx]



Measurement setup location PBM device on the body
Four identical light sensors (Device 3, for specifications, see Table 2-3) at four different 
locations on the body (A, B, C, D, see Figure 2-3) were worn simultaneously by one person 
to determine the influence of the location of the PBM device on the measured lighting 
conditions. These small photosensors were attached with tape to small objects to simulate 
the actual portable devices. Since the photosensors were light-weight, the sensors did not 
slope or slide down. Location A, between the eyes, was set as the reference measurement 
because this comes the closest to the actual light exposure at the eyes. The relationship 
between eye exposure and the actual stimulus on the photosensitive receptors in the retina 
may even be more relevant but is outside the focus of this study.

All four photosensitive cells were connected to a data logger which was worn in a small 
bag around the waist. One participant was included in the study. The only restriction the 
participant received was to spend time indoor and outdoor. The participant was doing basic 
activities (walking, sitting, and standing) during the test period. This study was conducted 
in the Netherlands on March 14th, 2016. At that moment, the external temperature was 
approximately 10°C and during the experiment, there was a clear sky condition.
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Figure 2-3: Overview of the four different positions of the light sensors (all device 3) on the body with A: the 
reference between the eyes, B: next to the eye, C: chest and D: wrist. The devices at location A, B, and C always 

measured illuminances vertically. The wrist location (D) measured illuminances mostly vertically when the person 
was standing and mostly horizontally when the person was sitting. 



Measurement setups quality indices
For the investigation of the three quality indices, all seven different types of PBM devices 
were investigated (Table 2-3).

All seven devices were equipped with a light sensor matching the photopic response curve 
V(λ). Three of the devices consisted of additional light sensors, matching other spectral 
responsivity curves. In this study, only the photometric quantities were analysed. A calibrated 
illuminance meter (Hagner cell E4X, see Table 2-3) was used as the reference meter. Under 
controlled laboratory conditions, the quality indices f2 (directional response index), f3 
(linearity index), and f6,T (temperature index) for all seven portable devices were determined.

The joint ISO/CIE International Standard (CIE, 2014c) defined 14 quality indices for 
photometers. Three indices were selected to be investigated in the study described in this 
subchapter: f2 directional response index, f3 linearity index, and f6,T temperature index. First, 
the directional response (f2) index is essential to be investigated for PBM devices since the 
devices may slope or tilt slightly causing different angles of incidence for the light to fall 
on the device. Second, the linearity index (f3) is a relevant specification to be investigated 
since that index defines whether the photometer measures correct illuminances when 
exposed to different light quantities. And last, the temperature index (f6,T) may be relevant 
when an individual carries the PBM device in different air temperatures (e.g., indoor and 
outdoor conditions). The spectral V(λ) mismatch (f1’) is highly relevant as well; however, the 
determination of this quality index requires spectral measurements and none of the included 
devices were capable for that. It is mostly true that measurement devices with smaller quality 
index values allow smaller measurement uncertainties than devices with larger values (CIE, 
2014c). 

The seven tested PBM devices were classified according to the classes as defined in (DIN, 
2016). Class L, A, B, and C have been distinguished in the German standard. Class L means top 
quality measurement equipment for use under laboratory conditions, class A stands for high 
quality equipment, class B for medium quality, and class C for low quality equipment. In this 
subchapter, class D was added to this list to classify the photometers that performed even 
worse than the defined class C. The standard has defined that when a photometer cannot be 
assigned to class L, A, B, or C, the photometer is of insufficient quality. For each quality index, 
the standard has provided limits (see Table 2-4).
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Table 2-4: Quality indices according to the DIN (2017). 

Quality 
Index Index Name Class L Class A Class B Class C Class D 

f2 
Directional 
Response Index - 1.5 % 3 % 6 % > 6 % 

f3 Linearity Index 0.2 % 1 % 2 % 5 % > 5% 

f6,T 
Temperature 
Index 0.2 % 2 % 10 % 20 % > 20% 
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Directional response index (f2)
The directional response index f2 – also called the cosine match – describes the influence of the 
light angle of incidence within the measuring field of an illuminance meter. It is determined 
by comparing the signal value Y (ε,ϕ) for a given incident direction, described by the angles ε 
and ϕ, with the reference signal value Y (0,ϕ). The angle ε is the angle of incidence, relative 
to the normal, the light falls on the light sensor and the angle ϕ is the rotation of the light 
sensor around the vertical axis. The f2 index for (planar) illuminance meters is calculated 
using Equation 2.1 (CIE, 2014c).

Where:
 f2  (ε,ϕ) = The directional response for angles ε and φ;
 Y (ε, ϕ) = The output signal as a function of the angle of incidence ε and azimuth angle ϕ;
 ε = The angle measured with respect to the normal to the measuring plane or optical  
      axis;
 ϕ = The azimuth angle.

(2.1)

The measurement value should change according to cos (ε). Theoretically, the azimuth angle 
ϕ can also influence the results. For a given orientation (ϕ), the f2 index was calculated using 
Equation 2.2. The integral was calculated from the best-fit trend line of the measured data 
points. The ideal cosine response should be a perfect cosine function. This quality index (f2)
was determined for all the seven portable devices by measuring the influence of the angle of 
incidence on the output signal of the light sensors.

Where:
 f2 (ϕ) = The directional response index (f2) for angle ϕ;
 f2 (ε, ϕ) = The directional response for angles ε and ϕ;
 ε = The angle measured with respect to the normal to the measuring plane or optical 
          axis;
 ϕ = The azimuth angle.

(2.2)

The f2 index of the different devices was determined by using a constant full spectrum 
light source. The light source was attached to a robot arm such that the different angles of 
incidence were easily achieved. The index was calculated based on steps of 10 degrees. A 
large Fresnel lens is used to create a parallel beam from a halogen projection lamp (Philips, 
type 6958, EVC/FGXM33, 24V 250W). The setup was programmed to provide different angles 
of incidence on the light sensor, see Figure 2-4. In this measurement setup, the light source 
moved from 0° (top) to 90° (perpendicular to the light sensor).

In this experiment, the azimuth angle was fixed and the elevation angle altered. The azimuth 
angle corresponds to the horizontal rotation. Since this rotation would not occur often 
when the PBM device is attached to clothes and since these devices are often symmetrically 
developed in the horizontal field, the azimuth angle was fixed. During the measurements, the 
temperature, relative humidity, and the light source output were continuously monitored to 



check their stability. All seven devices had slightly different dimensions resulting in varying 
positions of the top of the light sensor. The devices were positioned in such a way that the 
top of the actual light sensor was at the same height. Since one device stopped measuring 
when it was off the wrist, it was placed around a tube like a watch on a human wrist.
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Figure 2-4: Picture and schematic measurement setup to determine the f2 index. Dimensions are provided in 
millimeters.

Linearity Index (f3)
The f3 index describes how well a photometer responds to changes in the light source output 
value. The measured quantity must follow the change of the signal output from the device 
proportionally. The f3 index was calculated using Equation 2.3 (CIE, 2014c). Furthermore, the 
maximum f3 index must be taken for each measurement range (Equation 2.4).

Where:
 f3 (Y) = The proportionality deviation of a photometer for output Y 
 Y = The output signal due to illumination of the photometer with input quantity X;
 Xmax = The input value corresponding to the maximum output signal Ymax;
 Ymax = The output signal due to illumination of the photometer due to the input Xmax.

(2.3)

Where:
 f3 = The linearity index (f3);
 f3 (Y) = The proportionality deviation of a photometer for a specific measurement range.

(2.4)

A Lambertian-like light source, created by a ceiling of 135 dimmable, 58W fluorescent tubes 
(Philips, TL-D 58W 840) covered by a translucent sheet, was used for the measurements. 
The so-called Daylight Room was 4.5 x 4.5 m² and simulating the light distribution of a CIE 
fully overcast sky (Figure 2-5). This type of Diffuse Sky Simulator uses a diffuse ceiling and 
mirrors to achieve this specific diffuse light distribution. The interior walls were covered with 
mirrors starting from the top to measurement level. The resulting luminance distribution was 
rotationally symmetric with a three times higher luminance at the zenith than at the horizon. 
Ten settings were used on a voltage dimmer to change the illuminance output of the light 
sources and to determine the linearity index of the devices.
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It was important to verify that other quality indices were not impacting the results of this 
index. That was why dimming an incandescent or halogen lamp was not an option. It would 
affect both the luminous flux, as well as the spectral composition. When dimming, the 
light would shift from shorter wavelengths to the longer wavelengths, impacting the V(λ) 
response. To prevent the potential low performances on the directional response index to 
influence the measurements, the linearity index was determined using two setups; one with 
black tubes on top of the devices and one without. The black tubes (internal diameter 41.6 
mm, height 65.3 mm) placed over the devices limited the angle of incidence for light falling 
on the device. The maximum angles of incidence ranged from 19° to 56° for the different 
measurement devices due to their geometries (van Duijnhoven, 2015b). The amount of light 
was determined that fell on the device under an incident angle larger than the maximum 
angles per device by comparing the measurements of the two setups. For this amount of 
light, the directional response index should be considered. The illuminance in this setup 
ranged from 0 to approximately 2100 lx. This maximum illuminance did not suffice for outdoor 
measurements. For realizing a higher illuminance, the measurements were also executed 
without the black tubes. This second measurement setup resulted in measured horizontal 
illuminances up to 12500 lx.

Figure 2-5: Pictures of the measurement setup to determine the f3 index in the Daylight Room.

Temperature Index (f6,T)
The temperature index refers to the influence of the ambient temperature on the performance 
of the photosensitive meter. The temperature can influence the absolute measurements as 
well as the relative response of the photometer, both impacting the measurement results. 
The f6,T index was quantified for an ambient temperature T by comparing the output value 
Y(T) at the specified temperature to the output value at the reference value Y(T0) at the 
temperature T0 = 25°C (CIE, 2014c) (Equation 2.5). The index f6,T for temperature dependence 
for each device was given by Equation 2.6.

Where:
 f6,T (T)  = The temperature index for temperature T
 Y (T) = The output signal at temperature T;
 Y (T0) = The output signal at 25°C reference ambient temperature.

(2.5)



The temperature index f6,T was calculated using a controllable climate box with temperature 
settings between -10°C to 30°C. The portable devices were placed inside a climate box 
(Weiss Umwelttechnik GmbH, Simulationsanlagen – Messtechnik, Type: SB22/160/40 
270118/1/0001(1996)) and the light source was placed outside the climate box. The climate 
box was positioned in a large open laboratory space. The light source (Philips Halogen, 800 
W) was stabilized and placed outside the box to avoid temperature influence on the output 
from the light source. The light entered the climate box via a small window, see Figure 2-6.

The temperature in the climate box during the measurements ranged between -10°C to 30°C. 
Those temperatures are assumed realistic for the light sensors during field measurements in 
temperate climates. To gradually change the temperature, smaller steps of 5 °C were chosen 
even though the steps of 10 °C would have been sufficient. Each temperature setting lasted 
approximately 45 minutes and the complete procedure for each device took around eight 
hours. During the measurements, the luminous flux of the light source and the angle of 
incidence were kept constant to avoid potential irregularities due to a bad performing f2 and 
f3 index. 

The final f6,T index was calculated for the regular range from -15°C to 30°C and for a smaller 
range of 15°C to 30°C. The higher temperature range corresponds to realistic indoor 
temperatures and might be representative because people spend most of their time indoors.
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Where:
 f6,T    = The temperature index (f6,T)
 Y (T) = The output signal at temperature T;
 T2 = 40 °C; 
 T1  = 5 °C; 
 T0  = 25 °C; 
 ΔT   = 10 °C.

(2.6)

Figure 2-6: Picture and schematic measurement setup to determine the f6,T index. Dimensions are provided in 
millimeters.
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Since for light effects beyond vision the duration, in combination with the light quantity, 
is relevant, the median deviations were calculated for the luminous exposures as well. 
(Khademagha et al., 2016a). 

The data regarding the three quality indices were analysed in multiple ways. The illuminances 
(direct output from the device), the relative illuminances, the index per range step (per angle, 
reference illuminance, or temperature), and the final indices were calculated for each quality 
index as described in (CIE, 2014c).
 
2.3.3. Results
Location on the body
Illuminance values (Figure 2-7) were continuously measured at four different locations on the 
body, under indoor and outdoor conditions. Median deviations for the illuminances as well 
as luminous exposures were calculated from the wrist, chest, and next to the eye compared 
to the reference location (between the eyes).

The median deviation for measuring illuminances at the wrist compared to the reference 
location was 11 % for outdoor conditions and 27 % for indoor conditions. The median 
deviations for the chest location were respectively 7 to 17 % and the median deviation for 
the location next to the eye was 7 % for both indoor and outdoor conditions (Table 2-5). The 
deviations were calculated as absolute deviations so these do not say anything about the 
direction of the deviation, only about the magnitude. The direction of the deviation can be 
extracted from Figure 2-7. 

Data analyses
All the measurements were analysed in the software program MATLAB (R2015a).

The results of the sensor position measurements were all related to the reference position 
(location A; between both eyes, see Figure 2-3) and deviations between the reference 
location and the other locations were calculated. The results are given in the median absolute 
deviation expressed in percentage (Equation 2.7). 

Where:
 DeviationE,location i   = The deviation in output signal at location i compared to the  
        reference location 
 Elocation i   = The illuminance measured at location i; 
 Ereference   = The illuminance measured at the reference location (between  
        the eyes).

(2.7)



Figure 2-8 shows the total luminous exposures separately for the indoor and outdoor 
conditions. The deviations between the luminous exposures measured at the different 
locations related to the reference location are provided in Table 2-6.
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Figure 2-7: Measured illuminances for four different locations on the body. The upper graph shows indoor 
conditions and the lower graph outdoor conditions.

Table 2-5: Median absolute deviation of measured illuminance values (%) at the different measurement positions 
on the body related to the reference position between the eyes.

Table 2-6: Median absolute deviations of calculated luminous exposures (%) at the different measurement 
positions on the body related to the reference position

Indoor conditions Outdoor conditions 

Next to the eye (Location B) 7 % 7 % 
Chest (Location C) 17 % 7 % 
Wrist (Location D) 27 % 11 % 

Indoor conditions Outdoor conditions 

Next to the eye (Location B) 9 % 6 % 
Chest (Location C) 2 % 9 % 
Wrist (Location D) 17 % 11 % 
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Figure 2-8: Measured luminous exposures for the four measurement positions on the body, for indoor (left) and 
outdoor conditions (right).



Linearity index (f3)
Figure 2-10 provides the device output illuminance in the two setups compared to the 
reference illuminance measured with the Hagner cell. The R² values indicate the fit between 
the data points and the linear trend line.

Figure 2-11 shows the f3 index values for the two setups for each referent illuminance level. 
The final f3 index value is the maximum f3 index value for each device per measurement 
setup. Table 2-8 provides a summary of the f3 index values and the corresponding classes per 
setting for each device. 
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Table 2-7: f2 results - Final f2 index values and classes.

Directional Response Index (f2)
For each portable device, the relative illuminance (measured illuminance divided by the 
measured illuminance at an incidence angle of 0°) was plotted for various incident angles 
(Figure 2-9). Table 2-7 shows the calculated f2 indices and their corresponding classes for 
each device. 

Figure 2-9: f2 index - Relative illuminance of the different devices for various incident angles.

Device f2 index (%) f2 class 
Device 1 9.6 D 
Device 2 50.8 D 
Device 3 1.9 B 
Device 4 5.1 C 
Device 5 2.7 B 
Device 6 26.3 D 
Device 7 30.6 D 
Hagner reference cell 0.7 A 
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Figure 2-10: The relation between the measured illuminance by the PBM devices and the reference illuminance. 
With and without tubes.
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Figure 2-11: Linearity index (f3) and the corresponding classes of the different PBM devices related to the 
reference illuminance.

Table 2-8: f3 index for the condition with and without tubes.

Device 
Setup with tubes (%) Setup without tubes (%) 

f3 index f3  Class f3 index f3  Class
Device 1 35 D 91 D 
Device 2 16 D 13 D 
Device 3 10 D 11 D 
Device 4 1 A 4 C 
Device 5 20 D 3 C 
Device 6 5 C 6 D 
Device 7 55 D 20 D 



Temperature index (f6,T)
The f6 index values were calculated for each temperature step between the given temperature 
range (Figure 2-12). These graphs show for which temperatures the PBM devices perform 
well. Subsequently, the f6,T index values were calculated for both temperature ranges (see 
Table 2-9). 
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* The f6,T index for device 5 was not determined due to saturation during the measurements.

Figure 2-12: f6,T indices calculated for the different PBM devices using Equation 2.5.

Table 2-9: f6,T indices for the temperature ranges -10°C to 30°C and 15°C to 30°C.

Device 
-10°C to 30°C 15°C to 30°C

f6,T index (%) f6,T Class f6,T index (%) f6,T Class 
Device 1 1.6 A 1.3 A 
Device 2 3.4 B 1.4 A 
Device 3 1.5 A 1.1 A 
Device 4 0.7 A 0.4 A 
Device 5* N/A N/A N/A N/A
Device 6 0.9 A 0.0 L 
Device 7 1.1 A 0.7 A 
Hagner Reference cell 2.4 B 2.1 B 



Overview of the results
Table 2-10 provides an overview of the findings on the performance of the seven tested PBM 
devices. The median deviations provided, regarding the location on the body, correspond 
to the measured illuminance at the location where the device is commonly worn compared 
to the reference location between the eyes. Furthermore, the table summarizes the classes 
corresponding to the quality indices f2, f3, and f6,T per PBM device. 
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Table 2-10: Technical measurement results. The median deviations regarding illuminances at the most common 
position of the PBM device on the body compared to the reference location are provided in the table. The first 

given deviation corresponds to outdoor conditions and the second to indoor conditions. In addition, the f2, f3, and 
f6,T indices are provided for each device expressed in corresponding classes (DIN, 2016). The two classes for the f3 

indices stand for the measurement setups with and without the black tubes on top of the devices. 

2.3.4. Discussion
Light measurements require accurate determination of, for example, the amount of light. 
By making use of commercially available measurement devices, whose performance and 
accuracy is unknown, and of which the position deviates strongly from the eye position, there 
is a risk that the measurements diverge from the realistic values. This subchapter described 
an exploratory experiment investigating the potential deviations when measurements were 
performed at another location than between the eyes. In addition, three quality indices were 
determined to identify the performance of seven PBM photometers.

Location of PBM device on the body
The measurements showed that particularly wrist-worn devices should be used with great 
care since the results showed a deviation of 27 % from the reference location (Table 2-10). The 
current study is in accordance with the work of Figueiro, Hamner, Bierman, and Rea (2013) in 
which this difference between sensor locations on the body was highlighted. They indicated 
that the magnitude of differences between the device locations is quite large; therefore, 
this result underscored the potential problems in measuring personal lighting conditions at 
the wrist. Hubalek, Zoschg, and Schierz (2006) demonstrated that it is possible to develop 
a measurement device measuring luminous exposure near the eye and thus to take into 
account the importance of measuring at the right location.

Light measurements could be best performed in between the eyes. The second best position 
from the accuracy perspective would be next to the eyes. However, head-based devices may 
cause wearing discomfort and may lead to situations where people refuse to wear the device; 

Device 1 Device 2 Device 3 Device 4 Device 5 Device 6 Device 7 Reference 

Most common 
position of PBM 
device on the body

Wrist Wrist Any-
where

Next to 
the eye Chest Wrist Chest N/A

Location on 
body (mediation 
deviations)

11-27 % 11-27 % N/A 7-7 % 7-17 % 11-27 % 7-17 % N/A

f2  (class) D D B C B D D A

f3  (class) DD DD DD AC DC CD DD N/A

f6,T  (class) A B A A N/A A A B
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therefore the most convenient position for most measurement applications would be on the 
chest (respectively median deviations from the reference regarding measured illuminances 
of 7 % and 17 % for outdoor and indoor conditions). The viewing direction of a chest-based 
device is largely comparable to the eye direction.

Quality indices 
First, based on the directional response index (f2), four out of the seven tested devices were 
classified as D, meaning that they are of insufficient quality. Devices 3, 4, and 5 performed 
(slightly) better on this index. The question is whether it is necessary to measure the light 
originating from half a sphere. If the surface of a photometer is compared to the human 
eye, one might suggest to measure only within the standard viewing angle of 2° or 10°. This 
is the projection angle where the macula is located and thus the highest concentration of 
cones. When the ipRGCs will be considered, the inferior or the nasal part of the retina seems 
to either be more sensitive toward the radiation stimuli for the ipRGCs or contain a higher 
density of ipRGCS (Khademagha, Aries, Rosemann, & van Loenen, 2016b). Since the most 
relevant location or viewing angle is still unknown, the f2 index as described in this subchapter 
should be applied for now. 

Second, most of the devices were of low or insufficient performance regarding the linearity 
index (class C or D). Only device 4 qualified for class A. The performances for the setup 
without tubes were worse compared to the setup with tubes. This may be caused by high f2 
index values causing incorrect measurements for the determination of linearity. 

Third, the f6,T index values all fell in class A or B indicating a high or medium performance. 
Moreover, the f6,T index values were calculated for a large range of temperatures while in reality 
the PBM device will be worn on the body. This may mean that when the devices are mainly 
worn indoors, the temperature would then be related to the ambient indoor temperature 
and in some cases even related to the skin temperature. At an ambient temperature of 23°C, 
Olesen (1982) demonstrated that the skin temperature of the hands is 30°C. Therefore, 
when the devices are mainly worn indoors, a smaller range, between 15-30°C (closer to skin 
temperature), would already be sufficient. According to the measurements for the smaller 
temperature range, all devices performed up to class A for the f6,T index.

Limitations of the study
The studies described in this subchapter contained some limitations. First, for the exploratory 
experiment investigating the deviation when light measurements were performed at other 
locations than between the eyes, it needs to be mentioned that only one participant was 
involved who spent limited time outside. In addition, the four photosensors used in this 
experiment were calibrated against the Hagner reference meter; however, the three quality 
indices determined in the experiments were not taken into account here. The results from 
this study should therefore be considered with caution. 

Second, the experiments to determine the performance of the photometers included seven 
different types of PBM devices. Only one device of each type was tested. The study by 
Markvart, Hansen, and Christoffersen (2015) demonstrated the importance of calibrating 
the equipment before starting light measurements. In their study, the discrepancy between 



different devices of the same type was found to be up to 60 %. Therefore, the quality index 
values of the different devices were calculated, but these results should be cautiously 
interpreted. In the future, there will be more and probably more sophisticated devices which 
should be investigated as well. 

In addition, only the f2, f3, and f6,T quality indices were determined. Another important 
parameter in the area of light effects beyond vision is the spectral power distribution of 
light. A technical note (CIE, 2015) suggests convolving the spectral irradiance in the so-called 
α-opic irradiances for each of the five types of photoreceptor: s-cone, m-cone, l-cone, ipRGC 
and rod. This implies that devices either measure the entire spectral bandwidth (between 
380 and 780 nm) or measure within the five indicated sensitivities. None of the devices in this 
study were equipped to measure all these five spectral sensitivities. 

2.3.5. Practical guide for testing the usability of PBM devices
The described methods for testing the performance of portable devices are intended to be 
simple and practical for indicating incorrect measurements and do not replace calibrations 
performed by certified measurement institutes.

As for the described method investigating the f2 index, the following actions are recommended 
to be taken before measuring:

• Ensure a completely uniform illuminance distribution on the measurement surface  
 caused by the test light source;
• Justify whether the centre of the light source has its focus exactly at the same point  
 on the table at varying angles of incidence;
• Check the aimed angles between the source and the sensor;
• Confirm that the distances between the light source and the light sensor remain  
 constant for the different angles.

For the f3 index, different methods were used to cover the complete range of possible 
illuminances when measuring both indoors and outdoors. Only when the cosine index (f2) of 
the devices is within Class A, the tubes may be discarded from the measurement setup. When 
using a Lambertian radiator providing a spherical diffuse light distribution, the following 
aspects are recommended to be checked:

• Determine the quality and clarity of the mirrors;
• Prevent other light sources outside the Daylight Room to impact the  
 measurements;
• Record the maximum angle of incidence for light falling on the devices when  
 measuring with the tubes placed on top and check the f2 index values up to these  
 angles. 

For determining the f6,T index, the following actions are recommended:
• Check the stability of the light source multiple times during measurements;
• Consider the accuracy of the temperature regulation inside the climate room.
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2.3.6. Conclusions and recommendations
This subchapter described experiments investigating the effect of the device location on the 
body compared to the reference between the eyes and determining three quality indices. 
The location where these devices are normally worn was shown to have an impact on the 
results. The median deviation regarding measured illuminances between devices worn at 
the wrist compared to at the reference location between the eyes was 11 % for outdoor 
conditions and 27 % for indoor conditions. The smallest median deviation, both for indoor 
and outdoor conditions, was detected when the device was placed next to the eye (7 %). 
However, due to expected wearing discomfort, it is recommended to measure at the most 
convenient position for most measurement applications. This would be on the chest with 
median deviations from the reference regarding measured illuminances of 7 % and 17 % 
for outdoor and indoor conditions. In addition, the results regarding the three quality index 
values determined for seven commonly used PBM devices showed that the quality of these 
devices under different circumstances were very diverse.

This study supports the findings of other researchers (Markvart et al., 2015; Olesen, 1982; 
Price, Khazova, & O’Hagan, 2012) indicating large quality differences of different portable 
measurement devices. It is recommended that conclusions of previously conducted research 
based on portable measurement devices with questionable performance will be revisited 
to ensure that the findings are based on good quality data describing the light conditions. 
This subchapter described simple methods to identify three quality indices; the directional 
response index (f2), the linearity index (f3), and the temperature index (f6,T). The suggested 
methods were kept simple to allow researchers to assess the abilities but also the short-
comings of the used devices. Since none of the tested PBM devices included the possibility 
to measure spectral data, a simple method to determine the spectral mismatch index (f1’) 
was not proposed. This leads to the recommendation to develop a hands-on simple method 
enabling determination of the spectral mismatch quality index. Based on the findings 
described in this subchapter, it is highly recommended to test the performance of the (PBM) 
photometers before applying them in a light effect study.
Pagina hoofdstuk 2.1
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2.4 Person-Bound Measurements: In situ 
assessment methods of accuracy and comfort

This subchapter is based on:
van Duijnhoven J., Aarts M. P. J., Aries M. B. C., Böhmer M. N., Rosemann A. L. P. 
Recommendations for measuring non-image-forming effects of light: A practical method to 
apply on cognitive impaired and unaffected participants. Technol Heal Care. 2017;25(2):171–
86. DOI: 10.3233/THC-161258, with permission from IOS Press.
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2.4.1. Introduction
Subchapter 2.3 demonstrated performances of PBM devices regarding three quality indices, 
determined in experiments under controlled conditions. In addition, the effect of the device 
location on the body compared to the reference location between the eyes was determined. 
This subchapter investigates the practical accuracy issues as well as comfort issues caused 
by the PBM devices, determined in field studies. Six of the seven devices, as described in 
subchapter 2.3 (devices 1 to 6, see Table 2-3), were included in the field studies described in 
this subchapter. Consideration of these practical accuracy and comfort issues should allow 
for the assessment of the capability of the PBM device to be applied in light effect studies. 
This study developed a research process prior to a field study to eliminate inaccuracies or 
uncertainties due to methodological issues when measuring with PBM devices.

The goal of the study is to determine practical problems and wearing comfort of six different 
PBM devices in three experiments. Different study designs and different participant samples 
(i.e., individuals differ in personal conditions, see Figure 1-3 and Table 1-1) were used to 
investigate the wearing comfort. The following research questions were addressed:

1. What type of practical problems can be identified during measurements with PBM  
 devices? 
2. Which device was found to be causing the most wearing discomfort?
3. Was there a difference between male and female participants for reporting wearing  
 discomfort from PBM devices?

2.4.2. Methodology 
In order to understand the capabilities of the PBM devices in field studies, practical problems 
and wearing comfort issues of each device were investigated. 

Practical problems were determined by analysing the output data from the portable devices. 
Missing or distinctive data could be indicative of practical problems of the measurement 
devices. Wearing comfort issues were qualitatively investigated by applying questionnaires 
and interviews. 

Table 2-11: Specifications of applied measurement devices – in situ assessments
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Picture

Used in 
experiment* 1 1 and 3 1 1, 2, and 3 1, 2, and 3 1 and 3 None None

The device worn as/
attached to

Watch 
(wrist)

Watch 
(wrist) Badge (chest)

Glasses 
(next to 
the eye)

Necklace 
(chest)

Watch 
(wrist) N/A N/A

Attachments to 
device N/A N/A

Fanny pack and 
cables connecting 
the sensors to the 
logger inside the 

fanny pack

N/A N/A N/A N/A N/A

* In this subchapter.



Experiment Participants PBM devices Study duration

1

              x 12              x 9
Six devices simultaneously

2 hours

2

             x 4                x 6
Two devices simultaneously

4-8 hours

3

               x 9               x 9
One device at the time

8 hours

Study designs
Potential practical problems and wearing comfort issues of the six different PBM devices 
were investigated in three experiments that consisted of different participant samples (see 
Table 2-12). The first two experiments were performed in March and April 2015 and the third 
experiment in the period of November 2015 – January 2016. 

88 | Chapter 2

Table 2-12: Overview of the three experiments executed to investigate practical accuracy and comfort 
issues. Experiment 1 consisted of healthy participants, experiment 2 consisted of participants with cognitive 

impairment, and experiment 3 consisted of healthy office workers. PBM stands for Person-Bound Measurements.

Experiment 1
Twenty-one healthy subjects participated in this experiment (12 male and 9 female; mean 
age = 43.0, SD = 15.6, range = [23; 72]). The participant sample was recruited via convenience 
sampling. The inclusion criterion was that the participant needed to be able to wear the PBM 
device for the total duration of the study and be healthy. No other criteria were maintained. 

Twenty participants wore six PBM devices simultaneously. One device ceased to function 
during the measurement period for one participant; therefore, this participant was considered 
to have only worn five devices simultaneously. The six devices were worn at different locations 
on the body (see Table 2-3). For the three wrist-worn devices, the participants were free to 
choose on which wrist they preferred to wear the devices. It was assumed that this freedom 
of choice provides the highest comfort. Participants were not obliged to wear all three wrist 
devices on the same wrist. For the device attached to the side of a glasses, eight participants 
were glasses wearers and were able to wear the measurement device attached to their own 
glasses. The other participants wore the device attached to a pair of provided glasses. The 
measurement period was approximately two hours during the day in which the participants 
were able to do their normal daily activities, such as studying, writing, sitting, or making 
phone calls. The participants’ activities were not restricted to indoor conditions. During 
this experiment, the participants were asked to keep a diary (see Appendix A1) to record 
their locations, activities, and potential issues caused by the devices to capture practical and 
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wearing comfort issues. Since not every PBM device was able to measure effective irradiances 
with respect to light effects beyond vision, photopic illuminances were used as the outcome 
measure to identify practical issues. Furthermore, the participants were asked to complete 
a questionnaire regarding the wearing comfort of the PBM devices at the end of the study 
period (see Appendix A2).

Experiment 2
The participant group for the second experiment consisted of ten subjects with cognitive 
impairments (4 male and 6 female; mean age = 64.7, SD = 9.6, range = [52; 80]; 6 intellectual 
disability (ID) and 4 dementia). The choice to select this type of participants was based on 
the attention this group received in lighting research and to investigate differences in user 
experience between individuals (personal conditions, see Figure 1-3 and Table 1-1). The 
participants were recruited via a collaboration with Erasmus Medical Centre Rotterdam and 
health care provider Middin based in Rijswijk, the Netherlands. The ten people resided at 
two Dutch care facilities: one located in Rotterdam and one in The Hague.

Previous studies have already reported that wrist-worn devices were applicable by elderly 
people suffering from dementia or ID (Hare, Jones, & Evershed, 2006; Maaskant, van 
de Wouw, van Wijck, Evenhuis, & Echteld, 2013); therefore, the three wrist-worn devices 
(devices 1, 2, and 6, see Table 2-3) were excluded from this experiment. Furthermore, device 
3 was excluded from this experiment because it was not commercially available. Thus, those 
participants wore only two devices simultaneously (device 4 and 5). In this experiment, 
placebos of the portable devices with similar sizes, weights and appearances were used in 
order to eliminate the risk of damaging or losing the devices. Five participants needed to wear 
glasses and were able to wear the device attached to their own glasses. Four participants 
wore the device attached to a provided pair of glasses. One participant refused to wear the 
supplied pair of glasses and wore only one device during the experiment. 

Two considerations when working with participants with ID or dementia were that there 
would likely be an impairment in the ability to answer reflective questions and that the 
speed and scope of the mobility of participants would likely be limited. Accordingly, the 
measurement period was four to eight hours (starting from midday until right before the 
participant had dinner) to generate sufficient wearing experience with the devices. In this 
experiment, the assessment of the PBM devices, measuring practical problems and wearing 
comfort issues regarding the portable devices, was applied using two methods: 

A. Interviews and questionnaires with the participants (see Appendix A4); 
B. Questionnaire responses from caregivers of the participants (see Appendix A5);

Experiment 3
The third experiment consisted of eighteen healthy employees of the Eindhoven University 
of Technology (9 male and 9 female; mean age = 35.9, SD = 11.0, range = [24; 57]). The 
participants were recruited via an online registration form sent out via work email addresses. 
The only criterion to include a participant was that he or she was an office worker and able to 
wear the PBM device for the entire working day (approximately eight hours). 
The participants wore one PBM device during the measurement period in order to ensure 
that the potential wearing comfort issues arose from that specific portable device. Each 



participant was randomly assigned to a specific PBM device (device 2, 4, 5, or 6). The number 
of participants wearing a certain PBM device is shown in Figure 2-13. At the end of the 
working day, the participants were asked to complete a questionnaire including, amongst 
others, questions regarding the wearing comfort of the device (see Appendix A6). Four 7-point 
semantic differential scales were used to evaluate the wearing comfort of the devices. This 
type of scales have been used to measure the connotative meaning of concepts like terms, 
ideas, or objects (Ploder & Eder, 2015). The poles of the semantic differential scales were 
labels and the scales’ intervals were assumed to be of equal distance. The following pairings 
of words were used as labels for the scales: uncomfortable-comfortable, painful-pleasant, 
irritating-untroubling, and annoying-satisfying. 
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Figure 2-13: Distribution of PBM devices worn by participants - Experiment 3. See Table 2-3 for the specifications 
of the devices.  

Ethical approval
In the Netherlands, according to the CCMO (Centrale Commissie Mensgebonden Onderzoek, 
2019), ethical approval is required, if: 

1. The study concerns a medical scientific research project 
2. Participants are subject to procedures or are required to follow rules of behaviour.

This study is a medical scientific research project because the applicability of measurement 
instruments is assessed. However, the researchers did not ask the participants to act or 
perform a specific behaviour. The participants were able to do their normal daily activities. In 
addition, the second experiment in this study preceded a larger field study (so called Bright-2, 
performed by researchers from Erasmus Medical Centre Rotterdam). In their study (Bright-2), 
cognitively impaired participants were asked to wear light measurement devices for a longer 
period of time. In Bright-2, the real measurement devices were used instead of the placebos. 
The researchers asked the Medical Ethics Committee Erasmus Medical Centre in Rotterdam 
whether ethical approval for Bright-2 was mandatory. Their response was that this study did 
not meet the two regulations; therefore, ethical approval was not mandatory (MEC-2015-
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472). Based on this decision, ethical approval to execute the three experiments as described 
in this subchapter was not requested. 

In all three experiments, the researcher verbally explained the experimental procedure to 
the participants without telling them the main research objective. The subjects participating 
in experiment 1 and 3 verbally provided their permission prior to the execution of the study. 
The informed consent procedure of experiment 2 was based on the work of Hilgenkamp et 
al. (2011). For the participants who were able to make their own decision regarding consent 
for participation, information about the study was provided consisting of an introductory 
letter, an information booklet, and an informed consent form (see Appendix A3). For the 
participants who were not able to make this decision themselves, their legal representatives 
were approached with the same information package. On the day of the experiment, the 
participants were asked again whether they agreed to participate. All participants from the 
three experiments were not compensated for participating in the study and they were able 
to withdraw from the experiment at any time. 

Data analysis
Wearing discomfort was reported in experiment 1 and 2 as a dichotomous variable (yes 
or no). In experiment 3, it was evaluated using four 7-point semantic differential scales. 
Cronbach’s Alpha was calculated for these four scales (α=.711) and indicated reasonable 
reliability. The setpoint of good reliability when combining the methods was chosen at a 
Cronbach’s Alpha of 0.7 (Taber, 2018). The mean score of those four scales was calculated 
and a mean score lower than 4 was assumed as experienced discomfort. By converting the 
measure of discomfort in this experiment to a dichotomous variable, all experiments were 
able to be analysed similarly. 

All data from the three experiments were analysed using IBM SPSS Statistics version 22. 
All analysed variables in the studies showed not normally distributed data according to 
Kolmogorov-Smirnov and Shapiro-Wilk tests (all p<.05). Due to small sample sizes and 
categorical data in nearly all experiments (n<30), the non-parametric independent variable 
test Chi-Square test was used to investigate differences between groups and the non-
parametric correlation coefficient Kendall’s tau was used to investigate correlations. 

2.4.3. Results
The results are presented separately by experiment. For each experiment, practical problems 
and wearing comfort issues regarding the PBM devices are described. The assessed PBM 
devices are referred to by their device numbers. 

Experiment 1
The data of experiment 1 were used to identify a number of practical issues. Clothes or sleeves 
covering the portable devices was the most important issue addressed. Figure 2-14 shows 
the output data from all six worn devices for one participant. Devices 3, 4, and 5 showed 
similar patterns of changes. In addition, the graph displays the relatively low illuminance 
values for two wrist-worn devices (device 2 and device 6, see Table 2-3) for a large part of the 
measurement period. Figure 2-15 also shows that the device on the chest location (device 
3) got covered when the participant went outside. This can be explained by a jacket covering 



the measurement device. 
Wearing comfort was investigated using questionnaires (Appendix A2). Respondents 
were asked to indicate whether they experienced discomfort from the PBM devices. The 
majority (86 %) reported to experience discomfort from two or more devices. From all the 
questionnaire responses, device 4 (attached to the glasses) was reported as the one causing 
the most wearing discomfort (see Figure 2-16).
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Figure 2-14: Measured Illuminances from PBM devices worn by a participant – Experiment 1.

Figure 2-15: Measured Illuminances from PBM devices worn by another participant – Experiment 1.
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The reported discomfort from device 4 was categorized into discomfort reported by people 
wearing their own glasses and by people wearing the supplied glasses. Eleven out of the 
eighteen discomfort experiences from device 4 were experienced by participants wearing the 
supplied glasses. Wearing glasses is an acquired habit, which may explain the high number 
of complaints from not-glasses-wearers. However, the difference between the times that 
glasses wearers reported discomfort and non-glasses wearers reported discomfort for device 
4 was not significant (χ²(1)=0.359, p=.549).

Another analysis performed was whether the choice of the wrist for the wrist-worn devices 
had any impact on the number of times a device caused discomfort. The devices 1 and 6 were 
worn eight times at the left wrist and thirteen times at the right wrist. Device 2 was worn 
at eighteen left wrists and three right ones. No significant differences were found between 
wrist choices for reported discomfort (limited times discomfort reported from device 2 and 
6; χ²(1)=2.154, p=.142 for discomfort from device 1). It was not investigated whether the 
reported discomfort was due to the devices themselves or due to the fact that they might 
have worn two or three devices at one wrist. 

Female participants did report a slightly higher number of devices causing discomfort. 
However, the difference between genders was not significant (χ²(3)=7.525, p=.057; mean 
male=1.42 and mean female=2.22). The differences between genders for reporting discomfort 
from device 4 or from device 5 (the devices used in experiment 2) were not significant either 
(χ²(1)=3.706, p=.054 and χ²(1)=0.788, p=.375, respectively). 

Figure 2-16: Total number of participants who reported the devices as discomfortale - Experiment 1. See Table 
2-3 for the specifications of the devices.  



Experiment 2
In this experiment, two practical issues arose. First, similar to experiment 1, devices were 
occasionally covered by sleeves or jackets. And second, some participants lost or forgot to 
wear the devices during the study period. These issues need to be considered since they 
could influence the measurements in a light effect study. 

Besides practical issues, wearing comfort issues were analysed. The total number of times 
discomfort was experienced from a device slightly differed among the two applied methods (A 
and B, as described before, see Figure 2-17). For the dementia group, at most two participants 
were assumed to experience discomfort from device 4 and one participant from device 5. For 
the ID group, the number of people assumed to experience discomfort from devices was 
even lower. None of the male participants reporting to experience wearing discomfort. 
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Figure 2-17: Assumed number of participants experiencing discomfort from devices 4 and 5, separated per 
gender - Experiment 2. Since the total number of participants taken into account per device per method slightly 
differed, this total number was displayed as well. The letters A and B stand for the different methods to obtain 
information about the experienced discomfort. A: Questionnaire answered by the participant, B: Questionnaire 

answered by the caregiver.

Experiment 3
To evaluate the experienced discomfort from PBM devices for office workers, four items with 
a 7-point semantic differential scale were used (see Appendix A5). Figure 2-18 shows the 
mean scores for experienced discomfort from the PBM devices. Device 4 and 5 were found to 
be the devices causing the most discomfort. None of the participants experienced discomfort 
from the wrist-worn devices (device 2 and device 6). 
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As in both previous experiments, the difference in reported discomfort between genders was 
investigated. It seems that male participants reported more extreme experiences (higher 
discomfort and higher comfort scores) compared to females. However, no significant difference 
was found between genders for discomfort from device 4 nor from device 5 (χ²(1)=0.00, 
p=1.00 and χ²(1)=1.333, p=.248, respectively). In addition to gender, the correlation between 
the mean score for device comfort and participant’s age was found to be not significant (τ=-
.027, p=.899).

Overview of results
Table 2-13 provides an overview of the main results obtained in the three experiments. 
Two practical problems were identified of which covering the device by clothes or sleeves 
appeared in both experiments. 

In all three experiments it was found that device 4 caused the most wearing discomfort. 
In addition, it was found that participants with supplied glasses instead of own glasses 
reported discomfort from device 4 more often. There were no significant differences found 
in experiencing discomfort in all three experiments. 

Figure 2-18: Reported discomfort from the PBM devices by the office workers – Experiment 3. The mean score 
was calculated based on the four semantic differential scales. A mean score lower than 4 was assumed as 

discomfort. The device numbers correspond to the devices as described in Table 2-3. 



2.4.4. Discussion
The main goal of this study was to determine the applicability of six PBM devices for studies 
investigating light effects beyond vision. Both practical problems as well as wearing comfort 
issues were identified. This determination of applicability led to a method to select the most 
suitable PBM device for a field study. 

Experiment 1 consisted of twenty-one healthy participants. The main practical problem 
was that devices were regularly covered by sleeves or clothes. The wearing comfort issues 
were investigated using questionnaires. Eighty-six percent of the participants reported to 
experience discomfort from two or more PBM devices. Device 4 (attached to glasses) was 
experienced as causing the most discomfort. Slightly more people with supplied glasses 
reported to experience discomfort from device 4 compared to participants with own glasses; 
however, this difference was not significant. Furthermore, there was no significant difference 
between male and female participants in reporting discomfort from devices. The experience 
of discomfort may be related to one specific PBM device, but since the participants were 
wearing six devices simultaneously they may have been confused from which device they 
experienced discomfort. The findings from this experiment should therefore be considered 
with caution.

In experiment 2, nine cognitively impaired participants (dementia or ID) wore two devices 
simultaneously, the devices referred to as device 4 and device 5 (see Table 2-3). One 
cognitively impaired participant refused to wear device 4 and wore only device 5. Performing 
studies investigating the light effects beyond vision on cognitively impaired people was found 
to be difficult. This group of participants had more problems wearing and accepting the 
portable devices. Compared to the first experiment, more practical problems arose; besides 
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Table 2-13: Overview of findings from all three experiments. The abbreviation SG stands for supplied glasses and 
OG stands for own glasses. 

Experiment 1
Experiment 2

Experiment 3
Method A Method B

Practical 
problems

1. Covering 
the devices 
by clothes or 
sleeves

1. Covering the devices by 
clothes or sleeves
2. Participants lost or forgot to 
wear the devices

N/A
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Device 1 29%
         N/A N/A

Device 2 10% N/A 0%

Device 3 29% N/A N/A

Device 4
86%

11 SG and 7 OG

17%

1 SG and 0 OG

22%

2 SG and 0 OG

50%

0 SG and 2 OG

Device 5 10% 14% 10% 25%

Device 6 5% N/A 0%

3     and 3

1     and 1

3     and 3

9     and 9

2     and 0

1     and 0

0     and 1

0     and 1 0     and 1

0     and 1 1     and 1

1     and 0
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covering the devices with clothes, this particular group of participants lost, broke, or forgot 
(to wear) the devices more easily. These practical problems may lead to unreliable output 
data from PBM devices. Losing, breaking or forgetting to wear a device could also be an 
acceptance or comfort problem of the participant regarding that PBM device. Furthermore, 
cognitively impaired people can hardly reflect on the worn portable devices proving it is more 
difficult to assess the devices on comfort issues within this group. Therefore, the number 
of times discomfort was experienced may have been misinterpreted due to the inability of 
some cognitively impaired participants to evaluate the devices themselves. In the case that 
the participant was unable to reflect on the experience, the questionnaire filled in by the 
caregiver was a good alternative. However, the caregivers may not have had time to properly 
notice all discomfort due to their busy work schedules. Although, the experience of discomfort 
was reported slightly differently between the two methods (questionnaire filled in by the 
participant and questionnaire filled in by the caregiver), both methods reached the same 
conclusion that the majority of the participants only experienced minor wearing comfort 
issues caused by the two devices. The results showed that in terms of wearing comfort, those 
two PBM devices (device 4 and 5) were suitable for this specific group of participants. 

Experiment 3 was performed to exclude the possibility of experiencing discomfort resulting 
from the fact of wearing multiple devices simultaneously. In this experiment, eighteen 
participants wore only one device. Four people wore device 4 and four people wore device 
5 (which are also used in experiments 1 and 2). Half of the participants wearing device 4 
reported it as being discomfortable whereas only 1 out of 4 participants reported discomfort 
caused by device 5. No discomfort was reported caused by the wrist-worn devices. 

Limitations of the study
This study contained four limitations that restricted the generalizability of the findings. First, 
the results were only based on twenty-one healthy participants, ten cognitively impaired 
participants, and 18 healthy office workers. Second, the duration of the experiments ranged 
from two to eight hours and therefore did not include sleeping or changing activities to better 
investigate whether the participants were able to remember to wear the PBM device. Third, 
it was not investigated what the actual impact of the wearing comfort issues was. When 
discomfort leads to the situation in which the participants stop wearing the device, it highly 
affects the measurements in the wrong way. The tipping point between being annoyed by 
wearing discomfort and stop wearing the device was not investigated in this subchapter and 
deserves attention in future studies. And last, it was not possible to compare the findings 
from the three experiments with each other due to differences in the study designs of 
the experiments (healthy versus cognitively impaired participants, office workers versus 
non-office workers, wearing one versus wearing more PBM devices simultaneously, and 
participating in the study for two hours versus eight hours). 

2.4.5. Innovative solution
The assessment of six existing PBM light measurement devices led to new insights into the 
whole research process that must take place prior to a field study. The three phases are: 
(1) selecting the most suitable portable device, (2) taking precautions to eliminate practical 
accuracy issues and comfort issues, and (3) applying the device in a field study to investigate 
light effects beyond vision. 



Phase 1: Selecting the most suitable portable device
Subchapter 2.3 demonstrated that the performance differs between PBM devices. Besides 
the differences in directional, linear, or temperature responses, the location on the body was 
found to have an influence on the measured personal lighting conditions as well. In addition, 
this subchapter demonstrated practical problems and wearing comfort issues which may also 
help in determining the most suitable PBM device. In studies aiming at quantitative results, 
the performance of the devices (see subchapter 2.3) may be the most important aspect; 
for studies focussing on indicative or qualitative research questions, practical problems or 
wearing comfort issues may be more important. 

As Table 2-10 demonstrated, devices 3, 4, and 5 scored the best regarding the performance 
of the devices (according to the three calculated quality indices in subchapter 2.3). The 
experiment regarding the location on the body showed that the closer to the eye the better 
with the wrist-worn devices deviating the most from the light exposure at the eye. This 
subchapter suggested that practical accuracy issues arose the least for devices which cannot 
be covered by clothes (e.g., located at the head of the individual). In contrast, the most 
comfort issues arose for the device attached to the glasses and the least discomfort was 
reported for the wrist-worn devices. 

In conclusion, when considering both accuracy and comfort issues, it is recommended to 
select a PBM device located at the chest since it is relatively close to the eye, it measures in 
the same direction, and it is not experienced as discomfortable as devices attached to the 
head. 

Phase 2: Taking precautions to eliminate practical accuracy issues and comfort issues 
Practical problems can be revealed by analysing the output data from the PBM device. Two 
recommendations to reduce the number of practical issues are:

1. Intensive supervision of the participants in order to check whether they are still  
 wearing the device properly;
2. Restrict the participants to wear long sleeves or jackets to prevent the main practical  
 problem of covering the device.

 
Comfort issues can be detected by questionnaires or interviews. In the case of a light effect 
study including healthy participants, it is recommended to ask the participants about their 
experienced wearing comfort. Potential discomfort issues may be solved by adjusting the 
PBM device. In the case of cognitively impaired participants, it is recommended to ask both 
the participant as well as the caregiver for their assumed discomfort experience. 

Phase 3: Applying the device in a field study to investigate light effects beyond vision
After phase 1 and 2, and only then, the PBM device is ready to be used in a field study to 
explore potential light effects beyond vision related to the personal lighting conditions. 

This process needs to be followed in its entirety in order to ensure that the data collected 
by a PBM device is adequate and accurate enough to draw conclusions about the personal 
lighting conditions of the participants. Following this suggested process also allows other 
researchers to understand, replicate, and compare the research results. The importance of 
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this possibility to be able to interpret or repeat the results is highlighted by van Hoof et al. 
(2012). 

2.4.6. Conclusions and recommendations
Practical problems as well as wearing comfort issues of PBM photometers were investigated 
in three separate experiments. The findings from the experiments enabled answering the 
three research questions addressed in the introduction:

1. Covering the device by sleeves or clothes was identified as the main practical problem  
 and needs careful consideration when applying PBM devices in light effect studies. In  
 addition, the cognitively impaired participants sometimes lost or forgot to wear the  
 devices. 
2. Device 4 (device attached to the glasses) was found to be the device causing the most  
 discomfort in all three experiments. 
3. No significant differences were found between genders for experiencing discomfort  
 from devices. 

Since only a selected set of PBM devices were investigated regarding practical problems and 
wearing comfort issues, future studies should focus on the determination of the applicability 
of other PBM devices which were not assessed in this study. Furthermore, it is recommended 
in these studies to let the participants wear only one device at the time. Wearing multiple 
devices simultaneously could have led to more discomfort. And lastly, future studies 
investigating wearing comfort of PBM devices should be prolonged. This subchapter only 
addressed acute comfort issues since the participants wore the devices for a period of two to 
eight hours. An assessment period of at least 24 hours (day and night) may reveal long-term 
comfort issues and should also be considered.

Additionally, in light effect studies, it is recommended to check whether a participant is still 
wearing the PBM device properly to increase the reliability of the gathered data by the PBM 
devices. This can be done, for example, by supervising the participants intensively or by 
incorporating an automatic check in the portable devices (e.g., measuring heart rate or skin 
temperature). 

The current subchapter showed that comfort and practical issues both need to be considered 
in the process to select a PBM device for a study investigating light effects beyond vision. 
Gathering scientifically approved data using the developed research process will clarify both, 
the potential clinical impact of personal lighting conditions on effects beyond vision (Forbes, 
Blake, Thiessen, Peacock, & Hawranik, 2013; van Duijnhoven, 2015) and the engineering 
impact on performing light effect field studies (Aarts et al., 2016; van Hoof et al., 2012). 
The developed research process will help in collecting useful and comparable data to draw 
conclusions for future studies performed by various research groups. 
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2.5 Location-Bound Estimations: Comparison of 
LBE against PBM and LBM

This subchapter is based on:
van Duijnhoven J., Aarts M. P. J., Kort H. S. M., Rosemann A. L. P. External validations of a non-
obtrusive practical method to measure personal lighting conditions in offices. Build Environ. 
2018;134. DOI: 10.1016/j.buildenv.2018.02.033, with permission from ELSEVIER.

van Duijnhoven J., de Bakker C., Aarts M. P. J., Rosemann A. L. P., Kort H. S. M. An unobtrusive 
practical method to derive individual’s lighting conditions in office environments. In: 
Proceedings of the 2017 IEEE 14th International Conference on Networking, Sensing and 
Control, ICNSC 2017. 2017. p. 471–5.
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2.5.1. Introduction
As mentioned in the introduction of this chapter, personal lighting conditions can be gathered 
using several methods. The applicability of PBM devices was described in subchapters 2.3 and 
2.4. This chapter focuses on the newly developed LBE method (Location-Bound Estimations). 
This subchapter compares the LBE method with commonly used methods PBM and LBM. 

Various measurement methodologies
The amount of light entering the eyes of an individual office worker can be measured, 
simulated, estimated, or determined based on a combination of options (see Figure 2-19). 
Estimations can be made using PBM or LBM measurements. 

Figure 2-19: Various methods to gather personal lighting conditions

The PBM method gathers personal lighting conditions using wearable photometers, 
for example, Actiwatches (Markvart et al., 2015), Daysimeters (Figueiro et al., 2013), or 
Lightlogs (Martin, 2015). A large advantage of this method is that the lighting conditions 
can be continuously measured. In addition, since the device is worn or carried by the office 
worker, the measurements are not disturbed by (varying) location. Disadvantages of this 
method are the high performance errors of these (small) portable devices (subchapter 2.3), 
the high costs of the devices, and the burden for office workers to continuously wear these 
portable devices (subchapter 2.4). Another method to retrieve personal lighting conditions 
is to continuously measure the lighting conditions at every desk applying the LBM method. 
However, a disadvantage of this method is that the workspace may not be used while the 
instruments are taking measurements. 
Computer simulations (CS) can be performed to gather personal lighting conditions which 
may be less invasive for office workers. A validated simulation model of the office building 
may provide information about the office lighting conditions at all locations, heights, and in all 
possible viewing directions. However, developing such a detailed simulation model requires 
time and resources and must be created for each office building separately. In order to 
calculate personal lighting conditions, the location and viewing direction of the office worker 
is essential information which will then be combined with the simulation model. Gathering 
the location data of each office worker requires location-tracking (e.g., camera recordings) 
inside an office building and this may lead to privacy issues. 

The advantages and disadvantages of the measurement and simulation methods to determine 
personal lighting conditions are organised in Table 2-14. 



Location-Bound Estimations
To overcome the disadvantages of the PBM, LBM, and CS, a new practical method is proposed: 
Location-Bound Estimations (LBE). The method consists of a six-step process (see Figure 2-20): 

1. Continuous measurements at the reference location
 The reference location is defined in the LBE method as the location at which  
 continuous measurements are performed. These reference measurements  
 are required to estimate continuous measurements at other locations. First, one  
 needs to determine the reference locations for the continuous measurements.  
 The required number of reference locations as well as their locations  
 within the office building depends on, among others, the office size, its lay- 
 out, and the orientations of the spaces. If the work places are similar in  
 orientation and the differences in lay-out or distance to window are not  
 significant, one reference location may be enough. When the conditions of  
 the locations do differ significantly, multiple reference locations, which  
 cover the spread of the variations, are recommended. Since lighting conditions  
 vary throughout the day and health effects are not related to instant lighting  
 conditions, continuous measurements are essential. The measurement  
 equipment has to remain at the same position for the period of time in which  
 one wants to derive the lighting conditions at the other desks; therefore,  
 the desks containing the measurement equipment cannot be used by  
 office workers during the study period. The continuous measurements  
 are preferably measured and logged at a reasonably short time interval in order  
 to record the lighting conditions with a time resolution suitable for relating the  
 data to acute effects of light. Since changes in weather conditions vary the  
 indoor lighting conditions significantly, it is recommended to capture these  
 changes in lighting conditions accordingly, leading to the recommendation to  
 record the data at intervals of 1 or 5 seconds.
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Table 2-14: Advantages and disadvantages of the measurement- and simulation methods to determine 
personal lighting conditions. PBM stands for Person-Bound Measurements, LBM stands for Location-Bound 

Measurements, and CS stands for Computer Simulations.

Advantages Disadvantages

PBM
• Continuously gathering data
• Location of office worker  
   included in measurements

• High performance errors
• High costs
• The burden for office workers

LBM
• Lighting conditions at all  
   locations, heights, and in all  
   possible viewing directions

• Office workers cannot work  
   at the working places where  
   the measurement instruments  
   are placed

CS

• Minimal disturbance for office  
   workers
• Lighting conditions at all  
   locations, heights, and in all  
   possible viewing directions

• Requires time and resources
• Building dependent
• Requires location-tracking   
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2. Momentary measurements at the target location
 The target location in the LBE method is defined as the location for which  
 continuous personal lighting conditions will be estimated. This is, for example,  
 the workplace of an office worker participating in a light effect study.  
 Momentary light measurements have to be performed using a calibrated  
 measurement instrument at all target locations. The more measurements  
 performed at the target locations, the more accurate the determination of  
 the relationship may be between the reference location and the target location  
 (a minimum of 3 measurement moments at each location should be applied).  
 Weather conditions should be preferably varying significantly (e.g., measuring  
 with an overcast sky to avoid direct sunlight and measuring with a fully clear  
 sky) in order to cover the widest range possible for the lighting conditions at  
 the target locations.
3. Relationship between reference and target location
 If multiple reference locations were applied, the researcher needs to identify  
 the most appropriate reference location for deriving the lighting conditions for  
 the target location based on their environmental conditions. It is recommended  
 to choose the reference that has the most similarities in environmental  
 conditions (e.g., orientation, distance to windows, viewing direction from  
 seating position, contribution of electric light) with the target location  
 for which the relationship will be determined. This will allow deriving the  
 corresponding lighting conditions for all target  locations corresponding to the data  
 recorded. 
4. Assessment of relationship
 To validate the quality of the derivation, one needs to assess the reliability of  
 the relationship between measurements at the reference location and the target  
 location. This is possible by determining the coefficient of determination (R²) for this  
 relationship. 
5. Requirement for relationship
 One property of the R²-value is that this coefficient only provides information  
 about the relationship for the range of the considered relation measurement  
 points. The relationship (the function developed in step 3) was only  
 assessed for this range and therefore is not recommended to be extrapolated  
 to lighting conditions outside this range to ensure accuracy of the fitted model.  
6. Continuous estimations at the target location
 In a final step, the individual’s lighting conditions for the entire study  
 period can be derived. The function (developed in step 3) may only be applied  
 when the lighting condition at the reference location falls within the required  
 range of lighting conditions (explained in step 5). This will deliver accurate  
 lighting derivations for all target locations for the entire study period,  
 i.e. creating a complete dataset for further analysis of the lighting’s impact on  
 human health and well-being.



The measurement instruments can be of high quality because these are permanently 
placed inside the office environment. This method is not thought to be obtrusive for office 
workers when the measurement instruments are placed at certain reference locations. A 
disadvantage of the LBE is that the measurements are location-bound, so information about 
the occupant’s location is required in order to calculate their total light exposure during the 
day. The biggest advantage of this method is that it is ready to be implemented in future data 
systems. Reports show that the number of devices connected to the internet is expected 
to increase up to 50 billion by 2020 (Ahmed et al., 2017). A certain lighting control system 
including big data such as personal lighting conditions, for example, to optimize alertness 
or work performance, will be one of these Internet-of-Things (IoT) connected devices. The 
measurement method to determine personal lighting conditions as input for IoT connected 
devices should be non-obtrusive for the office workers, cost-effective for the company, and 
accurate for the strategy itself. The discussed LBE covers these three requirements and is 
therefore investigated further. 
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Figure 2-20: Six-step process of the LBE method (van Duijnhoven, de Bakker, et al., 2017).

The current subchapter comprises comparisons using measurement data from case studies 
to investigate the relative deviation of the LBE against two alternative methods to determine 
personal lighting conditions (PBM and LBM). The CS and PBE methods (see Figure 2-19) will 
not be included in this subchapter.
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2.5.2. Methodology
This subchapter describes comparisons of the LBE with other methods in two different case 
studies (realistic office environments). The first small-scale case study was performed to 
compare the LBE with LBM whereas in the second large-scale case study the LBE method was 
compared with the PBM method. 

This method section consists of these subsections: 
A. The applied LBE methods in the two case studies. 
B. Study designs for both case studies.
C. Relationships between reference locations and target locations. 
D. The applicability of these relationships to derive the LBE estimations. 
E. Comparisons of LBE with the alternative methods LBM and PBM.  
F. Post-analysis performed on the relative deviations of the LBE. 

A. LBE methods
The LBE consists of reference measurements, momentary measurements at target locations, 
the relationship between reference and target location, and the estimations (i.e., application 
of the trend lines on the reference measurements) of the lighting conditions at the target 
locations inside the office environment. These are all properties of the LBE which can be 
adapted towards the specific needs for the LBE accuracy. Examples of variability in these 
properties are: 

1. The number of momentary measurements at target locations (the minimum is set to  
 three). 
2. The trend lines can be determined based on the measured illuminances at the  
 reference locations and the target locations (i.e. a combination of daylight and  
 electric light, see Equation 2.8) or on a part of the measured illuminance. An example  
 is to perform measurements outside daylight hours in order to measure the  
 illuminances from electric light only. During these measurements, both the luminaires  
 at the target location and the reference locations need to be switched on. In the  
 situation where the electric lights are dimmable, the illuminances from electric light  
 need to be measured for each applicable dimming level. By subtracting these  
 illuminances (i.e. corresponding to the dimming level of the electric light sources at  
 that specific moment, see Equation 2.9) from the measured illuminance, the  
 contribution of daylight can be calculated. 

Where:
 Etot = Total measured illuminance at a specific location;
 EDL = Illuminance from daylight only;
 EEL = Illuminance from electric light only.

(2.8)



3. An assessment criterion can be the goodness of fit of the trend lines, using the  
 coefficient of determination (R²) for the relationship between the reference location  
 and target location. If, for example, the R² takes the value of 0.70, it means that 70 % of  
 the variation in data is explained by the fitted model (Heumann, Schomaker, &  
 Shalabh, 2016). The required R² value depends on the purpose and field of the  
 research (Hamilton, Ghert, & Simpson, 2015). An R² value of at least 0.7 is assumed  
 to be acceptable for this purpose.
4. The trend lines between the reference locations and target locations can be  
 determined based on interpolation of the data points only or based on inter- and  
 extrapolation of the data points. Interpolation of the data means that the relationship  
 between the reference location and the target location is limited to the range of  
 lighting conditions for which the relationship was determined. Extrapolation of  
 the data means that the defined relationship between reference and target location  
 is extended outside this range of lighting conditions (see Figure 2-21).  
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Where:
 EEL,δ = Illuminance from electric light only, for dimming level δ;
 δ = Dimming level of electric light;
 EEL,MAX = Illuminance from electric light only, for dimming level 100 %.

(2.9)

Figure 2-21: Two graphs showing the differences between applying the trend line between the reference location 
and target location either based on interpolation of the data points or based on a combination of interpolation 

and extrapolation of the data points
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Figure 2-22 shows four examples of LBE methods. In the two case studies described in this 
subchapter, these different LBE methods were applied. In the rest of the subchapter these 
are referred to as LBE method A, B, C, and D. Case study 1 applied LBE method B and in case 
study 2 the LBE methods A, C, and D were applied. From A to D, the four properties of the 
LBE (as described above) improve towards a higher expected accuracy (i.e., a higher number 
of momentary measurements at target locations, more specifically determining the trend 
lines, setting R² requirements, and both interpolation and inter- and extrapolation of the data 
points).

Figure 2-22: Several LBE methods categorized by expected accuracy

B. Study designs
This section describes the setup of the two case studies mentioning the applied LBE methods, 
measurement locations, instruments, and overall procedures. 

Case study 1
The first case study was performed to compare the LBE method B with the alternative method 
LBM. This study was performed in a rectangular office landscape (Eindhoven – September 
2017). The building consisted of an office landscape containing 18 desks of which five were 
included in the comparison. Furthermore, the closest window to these desks was oriented 
at the east side of the office landscape and that was the same for all the desks. These five 
desks were all assigned to reference locations and measurement equipment (i.e. a monopod 
with each two Eltek photometers and transmitters attached) continuously (every 30 seconds) 
measured horizontal illuminances at desk level (i.e., 0.7m) and vertical illuminances at eye 
height (i.e., 1.20m) for the entire measurement period of eight working days (see Figure 2-23 
for the measurement setup). 

The reference locations were chosen based on their characteristics (i.e. distance to window 
and viewing direction of an imaginary office worker working at this desk). The reference 
locations differed in distance to the window (minimal 3.3 m and maximum 7.8 m away from 



the window) and in viewing directions (three different viewing directions). Figure 2-24 shows 
the floor plan of the office environment. The references locations were labelled from R1 to 
R5. For the analysis of this paper the reference locations served as target locations as well. 
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Figure 2-23: Measurement setup for case study 1 and 2. The red squares indicate the photometers to measure 
horizontal illuminance at desk level and vertical illuminance at eye height.

Figure 2-24: Floor plan of the office environment including the reference locations R1 to R5 (case study 1)



Gathering personal lighting conditions | 109 

Case study 2
The second case study included the comparison of LBE methods A, C, and D with the 
alternative method PBM. This study was performed in a large office building (Alphen aan den 
Rijn – May 2017). The building consisted of five floors containing office landscapes and an 
atrium situated at the South façade. The office landscapes contained in total 356 desks out of 
the total 468 desks in the entire office building. All of these 356 desks (target locations) were 
included in the study to determine trend lines between five reference locations and the 356 
target locations. The reference locations were located on different floors and had different 
orientations (regarding the orientation of the closest window and the viewing direction of 
an imaginary office worker working at this desk). Figure 2-25 shows the floorplans of the 
office building in which the reference locations are indicated with coloured dots. At these 
reference locations, similar to case study 1, horizontal illuminances and vertical illuminances 
were continuously (every 10 seconds in the first week and every minute in the second week) 
measured using the same measurement equipment (Eltek). This case study took place in 
spring and had a duration of ten working days. See subchapter 3.2 for more information 
regarding this field study. 

Figure 2-25: Overview of the floor plans of the office building used for case study 2. The coloured dots indicate 
the reference locations at the floors corresponding to the same colour. One reference location was at floor 0+, 

two at floor 2, one at floor 3, and one at floor 4.

C. Relationships between reference and target locations
In both case studies, trend lines were determined between reference locations and target 
locations. In the first approach, linear trend lines (see Equation 2.10) were applied to check 
the R² values of the trend lines. In the majority of the cases, R² was within an acceptable range 
and therefore, a more complicated fit for the trend line was not necessary to be investigated. 
The trend lines were later used to derive the LBM estimations. 



Case study 1
In case study 1, five reference locations were linked to each other to investigate when the fit of 
the trend line was the best (e.g., when the distance to the window was equal at the reference 
and target location). Throughout one cloudy day, eight data points measured at reference 
locations were taken from the complete set of continuous reference measurements. These 
eight data points were then linked to the other reference locations (now interpreted as target 
locations) to determine the trend lines in which x represents the reference location and y the 
target location. 

The formulas and the corresponding R² values of all possible trend lines between the 
horizontal or vertical illuminances measured at the reference locations and at the target 
locations are provided in Appendix A7. For example, the relationship between the vertical 
illuminance at target location R1 and reference location R4 is defined by: y = 0.22 x + 131.46 
with a coefficient of determination (R²) of 0.89. 

Case study 2
All target locations (i.e., 356 desks) within the office building were linked to the most similar 
reference location (according to the orientation of the closest window façade). The R² values 
(between reference locations and target locations) for LBE method A (356 desks, R̅2 = 0.55 ± 
0.37) were slightly higher compared to the R² values for LBE method C (173 desks, R̅2 = 0.36 ± 
0.29), but lower than the R² values for LBE method D (27 desks, (R̅2) = 0.83 ± 0.08). One of the 
aspects of LBE method D was that the R² lower limit was set to 0.7. This explains the highest 
R² values for this method. 

D. LBE estimations
The trend lines as described before were applied to the complete data set (reference 
measurements) to derive the LBE estimations for all target locations inside the office 
environment. 

Case study 1
The LBE estimations were derived based on the formulas of the trend lines (see Appendix 
A7). Reference measurements from a period of eight days were used for the x-input of the 
formula. The Y outputs are the LBE estimations for the target locations. Since LBE method 
B was applied in this case study, only interpolations of the trend line were applied (see 
Figure 2-22). When the reference measurement was between the minimum and maximum 
measurement value for which the trend line was calculated, only then the LBE estimations 
were calculated. This method was applied for the horizontal and vertical LBE estimations. 
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Where:
 ELBE,target location = LBE of illuminance at the target location;
 a  = Slope coefficient of trend line between the reference location and target  
       location;
 b  = Y-intercept of trend line between the reference location and target  
       location;
 Eref  = Measured illuminance at reference location.

(2.10)
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Case study 2
Similar to case study 1, the LBE estimations were determined based on the formulas of 
the trend lines. In LBE method A, the linear trend lines (see Equation 2.10) were applied 
whereas in LBE methods C and D, the contribution of electric light was first subtracted from 
the total measured illuminances before applying the formula of the trend line. In the end, the 
contribution of electric light at the target location was added (see Equation 2.11). 

Where:
 ELBE,target location = LBE of total illuminance at the target location;
 a  = Slope coefficient of trend line between the reference location and target  
       location;
 b  = Y-intercept of trend line between the reference location and target  
       location;
 Eref  = Measured total illuminance at reference location;
 EEL,ref  = Measured illuminance at the reference location in the situation with only  
       electric light;
 EEL, target location = Measured illuminance at the target location in the situation with only  
       electric light.

(2.11)

For all three LBE methods, two options were evaluated: (i) only interpolating the trend line, 
and (ii) interpolating and extrapolating the trend line (see Figure 2-21).

The period for which the LBE estimations were derived consisted of ten working days. The 
LBE estimations were determined for 356 desks, 173 desks, and 27 desks respectively for LBE 
methods A, C, and D. 

E. Comparisons LBE with alternative methods
The LBE estimations were derived using the determined trend lines. These LBE estimations 
were compared to alternative methods (i.e., LBM and PBM) to determine the relative 
deviation of the LBE compared to these alternative methods. The first case study compared 
LBE method B with the LBM whereas the second case study compared the LBE methods A, C, 
and D with the PBM. In the PBM method, participants were wearing a portable photometer 
at their right chest (attached with a clip to their clothes) and when they were working at 
a certain target location, the PBM values were compared to the LBE estimations for that 
specific target location. 

Case study 1
The LBE estimations, calculated via the formulas of the trend lines (see Appendix A7), were 
compared to the LBM at the target location at the same time. This resulted in the relative 
difference erel (see Equation 2.12). 



For each combination of reference location and target location, these relative deviations were 
calculated. Every combination was analysed using a single value: the median of all relative 
deviations for the entire measurement period of eight days. 

Case study 2
Thirty-seven office workers voluntarily participated in this case study that took ten working 
days. On average, 9.8 measurement days per participant were included in the data set. 
The participants were continuously (only during awake times) wearing a small portable 
measurement device (Lightlog (Martin, 2015), see subchapter 3.2). Instructions were 
individually given to each participant about how and when to wear the Lightlog. In addition 
to the Lightlogs, participants were asked to keep a diary and activity log to check when the 
participant started wearing the device and when it was taken off. In addition, their locations 
(within the office building) were reported in the diaries. The Lightlogs took measurements 
every 5 minutes. 

Based on the participant’s diaries, periods of time were determined when the participant 
was working at a certain target location (desk) within the office building. In the rest of the 
subchapter, these periods of time will be called sessions. 

For each session, start and end date and time, working day of the participant (between 1st 
and 10th), and desk number within the office building were derived to create an overview of 
all sessions for which the LBE could be compared to the PBM (see Appendix A7). One session 
had a duration of minimal 5 minutes (the measurement interval of the PBM). Short breaks to 
the coffee corner or toilet were not asked to be reported in the diary. Participants reported 
working (inside the office building) on average at 5.4 different desks per experiment period 
(maximum 10 working days) so to determine personal lighting conditions of an office worker 
multiple desks had to be considered as target locations. Moving desks was a result of the flex 
desk policy in the office environment. A location change was reported when they were at 
that location for 30 minutes or longer. 

For each session, when a participant was working at a desk inside the office building, the LBE 
was compared to the PBM. Every session consisted of one or multiple measurements. The 
comparison of both methods was performed for all measurements per session (from now on 
called AM (i.e., All Measurements)), but also for single values per session (means, medians, 
and sums of all the measurements). Figure 2-26 shows the measured illuminances for the 
PBM for one specific session. 
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Where:
 erel = The relative deviation between LBE and LBM in %;
 ELBE = LBE at the target location;
 ELBM = LBM at the target location.

(2.12)
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Three different methods of LBM (A, C, and D), two different ways of applying the trend lines 
((i) interpolating, or (ii) inter- and extrapolating)), and four different ways for the comparison 
(AM, means, medians, sums) led to 24 comparisons of the LBE and the PBM. 

The deviation between LBE and PBM is calculated per session (Equation 2.13). The median 
value of all these deviations is used to compare the different LBE methods. 

Figure 2-26: PBM illuminance measurements for one specific session (the third session of the example overview 
provided in Appendix A7) for the comparison between the LBM estimations and the PBM measurements.

Where:
 erel = The relative deviation between LBE and PBM in %;
 ELBE = LBE at the target location;
 EPBM = PBM at the target location.

(2.13)

F. Post-analysis on LBE deviations 
The calculated relative deviations of the LBE (i.e. compared to LBM in the first case study or 
compared to the PBM in the second case study) were tested on (non-parametric Kendall’s 
tau) correlations with multiple aspects (e.g., desk characteristics). These tests were executed 
in order to potentially explain the magnitude of the relative deviation. 



Case study 1
The median relative deviations calculated in case study 1 were investigated whether to 
correlate with:

• The R² values of the trend lines between the reference location and target location;
• The number of data points included for the comparisons between LBE and LBM;
• The differences in desk characteristics (i.e. distance to window and viewing direction  
 of an imaginary office worker working at this desk) between the reference location  
 and target location.

The desk characteristics of the reference locations are provided in Appendix A7. 

Case study 2
Relative deviations based on comparison of means, medians, and the sums of illuminances 
for every session were tested for correlations with several session characteristics. The AM 
comparisons were excluded because it was not possible to link multiple relative deviations 
within one session to the session characteristics. Therefore, for 18 different comparisons, 
correlations were calculated between the relative deviations (per session) and these aspects:

• The R² values of the trend lines between the reference location and target location  
 (the desk of that particular session);
• The differences in desk characteristics between the reference location and target  
 location (i.e. distance to window and viewing direction of an imaginary office worker  
 working at this desk);
• Maximum LBE within each session;
• Duration of each session.

The mean relative deviations of the in total 24 different LBE methods were compared based 
on characteristics of the LBE method (i.e. the number of momentary measurements at 
target locations performed, the trend line applied to total illuminances or to the daylight 
contribution, interpolation of trend line or inter- and extrapolation, the number of compared 
sessions in this method, and the A, C, D methods as wholes) and based on the different ways 
of comparisons (i.e. AM, means, medians, or sums). These comparisons were performed by 
applying an independent samples t-test. 

2.5.3. Results
Median relative deviations of LBE
For both case studies, median relative deviations of the LBE were calculated compared to an 
alternative method to determine personal lighting conditions (LBM and PBM, respectively). 

Table 2-15 provides all median relative deviations for LBE Method B for the horizontal and 
vertical illuminances compared to LBM (case study 1). The median deviations between the 
LBE and the LBM varied between 0.6 % and 7.9 % for horizontal illuminances and between 
1.3 % and 13.9 % for vertical illuminances. 
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Twenty-four different comparisons were performed in order to get insight into the deviation 
between LBE and PBM (case study 2). Table 2-16 provides the median relative deviations 
of these 24 different comparisons. The median deviation between the LBE and the PBM 
methods was the lowest for comparing means or sums estimated using LBE method C and 
applying the trend lines using both inter- and extrapolation.

Table 2-15: Median relative deviations between LBE Method B and LBM for the horizontal (Hor.) and vertical 
(Vert.) illuminances

Table 2-16: Median relative deviations between LBE method A, C or D for vertical illuminances and PBM

Post-analysis on relative deviations LBE
The relative deviations of the LBE (either above or below the alternative value) were tested for 
correlations with aspects which potentially explain the magnitude of the relative deviations. 

Case study 1
Only one of the calculated Kendall’s tau correlations between the relative deviation of LBE 
method B compared to LBM and the aspects which potentially explain the magnitude of the 
relative deviations was found to be significant (see Table 2-17).

Reference 
location 

(x)
R1 R2 R3 R4 R5

Outcome 
location (y) Hor. Vert. Hor. Vert. Hor. Vert. Hor. Vert. Hor. Vert.

R1 0.7 % 1.3 % 4.6 % 1.9 % 1.9 % 1.8 % 3.3 % 1.7 %

R2 0.6 % 3.2 % 4.5 % 2.6 % 1.6 % 5.4 % 3.1 % 4.3 %

R3 4.0 % 7.0 % 4.1 % 3.4 % 2.4 % 12.0 % 1.5 % 4.9 %

R4 3.4 % 10.3 % 3.6 % 10.7 % 6.5 % 13.9 % 4.4 % 11.6 %

R5 7.5 % 6.6 % 7.9 % 7.3 % 4.2 % 5.4 % 4.5 % 11.0 %

LBE method Comparison per session Interpolation trend lines Inter- and extrapolation trend lines

A

All values 38.5 % 45.1 %
Means 36.0 % 40.0 %

Medians 33.6 % 41.5 %
Sums 36.0 % 39.9 %

C

All values 44.0 % 42.4 %
Means 36.8 % 32.9 %

Medians 39.5 % 36.7 %
Sums 36.8 % 32.9 %

D

All values 51.3 % 59.3 %
Means 47.6 % 43.8 %

Medians 39.5 % 36.7 %
Sums 47.6 % 43.8 %



Case study 2
In this case study, a large data set was used in order to calculate the relative deviation of 
the LBE compared to PBM as accurately as possible. Correlations were calculated between 
the relative deviation of LBE compared to LBM and aspects which potentially explain the 
magnitude of the relative deviations (i.e., R² of the trend line between the reference location 
and target location of that specific session, differences in desk characteristics between the 
reference location and target location). The number of data points differed per LBE method 
and per application of the trend line (interpolation or inter- and extrapolation), ranging from 
32/44 to 306/359 to 360/461 data points (respectively for LBE method D, C, and A, see Table 
2-18). Significant correlations are highlighted with an asterisk. Significant correlations were 
only found between the relative deviations (for LBE method A and C) and the distance to 
window. 

The second post-analysis of case study 2 was the comparison between the different LBE 
methods A, C and D and some of its characteristics (e.g., number of momentary measurements 
at target locations).
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Table 2-17: Case study 1: Kendall's tau correlations between the relative deviations of the LBM method (both 
horizontal and vertical illuminances) and the aspects which potentially explain the magnitude of the relative 

deviations. * indicates significance (p-value <.05)

R² trend line 
between base 
reference 
and outcome 
reference

Number of data 
points

Differences in desk characteristics
Distance to 
window

Viewing direction

τ p-value τ p-value τ p-value τ p-value
Horizontal LBE .13 .434 .023 .894 -.043 .794 .123 .502
Vertical LBE -.335* .043 -.115 .507 .097 .557 .178 .333



Gathering personal lighting conditions | 117 

The independent samples t-test was applied to test for differences between groups. The 
following groups were defined:

• Application of trend line: (i) interpolation vs. (ii) inter- and extrapolation.
• Calculation of trend line: (i) based on total illuminance vs. (ii) based on daylight  
 illuminance.
• Number of momentary measurements at target locations: (i) less than five vs. (ii)  
 equal to or more than five.
• LBE methods: (i) LBE method A vs. (ii) LBE method C vs. (iii) LBE method D. 

In addition, the differences in the individual comparison methods (i.e. AM, means, medians, 
or sums) were tested for significance. None of all calculated differences between groups 
were found to be significant (all p>0.05); however, comparing the mean relative deviations 
between LBE and PBM of the defined groups showed some trends (see Figure 2-27 and Figure 
2-28). 

Table 2-18: Kendall’s tau correlations between relative deviation between LBE and PBM and aspects which 
potentially explain the magnitude of the relative deviations (i.e., R² trend line and two types of differences in 

desk characteristics). * indicates significance (p-value < 0.05)
Number 
of data 
points 
in the 
analysis

R² trend line between 
reference and target 
location

Differences in desk characteristics

Distance to window Viewing direction

τ p-value τ p-value τ p-value

A

Means
Interpolation 360 .02 .568 -.114* .002 -.049 .183

Inter- and 
extrapolation 461 .068* .031 -.163* .000 -.021 .529

Medians
Interpolation 360 -.001 .978 -.164* .000 -.042 .259

Inter- and 
extrapolation 461 .07 .026 -.22* .000 .001 .984

Sums
Interpolation 360 .02 .578 -.114* 0.002 -.049 .184

Inter- and 
extrapolation 461 .068* .032 -.164* .000 -.021 .528

C

Means
Interpolation 306 .022 .569 -.083* .036 -.033 .411

Inter- and 
extrapolation 359 .029 .424 -.102* .005 -.034 .354

Medians
Interpolation 306 .006 .879 -.13* .001 -.035 .386

Inter- and 
extrapolation 359 .025 .493 -.145* .000 -.024 .517

Sums
Interpolation 306 .019 .628 -.096* .015 -.049 .223

Inter- and 
extrapolation 359 .029 .426 -.103* .005 -.034 .353

D

Means

Interpolation 32 .007 .96 .239 .087 -.069 .613

Inter- and 
extrapolation 44 -.04 .729 .173 .145 -.097 .402

Medians
Interpolation 32 -.016 .907 .136 .328 -.096 .479

Inter- and 
extrapolation 44 -.104 .361 .099 .406 -.171 .141

Sums
Interpolation 32 .007 .96 .239 .087 -.069 .613

Inter- and 
extrapolation 44 -.04 .729 .173 .145 -.097 .402
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Figure 2-27: Differences in relative deviations between groups (i.e., interpolation vs. inter- and extrapolation, 
calculation of trend line based on total illuminance vs calculation trend line based on daylight illuminance, <5 
momentary measurements at target locations vs. ≥5 momentary measurements at target locations, different 

LBE methods A, C, and D). None of the differences were found to be significant (all p>.05).

Figure 2-28: Differences in relative deviations between groups with different comparison methods (all 
measurements, means, medians, and sums per session). None of the differences were found to be significant (all 

p>.05).
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2.5.4. Discussion
A fully automated effect-based lighting control system to optimize individual’s health requires 
continuous light measurements. This subchapter focused on one method to determine 
personal lighting conditions without interfering with the office worker’s regular activities. 
The two case studies described in the current subchapter were applied to investigate the 
accuracy of the LBE. 

In the first case study, the LBE was compared with the LBM. For horizontal illuminances, 
the relative deviation varied from 0.6 % to 7.9 % whereas the relative deviation for vertical 
illuminances varied from 1.3 % to 13.9 %. In addition, in the post-analysis of the relative 
deviations, only one significant correlation was found (i.e., between the relative deviation 
and the R² value of the trend line for vertical illuminances). The correlation was negative 
and of medium strength (τ = -.335) indicating that a better relationship between reference 
and target location resulted in lower deviations between the LBE and LBM methods. The 
R² values for the relationships between horizontal illuminances measured at the reference 
location and the horizontal illuminances measured at the target locations all fell in the range 
from 0.96 to 1 whereas the range of R² values for the vertical illuminance LBE estimations 
was between 0.81 and 0.98. The small range for the R² of the horizontal LBE estimations may 
have caused the absence of a significant correlation between the relative deviation and the 
R² here. 

In the second case study, the LBE was compared with the PBM. Six different LBE methods 
(i.e., A, C, and D; all with interpolation or inter- and extrapolation) were applied for which 
four different comparison methods (i.e., AM, means, medians, sums) were used. The results 
showed that the LBE method C using the means or sums to compare the method with the 
PBM gave the lowest relative deviation (32.9 %, see Table 2-16). 

During the post-analysis of the relative deviations between LBE and PBM, no aspect which 
potentially explains the magnitude of the relative deviations nor significant differences 
between different groups were found. Nevertheless, some trends are worth mentioning here. 
It was expected that by improving properties of the LBE (a higher number of momentary 
measurements at target locations, more specifically determining the trend lines, setting R² 
requirements, and both interpolation and inter- and extrapolation of the data points) the 
accuracy of the LBE would increase as well. The lower relative deviation for the group ‘<5 
momentary measurements at target locations’ compared to ‘≥5 momentary measurements 
at target locations’ may be explained by the limited number of data points for the LBE 
method D. The same applies to the higher relative deviation for the LBE estimations derived 
using a trend line based on total illuminances compared to the relative deviation when the 
trend line was only based on daylight contributions to the illuminances. The mean relative 
deviation for all methods (A, C, and D) with only interpolation of the trend line was slightly 
lower compared to inter- and extrapolation of the trend line. Figure 2-22 shows the expected 
increase in accuracy of the LBE from LBE method A to D. This expectation was confirmed 
with the improvement in accuracy (i.e., a lower relative deviation) from LBE method A to LBE 
method C. However, from LBE method C to LBE method D, the opposite occurred. This may 
also be explained by the limited number of data points for the LBE method D. 



In addition, the median relative deviation also varied for the four different methods of 
comparison (i.e., AM, means, medians, sums) described in this subchapter. These four 
comparisons are examples of methods to compare two datasets (in this case study the LBE 
and PBM). The most appropriate method for comparison of the LBE with an alternative 
method may depend on the effect which will be investigated with the LBE. No significant 
differences were found between the four different ways of comparison, but the trend showed 
that comparison of the sums per session would result in the closest fit between LBE and 
PBM (x ̄= 39.49 %). For the calculation of the sum of illuminances per session, the measured 
or estimated illuminances, as well as the duration of the session, were taken into account. 
Duration of light exposure is one of the six defined light factors impacting effects beyond 
vision as described by Khademagha, Aries, Rosemann, and van Loenen (2016).

The magnitude of the relative deviation between the LBE and both alternative methods LBM 
and PBM depends on several uncertainties of the LBE and uncertainties of the alternative 
methods. The relative deviation between LBE method B and the LBM may be lower than 
the relative deviation between the LBE methods A, C, or D and PBM because of the different 
office environments of both cases. Case study 1 (LBE vs. LBM) was performed in a small-
scale rectangular building whereas case study 2 (LBE vs. PBM) was performed in a large-
scale complex building. Determining the trend lines between reference locations and target 
locations in the smaller-scale office environment was easier probably due to less variation in 
lighting conditions at the reference locations compared to the target locations. In addition to 
this difference, it may be that the accuracy of the PBM is lower compared to the accuracy of 
the LBM which may also increase the relative deviation of the LBE against the PBM. As with 
other small portable photometers, the wearable Lightlogs used for the PBM have relatively 
high performance errors (subchapter 2.2), and potentially covering by clothes or hands, 
or removal from the clothing (i.e. because of discomfort) may also induce measurement 
errors (subchapter 2.4). Finally, the Lightlog was worn at chest height whereas the reference 
measurements for determining the LBE estimations were performed at eye height to estimate 
realistic personal lighting conditions. The illuminances measured at the chest compared to at 
eye level may deviate up to 17 % (subchapter 2.3). To put the deviations between LBE and LBM 
or PBM into perspective, it is reported, that on one hand, a calibrated Hagner photometer 
(the one used as reference in subchapter 2.3) has a measurement error of ± 3 % (Hagner, 
2019). On the other hand, photometers for daylight measurements were found to exceed 
the limitations on the accuracy of these measurement equipment often (Hayman, 2003). 
Hayman reported that is it probable that the confidence range of daylight measurements 
could go up to ± 20 %. In addition, measurement errors of two PBM devices were determined 
and resulted in a maximum measurement error of 6.7 % for the Daysimeter and 99.9 % for 
the Actiwatch under four different lighting conditions including daylight (Figueiro et al., 
2013). Therefore, the LBE method seems to provide acceptable practical measurements with 
its relatively low deviation compared to LBM and a fair deviation compared to PBM.

The desired accuracy of the LBE estimations is dependent on the effect of light to be 
investigated. The accuracy of the LBE can be seen as the utility within the concept of 
Information Quality (Kenett & Shmueli, 2017). Kenet and Shmueli defined Information Quality 
(InfoQ) as the potential of a particular dataset for achieving a given analysis goal by employing 
data analysis methods and considering a given utility. The goal of this data analysis was to 

120 | Chapter 2



Gathering personal lighting conditions | 121 

compare two datasets (LBE versus LBM and LBE versus PBM) using methods with different 
ways of comparison between the two datasets, and the utility was the performance measure 
‘accuracy of the LBE’. Potentially, the personal lighting conditions can be used as input for 
intelligent systems. Depending on the type of application, the systems may require lighting 
input at different levels of accuracy. Since the thresholds for the effects of light on alertness, 
health, or work performance are still undefined, multiple LBE methods were investigated. It 
is expected that further developed LBE methods may give more accurate results (see Figure 
2-22). The real meaning of the relative deviation (32.9 % compared to PBM and maximally 
13.9 % compared to LBM) is topic to further research. Without thresholds, it is difficult to 
determine the range of conditions required to initiate an effect or not. 

Limitations of the study
Regarding the process of gathering personal lighting conditions applying the LBE method, 
two limitations need to be mentioned. First, the required number of reference locations and 
the best locations for these reference measurements were not investigated. Therefore, it 
may be that the LBE method would have functioned differently when a different number of 
reference locations or different locations inside the office environments were used. Second, 
although the amount of electric light from luminaires was controlled during the momentary 
measurements at the target location to develop the relationship between the reference and 
target locations, the amount of light emitted by visual displays (computer screens or TVs) was 
not controlled. This may have had a minor influence on the momentary measurements at the 
target locations. 

After gathering the personal lighting conditions via LBE, the method was compared to 
alternative methods. Three limitations regarding the comparisons need to be mentioned. 
First, the relative deviation of the LBE compared to an alternative method may be explained 
by the inaccuracy of the alternative method. In the second case study, the LBE reference 
measurements were performed every 10 seconds or every minute whereas the PBM 
measurements were performed every five minutes. In order to compare the LBE and the PBM, 
the LBE reference measurements were averaged to get an equal number of measurements. 
Second, the LBE methods in the second case study consisted of improvements of a combination 
of properties (i.e., a higher number of momentary measurements at target locations, more 
specifically determining the trend lines, setting R² requirements, and both interpolation and 
inter- and extrapolation of the data points). Therefore, the effects of the single properties of 
the LBE could not be investigated. And third, when LBE estimations will be applied as input 
for different applications in addition to the magnitude of the relative deviation, it is essential 
to know its direction (e.g., whether the LBE estimation compared to an alternative method 
to determine personal lighting conditions is higher or lower). In this subchapter, all deviations 
between LBE and LBM or PBM were only provided as absolute deviations. 



2.5.5. Conclusions and recommendations
The current subchapter compared the LBE with the two alternative well-used measurement 
methods LBM and PBM. Comparing the LBE to LBM, probably acceptable deviations of  
7.9 % and 13.9 % were found for horizontal illuminances and vertical illuminances, 
respectively. Compared to PBM, a relative deviation of 32.9 % was found. This deviation may 
seem relatively high but in reality it may be a fair deviation compared to other practical 
methods to gather personal lighting conditions. The proposed first approach of the LBE is 
not without limitations; however, it is expected that this practical method will be a pragmatic 
approach of inserting personal lighting conditions into Internet-of-Things connected devices. 
Additional validations are required to generalize the LBE method.

The LBE method can be seen as a predictive model to estimate personal lighting conditions 
which consists of several input parameters. One of these input parameters is the quality of the 
predictive model (trend line) between reference locations and target locations. The position 
of the reference locations may be better distributed throughout the office building in order 
to ensure that all target locations can be linked to a similar reference location (e.g., similar in 
distance to the window, the orientation of the closest window façade, or viewing direction). 
The selection of reference desks in case study 1 was based on the variety in distances to 
window and orientations. The reference locations were close to each other which will 
probably not happen when the LBE will be applied in a larger office building.  Besides, in both 
case studies 1 and 2, the measurement instruments at the reference locations were placed 
at certain desks. In practice, it would be more efficient to place the reference measurement 
equipment on the ceiling or walls to not occupy any desk and to prevent occupants influencing 
the reference measurements by shadowing the equipment. In addition, when determining 
the trend line, the minimum number of momentary measurements at target locations may 
need to be higher than three. For the first approach of the LBE, reference measurements 
and momentary measurements at target locations were performed. More measurement 
data (e.g., continuous daylight measurements or weather data) can be used as input for the 
predictive model to increase its accuracy. Another input parameter is related to the office 
worker itself. In order to determine more accurate personal lighting conditions throughout 
the entire day, the location and viewing direction of the office worker is required. These 
locations and viewing directions of the office workers may be recorded by cameras added 
as input parameters to the LBE method to determine personal lighting conditions for each 
individual office worker. It is expected that the accuracy of the LBE would improve by adding 
additional input parameters (e.g., daylight measurements or location-tracking data of office 
workers) to the predictive model. It is also possible to combine more methods to gather 
personal lighting conditions in order to collect more input parameters for the predictive 
model of LBE.

The first approach of the LBE, as described in this subchapter, considers only horizontal and 
vertical illuminances. Since six light factors were identified to initiate effects beyond vision, 
other light aspects (e.g., light quantity, spectrum, directionality, and timing, duration, and 
history of light exposure) may need to be inserted in the LBE as well. It depends on the effect 
of light which will be investigated which light aspects are recommended to be included in the 
LBE. For example, to investigate spectrum of light, it is recommended to measure spectral 
power distributions as well. 
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In the future, entering an office building must not cause a burden to the office worker to 
install his or her personally controlled lighting system. For example, an intelligent system to 
optimize the alertness of an office worker using LBE to gather personal lighting conditions 
neither requires the office worker to wear a portable photometer nor occupies her or his desk 
space inside the office building. These two main advantages of the LBE show its applicability 
in the field. Both case studies in this subchapter focused on office buildings but it is likely that 
its applicability may be extended to other applications or building types as well. 
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2.6 Location-Bound Estimations: The importance of 
including individual position and viewing direction 

This subchapter is based on:
van Duijnhoven J., Aarts M. P. J., Kort H. S. M. The importance of including the position and 
viewing direction when measuring and assessing the lighting conditions of office workers. 
WORK. 2019; 64(4), with permission from IOS Press. Accepted for publication.
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2.6.1. Introduction
The findings from the literature review in subchapter 2.1 demonstrated that:

- The entire lit environment, as proposed by the CIE (CIE, 2016), was not included and  
 measured in any of the papers reviewed;
- In the majority of the papers, LBM were applied;
- In seven papers, average lighting conditions were applied.

As stated in the introduction and explained in subchapter 2.5, a new practical unobtrusive 
method based on LBM, has been developed to determine personal lighting conditions. 
The aims of the experimental studies described in this subchapter are (1) to determine the 
differences in lighting conditions between the distinct viewing directions and (2) to examine 
the importance of including the exact position and viewing direction of the office worker 
when applying the LBE method. 

Photometric quantities (vertical illuminance and correlated colour temperature) were 
included in the studies to show two examples of light aspects and their differences among the 
various viewing directions. For the different viewing directions, α-opic irradiances (Lucas et 
al., 2014), calculated using the CIE Irradiance Toolbox (CIE, 2018), were analysed as well. They 
showed similar results as the photopic illuminances. Therefore, just the two photometric 
quantities were chosen, as these two quantities were the primary ones used to express 
the lighting conditions in light effect studies (Chapter 1). In this subchapter, the differences 
between the viewing directions were expressed as multiplication factors (MF) for the ease of 
interpreting the results. These multiplication factors could then be used to estimate lighting 
conditions for certain viewing directions based on lighting conditions measured in another 
direction.

2.6.2. Methodology
Two experimental studies were executed to investigate the differences in lighting conditions 
for the various viewing directions. In addition, both the position and viewing direction of the 
office workers were analysed by performing an exploratory observational study.

Experimental studies: Occupant’s viewing direction
The first experiment was conducted in a controlled environment with an artificial window 
(AW), and the second experiment was performed in a controlled environment with real 
daylight (RD). Both experiments were carried out at Eindhoven University of Technology in 
the Netherlands in spring 2018.

A summary of the room characteristics of both experimental setups is provided in Table 2-19. 
In addition, the measurement instrument details are described in Table 2-20. There was a 
significant difference in the maximum luminances measured (i.e., the ‘spot measurements’, 
using a Konica Minolta LS-100 Luminance meter) at the simulated viewing point in the 
direction of the centre of the (virtual) daylight source: 770 cd/m² for the AW setup, and 9520 
cd/m² for the RD setup.
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Table 2-19: Room characteristics of setups of the experimental study environments

Table 2-20: Details of measurement instruments for the artificial window (AW) setup and the real daylight (RD) 
setup

Room characteristics Artificial Window (AW) Real daylight (RD)
Room length (m) 6.3 5.5
Room width (m) 4.2 3.5
Room height (m) 6 2.7

Colour 
indications 

and 
measured 
reflection 

factors

Walls 
(window, 
side wall 

1, side 
wall 2, 

window 
opposite)

White, Black, Black, White Brown, Black, White, White

74.3 %, 12.3 %, 54.1 %, 80.4 % 34.4 %, 2.0 %, 62.2 % and 85.7 %

Floor
Light grey Grey

15.1% 12.2%

Ceiling
White White
35.0% 75.4%

Measurement 
device

Measured 
units

Type/Serial 
number Manufacturer Number 

of devices Software Used in 
setup

Spectroradi-
ometer

Vertical 
illuminance, 

CCT

CL-500A 
(10002710 

and 
10002711) 

Konica 
Minolta 2

Data Man-
agement 
Software 
CL-S10w 

AW and 
RD

Luminance 
meter Luminance LS-100 Konica 

Minolta 1 N/A AW and 
RD

Photometer Horizontal 
illuminance Hagner E4X Hagner (SE) 1 Squir-

relview 
AW and 

RD

Spectrometer 
(with cosine 

corrector) 

Vertical 
illuminance, 

CCT, 
spectral 

data 

USB4000 
(USBH07057, 
USBU05695, 
USBH06965, 
USBU05696)

Ocean Optics 4 Ocean View RD

Luminance 
distribution 

meter

Luminance 
distribution 1 (v2)

Eindhoven 
University of 
Technology 

1

Luminance 
Analysis 
Software 
System 
(LASS) 

RD
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Artificial Window (AW) setup
In the AW experimental study, differences in lighting conditions between various viewing 
directions were analysed for 60 unique office configurations (see Figure 2-29 for the 
measurement setup).  Since a real daylight source was not included, the lighting conditions 
remained constant throughout the study period, and there was no need to measure 
lighting conditions for multiple viewing directions simultaneously. However, two calibrated 
spectroradiometers (Konica Minolta type CL-500A) were used to measure the horizontal 
illuminance and the vertical illuminance (in any viewing direction) simultaneously. The 
horizontal illuminance measurements were performed to validate whether the illuminance 
emitted by the light sources remained constant. The spectroradiometer measuring the 
vertical lighting conditions was placed in the centre of a rotating table at the estimated eye 
height of a seated worker (1.25 m).

Figure 2-29: AW measurement setup. The light sources were connected to a computer controlling the light 
output. The simulated viewing point of an office worker is demonstrated by the green circle. Dimensions are 

provided in millimeters.

The simulated occupant’s eye (i.e., the measurement position in the vertical direction) was 
placed in the middle of the rotating table to enable easy and precise adjustments for the 
various viewing directions. The two light sources in the measurement setup included an AW 
(four Philips Master TL5 HO – ActiViva Active 54W, and four Philips TL5 HE 28W/827 covered 
by a 1.15 x 1.15 m² diffuse surface) and a fluorescent light source (one Philips Master TL5 
HO 80W/830) controlled by a computer. Four variables of the measurement setup were 
adjustable—thus providing multiple options—to create the different office configurations. 

In order to investigate the differences in light per viewing direction for the office configurations, 
a standard arrangement was used, in which all variables but one were kept constant (see the 
list of variables below). The standard arrangement was the arrangement for which the AW 
setup was compared with the RD setup. The following variables were adjustable:

• Artificial window (AW): CCT (options: 6000 K, 6500 K, 7500 K, 8500 K, and 9000 K).  
 Daylight measurement data from a study by Khademagha, Aries, Rosemann, and  
 van Loenen (2018), combined with weather data (The Royal Netherlands  
 Meteorological Institute, 2019), were used to calculate the CCT levels for different  
 days and times across the year. One day in June and one day in December, both at  
 three different times during the day, were used  to identify the corresponding CCT  
 levels for different weather conditions. These CCT levels were then recreated using  



Where:
 MFLA,X     = The multiplication factor for light aspect LA (e.g., vertical illuminance or CCT) for  
          viewing direction X;
 LAX     = Measured light aspect LA in viewing direction X;
      = The minimum measured light aspect LA in all viewing directions.
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 the AW. The standard arrangement applied a CCT of 6500K.
• Artificial window (AW): horizontal distance to viewing point (options: 1.0 m or 2.4 m).  
 These two distances were the maximum possible distances determined by the test  
 room. In the standard arrangement, the distance was set at 1.0 m.
• Fluorescent light source: dimming level to cause a particular horizontal illuminance  
 at the simulated viewing point (options for horizontal illuminance: 300 lx or 500 lx).  
 These two illuminances were chosen according to European lighting recommendations  
 (NEN, 2011). The choice of 500 lx was used in the standard arrangement.
• Fluorescent light source: position (options: 0 m, +1.5 m, -1.5 m for horizontal  
 distances, where a negative distance signifies a location in between the viewing point  
 and the AW, and where 0 signifies that the light source is directly above the viewing  
 point). These distances were the maximum possible distances in the measurement  
 room. The position of 0 m—the fluorescent light source directly above the simulated  
 viewpoint—was the chosen option for the standard arrangement. 

As indicated above, these four variables resulted in 60 unique office configurations with which 
it was possible to investigate the influence of viewing direction on light aspects. At the position 
of the simulated viewing point, horizontal illuminance, vertical illuminance, CCT, general CRI, 
and light spectrum were measured. As mentioned in the introduction of this subchapter, only 
the photometric quantities—vertical illuminances and correlated colour temperatures— are 
discussed in this paper. The light aspects were measured in five directions for each variant: 
four vertical, and one horizontal. The vertical measurements were conducted by rotating the 
table before each measurement. The direction toward the AW was assumed to be 0°.

Since the absolute measured values for both vertical illuminance and CCT fluctuated 
according to office configuration, the differences between the four viewing directions 
were demonstrated as multiplication factors. The lowest measured light aspect per office 
configuration over all viewing directions was assumed as the reference (multiplication 
factor= 1), and this was taken as the base for the relative multiplication factors used for the 
other viewing directions. The multiplication factors for the viewing directions were calculated 
according to Equation 2.14. Besides illuminances or CCTs, light aspects, such as luminous 
exposures or irradiances (e.g., α-opic irradiances (CIE, 2018; Lucas et al., 2014)), could be 
inserted into Equation 2.14 to derive multiplication factors for these light aspects.

(2.14)
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Real Daylight (RD) setup
In addition to the experiment using an AW, a second set of measurements was performed 
in a room with actual daylight. In this investigation, only one office configuration was used 
for these measurements—the standard arrangement as described above. In this study, the 
fluorescent light source was attached to the ceiling at 2.7 m, and the window dimensions 
were adjusted to the dimensions of the setup with the AW. Since daylight changes over 
time, all four viewing directions—window side, parallel to the window (both sides), and 
window-opposite side—had to be measured simultaneously. Here, four calibrated USB4000 
spectrometers with a cosine corrector and transmission probes were used. These were 
placed on a swivel that was attached to a small wooden plate (see Figure 2-30). Additionally, 
two calibrated spectroradiometers were placed slightly beneath the four spectrometers, 
and a calibrated photometer was placed on top of the wooden plate to measure horizontal 
illuminance. Furthermore, a luminance distribution measurement device was placed behind 
a Hagner cell to measure the luminance distribution (Kruisselbrink, Aries, & Rosemann, 
2017). All devices measured in 30-second measurement intervals except the photometer, 
which measured every 10 seconds, and the luminance distribution measurement device, 
which measured every 30 minutes. The total measurement period for this study was seven 
days. 

Figure 2-30: RD measurement setup. The simulated viewing point of an office worker is demonstrated by the 
green circle. Dimensions are provided in millimeters.

The data from this RD setup were analysed, similar to the analyses of the AW setup, using 
multiplication factors to demonstrate the differences in lighting conditions between the four 
viewing directions. 
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Observational study: Occupant’s position and viewing direction
Besides the experiments above, the inclusion of the occupant’s viewing direction when 
determining personal lighting conditions in offices was validated by an observational study. 

During the observational study, six office workers (mean age: 30 ± 4.8 years) at Eindhoven 
University of Technology were watched by an observer to determine their location (present/
absent at their workplace) and their viewing directions. Five of the office workers were 
researchers, and one was an administrative worker. The study period lasted one full working 
day (09:00 – 17:00) in spring 2018. During this time, three observations were performed, 
always including two office workers per observation. Two identical stopwatches (one per 
observed person) were used to measure certain times. The time that the office workers were 
present and looking toward their computer screen was assumed to be the standard. All other 
movements were timed and reported. The various computed viewing directions were as 
follows: window (0°), computer screen (90° or 270°), computer screen opposite (90° or 270°), 
window opposite (180°), or desk or phone (looking downward). 

The observations were executed at three locations within a university building having 
different orientations and positions toward a window (see Figure 2-31). Those observed 
participants were selected based on the positions of their workplaces, which differed in 
both viewing direction and orientation. Since this study complied with Dutch law regarding 
medical research on humans (Centrale Commissie Mensgebonden Onderzoek, 2019), this 
study was executed without prior ethical approval. The observations were performed in a 
public space; there were no interventions or interactions between the observer and those 
observed; and the data presented in this paper could not be traced back to the individuals.  
After the observation period, the participants were asked their permission so that the data 
could be used. They were given sufficient time to respond, and they were free not to give 
permission. The participants were not notified about the observations during or in advance 
of the observations, as this could have changed their behaviour, possibly influencing the 
results. Instead, the observer watched the subjects surreptitiously.

All measured data were entered into Microsoft Excel (2013) during the course of the 
observation, after which they were analysed using MATLAB (R2018a). The location results 
(i.e., present or absent at workplace) are presented in this paper as percentages: present/
absent divided by the total time on that workday (Equation 2.15). The viewing direction 
results are also presented as percentages of time (POT): looking in one direction divided by 
the total time the office worker was present at her or his workplace (Equation 2.16).

Where:
 X = Location; in this formula, location indicates either being present or absent at the   
      worker’s workplace;
 POTX  = Calculated percentage of time the office worker is at location X, expressed in %;
 tX = Time that the office worker was at location X, measured in seconds;
 ttotal  = Time between 09:00 and 17:00 (one entire workday), equalling 28,800 seconds. 

(2.15)
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Sample calculation
The results of the two experimental studies (the multiplication factors for vertical illuminances) 
and the observational study (the POT the office workers were looking in a certain viewing 
direction) were combined in a sample calculation of the daily office luminous exposure. Two 
variants of calculating the daily office luminous exposure of the office worker were compared:

1. Viewing direction toward the worker’s computer monitor for 100% of the time.
2. Viewing directions according to the findings of the observational study (see Table  
 2-21).

The viewing direction toward the worker’s desk or phone was assumed to be the same as 
looking at the worker’s computer screen since there were no measurements taken for this 
specific angle. Equation 2.17 was used to calculate the daily office luminous exposure.

Where:
 X = Viewing direction, expressed in °;
 POTX = Calculated percentage of time the office worker was looking in viewing direction X, 
      expressed in %. X could be toward the window (0°), the computer screen (90° or 
      270°), the computer screen opposite (90° or 270), or the window opposite (180°);
 tX = Time that the office worker was looking in viewing direction X, measured in seconds; 
 tpresent = Time the office worker was present at her or his workplace.

(2.16)

Figure 2-31: Floor plans of the environment used in the observational study.



For the experimental studies, the multiplication factors of all five CCTs for the RD setup were 
averaged and used in Equation 2.17. In addition, the multiplication factors of both sides (90° 
and 270°) were averaged in order to eliminate deviations due to the experimental setup. 
The average POT that an office worker was looking in a certain direction (POTX) were used 
in this formula (see Table 2-21). In the sample calculation, the photometric quantity vertical 
illuminance was used to calculate the daily luminous exposure in the office. The total time 
the office worker spent at her or his workplace (ttotal) was assumed to be eight hours, and the 
minimum assumed vertical illuminance (EMIN) was 500 lx. 

2.6.3. Results
Experimental studies: Occupant’s viewing direction
The differences in the lighting conditions between the four viewing directions were 
investigated as they pertained to the different office configuration variables (i.e., the CCT 
of the AW, the distance between the AW and the simulated viewpoint, the horizontal 
illuminance emitted by the fluorescent light source, and the position of the fluorescent light 
source). The multiplication factors for the different lighting conditions—vertical illuminance 
and correlated colour temperature—for the four viewing directions are presented in Figure 
2-32 and Figure 2-33.

Lighting conditions for different viewing directions
Figure 2-32 shows that for both the RD study and the AW study, the lowest measured vertical 
illuminance was always measured at 180° (the window opposite) and that the multiplication 
factor for 0° (the window side) was at least 15 for the RD setup and at least 12 for the AW 
setup. Figure 2-33 shows that the multiplication factor for the CCT was less varied than for 
the vertical illuminances. The lowest measured CCT was often, but not always, measured at 
the 180° viewing direction. The largest multiplication factor for the RD setup was found for 
the condition in which the outdoor CCT was 7500 K (i.e., 2.1), and the largest multiplication 
factor for the AW setup was the arrangement in which the CCT of the AW was 9000 K. Overall, 
the CCT was nearly the same among the different viewing directions, whereas the levels of 
vertical illuminance differed. 
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Where:
 Hwork = Daily office luminous exposure at work [lxh];
 X = Viewing direction [°];
 POTX  = Calculated percentage of time the office worker was looking in viewing direction X  
      [%]. X values are 0°, 90°, 180°, and 270°;
 ttotal  = Total time at workplace, in the sample calculation assumed as 8 hours;
 Emin  = Minimum vertical illuminance of all four viewing directions, in the sample  
    calculation, this was assumed to be 500 lx in the window-opposite viewing  
      direction (180°);
 MFE,X  = The multiplication factor for vertical illuminance for viewing direction X.

(2.17)
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Figure 2-32: Differences in multiplication factors of vertical illuminances among the four viewing directions, 
expressed in multiplication factors. Notes: The blue coloured bars represent the results of the real daylight (RD) 
setup and the green coloured bars represent the artificial window (AW) setup. CCT refers to the outdoor CCT in 

the RD setup and the CCT of the artificial window in the AW setup.

Figure 2-33: Differences in multiplication factors of correlated colour temperatures among the four viewing 
directions, expressed in multiplication factors. Notes: The blue coloured bars represent the results of the real 
daylight (RD) setup and the green coloured bars represent the artificial window (AW) setup. CCT refers to the 

outdoor CCT in the RD setup and the CCT of the artificial window in the AW setup.
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Different office configurations
Sixty different office configurations were investigated. As previously discussed, the standard 
arrangement consisted of a CCT of the AW of 6500 K, a distance between the AW and the 
simulated viewpoint of 1.0 m, a horizontal illuminance emitted by the fluorescent light 
source of 500 lx, and the position of the fluorescent light source directly above the simulated 
viewpoint (i.e., 0 m). 

Figure 2-34 shows the differences in the multiplication factors for the vertical illuminances 
in the different office configuration variables (i.e., the distance between the AW and the 
simulated viewpoint, the horizontal illuminance emitted by the fluorescent light source, 
and the position of the fluorescent light source). Figure 2-35 shows these differences in 
multiplication factors for the CCTs.

Figure 2-34 shows that the highest multiplication factors for illuminance were found for 
the window side (0° viewing direction). The three variables showed differences in their 
multiplication factors. First, the multiplication factors were higher when the AW was placed 
closer to the simulated viewing point than when it was further away. Second, the arrangement 
of 300 lx emitted by the fluorescent light source resulted in higher multiplication factors 
compared to the 500 lx arrangement. Third, the arrangement in which the fluorescent light 
source was positioned in between the AW and the simulated viewing point (i.e., position 
= -1.5) resulted in the highest multiplication factors for this aspect. Comparing the three 
variables demonstrates that the differences between the options were the largest for the 
position of the fluorescent light source. 

For their part, the differences in the multiplication factors for the CCTs did not vary much 
(Figure 2-35). The position of the fluorescent light source provided the largest differences 
between the different options. However, the differences in multiplication factors for different 
office configurations were far more notable for the vertical illuminance measurements 
compared to the CCTs. 
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Figure 2-34: Multiplication factors for the vertical illuminances of the three variables for the different office 
configurations. AW stands for Artificial Window.
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Figure 2-35: Multiplication factors for correlated colour temperatures of the three variables for the different 
office configurations. AW stands for Artificial Window.

Observational study: Occupant’s position and viewing direction
Table 2-21 provides the POT that the office workers were present or absent at their 
workplaces, and when present, which viewing direction they were looking. As shown in Table 
2-21, in terms of their POT, the largest differences between office workers were detected the 
most when looking at their computer screen, between 84.6 % and 97.1 %.
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Sample calculation
Equation 2.17 was populated with the results from the experimental studies, the indications 
from the observational study, and the two assumptions regarding the total time at the 
workplaces (i.e., 8 hours) and the minimum light aspect (i.e., Evert=500 lx in viewing direction 
180°). The multiplication factors for the four viewing directions (0°, 90°, 180°, and 270°) were 
respectively 18.74, 2.01, 1, and 2.01. Two variants were computed in this sample calculation. 
Variant 1, in which the office worker was looking toward the computer monitor 100 % of 
the working time, resulted in a daily office luminous exposure of 8040 lxh (see Equation 
2.18). Variant 2, in which the POTs the office worker was looking in a certain direction were 
based on the observational study, resulted in a daily office luminous exposure of 8428 lxh 
(see Equation 2.19). Although the POTs looking toward the window were extremely small—
the POTs looking toward the window was 0.7 %, compared to the POTs looking toward the 
computer screen at 97.2 %—the comparison still demonstrated an increase of 4.6 % in daily 
office luminous exposure in variant 2 compared to variant 1.

Table 2-21: Percentages of time (POT) in each location and for each viewing direction, averaged over all six 
participants of the observational study. Note: Location signifies the location of the office worker’s workplace.

(2.18)

Average Minimum Maximum

Lo
ca

tio
n Presence 81 % 78.1 % 84.8 %

Absence 19 % 15.2 % 21.9 %

Vi
ew

in
g 

di
re

cti
on

Window (0°) 0.7 % 0.4 % 1.3 %

Computer screen (90° or 270°) 92.5 % 84.6 % 97.1 %

Computer screen opposite  (90° or 270°) 0.1 % 0.0 % 0.3 %

Window opposite (180°) 2.0 % 0.2 % 4.9 %

Desk or phone (downwards) 4.8 % 1.8 % 12.6 %

    Hwork, variant 1 = (0.00 × 8 hours × 500 lx × 18.74)0° + 
  (1.00 × 8 hours × 500 lx × 2.01)90° + 
  (0.00 × 8 hours × 500 lx × 1)180° +
  (0.00 × 8 hours × 500 lx × 2.01)270°  = 8040 lxh 

(2.19)

    Hwork, variant 2 = (0.007 × 8 hours × 500 lx × 18.74)0° + 
  (0.972 × 8 hours × 500 lx × 2.01)90° + 
  (0.02 × 8 hours × 500 lx × 1)180° +
  (0.001 × 8 hours × 500 lx × 2.01)270°  = 8428 lxh 



2.6.4. Discussion
The aim of the investigations regarding office workers’ positions and viewing directions was 
to determine the differences in lighting conditions for different viewing directions and to 
analyse these differences in 60 unique office configurations.

Subchapter 2.2 showed that seven papers described average lighting conditions. Lighting 
conditions measured at the personal level means that the light measurements were performed 
at the exact position of the office worker. Since the observational study showed that the 
participants were at their workplaces for an average of 81 % of their time, it is recommended 
that investigators ‘follow’ office workers to determine their personal lighting conditions. 
Moreover, based on the experimental studies, it is recommended to include the viewing 
directions of the office workers as well. The measured vertical illuminances at the window 
side were found to be 12 to 15 times higher compared to the side opposite the window. The 
differences in multiplication factors for different office configurations also demonstrate the 
importance of specific office layouts in order to optimize the lighting conditions for office 
workers. Since light emitted from the fluorescent light source came from above, and the 
light emitted from the AW came from the side (see Figure 2-29), the two light sources likely 
caused different light distribution within the space, thereby producing the differences in the 
multiplication factors. 

In comparison, the multiplication factors for the CCT were much lower. This may be explained 
by the smaller range of occurring CCTs.  Despite the fact that the office workers were 
looking in the direction of their computers practically the entire time (92.5 % on average) 
the individual differences (provided in Table 2-21) and the sample calculation indicated that 
companies and researchers should take the viewing direction of the employees into account 
when determining personal lighting conditions. Ultimately, it is expected that implementing 
the proposed multiplication factors for vertical illuminance and the CCTs for different viewing 
directions under the newly developed, practical, unobtrusive LBE method may increase 
accuracy overall (van Duijnhoven, Aarts, Kort, & Rosemann, 2018).

Limitations of the study 
The time that an office worker is present at her or his workplace or looking in a particular 
direction may depend on many factors: the job type of that worker (e.g., work schedule and 
tasks (de Bakker, van de Voort, & Rosemann, 2018)); the workplace itself (e.g., computer 
monitor setting (Kothiyal & Bjørnerem, 2009), availability of a task light (Joines et al., 2015), or 
the utilization of a sit-stand workplace (Mula, 2018)); the orientation of the workplace (e.g., 
the position of the desk, the position of doors and colleagues); and the office worker’s eye 
functionality (e.g., using optical lenses or suffering from dry eyes or eye fatigue (Tebboune & 
Mebarki, 2012)). As discussed, the office workers in this observational study were selected 
based on their workplaces —specifically, the workers’ orientation toward the window and 
the distance to the window—but any of the factors above could produce different results. 
Thus, it is important that the findings are not overly generalized. 

Moreover, as it pertains to lit office environments, the multiplication factors for the differences 
in the lighting conditions between the different viewing directions may guide one toward an 
optimal office configuration. However, light is, of course, just one important aspect of the 
138 | Chapter 2



Gathering personal lighting conditions | 139 

whole work environment, and any particular office configuration should be established based 
on multiple aspects (e.g., the policy of a company to cluster certain departments within a 
particular space). Furthermore, not every office worker is going to prefer the highest lighting 
conditions as the ‘optimal’ situation, so the multiplication factors should be considered along 
with individual preferences (de Bakker, Aarts, Kort, & Rosemann, 2018; Veitch & Newsham, 
2000), not to mention potential glare caused by the lighting conditions. Although individual 
preferences and glare are outside of the scope of this paper, these are ripe avenues for future 
research.

2.6.5. Conclusions and recommendations
This subchapter described the experiments that demonstrated significant differences 
in lighting conditions among four viewing directions. Vertical illuminances measured in 
the direction toward the window were 12 to 15 times higher compared to the opposite 
viewing direction. It was demonstrated that the differences in lighting conditions between 
viewing directions were more significant when the desk was located closer to the window. 
Furthermore, the sample calculation, which included POTs of the average office worker, 
showed that a deviation of 4.6 % in daily office luminous exposure could be avoided when 
viewing direction is accurately included. Therefore, the viewing direction of an individual also 
needs to be incorporated in the determination of personal lighting conditions. 

Gathering personal lighting conditions (via the LBE method) is not only about the position 
of the individual, as one’s viewing direction also influences the magnitude of the lighting 
conditions to which she or he is exposed. These differences—expressed in multiplication 
factors—highlight the importance of office configurations, raise awareness about potential 
differences of lighting conditions within office spaces, and provide practical opportunities for 
visual ergonomics in various work environments. 



Research demonstrated a large variety regarding light effects beyond vision (e.g., alertness, 
see Figure 1-6). Based on a literature study including 26 eligible articles, two overviews were 
developed identifying the currently used methodologies for measuring lighting conditions in 
light effect studies. In 14 papers including objective light measurements, no measurement 
details were reported. In addition, light measurements were often averaged over time (in 18  
papers) or location (in 8 papers) whereas it is recommended to gather continuous personal 
lighting conditions at the individual level when light effects are being investigated (Chapter 
1). 

Personal lighting conditions can be gathered using measurements (person-bound: PBM, 
location-bound: LBM), simulations, and estimations (location-bound: LBE). This thesis 
focused on PBM, LBM, and LBE. 

Simple methods were described for identifying three quality indices of PBM devices; the 
directional response index (f2), the linearity index (f3) and the temperature index (f6,T). These 
indices were determined for seven different PBM devices. The results stressed what was 
already assumed, the quality and the outcome of these devices under different circumstances 
were very different. Also, the location on the body where these devices were normally worn 
had an impact on the results. The deviation range between worn vertically at eye level and at 
the wrist was found to be between 11 % (outdoor) and 27 % (indoor). The smallest deviation, 
both for indoor and outdoor conditions, was found when the device was placed next to the 
eye (7 %).

Besides the measurement performance of the PBM devices, its practical applicability has been 
investigated. Different groups of participants were included in experiments to investigate 
the differences in wearing comfort experiences. Six PBM devices were assessed in total. 
Measurement data was accompanied with user experiences obtained from questionnaires 
and interviews. No significant differences in reporting wearing discomfort were found 
between genders. A research process of three steps prior to performing a light effect study 
using PBM devices was proposed: (1) the selection of the most suitable PBM device, (2) the 
application of the assessment method to test the PBM device, and (3) the application of the 
device in the (pilot) study. The findings reported in subchapter 2.4 suggested that inaccuracies 
potentially caused by practical and comfort issues associated with the PBM devices need to 
be carefully considered.

Besides the PBM method, a new practical method to gather personal lighting conditions has 
been developed: LBE. This method was compared in the field with two alternative methods: 
LBM and PBM. Overall, the relative difference between the LBE and LBM measurements was 
less than 15 %, whereas the relative difference between the LBE and PBM was 32.9 % in the 
best-case situation. The relative difference depended on inaccuracies in all methods and has 
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been recommended to be investigated in further research. Adding more input parameters 
to the LBE method may improve its accuracy. The proposed first approach of the LBE is not 
without limitations; however, it is expected that this practical method will be a pragmatic 
approach to gather personal lighting conditions to be inserted in future intelligent systems to 
optimize alertness.
 
One of the limitations of the LBE method was that the estimations were still just based on the 
reference locations and on the desk location of the office worker inside the office. The actual 
position of the office worker and its viewing direction have not been included in the LBE 
method so far. Experimental studies showed large differences in lighting conditions between 
viewing directions (i.e., multiplication factors for vertical illuminances of at least 12 for the 
viewing direction towards the window compared to the viewing direction to the opposite of 
the window). These large differences and a sample calculation for daily luminous exposure 
suggested to include the office worker’s position and viewing direction in the determination 
of personal lighting conditions. It has been recommended to consider the large influence of 
viewing direction on the personal lighting conditions when analyzing or designing an office 
environment.  

Chapter 2 provided insight in methods to gather personal lighting conditions (especially 
PBM and LBE). The following chapters will discuss the interpretation of personal lighting 
conditions, possible ways to influence these personal lighting conditions, and the exploration 
of the relationship between personal lighting conditions and subjective alertness. 
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Figure 3-1: The focus of this chapter: step 2 of the systematic approach 
to collect personal lighting conditions, predictors of personal lighting 
conditions, and the relationship between personal lighting conditions and 
subjective alertness, see Figure 1-7.
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This chapter focuses on the interpretation of personal lighting conditions (see Figure 3-1). 

Although there is no consistency yet about a threshold or recommendation for lighting 
conditions to cause an effect on subjective alertness, the light factors quantity, spectrum, 
directionality, timing, duration, and history were identified to initiate light effects beyond vision 
(Khademagha et al., 2016a). In order to explore these light factors, light measurements at the 
individual level need to be performed. Since the relationship between light and subjective 
alertness, besides light quantity and spectrum, may depend on the timing, duration, and 
history of light exposure, it is recommended to include continuous measurements of light 
exposure throughout a light effect study (subchapter 1.1). Most of the previous light effect 
studies were performed in controlled environments whereas the lighting conditions before 
and after a certain experiment may be equally relevant (Huiberts, 2018). Normal patterns 
of light exposure people receive are usually dissimilar to the lighting conditions participants 
receive in a controlled laboratory study (Souman et al., 2018). Applying continuous light 
measurements ensures the option to investigate for what timing and for which duration the 
light exposure is essential to initiate effects on subjective alertness. Continuously measured 
lighting conditions at the individual level (i.e., light which enters the individual’s eyes) were 
defined as personal lighting conditions (subchapter 2.5). This term will be applied in the 
remainder of this subchapter as well. Personal lighting conditions can be measured by applying 
LBM, PBM, or estimated using the LBE method. Since neither the LBM nor the LBE included 
the exact location of the individual, these methods still could not be used when personal 
lighting conditions throughout the entire course of the day were desired. A large advantage 
of the PBM method is that it measures continuously at individual level (the measurement 
device is worn by the individual). However, performance deviations and wearing comfort 
issues need to be taken into account when applying PBM (subchapters 2.3 and 2.4)(Figueiro 
et al., 2013). 

In addition to the unknown timing, duration, and history of light exposure, the recommended 
light quantity and spectrum were identified to initiate light effects beyond vision as well. 
Therefore, the specific light aspects that need to be measured must be deliberately elected. 
Health-related aspects, such as alertness, were often investigated in relation to illuminances 
and correlated colour temperatures (van Duijnhoven, Aarts, Aries, Rosemann, & Kort, 2019). 
However, the usage of photometric quantities (weighted to the spectral sensitivity for vision) 
in light effect studies is often questioned (Rea & Figueiro, 2018). The spectral sensitivity of 
the ipRGCs is different from the spectral sensitivity of the rods and cones (responsible for 
vision) and photometric quantities only may, therefore, be insufficient to be related to effects 
beyond vision (CIE, 2018; Rea, Figueiro, Bierman, & Hamner, 2012). It is recommended to use 
the spectral data to investigate light effects beyond vision. Unfortunately, small PBM devices 
are often not developed to measure entire spectral power distributions (subchapter 2.3). 
Therefore, light effect studies that include continuous light measurements often still relate 
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effects beyond vision to photometric quantities. 

These continuous measurements at the individual level can record the light quantity, 
spectrum, and timing, duration, and history of light exposure; however, they cannot record 
the light directionality. The directionality relates to the light falling on the surface (e.g., the 
eye of an individual) from different angles of incidence. Light directionality is not measurable 
with only one sensor (i.e., in one direction). Light directionality is therefore often investigated 
in controlled environments (Khademagha et al., 2018)(subchapter 2.6) and excluded for the 
current field study.

Measuring continuous personal lighting conditions has been applied in numerous research 
studies before. In the majority of these studies, the focus was on the light effect itself. Sleep, 
vitality, circadian phase, mood, and social behaviour have been investigated often (Appleman, 
Figueiro, & Rea, 2013; Crowley, Molina, & Burgess, 2015; Dumont & Beaulieu, 2007; Figueiro 
et al., 2018; Figueiro, Plitnick, & Rea, 2014; Figueiro et al., 2017; Figueiro & Rea, 2016; Graw, 
Recker, Sand, Kräuchi, & Wirz-Justice, 1999; Hsu, Moskowitz, & Young, 2014; Smolders, de 
Kort, & van den Berg, 2013; Tsuzuki, Mori, Sakoi, & Kurokawa, 2015). Very rarely, no outcome 
measure was directly linked to the actual lighting conditions. Heil and Mathis (2002) described 
daily lighting conditions of 11 hospital employees and investigated the differences between 
the lighting conditions within the hospital and outside the hospital. They concluded that the 
long exposure to dim light has been linked specifically to the work environment and that one 
of the more important determinants for bright light exposure lays in the individual’s decision 
to be indoor or outdoor outside working hours. 

Subchapter 3.2 describes the study design of the performed field study which is analysed and 
discussed in four different subchapters of this thesis (Figure 3-4). Subchapter 3.3 subsequently 
describes the interpretation of the personal lighting conditions of 62 office workers gathered 
in this field study. 
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The field study as described in this subchapter was performed in spring 2017 (May-June) in a 
Dutch municipality office (geographical location: latitude: 52.1°, longitude: 4.7°). The sunrise 
and sunset times were 05:32 ± 00:12h and 21:46 ± 00:15h for that location for the entire 
study period (sunrise-and-sunset.com, 2019). Weather data was collected via the Royal 
Netherlands Meteorological Institute (2019).

3.2.1. Office environment
The office building consisted of five floors (see Figure 2-25), glass facades all around the 
building (in all orientations), and an atrium situated at the south façade. The building 
contains of office landscapes which contained 356 desks out of the total 468 desks in the 
entire office building. The other desks were placed in enclosed offices. The majority of the 
office environment was designed as flexible workplaces.

The office landscapes at the ground, first, second, and the third floor were equipped with 
ceiling lighting consisting of dimmable fluorescent lamps (OSRAM 1 FQ 49W/830). At the 
fourth floor, another type of dimmable fluorescent lights was installed as ceiling lighting 
(PHILIPS HFP WH, 58W/83). Not every façade was equipped with sun shading devices and in 
addition, some blinds were automatically controlled and others manually. 

3.2.2. Recruitment
The Medical Research Ethics Committee of UMC Utrecht did not have any objection to the 
research proposal (reference number WAG/mb/17/010424). Therefore, general information 
about the study was distributed on electronic screens in the office building and on the internal 
intranet website of the municipality. Afterwards, participants were personally recruited. 69 
participants signed the informed consent form (see Appendix B1) and received a unique 
participant number in order to blind the data.

3.2.3. Procedure
Participants were asked to join the study for 10 working days (only on weekdays). The 
date of the study periods differed per participant in the period of May-June 2017 due to 
a limited number of wearable photometers. On the first day of the study, the participants 
received instructions about their individual photometer and the diary. In addition, a general 
questionnaire (Appendix B2) was provided including, amongst others, questions regarding 
demographics, chronotype (MCTQ (Roenneberg et al., 2015)), Seasonal Affective Disorder 
(SAD) sensitivity (SPAQ (Rosenthal, Bradt, & Wehr, 2005)), and general health (SF-36 (Ware, 
2009)). During the study, the participants were asked to:

• Wear one wearable photometer:
 (1) The Lightlog device, developed by Martin (2015), was applied in  
  this study (see Figure 3-2). Participants were asked to start wearing the  
  Lightlog when they woke up and remove it when they went to sleep. A small black  

3.2 Field study – study design



  bag was supplied for the Lightlog when the device was not worn. Inside this  
  small black bag, the device was measuring negligible low values. The Lightlog  
  continuously measured and the participants did not need to take any action  
  to begin logging or measuring. More information regarding the Lightlogs is  
  provided in section 3.2.5.
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• Fill in the paper diary:
 (2) The diary consisted of a set of questions and a table to be completed daily.  
  The questions regarded the time the participant was awake (wake up time  
  and bedtime), when the Lightlog was worn (start and stop time of wearing  
  the Lightlog), and when they were travelling to and from work. The table  
  consisted of time, location, activity, a check whether the Lightlog was worn,  
  and notes. Short breaks, less than 30 minutes, to the coffee corner or  
  the toilet were not asked to be reported in the diary (see Appendix B7). 

• Fill in four online questionnaires a day (see Appendix B3 to Appendix B6): 
 The questionnaires were distributed at 09:00, 11:00, 14:00, and at 16:00. 
 (3) Subjective alertness was the main outcome measure in this study. Subjective  
  alertness was gathered via the Karolinska Sleepiness Scale (KSS)(Åkerstedt  
  & Gillberg, 1990). The KSS measures on a scale from 1-9 providing  
  1=extremely alert and 9=extremely sleepy. The KSS questionnaire refers to  
  the sleepiness level of the last 5 minutes before completing the questionnaire 
  and is a non-obtrusive way to investigate office workers’ alertness.
 (4) In addition to the Karolinska Sleepiness Scale (asked at all times), questions  
  regarding, amongst others, sleep (asked at 09:00), activities (asked at 09:00,  
  14:00, and 16:00), work (asked at 09:00), and office characteristics (asked  
  at all times) were added to the online questionnaires. Every questionnaire  
  also included the question whether the participant was still wearing the  
  Lightlog to ensure reliable measurement data.

3.2.4. Participants
69 office workers participated in this study. Due to missing data, lost devices, or travels 
through different time zones, the data of 62 participants were included in the data analysis. 
The 42 female and 20 male participants were on average 49.7 ± 11.4 years old. The mean 
chronotype score was 3.31 which corresponds to a morning person (Roenneberg, 2012). The 
general health of the participants was on average 67.2 ± 15 %, measured with the SF-36 
(Ware, 2009). The office workers were all working at the same municipality office and had 

Figure 3-2: Lightlogs (wearable photometers) developed by Martin (2015)



similar work tasks. 

3.2.5. Objective light measurements
Personal lighting conditions were measured using the PBM device (Lightlogs). Since the 
Lightlogs were attached to the clothes at the right chest, the devices measured the lighting 
conditions vertically (comparable to the vertical direction of light entering the eye). Therefore 
in chapters referring to this field study, when illuminance, correlated colour temperature, or 
‘blue irradiance’ is mentioned, it refers to blue irradiance (B) measured by the Lightlogs or to 
vertical illuminances (E) or correlated colour temperatures (CCT) estimated based on the RGB 
measurements performed by the Lightlogs. 

A Lightlog consists of four sensor areas: R (red), G (green), B (blue), C (clear) (Martin, 2015). 
The spectral responsivity of these four sensor areas is shown in Figure 3-3. A software tool, 
LightLogControl version 2.1 (developed by the Eindhoven University of Technology (Boschman, 
2017)), was used which automatically estimates the illuminance (E) and the correlated colour 
temperature (CCT) based on the first three raw data points (R, G, and B). The regression 
formulas to calculate the tristimulus values X, Y (also referred to as illuminance E), and Z as 
shown in Equation 3.1, Equation 3.2, and Equation 3.3, were obtained via the least squares 
fit method of calibration data using eight different light sources (i.e., fluorescent lights, 
incandescent lights, and daylight at different quantities and spectra (Boschman, 2017)). 
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Figure 3-3: The spectral responsivity of the four sensor areas R, G, B, and C of the Lightlogs (Boschman, 2017).



Equation 3.4 and Equation 3.5 were used to calculate the estimated colour coordinates x ̂
and ŷ. Subsequently, the estimated colour coordinates were used to calculate the correlated 
colour temperature as proposed by McCamy (1992) (see Equation 3.6). 
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Where:
 X̂ = Estimated tristimulus value X;
 Ŷ = Estimated tristimulus value Y;
 Ẑ = Estimated tristimulus value Z;
 R = Irradiance measured with the red sensor (see Figure 3-3);
 G = Irradiance measured with the green sensor (see Figure 3-3);
 B  = Irradiance measured with the blue sensor (see Figure 3-3).

(3.1)

(3.2)

(3.3)

Where:
 x,̂ ŷ = Estimated colour coordinates x and y;
 X̂, Ŷ, Ẑ = Estimated tristimulus values X, Y, and Z.

(3.4)

(3.5)

Where:
 n =        ;
  = Estimated correlated colour temperature.

(3.6)

The Lightlogs measured every five minutes for the entire participation period of the 
participant. The 42 different Lightlogs used in this study were calibrated against a reference 
photometer (Hagner, model E4-X (Hagner, 2019)) for illuminances within the range of 0 – 
13000 lx. These calibrations were performed in a simulated daylight room at the Eindhoven 
University of Technology (see Figure 2-5 in subchapter 2.3). These linear calibration factors 
for the 42 Lightlogs varied from 0.9 to 1.6.



3.2.6. Subchapters describing this field study
Figure 3-4 demonstrates which elements of the field study were analysed in the corresponding 
subchapters of the thesis.
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Figure 3-4: Demonstration of the four included elements of the procedure of the field study and the overview 
of analyses described in the subchapters of this thesis. The numbers between brackets correspond to the 
information given in section 3.2.3. Subchapters 2.5 and 3.3 only used the personal lighting conditions and 
participant’s diaries while focusing on the method to gather and to interpret personal lighting conditions. 

Subchapter 4.2 used personal lighting conditions, diaries, and questionnaire data (except subjective alertness 
data) to identify predictors of personal lighting conditions. Subchapter 5.3 used the personal lighting conditions 

and the subjective alertness data to link them to each other to potentially develop dose-response curves. 
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This subchapter is based on:
van Duijnhoven J., Aarts M. P. J., Kort H. S. M., Van den Heuvel E. R. The identification of 
variables influencing personal lighting conditions of office workers to steer effects beyond 
vision. Submitted for publication. 2019.

3.3 The interpretation of continuously 
measured personal lighting conditions



3.3.1. Introduction
This subchapter focuses on the interpretation of the actual personal lighting conditions of 
the Dutch office workers of which five out of the six light factors identified to be related 
to subjective alertness were investigated: illuminance E [lx] and luminous exposure H [lxh] 
to demonstrate light quantity, correlated colour temperature CCT [K] and blue irradiance B     
[W/m²] to represent light spectrum, and the continuous measurements to assure information 
on timing, duration and history of light exposure. 

The following research questions were addressed:
1. Do continuously measured personal lighting conditions allow the interpretation of  
 daily light exposure regarding the light factors identified to initiate effects on  
 subjective alertness? 
2.  What does the daily light exposure of 62 Dutch office workers look like?
 a. What are the daily differences in light quantity and spectrum between  
  participants, multiple days, or different locations (i.e., “at home”, “at work”,  
  or “elsewhere”)?
 b. What are the timing, duration, and history of light exposure (described as  
  light quantity and spectrum) of the office worker’s personal lighting  
  conditions?

First, it is expected that continuously measured personal lighting conditions allow the 
interpretation of the daily light exposure regarding most of the formerly identified light 
factors to be relevant for effects beyond vision (i.e., light quantity, spectrum, directionality, 
and timing, duration, and history of light exposure). As mentioned in subchapter 3.1, in order 
to analyse light directionality, multiple sensors are required to receive light from different 
angles of incidence. In the case of simple PBM devices with one sensor area, the light 
directionality cannot be extracted from the personal lighting conditions. 
Second, it is expected that the light quantity and spectrum of the personal lighting conditions 
of Dutch office workers deviate from each other since individuals differ in, amongst others, 
occupational aspects (e.g., work behaviour), personal conditions, and preferences regarding 
lighting conditions (de Bakker, 2019; Despenic, Chraibi, Lashina, & Rosemann, 2017; Veitch, 
2018; Veitch & Newsham, 2000). Furthermore, it is expected that the light quantity (in this 
subchapter represented using illuminance and luminous exposure) and the light spectrum (in 
this subchapter represented using correlated colour temperature) differ significantly between 
the three locations since the location “elsewhere” includes outdoor conditions. The outdoor 
illuminance ranges from 1000 to 10000 lx and contains CCT levels mostly above 5000K 
whereas indoor illuminances range from 50-1000 lx and contains CCT levels mostly lower 
than 5000K (Crowley et al., 2015; Thorington, 1985). In addition, it is expected that personal 
lighting conditions vary over the day according to the daily schedules of office workers and 
the sun position causing variations in daylight (timing of light exposure)(Roenneberg & Foster, 
1997). And last, it is expected that office workers will be exposed for the majority of their 
days to illuminances up to 1000 lx and correlated colour temperatures up to 5000 K (duration 
and history of light exposure) since it was demonstrated that people are spending 90 % of 
their time indoors (European Commission, 2003). 
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3.3.2. Methodology
The study design including, amongst others, the office environment, the (recruitment of the) 
participants, and the protocol can be found in subchapter 3.2. See Figure 3-4 for the overview 
of executed analyses of this field study and for the elements of the field study included in this 
subchapter. 

Data analysis
All objective and subjective data were analysed using MATLAB R2017a. The total duration of 
the study was 47 days of which all participants participated on average 9.2 workdays. 

The measured personal lighting conditions were prepared for the data analysis by:
-  Removing all light measurements (illuminances, correlated colour temperatures, and  
 blue irradiances) when the illuminances were below 20 lx. This threshold was set since  
 the applied Lightlogs convert the measured RGB values to illuminances and correlated  
 colour temperatures and this conversion was only validated for illuminances above  
 20 lx (Boschman, 2017). 
-  Removing outliers (i.e., >3 scaled median absolute deviations (MAD) away from the  
 median (Leys, Ley, Klein, Bernard, & Licata, 2013)) per participant per time of the day  
 when they were outside the average daylight period (before the average sunrise at  
 05:32 or after the average sunset of 21:46). High illuminance levels during the daylight  
 period may also be detected as outliers; however, these high peaks in illuminances  
 can be the exposure to bright light outdoors so these outliers during the daylight  
 period were not removed from the dataset.
-  Removing all light measurement data points for the moments when the Lightlog  
 was not worn. This resulted in differences in the number of data points included when  
 calculating averages. For example, when calculating the mean illuminances over the  
 day for one participant, it could be that for all 10 participation days that participant  
 wore the Lightlog at 12:00 so ten values were included for that time whereas the  
 participant wore the Lightlog only 5 days at 07:00 so only five values were included  
 for the mean at that time. The same applies  for  the division of lighting conditions per  
 location (“at home”, “at work”, or “elsewhere”) where, for example, only five participants  
 were “at home” at 14:00 whereas all participants were “at home” at 18:00 so more  
 data points were included to calculate the average lighting conditions “at home” at  
 18:00 compared to 14:00. 

The data analysis of this study consisted of two steps, corresponding to the research questions 
2a and 2b as provided in the introduction:

1.  The daily lighting conditions (i.e., quantity: Hday: daily luminous exposure (Equation 3.7),  
 Ēday: daily average vertical illuminance (Equation 3.8), and spectrum: CCTday: daily  
 average correlated colour temperatures (Equation 3.9) and B̄day: average blue  
 irradiances (Equation 3.10)) were analysed per participant and per day. Using  
 four 62x47 matrices providing the daily lighting conditions, created as schematically  
 demonstrated in Figure 3-5, lighting conditions were calculated per participant  
 and per day. Furthermore, the lighting conditions were analysed for the three  
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 different locations (“at home”, “at work”, and “elsewhere”). The location  
 “elsewhere” refers to any location of the participant not being “at home” or “at  
 work”. This indicates that the location “elsewhere” consists of both indoor and  
 outdoor conditions. General information regarding the location “at work” is  
 provided in section 3.2.1 This general information of the other locations (“at home”  
 and “elsewhere”) was not collected in this study. The lighting conditions were  
 averaged over all participation days per participant and later averaged over all  
 participants. The 62 mean lighting conditions per participant per location were  
 averaged to get an average lighting condition per location. The 62 lighting conditions  
 per location were tested whether these differed significantly from each other using  
 the non-parametric Mann-Whitney test. The differences were tested two-sided with  
 a significance level of 0.05. 
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Where:
 H = Luminous exposure [lxh]; 
 Ei  = Illuminance measured at time i [lx];
 Ē = Average illuminance [lx];
 CCT = Average correlated colour temperature [K]; 
 CCTi  = Correlated Colour temperature at time i [K];
 B̄ = Average blue irradiance [W/m²];
 Bi  = Blue irradiance at time i [W/m²];
 dt  = Time interval (i.e., 1 to i) for which the light aspect is calculated (e.g., 1 hour, 2  
      hours, or the entire day) [hours].

(3.7)

(3.8)

(3.9)

(3.10)



2.  The daily lighting conditions were analysed over the course of the day (timing).  
 Mean illuminances and correlated colour temperatures were calculated for each  
 time of the day (at a 5 minutes interval). Furthermore, the distribution of  
 illuminances, correlated colour temperatures, and blue irradiances over the day  
 was analysed for the three different locations separately. In addition, the duration and  
 history of light exposure were analysed. Seven levels for illuminances (50 lx, 100 lx,  
 180 lx, 500 lx, 550 lx, 1000 lx, and 5000 lx), four levels for correlated colour  
 temperatures (2000 K, 3000 K, 4000 K, and 5000K) and six levels for blue irradiances  
 (50 W/m², 100 W/m², 500 W/m², 1000 W/m², 2000 W/m², and 3000 W/m²) were  
 used in this analysis. The illuminance levels 180, 550, and 1000 lx were selected  
 based on previous literature (Boivin, Duffy, Kronauer, & Czeisler, 1996; Crowley et al.,  
 2015; Espiritu et al., 1994; Hubert, Dumont, & Paquet, 1998; Kawinska, Dumont,  
 Selmaoui, Paquet, & Carrier, 2005; Wright et al., 2013; Zeitzer, Dijk, Kronauer,  
 Brown, & Czeisler, 2000). The illuminance levels 50, 100, 500, and 5000 lx were added  
 to examine whether there exists linearity in the analysis and these were all included  
 in the recommended scale of illuminances in the European standard (NEN, 2011).  
 The correlated colour temperatures were chosen based on common electric lighting  
 applications and the rough distinction of being indoor or outdoor (European  
 Commission, 2003). The levels for blue irradiance were selected based on linearity in  
 the analysis. 

3.3.3. Results
The following sections describe the data analysis to answer the research questions. 

Light quantity and spectrum
In order to investigate the light quantity and spectrum of personal lighting conditions of the 
participants (research question 2a), mean illuminances, luminous exposures, mean correlated 
colour temperatures, and mean blue irradiances over the entire day were analysed. 

The differences in daily lighting conditions for the mean illuminances, luminous exposures, 
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Figure 3-5: Schematic overview of 62x47 matrices providing the daily lighting conditions per participant per day. 
To calculate mean daily lighting conditions per day, the daily lighting conditions per participant for one specific 
day were averaged (i.e., one column in the matrix). To calculate mean daily lighting conditions per participant, 

the daily lighting conditions for one specific participant were averaged over all days (i.e., one row in the matrix).



mean correlated colour temperatures, and mean blue irradiances were higher between 
participants than when compared between days (see Table 3-1). The mean ± standard 
deviation of the daily mean illuminance participants received during their study period was 
1575 ± 747 lx, the luminous exposure of participants during their study period was 18354 ± 
9246 lxh, the daily mean correlated colour temperature the participants received was 4633 ± 
390 K, and the daily mean blue irradiance was 660 ± 323 W/m².
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Table 3-1: Daily lighting conditions (mean illuminances in lx, luminous exposures in lxh, mean correlated colour 
temperatures in K, and mean blue irradiances in W/m2) per participant and per day. The times the Lightlog was 

not worn were not included in these calculations.

Furthermore, in order to investigate the daily personal lighting conditions per location type, 
participants reported their locations in the diaries daily. Participants reported to spend on 
average 22 % (207 ± 110 minutes) of their awake day (time between the average wake up 
time of 07:02 and average bedtime of 22:25) “at home”, 42 % “at work” (389 ± 84 minutes), 
and 17 % “elsewhere” (160 ± 77 minutes). 19 % of their awake day was not assigned to a 
location since the participants were not wearing the Lightlog. The median ‘start’ and ‘end 
times’ for all participants for the three locations were 07:35-22:00 “at home”, 08:25-16:30 
“at work”, and 08:05-18:05 for “elsewhere”. The following section further elaborates on the 
timing, duration, and history of light exposure during the day and the corresponding lighting 
conditions per location. 

The mean illuminances and daily luminous exposures were split into lighting conditions per 
location (“at work”, “at home”, and “elsewhere”). The mean ± SD illuminance for the entire 
dataset (all participants and all days) differed from 504 ± 253 lx “at work” to 940 ± 1149 lx 
“at home” to 5885 ± 3659 lx “elsewhere”.  The illuminances “elsewhere” were significantly 
higher than the illuminances “at work” (U=3, z=-9.59, p=.000) and “at home” (U=135, z=-
8.88, p=.000). 

Minimum Maximum Mean Standard 
deviation Median 

Daily 
lighting 

conditions 
per 

participant

Quantity

Mean Illuminance 
(Ē) 362 lx 3674 lx 1575 lx 747 lx 1390 lx

Luminous exposure 
(H) 4550 lxh 44710 lxh 18354 lxh 9246 lxh 15446 lxh

Spectrum

Mean Correlated 
Colour Temperature 
(CCT)

3756 K 5626 K 4633 K 390 K 4628 K

Mean blue 
irradiance (B̄) 105 W/m² 1368 W/m² 660 W/m² 323 W/m² 601 W/m²

Daily 
lighting 

conditions 
per day

Quantity

Mean Illuminance 
(Ē) 417 lx 2410 lx 1470 lx 525 lxh 1542 lx

Luminous exposure 
(H) 4286 lxh 26418 lxh 17059 lxh 6482 lxh 18322 lxh

Spectrum

Mean Correlated 
Colour Temperature 
(CCT)

4223 K 5758 K 4637 K 306 K 4578 K

Mean blue 
irradiance (B̄) 160 W/m² 1078 W/m² 618 W/m² 254 W/m² 651 W/m²



The mean ± SD correlated colour temperatures for “at work”, “at home”, and “elsewhere” 
were respectively 4205 ± 403 K, 5097 ± 760 K, and 5341 ± 575 K. The correlated colour 
temperature “at home” is significantly higher than “at work” (U=448, z=-7.30, p=.000) but 
significantly lower than the correlated colour temperature “elsewhere” (U=1334, z=-2.818, 
p=.005). The correlated colour temperature “elsewhere” is also significantly higher than “at 
work” (U=179, z=-8.71, p=.000). The same result applies to the average blue irradiances. The 
mean ± SD blue irradiance “at home” (430 ± 560 W/m²) was significantly higher than “at 
work” (158 ± 108 W/m²)(U=1093, z=-4.037, p=.000) but significantly lower than “elsewhere” 
(2607 ± 1649 W/m²)(U=152, z=-8.797, .000). 

The boxplots (Figure 3-6) provide the percentages of luminous exposure the participants were 
exposed to while present at a certain location. The wide ranges of the boxplots show large 
differences in percentages of luminous exposure during the day (e.g., the light a participant 
was exposed to “at home” ranges between 0 and 40 % of their daily luminous exposure). 
The red lines in the boxplots demonstrate the median percentages of total daily luminous 
exposure when present at a certain location (i.e., respectively 7 % “at home”, 26 % “at work”, 
and 67 % “elsewhere”).  
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Figure 3-6: Boxplots demonstrating the percentages of luminous exposure at the three locations of the 
participant (“at work”, “at home”, and “elsewhere”) out of the total daily luminous exposures. The displayed 
data are means over all 62 participants. The red horizontal lines inside the boxes demonstrate the median 

percentages for each location out of the total daily luminous exposure.



Timing, duration, and history of light exposure
The distribution of the lighting conditions over the course of the day were investigated to 
answer the second research question (i.e., timing, duration, and history of light exposure). 
The lighting conditions varied over the course of the day. Figure 3-7 demonstrates the mean 
illuminances over the day as the mean for all participants and during all days. The distribution 
of illuminances over the day, the timing of personal lighting conditions, showed three peaks: 
one in the early morning, one around noon, and one in the late afternoon. The same figure 
also demonstrates the mean correlated colour temperatures and the mean blue irradiances 
over the day. A similar pattern as demonstrated by the mean illuminances was found for 
the mean blue irradiances consisting of three peaks throughout the day. It is notable that all 
three lighting conditions (Figure 3-7) were the highest between sunrise and sunset. 

Figure 3-8 also demonstrates the mean lighting conditions over the course of the day. The 
colours used in these circled plots indicate the number of data points included to calculate 
the mean lighting conditions. These graphs show that the means calculated using the most 
data points were between 09:00 and 17:00. 

Figure 3-9 shows the distribution of the personal lighting conditions over the day as well 
but then split per location (“at home”, “at work”, and “elsewhere”). Similar to Figure 3-8, 
the colours indicate the number of data points included to calculate the mean lighting 
conditions. The graphs show that most people were “at home” between 07:00-8:00 and after 
17:00, “at work” between 08:00-17:00, and “elsewhere” during the three moments similar to 
the three peaks visible in Figure 3-7. Similar to what has been mentioned before, the mean 
illuminances for the locations “at home” and “at work” were undoubtedly lower than at the 
location “elsewhere”. The three peaks in mean illuminances over the course of the day (see 
Figure 3-7) are also clearly visible in the graph for the location “elsewhere” (Figure 3-9). 

Figure 3-9 also shows the distribution of mean correlated colour temperatures and mean 
blue irradiances over the day, again split per location. The correlated colour temperatures 
“elsewhere” were significantly higher than “at home” or “at work”. The correlated colour 
temperatures were less varying throughout the day compared to the illuminances. The mean 
blue irradiances showed a similar pattern as the mean illuminances. 
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Figure 3-7: Average mean personal lighting conditions of 62 office workers over the day. Study period was 
May-June 2017. The upper graph shows average mean illuminances, the middle graph average mean correlated 

colour temperatures, and the lower graph shows average mean blue irradiances over the day. The data is 
averaged per participant over all days and then averaged over all participants.
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Figure 3-8: Average mean personal lighting conditions over the course of the day | all locations (“at home”, 
“at work”, and “elsewhere”). The upper plot shows average mean illuminances, the middle plot average mean 

correlated colour temperatures, and the lower plot shows average mean blue irradiances over the day. The 
colours indicate the number of data points included to calculate the average means. 
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Figure 3-9: Average mean personal lighting conditions over the course of the day | “At home”, “at work”, 
“elsewhere”. The upper three graphs show average mean illuminances, the middle three graphs average mean 
correlated colour temperatures, and the lower three graphs show average mean blue irradiances over the day. 
The colours indicate the number of data points included to calculate the average means. Green: average mean 
calculated based on >200 data points, Orange: average mean calculated on 40-200 data points. Red: average 

mean calculated on <40 data points. 



In addition, duration and history of light exposure were explored by analysing participant’ 
clock times in relation to their lighting conditions. Participants reported the clock times when 
they woke up, started wearing the Lightlog, stopped wearing the Lightlog, and when they 
went to bed. Average ± SD clock times were respectively 07:02 ± 00:41 for waking up, 07:49 
± 01:01 for start wearing the Lightlog, 20:43 ± 02:12 for stop wearing the Lightlog, and 22:25 
± 00:51 for going to bed. 

Table 3-2 provides the clock hours (timing of light exposure) when, on average, a participant 
was exposed to a certain level of illuminance (50 lx, 100 lx, 180 lx, 500 lx, 550 lx, 1000 lx, and 
5000 lx). In addition, the table demonstrates, on average, how long it took for a participant 
to get exposed to a certain illuminance level after wake up time or after start wearing the 
Lightlog (history of light exposure). The same table shows how long the period was between 
a certain illuminance level and stop wearing the Lightlog or until bedtime. Table 3-3 and 
Table 3-4 show similar analyses as presented in Table 3-2 but then for correlated colour 
temperatures and blue irradiances instead of illuminances. 
Table 3-5 demonstrates the duration of certain light exposures during the day. The office 
workers received mostly 180-500 lx, 4000-5000K, and 0-50 W/m², with respectively 
percentages of the awake day of 27 %, 28 %, and 28 %. The table demonstrates, similar to 
Figure 3-8, that the correlated colour temperatures the office workers were exposed to did 
not vary much throughout the day. 
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Table 3-2: Timing and history of illuminances. Average ± standard deviations for clock times the measured 
illuminance [lx] was above a certain level (timing) and the history of light exposure expressed as mean ± 
standard deviations of durations in minutes between wake up time or start wearing the Lightlog and the 

illuminance level and the duration between the last moment the illuminance was above a certain level and 
stop wearing the Lightlog or bedtime (history) are demonstrated in the table. The N values in the first column 

correspond to the total participation days included in the calculation of the average values for that row.
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50 lx
N=562 08:07 ± 01:02 19:52 ± 02:08 63 ± 52 18 ± 19 47 ± 62 118 ± 116 

100 lx
N=562 08:12 ± 01:03 19:28 ± 02:01 69 ± 53 23 ± 24 70 ± 79 146 ± 114 

180 lx
N=562 08:21 ± 01:05 19:04 ± 01:55 77 ± 57 32 ± 33 92 ± 89 171 ± 113 

500 lx
N=558 08:58 ± 01:39 18:19 ± 01:54 115 ± 91 70 ± 75 141 ± 113 221 ± 120

550 lx 
N=556 09:04 ± 01:47 18:15 ± 01:54 123 ± 97 78 ± 82 147 ± 117 227 ± 122 

1000 lx
N=547 09:45 ± 02:28 17:55 ± 01:55 163 ± 125 119 ± 114 171 ± 119 246 ± 123

5000 lx
N=503 11:57 ± 03:17 16:47 ± 02:19 289 ± 179 245 ± 178 244 ± 148 313 ± 145
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Table 3-3: Timing and history of correlated colour temperatures. Average ± standard deviations for clock times 
the measured correlated colour temperature [K] was above a certain level (timing) and the history of light 
exposure expressed as mean ± standard deviations of durations in minutes between wake up time or start 

wearing the Lightlog and the correlated colour temperature level and the duration between the last moment the 
correlated colour temperature was above a certain level and stop wearing the Lightlog or bedtime (history) are 

demonstrated in the table. The N values in the first column correspond to the total participation days included in 
the calculation of the average values for that row.
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2000 K
N=562 08:02 ± 01:02 20:16 ± 02:13 58 ± 51 13 ± 12 25 ± 43 93 ± 116

3000 K
N=562 08:03 ± 01:03 20:14 ± 02:12 59 ± 51 14 ± 15 27 ± 45 95 ± 115

4000 K
N=561 08:12 ± 01:15 20:01 ± 02:13 68 ± 60 22 ± 30 42 ± 59 108 ± 120

5000 K
N=556 08:53 ± 02:01 19:23 ± 02:15 105 ± 101 60 ± 81 82 ± 88 148 ± 131

10000 K
N=157 15:28 ± 02:51 17:31 ± 02:22 524 ± 228 481 ± 222 268 ± 185 293 ± 195
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Table 3-4: Timing and history of blue irradiances. Average ± standard deviations for clock times the measured 
blue irradiance [W/m²] was above a certain level (timing) and the history of light exposure expressed as mean 

± standard deviations of durations in minutes between wake up time or start wearing the Lightlog and the blue 
irradiance level and the duration between the last moment the blue irradiance was above a certain level and 
stop wearing the Lightlog or bedtime (history) are demonstrated in the table. The N values in the first column 

correspond to the total participation days included in the calculation of the average values for that row.
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50 W/m²
N=561 08:21 ± 01:10 19:20 ± 02:02 77 ± 60 32 ± 35 77 ± 81 152 ± 117

100 W/m²
N=558 08:44 ± 01:31 18:49 ± 01:57 99 ± 81 54 ± 63 111 ± 98 186 ± 118

500 W/m²
N=543 10:09 ± 02:53 17:46 ± 02:04 188 ± 144 144 ± 136 181 ± 129 254 ± 128

1000  W/m²
N=528 10:51 ± 03:15 17:19 ± 02:16 228 ± 167 183 ± 160 211 ± 140 281 ± 137

2000 W/m²
N=505 11:47 ± 03:21 16:50 ± 02:19 282 ± 176 238 ± 174 238 ± 143 306 ± 140

3000 W/m²
N=471 12:21 ± 03:16 16:37 ± 02:21 314 ± 181 268 ± 180 252 ± 152 326 ± 152



3.3.4. Discussion
The current subchapter demonstrated personal lighting conditions from the perspective of 
light effects beyond vision. Five out of six light factors were examined. These factors were 
identified to initiate effects on subjective alertness. It was expected that the personal lighting 
conditions would vary between participants, days, locations, and over the day. 

Possibilities when using personal lighting conditions 
This subchapter demonstrates the possibilities for interpreting personal lighting conditions. 
Personal lighting conditions refer to lighting conditions at the individual level and thus 
enable interpretation of the personal lighting conditions per location type. In addition, the 
continuous measurements throughout the entire day allowed the interpretation of timing, 
duration, and history of light exposure. 
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Table 3-5: Duration of light exposure (illuminances, correlated colour temperatures, and blue irradiances). The 
average awake day of 923 minutes (average wake up time of 07:02 and average bedtime of 22:25) was used to 

calculate the percentages provided in the last column.

Personal 
lighting 

condition
Range

Duration
The average number of 

minutes per day the measured 
light falls within the range

Percentage of the awake day 
the measured light falls within 

the range
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0 - 50 lx 48 min 5 %
50 – 100 lx 73 min 8 %
100 – 180 lx 112 min 12 %
180 – 500 lx 247 min 27 %
500 – 550 lx 18 min 2 %
550 – 1000 lx 75 min 8 %
1000 – 5000 lx 72 min 8 %
0 – 5000 lx 646 min 70 %
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0 – 2000 K 0 min 0 %
2000 – 3000 K 27 min 3 %
3000 – 4000 K 193 min 21 %
4000 – 5000 K 259 min 28 %
5000 – 10000 K 201 min 22 %
0 – 10000 K 681 min 74 %
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0 – 50 W/m² 255 min 28 %
50 – 100 W/m² 151 min 16 %
100 – 500 W/m² 190 min 21 %
500 – 1000 W/m² 27 min 3 %
1000 – 2000 W/m² 19 min 2 %
2000 – 3000 W/m² 10 min 1 %
0 – 3000 W/m² 652 min 71 %



Interpretation of personal lighting conditions 
The large differences between the participants in luminous exposures, mean illuminances, 
mean correlated colour temperatures, and mean blue irradiances demonstrated that there 
was no typical light quantity or spectrum for the office workers. Even though this study 
only included participants from one office building and was performed in spring 2017, large 
individual differences were found. These individual differences in personal lighting conditions 
may be caused by fixed personal characteristics (e.g., gender, age, chronotype) (Emens et 
al., 2009; Goulet, Mongrain, Desrosiers, Paquet, & Dumont, 2007; Smolders et al., 2013), 
sleep behaviour, preferences (Maierova et al., 2016), job tasks and behaviour, or the used 
workplace (Aries, Veitch, & Newsham, 2010; Dumont & Beaulieu, 2007; van Duijnhoven, 
Aarts, Rosemann, & Kort, 2017). In addition, differences in personal lighting conditions 
between days were found and may be explained by the weather (Kimball & Hand, 1922) or 
possibly varying work schedules including flexible workplaces of office workers. The work 
behaviour or work schedule of the office workers included in this study was demonstrated 
using the percentages of time spent at a certain location, respectively 22 %, 42 %, and 17 % of 
their awake day was reported as total time spent “at home”, “at work”, and “elsewhere”. The 
standard deviation in time spent “at work” was relatively small regarding all participants (i.e., 
84 minutes), whereas the standard deviations for time spent “at home” and “elsewhere” 
were larger. The ratios between time spent “at home”, “at work”, or “elsewhere” may depend, 
amongst others, on type of contract (fulltime/part-time) and possibilities to work from home 
(Felstead, Jewson, Phizacklea, & Walters, 2002). The possibilities to have individualized 
flexible working times or places differ between countries (Plantenga, 2003). The differences 
between participants in time spent at a certain location may have caused the individual 
differences of the personal lighting conditions. 

Besides the individual differences, the personal lighting conditions differed between 
multiple location types (respectively a mean illuminance of 504 lx, mean correlated colour 
temperature of 4205 K, and a mean blue irradiance of 158 W/m² “at work”, 940 lx, 5097 K, and 
430 W/m² “at home”, and 5885 lx, 5341 K, and 2607 W/m² “elsewhere”). Although the mean 
illuminance “at work” was relatively low compared to the other locations, it was still much 
higher than what Figueiro and Rea (2014) found in their North-American study (i.e., M=179 
lx, SEM=38.3 lx) and what Hubalek, Brink, and Schierz (2010) found in their European study 
(median=308 lx). All three studies were performed in spring so it may be the specific weather 
of the study year (2005, 2014, or 2017), the difference in latitude of the study locations 
(i.e., Grand Junction: 39°, Zürich: 47°, or Alphen aan den Rijn: 52°), or the differences in 
office layouts (e.g., presence/absence of cubicles, window to wall ratios, distance to window, 
orientation, viewing direction towards the window/window opposite) which may have caused 
the differences in lighting conditions between the studies. Hubalek et al. (2010) reported that 
differences in light exposure between multiple research studies may be caused by different 
measurement methodologies, variation in daylight illumination in offices, or the occupation 
or behaviour of office workers. Besides the high personal lighting conditions “at work” 
compared to other literature, one can notice the high luminous exposure at the location 
“elsewhere”. This luminous exposure is high since all light the participants were exposed 
to when they were outside was also included in this location category. The office workers 
received 67 % of their daily luminous exposure at the location “elsewhere” whereas only 26 
% of the daily luminous exposure was received “at work”. This percentage demonstrates that 
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based on the findings in this study, small adjustments in the lighting conditions at the work 
environment can only affect approximately one-fourth of the participant’s daily luminous 
exposure. Larger adjustments in the lighting conditions at the work environment may, of 
course, increase this percentage and make the luminous exposure “at work” more relevant 
as it becomes a larger part of the total daily luminous exposure. Since the daily daylight 
duration is longer in spring compared to autumn or winter, it is expected that the luminous 
exposure “at work” would play a larger role in the total daily luminous exposure in winter. 

Furthermore, the distribution of personal lighting conditions throughout the course of 
the day was also investigated (timing of light exposure). The three notable peaks of mean 
illuminances throughout the day (i.e., one in the early morning, one around noon, and one in 
the late afternoon, see Figure 3-7) were strongly explained by the mean illuminances at the 
location “elsewhere” (Figure 3-9). This pattern of light exposure and its magnitude of mean 
illuminances during the day is comparable to the one indoor workers received in summer 
days as presented by Daugaard et al. (2019). Travel from home to work, a lunch outside, and 
the travel from work back home may explain this pattern of daily light exposure. In addition, 
since this study was performed in spring (at the Northern Hemisphere), the daylight period 
was rather long (i.e., average sunrise at 05:32 and average sunset at 21:46 (sunrise-and-
sunset.com, 2019)) compared to other seasons. This may have caused that the majority of 
the received personal lighting conditions throughout the day was received within the daylight 
period. It is expected, and demonstrated in previous literature (Daugaard et al., 2019; Figueiro 
& Rea, 2016; Smolders et al., 2013; Tsuzuki et al., 2015), that the average lighting conditions 
in autumn and winter are lower. At all locations (see Figure 3-9) there is an increasing trend 
visible in mean illuminances at the beginning of the day and a decreasing trend at the end of 
the day. This may be explained by the sun positions. The mean blue irradiances follow a similar 
pattern over the day as the mean illuminances but the mean correlated colour temperatures 
did not vary much throughout the day (see Figure 3-8 and Figure 3-9). The mean correlated 
colour temperatures throughout the working day (on average between 08:25 and 16:30) 
mainly seem a combination of both electric light and daylight since the correlated colour 
temperatures vary between 4000 and 5000 K. This range of correlated colour temperatures 
is slightly higher than the common correlated colour temperature emitted by fluorescent 
lamps (LRC, 2006) and therefore probably increased by the presence of daylight. 

In addition, the duration and history of light exposure were investigated. The percentage of 
time per day the participant was exposed to a certain illuminance varied from 2 % for 500-550 
lx to 27 % for 180-500 lx. A similar pattern (more exposure to lower levels) was found for blue 
irradiances (1 % of the time a blue irradiance of 2000-3000 W/m² to 28 % for a blue irradiance 
of 0-50 W/m²). The correlated colour temperatures did not vary much and the results showed 
3 % of the time a CCT of 2000-3000 K to 28 % for a CCT of 4000-5000 K. It needs to be mentioned 
that the participants did not wear the Lightlog for an average of 19 % of the awake day. Since 
this 19 % of the time was mainly outside daylight hours, it is expected that the percentages of 
the day with illuminances up to 1000 lx (i.e., corresponding to indoor situations (Crowley et 
al., 2015)) will increase whereas the percentages for illuminances above 1000 lx would remain 
similar. The expectation that office workers mostly received illuminances up to 1000 lx and 
correlated colour temperatures up to 5000 K was confirmed. The mean number of minutes 
that a participant got exposed to at least 1000 lx  (i.e., 72 minutes in the range between 1000 
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– 5000 lx, see Table 3-5) were lower than found in the study from Tsuzuki et al. (2015) (i.e., 
180 ± 101 minutes), but higher than found in the study of Heil and Mathis (2002) (i.e., 36 ± 
6 minutes). Although the participants in the study of Tsuzuki et al. (2015) were asked to live 
their regular lives during their participation, it remains unclear whether they were at work or 
not. Since their mean age was 64 years, the higher number of minutes above 1000 lx may be 
explained by more time spent outside. In contrast, the number of minutes above 1000 lx was 
much lower in the study from Heil and Mathis (2002) This study took place in September and 
the job of the participants, hospital employees, was different than in the study described in 
the current subchapter. This may explain the low lighting conditions. The numbers of minutes 
above certain minimum illuminances were comparable to the results of the study of Crowley 
et al. (2015). However, the first and last clock times above a certain illuminance (history of 
light exposure) were different between both studies. Crowley et al. (2015) described earlier 
clock times for first clock time the measured illuminance was above the illuminance levels 
and also later clock times for the last clock time the illuminance was above this level. This 
difference may be explained by the difference in latitude of the study location (i.e., Chicago: 
41°, Alphen aan den Rijn: 52°) and the corresponding sun positions,  or the differences in 
work behaviour and normal working hours between American and European office workers, 
the persistence in wearing the photometer during the participation days, or the total number 
of participants in the study (i.e., the standard deviation of the current subchapter, calculated 
from the data of 62 participants, was higher compared to the data of Crowley et al. (2015) 
including 14 participants). 

Assumed thresholds for an effect on subjective alertness 
As mentioned in the introduction of this subchapter, there is not yet a consistent lighting 
recommendation or requirement available to initiate an effect on subjective alertness 
(Huiberts, Smolders, & de Kort, 2015). However, six light factors were suggested to initiate an 
effect on subjective alertness: light quantity, spectrum, directionality, and timing, duration, 
and history of light exposure. Light directionality was not investigated in this subchapter. The 
other five light factors were investigated using the dataset of the 62 Dutch office workers. For 
this subchapter, thresholds for personal lighting conditions (vertically at eye level), for five 
light factors, were assumed to check whether the 62 office workers met these thresholds or 
not. The added value of the interpretation of the personal lighting conditions may even be 
higher by comparing the data against these assumed thresholds:

• Light quantity: 1000 lx. Huiberts et al. (2015), for example, demonstrated that a small  
 difference in light quantity (i.e. 200 lx vs 1000 lx vertically at the eye) already  
 influences feelings of alertness.
• Light spectrum: A correlated colour temperature of 5000 K. Only a small percentage  
 of the studies investigating the effect of correlated colour temperature on subjective  
 alertness found a significant effect (Souman et al., 2018). 
• Timing of light exposure: Morning and midday. Effects on alertness were more  
 pronounced in the morning and midday compared to other times of the working day  
 (Iskra-Golec et al., 2012).
• Duration of light exposure: 0.2 hours. Chang et al. (2012) suggested that shorter light  
 exposures may be sufficient to induce acute and sustained effects on alertness. 
• History of light exposure: light quantity lower than 100 lx and/or light spectrum  
 lower than 5000 K. Chang, Scheer, Czeisler, and Aeschbach (2013) demonstrated  



 that the magnitude of the direct alerting response to a light stimulus depends not  
 only on the illuminance of the light stimulus itself. The illuminance to which the  
 individual was previously exposed (history of light exposure) also influences the  
 magnitude of the direct alerting response. In addition, they reported that the direct  
 alerting response lasted longer if the light stimulus was preceded by dim light  
 instead of bright light. In addition, Huiberts (2018) highlighted the importance of  
 studying light effects beyond vision of indoor lighting in a larger time frame because  
 of potential (unwanted) delayed effects after a certain light exposure. It needs to be  
 mentioned that these findings from Chang et al. (2013) and Huiberts (2018) were  
 both found in controlled lab studies and that these are not yet confirmed in field  
 studies. This assumed threshold should therefore be considered cautiously. 

First, not all 62 office workers received a daily mean illuminance (light quantity) of 1000 
lx (see Table 3-1). In addition, they received on average for 8 % of their awake day an 
illuminance of at least 1000 lx at eye level (see Table 3-2). Therefore, it is demonstrated 
that this illuminance level of 1000 lx is met during the day, but not consistently throughout 
the entire awake day. However, it needs to be mentioned that although light quantity is 
often referred to as momentarily measured illuminances to initiate both acute and circadian 
effects, mean illuminances were used in this subchapter to evaluate this assumed threshold 
for light quantity. Second, the data investigation showed that the office workers received a 
correlated colour temperature of 5000 K or higher for only an average of 22 % of the awake 
day (light spectrum, see Table 3-3). The mean correlated colour temperature “at work” was 
4205 K whereas the mean correlated colour temperatures for the other locations (i.e., “at 
home” and “elsewhere”) were both higher than 5000 K. Third, the light quantity of 1000 
lx was easily met for the morning and midday periods during the working day (timing of 
light exposure, see Figure 3-7). However, the correlated colour temperature of 5000 K was 
only met during the morning (i.e., 06:00-08:00) but not for the period around midday. “at 
work” (i.e., on average 08:25-16:30), the mean correlated colour temperature was 4205 K. 
Fourth, for the periods the illuminance was at least 1000 lx (i.e., approximately between 
07:00-09:00, 12:00-14:00, and 16:00 and 20:00, see Figure 3-7), the illuminance did not drop 
to an illuminance lower than 1000 lx. This indicates that the duration of 0.2 hours was easily 
met. In addition, the duration of 0.2 hours for the correlated colour temperature of 5000 K 
was also met. A period of approximately 2 hours in the morning (i.e., 06:00-08:00, see Figure 
3-7) and a period of approximately 4 hours in the late afternoon/beginning of the evening 
(i.e., 16:00-22:00, see Figure 3-7) demonstrated correlated colour temperatures above 5000 
K. And last, the measured light quantity, in spring, was often higher than 1000 lx before the 
office workers arrived at work, so this means that the assumed recommendation of having a 
history of light exposure lower than 1000 lx was not always met (see Figure 3-7). In addition, 
the correlated colour temperature was mostly higher before and after work compared to “at 
work” indicating that the assumed recommendation concerning the history of light exposure 
was not met for the light spectrum either (see Figure 3-7). 

It needs to be mentioned that all light factors should be considered simultaneously. For 
example, the threshold for light quantity may differ throughout the day. It may be that 500 
lx during the day is not sufficient to initiate an alertness boost whereas this 500 lx at night 
would initiate this boost for sure. It is even proven that 40 lx, with predominance in the blue 
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range of the spectral composition, in the evening is already sufficient to attenuate an increase 
of melatonin secretion and thus an increase in sleepiness (Cajochen, Chellappa, & Schmidt, 
2010). This last finding even considered three light factors at the time (light quantity, light 
spectrum, and timing of light exposure). 

Limitations of the study
This subchapter only included the five light factors light quantity, spectrum, and timing, 
duration, and history of light exposure when describing lighting conditions whereas the 
CIE recommended to include as many light quantities as possible to describe the total lit 
environment (CIE, 2016). In addition, it was suggested before that, when investigating light 
effects beyond vision, six light factors are of importance. Light directionality was not included 
in this subchapter. In addition, the light spectrum was represented in this subchapter using 
correlated colour temperatures; actual spectral measurements, containing much more 
information than only the correlated colour temperatures, were not included in the current 
subchapter though. 

The objective light measurements were performed using the PBM method. This method is 
known as a practical method to easily gather personal lighting conditions throughout the 
entire day. However, this method also suffers from disadvantages such as relatively high 
performance errors (subchapter 2.3) and the experience of discomfort while wearing a 
portable photometer (subchapter 2.4). Wearing the device from wake up time until bedtime, 
putting the device in the black bag when the device was not worn, and remembering to 
always put the device on the outer layer of clothes required perseverance of the participant. 
The same perseverance was asked for completing the daily diary. Besides the practical and 
comfort issues of the applied measurement method, the Lightlogs applied in this study were 
unable to measure spectral data. Without the spectral data, it was impossible to convert the 
measured personal lighting conditions of the office workers to the recently introduced α-opic 
light quantities (CIE, 2018; Lucas et al., 2014). Therefore, the personal lighting conditions 
were only analysed using illuminances, correlated colour temperatures, and blue irradiances. 

Due to the potential inaccuracies of the measurement method and the less detailed 
interpretation of the light spectrum (missing the α-opic light quantities), the daily personal 
lighting conditions of the 62 office workers were analysed in an explorative manner to 
investigate whether personal lighting conditions allow the interpretation of the personal 
lighting conditions from the perspective of light effects beyond vision. All personal 
lighting conditions were averaged per participant and then over all participants. Since the 
interpretation is based on mean personal lighting conditions measured only in springtime 
and no in-depth statistical analysis was performed controlling for potential confounders such 
as time of the day or personal conditions, the reader should be cautious interpreting the 
exact numbers of the personal lighting conditions presented in this subchapter. 



3.3.5. Conclusions and recommendations
The current study interpreted personal lighting conditions of office workers (N=62, study 
period in spring 2017) using five out of six light factors identified to initiate effects on 
subjective alertness. Personal lighting conditions were found to allow the interpretation of 
daily light exposure from the perspective of effects beyond vision. It is highly recommended 
to include personal lighting conditions in future light effect studies.

When interpreting the personal lighting conditions, the light quantity and spectrum showed 
variation between multiple days but moreover between participants. This indicates large 
individual differences even within the selective sample of 62 office workers. Besides the 
individual differences, the study demonstrated large differences in lighting conditions 
between different office worker’s locations. Furthermore, the timing of light exposure was 
investigated. The mean illuminance peaked three times over the course of the day: in the 
morning (e.g., when participants travelled to work), during lunchtime (e.g., when participants 
went outside for lunch), and at the end of the afternoon (e.g., when participants went home 
after work). The duration and history of light exposure demonstrated that, out of the average 
646 minutes of exposure to 0-5000 lx, the participants were only exposed to an illuminance 
above 1000 lx for 72 minutes. The interpretation of personal lighting conditions using the 
five light factors is essential information since all of these light factors may be relevant for 
initiating effects on subjective alertness. The assumed recommendations to initiate an effect 
on subjective alertness for timing, duration, and history of light exposure were mostly met 
concerning the light quantity. However, these 62 office workers did not all meet the assumed 
recommendations for the light spectrum. The findings give in-depth insight in the possibilities 
to interpret personal lighting conditions of office workers and showed large individual 
differences. However, the findings should be treated with caution and cannot be generalized. 

Since it is unknown which of the six light factors (e.g., light quantity, spectrum, directionality, 
or timing, duration or history of light exposure) are the most relevant to initiate an effect on 
subjective alertness and since there is no (daily) threshold yet known to examine whether 
a certain effect (e.g., on subjective alertness) will emerge, it is uncertain whether the 
participants in the current study received ‘sufficient’ light during their participation days. It 
is suggested to perform more light effect field studies that need to incorporate continuous 
measurements of personal lighting conditions.  In addition, it is recommended to take into 
account all six light factors relevant to the potential relationship between light and subjective 
alertness in future light effect studies. Finally, this study only included working days whereas 
including non-working days or weekend days in future would make it possible to extend the 
duration of light exposure to be investigated in relation to subjective alertness or longer-term 
effects beyond vision. Furthermore, a comparison between different seasons, similar to the 
studies of Crowley et al. (2015) and Figueiro and Rea (2014), needs to be done with larger 
and more extended light effect studies. This would enable the verification of the findings 
demonstrated in this subchapter. 

178 | Chapter 3



Interpreting personal lighting conditions | 179 

Light initiates effects beyond vision such as subjective alertness. Since it is still unknown 
which light factors are the most prominent in the relationship between light and subjective 
alertness, it has been recommended to continuously measure personal lighting conditions. 
In the study described in this chapter, personal lighting conditions of 62 Dutch office workers 
(49.7 ± 11.4 years) were continuously measured and simultaneously self-reported activities 
and locations during the day were gathered via diaries. Each office worker participated ten 
working days in spring 2017. Personal lighting conditions were interpreted using five light 
factors identified to initiate effects beyond vision (light quantity, spectrum, and timing, 
duration, and history of light exposure). First, differences in light quantity and spectrum were 
found between participants and different locations (“at home”, “at work”, or “elsewhere”). 
Second, the results showed three peaks at different times of the day (in the morning, at 
midday, and in the afternoon) (timing of light exposure). Last, the participants were found to 
be on average exposed to an illuminance of 1000-5000 lx for 72 minutes per day (duration 
and history of light exposure). 

Personal lighting conditions were found to allow the interpretation of daily light exposure from 
the perspective of effects beyond vision. The results of the interpretations of the personal 
lighting conditions confirm the recommendation to include personal lighting conditions in a 
light effect study when investigating effects beyond vision.

3.4 Conclusion
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Figure 4-1: The focus of this chapter: step 3 of the systematic approach 
to collect personal lighting conditions, predictors of personal lighting 
conditions, and the relationship between personal lighting conditions and 
subjective alertness, see Figure 1-7.
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4.1 Introduction

This chapter focuses on identifying predictors of personal lighting conditions (see Figure 4-1). 

Once the relationship between lighting conditions and subjective alertness is verified, it 
may be relevant to individually tailor and control personal lighting conditions to optimize 
an individual’s subjective alertness. Nowadays, individual control over lighting conditions in 
offices is often available and implemented (Philips, 2019). More and more office buildings are 
equipped with lighting which allows each office worker to select her or his desired lighting 
condition by controlling the electric light sources in her or his vicinity. This selection can, 
for example, be based on individual preferences but the system can behave even more 
intelligently. If the individual’s subjective alertness would be used as input for the lighting 
system, the electric lighting could be adjusted automatically towards the individual’s needs 
regarding their subjective alertness. However, as mentioned earlier, it is still uncertain which 
personal lighting conditions people need. In addition to that, office worker’s personal lighting 
conditions, are often a combination of electric light and daylight. This combination suggests 
that the light exposure of an office worker is not administrable by controlling the electric 
lighting only. Furthermore, the lighting conditions at locations other than “at work” will 
affect subjective alertness but these are more difficult to control (e.g., electric lighting in a 
restaurant or direct daylight exposure when walking outside). Nevertheless, an individual can 
wear sunglasses to reduce the retinal light exposure or daylight entering an office building 
can be controlled by using sun shading or changing the transmittance of the glazing. Modern 
glazing materials do not only affect light quantity inside the room but colour distortion as 
well (Arbab & Matusiak, 2019).
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This subchapter is based on:
van Duijnhoven J., Aarts M. P. J., Kort H. S. M., Van den Heuvel E. R. The identification of 
variables influencing personal lighting conditions of office workers to steer effects beyond 
vision. Submitted for publication. 2019.

4.2 The identification of predictors 
influencing personal lighting conditions 



4.2.1. Introduction
This subchapter includes the investigation of four of the six light factors identified to initiate 
effects on subjective alertness by analysing mean illuminances and mean correlated colour 
temperatures over the entire day and over the daily working hours. The light factors light 
directionality and history of light exposure were therefore excluded.

The current subchapter describes the identification of input variables that have an influence 
on the personal lighting conditions of office workers. Subsequently, it describes how well 
the variance of personal lighting conditions can be explained by the identified predictors 
whether or not controllable by office workers themselves. 

The relationships indicated with the first arrow in Figure 4-2 demonstrate the hypotheses 
investigated in this subchapter. It is expected that (1) weather conditions would highly 
influence the personal lighting conditions of office workers. Previous studies showed 
differences in lighting conditions across seasons. For example, numerous papers reported 
higher lighting conditions in summer compared to winter in the Northern Hemisphere 
(Crowley, Molina, & Burgess, 2015; Figueiro et al., 2018; Figueiro & Rea, 2014; Graw, Recker, 
Sand, Kräuchi, & Wirz-Justice, 1999; Smolders, de Kort, & van den Berg, 2013; Tsuzuki, Mori, 
Sakoi, & Kurokawa, 2015). In addition, (2) fixed personal characteristics (i.e., age, gender, 
chronotype) and (3) flexible personal conditions (i.e., health-related issues) may influence 
office worker’s light exposure (Hubalek et al., 2010). However, these three variable categories 
are difficult or impossible to control for the office workers. Focusing on the input variables 
potentially influencing personal lighting conditions which are controllable by office workers 
may be more relevant ((4) daily schedule or (5) workplace characteristics). In subchapter 3.3, 
it was suggested that the peaks in illuminance during the day may be explained by the peaks 
at the location “elsewhere” (i.e., not being “at home” or “at work”). In addition, it is expected 
that workplace characteristics (e.g., distance to the closest window (van Duijnhoven, Aarts, 
Rosemann, & Kort, 2017), viewing direction (subchapter 2.6), or orientation of the office 
building, obstruction near the daylight opening, and the presence of sun shading devices 
(Aries, 2005)) may influence the personal lighting conditions. The second arrow of Figure 4-2 
demonstrates the relevance of adjusting the personal lighting conditions of office workers: 
the effect of personal lighting conditions on subjective alertness. This relationship will be 
discussed in Chapter 5. 
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Figure 4-2: Theoretical framework to demonstrate the hypotheses and perspective of the current subchapter. 
The first arrow indicates the expected relationships between (1) weather conditions, (2) fixed personal 

characteristics, (3) flexible personal conditions, (4) daily schedule, (5) workplace characteristics and personal 
lighting conditions. Four light factors taken from the personal lighting conditions were investigated in this 
subchapter (i.e., light quantity, spectrum, and timing and duration of light exposure). The second arrow 

highlights the relevance of adjusting personal lighting conditions: the effect of personal lighting conditions on 
subjective alertness. 

4.2.2. Methodology
The study design including, amongst others, the office environment, the (recruitment of the) 
participants, and the protocol can be found in subchapter 3.2. See Figure 3-4 for the overview 
of executed analyses of this large field study and for the elements of the field study included 
in this subchapter. 

Data analysis
The data analysis included two light aspects of personal lighting conditions as dependent 
variables: mean vertical illuminances (Ēday and Ēwork) and mean correlated colour temperatures 
(CCTday and CCTwork). Subchapter 3.3 provided explanations regarding these light aspects. 
These measures are called light measures in the remainder of this subchapter. All four 
measures were transformed to a logarithmic scale to approximate normality better. Better 
approximation to normality increases the options to perform statistical analyses. 

35 input variables, retrieved from the (daily) questionnaires (see subchapter 3.2), were 
included in the data analysis as independent variables. The input variables identified to have a 
significant influence on the personal lighting conditions are called predictors in the remainder 
of this paper. The input variables can be split into five categories: (1) weather conditions, (2) 
fixed personal characteristics, (3) flexible personal conditions, (4) daily schedules of office 
workers, and (5) workplace characteristics. The data for these input variables was gathered 
via questionnaires (e.g., subjective sleep quality), the daily diaries (e.g., daily time spent “at 
home”), or objective measurements (distance to the closest window). Table 4-1 presents 
these input variables ordered per degree of change. First, the input variables were presented 



that do not change within participants (retrieved from the general questionnaire). Second, 
the input variables that changed between days but not within days were provided (retrieved 
from the diary, one of the four daily questionnaires, or objective data). And third, the input 
variables that varied within days were presented (retrieved from all four daily questionnaires). 
The input variables with the highest degree of change were averaged over the days to be 
able to link them to the daily measures of personal lighting conditions (Ēday, Ēwork, CCTday, and 
CCTwork.

All input variables were screened separately for a correlation with each of the light measures 
(significance level p=.05). The input variables found to correlate significantly with the light 
measures (i.e., the predictors) were included into one statistical model. Backward elimination 
was executed (significance level p=.05) to obtain the final model for the analysis. In all 
analyses, a linear mixed model (LMM) was applied. LMM is a regression model that takes into 
account the correlations between data points for each person. Therefore, the model clusters 
the data per participant and the random intercept was chosen for subject. In addition, data 
points over time may also correlate; therefore, a spatial autocorrelation for the repeated 
measurements over days within subjects was taken into account in the LMM. 

The parameter estimates were converted back to relative rates for the original scale of 
the aspects of personal lighting conditions. The mixed effects model for personal lighting 
conditions yij for subject i at day j can be formulated as Equation 4.1.  
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Association βh for predictor h with the logarithmic individual aspect of personal lighting 
conditions were reported by a relative rate exp{βh} for the aspect in its original scale. The 
relative rate represents the expected multiplicative change in the individual aspect of 
personal lighting conditions for one unit change in the predictor h. 

For each LMM for the four measures of personal lighting conditions, the percentage of 
variance explained by the identified predictors was determined. Then, the percentage of 
explained variance was determined again for the LMM excluding the controllable predictors. 
The difference in these two percentages led to the percentage of variance explained by only 
the identified controllable predictors. 

Where:
 Yij = Estimated light measures (i.e., one of the four) for subject i at day j;
 β0 = An intercept;
 βh = The coefficient for predictor h (with xij the value of predictor h for subject i at day  
      j);
 bi = A random effect for subject i, with bi ~ N(0,σS²);
 eij = The residual for subject i at day j, with eij ~ N(0,σR²) and autoregressive covariance  
      COV(eir,eis)= σR²exp { -α | s - r | }.

(4.1)
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Table 4-1: Overview of all 35 input variables included in the data analysis to identify predictors of personal 
lighting conditions. The category numbers correspond to the ones in Figure 4-2: 1: weather conditions, 2: fixed 

personal characteristics, 3: flexible personal conditions, 4: daily schedule of the office worker, 5: workplace 
characteristics. The abbreviations GQ, Q1, Q2, Q3, Q4, and D stand for general questionnaire, the first to fourth 
daily questionnaire, and the diary the participants had to fill in. The questionnaires are provided in Appendix B2 

to B6. 
Input variable Category Retrieved from Mean ± SD [range] or 

distribution
Number 
of data 
points

Reference

Age 2 GQ 50 ± 11 years [27 – 67] 60 N/A

Bodily Pain 3 GQ 82 ± 19 % [30 – 100] 53 SF-36 (Ware, 2009)

Chronotype 2 GQ 3.3 ± 0.7 [2 – 5] 44 Adjusted MCTQ (Roenneberg, 
Wirz-Justice, & Merrow, 2003)

Eye problems 3 GQ 93 % no, 7 % yes 60 OLS (Eklund & Boyce, 1996)

Gender 2 GQ 32 % male, 68 % female 62 N/A

General Health 3 GQ 67 ± 15 % [25 – 90] 53 SF-36 (Ware, 2009)

Job contract 4 GQ 50 % fulltime, 50 % 
part-time 60 N/A

Light sensitivity 3 GQ 5.1 ± 2.6 [1 – 10] 60 (de Goijer, Chraibi, & Aries, 
2016)

Mental Health 3 GQ 77 ± 15 % [35 – 100] 53 SF-36 (Ware, 2009)

Problems with colour vision 3 GQ 95 % no, 5 % yes 60 OLS (Eklund & Boyce, 1996)

Physical Functioning 3 GQ 89 ± 15 % [35 – 100] 53 SF-36 (Ware, 2009)

Role Emotional 3 GQ 68 ± 12 % [25 – 75] 53 SF-36 (Ware, 2009)

Role Physical 3 GQ 67 ± 13 % [25 – 75] 53 SF-36 (Ware, 2009)

SAD score aspects 3 GQ 6.8 ± 4.0 [0 – 15] 60 Adjusted SPAQ (Rosenthal et 
al., 2005)

SAD score seasons 3 GQ 1.5 ± 0.7 [1 – 3] 60 Adjusted SPAQ (Rosenthal et 
al., 2005)

Social Functioning 3 GQ 89 ± 16 % [38 – 100] 53 SF-36 (Ware, 2009)

Use of optics 3 GQ 25 % no, 75 % yes 60 OLS (Eklund & Boyce, 1996)

Vitality 3 GQ 67 ± 19 % [19 – 100] 53 SF-36 (Ware, 2009)

Arrival time “at work” 4 D 08:41 ± 00:19 [06:45 
– 17:15] 527 N/A

Daily time spent “at home” 4 D 3.6 ± 2.8 hours [0 – 15] 568 N/A

Daily time spent “at work” 4 D 6.5 ± 2.7 hours [0 – 13] 568 N/A

Daily time spent “elsewhere” 4 D 2.7 ± 2.2 hours [0 – 12] 568 N/A

Average daily outdoor temperature 1 Objective data 16.3 ± 3.8 °C [8 – 24] 519
(The Royal Netherlands 

Meteorological Institute (KNMI), 
2019)

Relative sun duration; percentage of sunshine 
duration relative to maximum potential 
sunshine duration (daylight duration)

1 Objective data 50.5 ± 27 % [4 – 92] 519
(The Royal Netherlands 

Meteorological Institute (KNMI), 
2019)

Sleep duration; the number of hours slept 
during the night prior to filling in the 
questionnaire

3 Q1 6.7 ± 0.9 hours [4 – 9] 528 N/A

Sleep quality; the subjective sleep quality of 
the night prior to filling in the questionnaire 3 Q1 3.8 ± 0.9 [1 – 5] 528 N/A

Total time awake; the number of hours being 
awake when filling in the questionnaire 4 Q1 2.9 ± 0.7 hours [1 – 4] 528 N/A

Transport to work 2 Q1 44 % Transport indoor, 
56 % Transport outdoor 528 N/A

Eye discomfort 3 Q4 56 % no, 44 % yes 432 N/A

Eye fatigue 3 Q4 38 % no, 62 % yes 432 N/A

Headache 3 Q4 73 % no, 27 % yes 432 N/A

Distance to the closest window; distance from 
the workplace of the office worker to the 
closest window

5
Desk number 

reported in Q1, 
Q2, Q3, Q4

5.1 ± 4.0 meters [0.90 
– 24.4] 1121 Determined from floor plan

Position sun shading device, 100 % is 
completely open 5 Q1, Q2, Q3, Q4 68 ± 40 % [0 – 100] 1590 N/A

Viewing direction relative to orientation 
(0°=North) 5

Desk number 
reported in Q1, 

Q2, Q3, Q4
149 ± 105 ° [1 – 357] 1232 Determined from floor plan

Viewing direction relative to the closest 
window (0°=Toward window) 5

Desk number 
reported in Q1, 

Q2, Q3, Q4
95 ± 38 ° [0 – 180] 1159 Determined from floor plan



4.2.3. Results
This results section is divided into three parts. First, descriptive statistics were provided to 
gain insight into the dataset. Second, information on the identification of the predictors 
was provided including aspects identified as predictor during the screening step and whilst 
inserted all together into one model. And last, the percentages of explained variances of the 
models were presented. These variances were provided for the model including all predictors 
and for the model only including predictors that are controllable by office workers.  

Descriptive statistics
The mean vertical illuminances “at work” were approximately three times lower than for the 
entire day (Ēday: 1482 ± 1414 lx compared to Ēwork: 483 ± 410 lx). The mean correlated colour 
temperatures “at work” were slightly lower than for the entire day (CCTwork: 4225 ± 603 K 
compared to CCTday: 4632 ± 601 K). 

The office workers’ arrival time “at work” did not differ much between participants (08:41 
± 00:19) whereas the daily duration spent “elsewhere” did (2.7 ± 2.2 hours). The flexible 
workplaces of the office workers were 5.1 ± 4.0 meter away from the closest window and 
on average placed parallel to the closest window (a viewing direction relative to the closest 
window of 95 ± 38° in which 0° means towards the window). 

Additional descriptive statistics of the weather conditions, fixed personal characteristics, 
flexible personal conditions, daily schedules of the office workers, and workplace 
characteristics can be found in Table 4-1.

Predictors of personal lighting conditions
The first set of results presented in Table 4-2 demonstrates the predictors that were identified 
in the screening phase. In addition, the predictors were provided that remained to have a 
significant influence on the light measures when all predictors were simultaneously inserted 
into one model. Weather conditions (relative sun duration), fixed personal characteristics 
(chronotype and age), flexible personal conditions (eye discomfort, headache and SAD 
score season), daily schedule (duration “elsewhere” and duration “at work”), and workplace 
characteristics (position sun shading device, distance to the closest window, and viewing 
direction relative to the window) were all found to influence the four light measures. 

194 | Chapter 4



Identifying predictors for personal lighting conditions | 195 

Table 4-2: Input variables that were identified as predictors of the four measures of personal lighting conditions. 
The estimates are demonstrated as relative rates in the original scale of the light measures (exp{βh}) to enable 
easy interpretation. CI stands for confidence interval, P-value stands for significance level, and LMM stands for 

linear mixed model. 

The results of potential adjustments in the predictors on the four light measures are provided 
in Table 4-3. The adjustments in the predictors were arbitrarily chosen as examples how to 
interpret the results. The percentages of increase or decrease in the light measures were 
calculated using Equation 4.2. 

Light 
measure Input variables

Screening phase Combined in one model 
(LMM)

Estimate [95 % CI] P-value Estimate [95 % CI] P-value

Lo
ga

rit
hm

ic
 

Ē da
y

Temperature 1.024 [1.007; 1.042] .007 NA NA

Relative sun duration 1.007 [1.005; 1.009] <.001 1.006 [1.003; 1.008] <.001

Chronotype score 0.735 [0.604; 0.893] .002 0.775 [0.629; 0.954] .016

Eye discomfort 1.218 [1.028; 1.443] .023 1.204 [1.004; 1.445] .045

Daily time spent “at home” 0.971 [0.947; 0.995] .019 0.954 [0.923; 0.985] .005

Daily time spent 
“elsewhere” 1.126 [1.094; 1.158] <.001 1.080 [1.042; 1.120] <.001

Lo
ga

rit
hm

ic
 

CC
T da

y

Relative sun duration 1.001 [1.001; 1.001] <.001 1.001 [1.001; 1.001] <.001

Age 0.998 [0.996; 1.000] .041 0.997 [0.995; 0.999] .009

Chronotype score 0.951 [0.918; 0.987] .007 0.952 [0.920; 0.986] .006

Position sun shading 
device 1.000 [1.000; 1.001] .046 1.001 [1.000; 1.001] .003

Distance to the closest 
window 0.994 [0.991; 0.997] <.001 0.994 [0.990; 0.999] .014

Daily time spent “at home” 1.010 [1.007; 1.014] <.001 1.008 [1.002; 1.013] .004

Daily time spent “at work” 0.993 [0.989; 0.996] <.001 NA NA

Duration “elsewhere” 1.009 [1.004; 1.013] <.001 1.011 [1.005; 1.017] <.001

Lo
ga

rit
hm

ic
 

Ē w
or

k

Viewing direction relative 
to window (window=0°) 0.998 [0.996; 0.999] .006 0.997 [0.996; 0.999] .005

Position sun shading 
device 1.003 [1.001; 1.004] .002 1.003 [1.001; 1.005] .003

Distance to the closest 
window 0.968 [0.951; 0.985] <.001 0.977 [0.958; 0.996] .019

Lo
ga

rit
hm

ic
CC

T w
or

k

Viewing direction relative 
to window (window=0°) 0.999 [0.999; 1.000] <.001 0.999 [0.999; 1.000] <.001

Relative sun duration 1.001 [1.000; 1.001] <.001 1.001 [1.001; 1.001] <.001

Job contract 0.942 [0.902; 0.985] .008 NA NA

SAD score seasons 0.964 [0.934; 0.996] .029 0.950 [0.920; 0.981] .002

Position sun shading 
device 1.001 [1.000; 1.001] .002 1.001 [1.000; 1.001] <.001

Distance to the closest 
window 0.992 [0.988; 0.996] <.001 0.992 [0.988; 0.996] <.001

Daily time spent “at home” 1.005 [1.000; 1.010] .034 NA NA
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Where:
 ∆PLC  = Percentage change in one of the four light measures;
 Estimate = Estimate filled in as provided in Table 4-2;
 ∆p  = Adjustment in the predictor.

(4.2)

Two examples of filling in Equation 4.2:
1.  Ēday increases by 6 % when the relative sun duration increases by 10 %: 
 (1.00610 – 1) × 100 % = 6 %.
2.  Ēwork decreases by 14 % when the sun shading device adjusted from open (100 %  
 openness) to half open (50 % openness): 
 (1.003-50 - 1) × 100 % = -14 %. 

Table 4-3: Overview of the influence of adjustments in predictors on the four light measures. Ēday: daily mean 
illuminance, CCTday: daily mean correlated colour temperature, Ēwork: daily mean illuminance “at work”, and 

CCTwork: daily mean correlated colour temperature “at work”. The numbers within brackets, provided in the third 
row, stand for the categories of the input variables: (1) weather conditions, (2) fixed personal characteristics,  

(3) flexible personal conditions, (4) daily schedule of office workers, and (5) workplace characteristics.
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Ēday

6 % 
↑

23 %
↑

20 %
↑

8 % 
↑

5 %
↓

CCTday

1 %
↑

5 %
↑

3 %
↑

1 %
↑

1 %
↑

5 %
↓

1 %
↓
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Explained variances of personal lighting conditions by (controllable) predictors
Only 5 out of the 10 identified predictors of personal lighting conditions are controllable by 
the office workers. Weather conditions (relative sun duration), fixed personal characteristics 
(age and chronotype of office workers), and flexible personal conditions (eye discomfort and 
SAD score seasons) are predictors that are difficult or impossible to be (directly) controlled 
by the office workers themselves. Some of these can be adjusted by others (e.g., a treatment 
can potentially cause a change in SAD score). The time the office workers spent at a certain 
location (daily time spent “at home” or “elsewhere”) or the workplace characteristics of their 
selected workplace (sun shading device, viewing direction relative to the closest window, and 
the distance to the closest window) are predictors of personal lighting conditions that are 
controllable by office workers. 

The controllable predictors in an office environment can explain 4 -16 % of the absolute 
variance in personal lighting conditions (see Table 4-4). Remarkable is that the mean 
illuminance “at work” (Ēwork) can only be explained for 4.4 % and that this 4.4 % variance is 
only explained by controllable predictors. Uncontrollable predictors (i.e., weather, flexible 
personal conditions, and fixed personal characteristics) were not able to explain any variance 
of the mean illuminance “at work”. 

Table 4-4: Percentages of the variance of personal lighting conditions explained by the identified (controllable) 
predictors, see Table 4-2. 

Light 
measure

Percentage of variance  
explained by all 

identified predictors 
(both controllable and 

uncontrollable)

Controllable predictors

Percentage 
of variance 

explained by 
controllable 
predictors

Ēday 20 % Daily time spent “at home”, Daily time 
spent “elsewhere” 6.4 % 

CCTday 29 %
Sun shading device, distance to the 
closest window, Daily time spent “at 
home”, Daily time spent “elsewhere”

13.7 %

Ēwork 4.4 %
Viewing direction (window), sun 

shading device, distance to the closest 
window

4.4 % 

CCTwork 21 %
Viewing direction (window), sun 

shading device, distance to the closest 
window

16.0 %



4.2.4. Discussion
The current subchapter investigated which input variables can be identified as predictors 
of personal lighting conditions. In addition, the percentages of variance of personal lighting 
conditions explained by the identified (controllable) predictors was determined.

Personal lighting conditions for an entire day (Ēday, and CCTday) can be influenced by (1) 
weather conditions, (2) fixed personal characteristics, (3) flexible personal conditions, (4) daily 
schedule of the office worker, and (5) workplace characteristics. First, relative sun duration 
was identified to influence personal lighting conditions. Higher relative sun durations led to 
higher personal lighting conditions. For example, an increase of 10 % in relative sun duration 
would result in a 6 % increase in Ēday. This is in accordance with multiple other studies 
demonstrating higher lighting conditions in summer compared to winter (Figueiro & Rea, 
2016). Second, two types of fixed personal characteristics were found to influence personal 
lighting conditions. A lower chronotype score resulted in higher daily personal lighting 
conditions. The estimates were respectively 0.775 and 0.952 for Ēday and CCTday (see Table 
4-2). This means that morning persons (i.e., individuals with a lower chronotype score) were 
exposed to higher personal lighting conditions throughout the day. It needs to be mentioned 
that the participants with morning chronotypes arrived on average slightly earlier at work 
than the moderate chronotypes and that this may have moderated this finding. In addition, 
age was found to slightly influence CCTday. The estimate was only 0.997, meaning that a 10 
year younger office worker received a 3 % higher CCTday. Since a 3 % difference in correlated 
colour temperature, for example, 3000K compared to 3090K is nearly not noticeable and that 
no influence of age on Ēday was found, the results are comparable to the results from Hubalek 
et al (2010). They reported that age did not have an influence on an individual’s daily light 
exposure. Third, eye discomfort was identified as a health-related issue to influence Ēday. The 
presence of eye discomfort resulted in a 20 % higher Ēday compared to the absence of eye 
discomfort. For this predictor, the causality of the association is less clear. On one hand, an 
office worker suffering from eye discomfort may have (un)consciously searched for locations 
with higher lighting conditions to increase his or her personal lighting conditions. On the other 
hand, higher personal lighting conditions may have led to more eye discomfort. Van Tilborg 
(2017) demonstrated that work-related conditions were one of the main reasons to cause 
dry eye diseases. Fourth, the daily schedule of office workers was found to influence daily 
personal lighting conditions. It was mentioned before that light quantity is often significantly 
higher at the location “elsewhere” compared to the locations “at work” or “at home” (see 
subchapter 3.3). The measured correlated colour temperatures were also significantly lower 
“at work” or “at home” compared to the location “elsewhere”. In addition, the correlated 
colour temperature “at home” was found to be significantly higher than the correlated colour 
temperature “at work”. These previous results may explain the 8 % increase in Ēday and a 1 % 
increase in CCTday when the office worker spent 1 hour more at the location “elsewhere”. In 
addition, an office worker spending 1 hour more “at home” resulted in a 5 % decrease in Ēday 
and a small 1 % increase in CCTday. And fifth, workplace characteristics influenced the mean 
correlated colour temperature over the entire day as well. A change of position for the sun 
shading device from open to half open or from half open to closed (100 to 50 % or 50 % to 0 
% openness) resulted in a 5 % decrease in CCTday and an increasing distance from the window 
of 2 meters resulted in a 1 % decrease in CCTday. Since weather conditions, flexible personal 
conditions, and fixed personal characteristics are not controllable by the office workers, they 
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are not further discussed here.

Furthermore, personal lighting conditions specifically “at work” were investigated (Ēwork and 
CCTwork. These were found to be influenced by (1) weather conditions, (2) flexible personal 
conditions, and (3) workplace characteristics. Since weather conditions and flexible personal 
conditions are difficult or impossible to control by office workers, they are not further 
discussed here. Workplace characteristics, however, are controllable by office workers and 
therefore further discussed. The adjustment in position for the sun shading device from open 
to half open or from half open to closed (100 % to 50 % or 50 to 0 % openness) resulted 
in a 14 % decrease in Ēwork and a 5 % decrease in CCTwork. In addition, a 2-meter increasing 
distance to the closest window resulted in a 5 % decrease in Ēwork and a 2 % decrease in 
CCTwork. The fact that the light quantity reduces for an increasing distance can be explained 
by the inverse squared law for light (Vera, Rivera, & Ortíz, 2014) or by the limited penetration 
depths of daylight in a room (Iversen et al., 2013). A complete change in viewing direction 
relative to the window (0° to 180°, facing the window to facing the rear wall) resulted in a 
42 % decrease in Ēwork and a 16 % decrease in CCTwork. These relative changes due to different 
viewing directions are in accordance with subchapter 2.6.

Limitations of the study
The statistical linear mixed models that were developed to identify the predictors of personal 
lighting conditions and to develop the recommendations were based on data obtained 
during springtime only. The photoperiod including periods with direct sunlight is longer for 
spring and summer compared to autumn and winter; therefore, the relative sun duration was 
included in the analysis of this subchapter. Furthermore, the outdoor illuminance is higher in 
spring and summer compared to autumn and winter. However, even in autumn and winter 
situations, daylight quantities are still significantly higher than indoor light quantities. The 
recommendations based on the models to spend more time outside to increase personal 
lighting conditions may differ throughout the day and may be different during winter time 
than they were found for the spring conditions. 

Since the location “elsewhere” included all locations except the workplace and home 
conditions, it is difficult to develop a suggestion based on the time spent “elsewhere”. 
Outdoor conditions were included in the “elsewhere” conditions and strongly influenced the 
lighting conditions “elsewhere”. Therefore, suggestions based on time spent “elsewhere” 
were mainly based on time spent outdoors. In follow-up studies, a distinction between “at 
work”, “at home”, “outside”, and “other indoor environments” is recommended to be made.

Furthermore, daily mean personal lighting conditions were investigated in this subchapter. 
Since it is still unknown which light aspects (i.e., average personal lighting conditions or peaks 
in personal lighting conditions) have the highest influence on subjective alertness, it may 
be relevant to investigate which input parameters influence shorter-term personal lighting 
conditions (not averaged over time) in addition to the current investigation of daily personal 
lighting conditions. This analysis was not included in this subchapter since the uncertainty in 
measuring with the PBM device was too high (subchapters 2.3 and 2.4). 



4.2.5. Conclusions and recommendations
Workplace characteristics and office worker’s daily schedule were identified as controllable 
predictors of personal lighting conditions (both vertical illuminances and correlated colour 
temperatures). The identified predictors may explain 4-16 % of the variance of personal 
lighting conditions. 

Future research to verify the findings of this subchapter needs to consider three aspects. 
First, gathering personal lighting conditions in different seasons or at different locations may 
result in other or stronger recommendations to adjust personal lighting conditions. Second, 
since the variance of the personal lighting conditions can only be predicted for 4-16 % by 
the controllable predictors, it is valuable to investigate whether there are more controllable 
variables which may influence the personal lighting conditions or whether uncontrollable 
variables can become more controllable. And third, it is recommended to collect as much 
data from objective measures as possible to reduce the effort of the participants to fill in 
diaries and questionnaires. For example, GPS or even the light measurements may be used 
to determine the participant’s location and may eliminate the daily diaries from the study 
design. 

This subchapter demonstrated that office workers can influence their personal lighting 
conditions by controlling their daily schedule and some of their workplace characteristics. 
First, since the lighting conditions “elsewhere” are significantly higher than “at work”, it is 
recommended for an office worker to spend more time outside their home or workplace 
if she or he prefers higher personal lighting conditions. However, Roenneberg, Allebrandt, 
Merrow, and Line Vetter (2012) reported that the time people spent outside is decreasing 
over the years. Second, an office worker working closer to the window may get exposed to 
slightly higher personal lighting conditions compared to an office worker working further 
away from the window. This may imply a preference for taller office buildings with lower 
depth over smaller office buildings with higher depth. In addition, an office worker facing 
towards the window will receive more light than when faced the side or rear wall. And last, 
opening the sun shading device will result in significantly higher personal lighting conditions. 

There are still possible drawbacks of a certain intelligent system to optimize alertness by 
controlling personal lighting conditions of office workers. First, the choice for the location 
of the workplace of an office worker can be based on, amongst others, reasons such as 
view or privacy, the office worker’s needs or preferences with regards to their subjective 
alertness. Second, the recommendations to influence personal lighting conditions may cause 
other problems such as higher risks for overheating or more visual discomfort in the case of 
opening up sun shading devices. Therefore, the actual functionality of a certain intelligent 
system to optimize alertness by controlling personal lighting conditions needs to be further 
investigated. 

It is highly interesting to know whether office workers influencing their personal lighting 
conditions would result in more alert office workers. On one hand, giving the office worker 
the freedom to adjust their personal lighting conditions may also counteract since they may 
not know which personal lighting conditions are the best for optimizing their subjective 
alertness. On the other hand, by giving them the chance to influence their personal lighting 
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conditions, their subjective alertness may be optimized while working. More alert office 
workers perform tasks better and productivity may be increased. It is topic for further 
research to verify whether subjective alertness of an office worker may be optimized by 
recommending the office workers to control their personal lighting conditions.
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4.3 Conclusion

Six light factors were identified to initiate effects on subjective alertness: light quantity, 
spectrum, directionality, and timing, duration, and history of light exposure (Khademagha et 
al., 2016a). Nevertheless, the exact mechanism between all these light factors and subjective 
alertness has not consistently been demonstrated yet. For office workers, it is highly relevant 
to know how they can adjust their personal lighting conditions in order to optimize their 
subjective alertness. Therefore, chapter 4 described the process of identifying predictors 
that influence personal lighting conditions. Linear mixed models were developed for two 
light aspects of personal lighting conditions (mean illuminances and mean correlated colour 
temperatures for both the entire day and for the working day). These models demonstrated 
that weather conditions, flexible personal conditions, fixed personal characteristics, the 
daily schedule of the office worker, and workplace characteristics influence personal 
lighting conditions. Weather conditions, flexible personal conditions, and fixed personal 
characteristics though are difficult or impossible to control by the office workers themselves. 
Therefore, in the office environment, the adjustments can be made in the daily schedule of 
the office worker and their workplace characteristics. The findings showed that these two 
predictor categories may explain 4 to 16 % of the variance in personal lighting conditions.
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alertness
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Figure 5-1: The focus of this chapter: step 4 of the systematic approach 
to collect personal lighting conditions, predictors of personal lighting 
conditions, and the relationship between personal lighting conditions and 
subjective alertness, see Figure 1-7.
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5.1 Introduction

This chapter focuses on finding the relationship between personal lighting conditions and 
subjective alertness (see Figure 5-1). 

The discovery of the ipRGCs in 2002 was thought to fully explain the mechanism behind the 
relationship between light and effects beyond vision such as alertness (Berson et al., 2002). 
However, this relationship turned out to be more complicated. Up to now, most of the studies 
investigating diurnal effects of light on subjective alertness applied two lighting situations in 
which they investigate the differences in subjective alertness between these two situations. 
It has been recommended to investigate daytime light-induced effects on subjective alertness 
over a wider range of lighting conditions to develop dose-response curves (Lok, Smolders, et 
al., 2018; Smolders, Peeters, Vogels, & de Kort, 2018). 

Multiple dose-response curves were developed for night-time situations. The logistic dose-
response curves by Cajochen et al. (2000) were developed showing the relationship between 
night-time illuminance levels and subjective alertness, slow eye movements, and EEG activity. 
Figueiro, Nagare, and Price (2018) published dose-response curves for the relationship 
between nocturnal melatonin suppression and circadian light. Rea and Figueiro (2018) 
demonstrated in an earlier publication that the dose-response curve between nocturnal 
melatonin suppression and circadian light fit better than the one between nocturnal 
melatonin suppression and illuminance.

However, relationships between light and effects beyond vision were less clear for daytime 
situations (Lok, Woelders, Gordijn, Hut, & Beersma, 2018; Smolders et al., 2018; Souman et al., 
2018). Lok, Woelders, et al. (2018) developed daytime dose-response curves but concluded 
that the effects of light on alertness were found to be small if present at all. In addition, 
Smolders et al. (2018) did not find a clear dose-response relationship between 1-hour light 
exposure and alertness. They recommended to focus on effects of longer exposure durations 
and potential moderators of the relationship. Souman et al. (2018) mentioned that many of 
the performed light effect studies during daytime consist of a limited sample size and may 
therefore not lead to comprehensive conclusions. Light effect studies were either performed 
as laboratory studies or as field studies. In laboratory studies, the lighting conditions were 
controlled and even here the relationship was not consistent (Huiberts, Smolders, & de Kort, 
2015). In addition, lighting conditions in field studies have higher variability compared to 
laboratory studies and this complicates the light effect studies even more. The complexity 
between light and light effects beyond vision during daytime may be caused by additional 
light factors being important as well. Khademagha et al. (2016) reported six light factors to 
be important to initiate light effects beyond vision. Up to now, studies often included just 
some of these light factors in the determination of the relationship between light and effects 
beyond vision. Chang et al. (2012), for example, published a dose-response curve for the 
relationship between melatonin suppression and duration of light exposure.
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The execution of light effect studies including different lighting conditions is extremely time-
consuming and complicated. To overcome this issue, a new approach has been proposed to 
include personal lighting conditions when light-induced effects on subjective alertness are to 
be investigated (see subchapter 1.1). Personal lighting conditions are continuously measured 
lighting conditions at the individual level. The relationship between either general or personal 
light exposure and occupational health is investigated in multiple studies (Hedge, Miller, & 
Dorsey, 2014; Jafari et al., 2015; Kozaki, Miura, Takahashi, & Yasukouchi, 2012; Maierova et 
al., 2016; Smolders, de Kort, & Cluitmans, 2012). Most of the light effect studies took place 
in laboratories or simulated rooms and only a few were executed in realistic office buildings 
(van Duijnhoven, Aarts, Aries, Rosemann, & Kort, 2019). It is recommended to investigate 
and validate the actual effects of office light exposure on employee’s alertness in real office 
environments. 

This chapter describes two field studies in which the relationship between light and 
subjective alertness is investigated. The first field study (subchapter 5.2) used the new 
unobtrusive method to gather personal lighting conditions (LBE, see subchapters 2.5 and 
2.6). This method was chosen to eliminate potential (practical) accuracy and wearing comfort 
issues of the PBM method (as described in subchapters 2.3 and 2.4). One drawback of the 
LBE method is that it still did not include personal factors such as the location and viewing 
direction of the office worker. Therefore, the field study described in the third subchapter 
(subchapter 5.3) included PBM as these measurements automatically take into account the 
location and viewing direction of the office worker. PBM can easily include five of the six light 
factors reported to be important to cause a light-induced effect on subjective alertness. Light 
directionality is a more complicated light factor since it is not easily measurable with only one 
sensor. Subchapter 2.6 provides more information on the light directionality and its influence 
on the personal lighting conditions.
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5.2 Ambiguities regarding the relationship 
between office lighting and subjective alertness

This subchapter is based on:
van Duijnhoven J., Aarts M. P. J., Rosemann A. L. P., Kort H. S. M. Ambiguities regarding the 
relationship between office lighting and subjective alertness: An exploratory field study in a 
Dutch office landscape. Build Environ. 2018 Sep;142:130–8, with permission from ELSEVIER.
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5.2.1. Introduction
To the authors’ knowledge and supported by a review of the literature (chapter 1), this is 
the first field study which investigates the relationship between personal lighting conditions 
and subjective alertness, both measured at the same time. No intervention to the lighting 
system was introduced in this study. All participants were exposed to their regular lighting 
environment.

The study described in this subchapter applied the LBE method (see subchapter 2.5) to 
identify the indoor lighting environment. In addition, questionnaires were distributed to 
gather information about subjective alertness. The aim of this experiment was to investigate 
the ambiguities regarding the relationship between light quantity and subjective alertness. It 
was expected that the investigation of this relationship in a field study would be challenging 
due to multiple potential confounders. The second aim of this study was to search for aspects 
which potentially influence the relationship between horizontal illuminance and subjective 
alertness in order to be taken into account for future (field) studies. 

All considered variables in this study were categorized into 5 types: (1) general conditions, 
(2) environmental conditions, (3) occupational aspects, (4) fixed personal characteristics, and 
(5) flexible personal conditions (see Figure 5-2). It was expected that subjective alertness 
was related to all five types of variables. In addition, since individuals respond differently 
to changes in lighting conditions, it was expected that the correlation between subjective 
alertness and horizontal illuminance differed between the participants. Finally, it was 
expected that differences in correlations (i.e., between subjective alertness and horizontal 
illuminance) between the participants could be explained by the five types of variables. 
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5.2.2. Method
The field experiment was performed in an office building in the Netherlands during one 5-day 
work week in May 2016. The weather conditions varied from an overcast sky on Monday, 
Tuesday, and Wednesday towards a clear sky on Thursday and Friday (The Royal Netherlands 
Meteorological Institute, 2019). The dawn and dusk times were respectively approximately 
05:30 and 21:45 (local time)(sunrise-and-sunset.com, 2019). In 2016, the Netherlands used 
daylight saving time from March 27th until October 30th, with the local time set one hour 
ahead of solar time. 

Office environment
The study location was a two-floor office building in the West of the Netherlands (Hendrik-
Ido-Ambacht) (see Figure 5-4). This building was renovated in 2015 and transformed from 
enclosed offices to office landscapes. This office transformation is part of the new Flexible 
Working Arrangements (FWA) (Stroup & Yoon, 2016). Companies increasingly support this 
working practice in order to improve employee’s productivity at work. On the first floor, 
there was one separate office landscape on the North side and there were four office spaces 
enclosed with glass throughout the whole office building. The first floor contained 52 desks 
and the ground floor contained 31 desks. 

Figure 5-2: Overview of variables which potentially influence subjective alertness. The number between brackets 
indicates the type of variable as mentioned before in this section.
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The West façade on the ground floor contained daylight openings without sun shading 
devices. In contrast, on the first floor, the building façade was more open and this façade was 
equipped with sun shading devices (see Figure 5-2). It was not recorded when the shading 
devices were open or closed. In addition to the presence of daylight, electric lights were 
installed. The office landscapes were lit by dimmable suspended luminaires (Prolicht, Glorius, 
Ø1400 7x14//24W DALI, see Figure 5-3) and dimmable LED spots (Quadro LED reflector 31W 
2100lm 3000K or Quadro LED Reflector 53W 2400lm, see Figure 5-3). The electric lighting 
in the office landscapes was on during office hours and dimmed based on the amount of 
daylight. The dimming levels (0-100 %) were logged in the lighting system. There were no 
desk lights available at the desks.

Figure 5-2: Left: Facade ground floor (windows). Right: facade first floor (glass facade)

Figure 5-3: Left: Suspended luminaires (Prolicht, Glorius). Right: LED spots (Quadro led reflectors)

Most lighting recommendations for Dutch office buildings are horizontally focused (NEN, 
2011). In earlier times, when most offices were paper-based, it was important to focus on 
the horizontal light levels. Recently, vertical lighting conditions (e.g., vertical illuminance) are 
becoming equally important due to the digitalization of the office environment. However, 
because of practical reasons, only horizontal illuminance at desk level was measured in this 
study. 

Measures
To gather continuously measured horizontal illuminance at all workplaces throughout the 
office building, the non-obtrusive LBE method (subchapter 2.5) was applied. This method 
consists of continuous measurements at reference locations combined with predictive 
models between the reference locations and all other workplaces (i.e., target locations) 
inside the office. Between two and four momentary measurements at the target locations 
were performed to create the predictive models. During these momentary measurements, 
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an overcast sky prevented direct sunlight falling on both the reference location and the target 
locations. The average fit, measured using the coefficient of determination R², between the 
momentary measurements at target locations and the developed predictive models was 0.98 
(range 0.89 to 0.99). The predictive models were applied using inter- and extrapolation of the 
relation measurement data points. See subchapter 2.5 for more information. The continuous 
estimated lighting conditions, limited to light quantity, at all workplaces were used for the 
analysis of the relationship between light and subjective alertness in this study.

In this study, horizontal illuminance was continuously measured with an interval of one 
minute at three reference locations throughout the office building, see the red dots in Figure 
5-4. Two measurement locations (0.1 and 0.2) were situated on the ground floor, respectively 
at a distance of 6m and 2m from the facade, one reference location (1.1) was located on 
the first floor, at a distance of 6.5m from the facade. The measurements were performed at 
desk level (height = 0.75 m). The three locations were spread throughout the office building 
and selected based on the expected occupancy of the desks during the experiment period. 
Horizontal illuminance at desk level was measured using Hagner SD2 photometers.

Figure 5-4: Floor plans of the office building. The red dots indicate the three measurement reference locations 
(0.1, 0.2, and 1.1). Participants were able to work at all the desks, except for the reference desks. Dimensions are 

provided in meters.

The estimated horizontal illuminances at all target locations, desks used by the participants 
during the study, varied between 219 lx and 4831 lx throughout the work week. On two days 
(Monday and Wednesday) the maximum horizontal illuminance was around 2200 lx whereas 
the maximum horizontal illuminance on the other three days reached over 4000 lx. On the 
first floor, the sun shading devices caused fast decreases in horizontal illuminances whereas a 
more closed façade, lacking sun shading, on the ground floor led to lower variation in horizontal 
illuminance compared to the first floor (Figure 5-5). The peaks in illuminances measured at 
reference 1.1 on Tuesday, Thursday, and Friday may be explained by direct sunlight falling on 
the measurement device. The immediate drop in illuminance level afterwards was probably 
caused by lowering the sun shading devices on the first floor.
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In addition to the objective light measurements, indoor air temperature and relative 
humidity were continuously measured at the three reference locations using Rense HT-732 
transmitters. Throughout the experiment period (five consecutive days between 08:30 and 
17:30), the temperature at the three reference locations varied between 21.8 °C and 24.8 
°C. The temperatures on Tuesday varied the most. The mean temperature measured at the 
first floor was slightly higher (T̄ = 22.91 °C) compared to the locations at the ground floor  
(T̄ = 22.85 °C and 22.32 °C, respectively). Relative humidity measured at the three reference 
locations varied between 32.9 % and 57.5 % (RH = 46.7 ± 5.52 %). The variation in relative 
humidity was the highest on Friday. Measurements on the first floor showed a lower mean 
relative humidity (RH = 42.7 %) compared to the two measurements on the ground floor  
(RH = 44.4 % and 52.9 %, respectively). The standard deviations for the three measurement 
locations were approximately 3 %. 

Besides all objective measurements, subjective measures were gathered via questionnaires. 
Participants received a unique participant number after signing the informed consent form 
(see Appendix C1), in order to analyse all data confidentially. Four questionnaires were 
distributed during the day via participants’ work email addresses. The participant number 
and desk number were asked at the beginning of each questionnaire. Desk numbers were 
asked because of a flexible workplaces policy in the office building. In reality, there were only 
limited changes in workplaces. The 46 participants worked at 49 different desks throughout 
the experiment period. Within the questionnaires, the Karolinska Sleepiness Scale (Åkerstedt 
& Gillberg, 1990) (KSS) was applied to measure subjective alertness. The four questionnaires 
(see Appendix C3 to C6) were distributed at 09:00, 11:15, 14:00, and 16:15. The morning 
questionnaire (Q1) consisted of an extra question concerning sleep quality. The statement 
‘I slept well last night’ with a 5-point scale answer possibility (completely agree – agree – 
neither agree nor disagree – disagree – completely disagree) was added to the questionnaire 
to include self-reported sleep quality. 

Figure 5-5: Horizontal illuminances per reference location and per day of the study period. Reference 1.1 was 
located on the first floor and references 0.1 and 0.2 were located on the ground floor.



216 | Chapter 5

In addition to these regular questionnaires, a general questionnaire (see Appendix C2) was 
distributed at the beginning of the study to obtain fixed personal characteristics (gender, age, 
use of optics), occupational aspects (working days and working hours), and flexible personal 
conditions (self-reported health). Age of the participant was asked with the answer options 
‘younger than 25’, ’25-34 years’, ‘35-44 years’, ’45-54 years’, ‘55-64 years’,  ’65-74 years’, and 
‘75 years or older’. Self-reported health was assessed by the Short-Form 36 items (SF-36) 
developed by Ware (2009). It is a set of easily administered quality-of-life measures and 
was used to measure functional health and wellbeing from the individual’s perspective. The 
data from the SF-36 health questionnaire resulted into eight health-related aspects: physical 
functioning (PF), role physical (RP), bodily pain (BP), general health (GH), vitality (VT), social 
functioning (SF), role emotional (RE), and mental health (MH). All aspects were assessed 
using a 0-100 % score, 100 % indicating the healthiest. 

Participant sample
Participants were recruited after providing general information about the study. 54 out 
of 70 employees (response rate = 77 %) agreed to participate and signed the informed 
consent form. Participation was voluntary and confidential. In total, 570 completed 
questionnaires were collected. 46 (22 male and 24 female) participants filled in at least three 
questionnaires. The average number of completed questionnaires was 12 with a maximum 
of 20 (four questionnaires per day for 5 consecutive days). The median age was “35-44 
years”, approximately 65 % of the participants reported to have a 5-day work week and the 
average number of working hours regarding all participants was 7.7 hours per working day. 
The participants were office workers performing computer work for most of their time. The 
majority (56.5 %) of the participants used corrective lenses (glasses or contacts) and that was 
most of the time (57.7 %) due to myopia. Nearly all participants (93.5 %) rated their general 
health as good, very good, or excellent. 

Data analysis
The objective and subjective data were analysed using MATLAB R2015a and SPSS Statistics 
22. The data analysis consisted of four steps.

First, Kendall’s tau correlation coefficients were calculated between subjective alertness 
and other variables potentially being a confounder in the relationship between horizontal 
illuminance and subjective alertness. All subjective alertness scores from the data set were 
included in these correlation analyses. These non-parametric correlations were used because 
the majority of the data was not normally distributed and because the subjective alertness 
values in the analysis were ordinal variables. All the tests were two-sided using a significance 
level of 0.05 to indicate statistical significance. The following benchmarks according to Field 
(2009) were assumed for the interpretation of the correlation coefficients:
τ ≤ |0.1|: negligible effect;
|0.1| ≤ τ ≤ |0.3|: small effect;
|0.3| ≤ τ ≤ |0.5|: medium effect.
τ ≥ |0.5|: large effect;

Second, the relationship between horizontal illuminance and subjective alertness was further 
explored. The estimated horizontal illuminances at the specific desks (i.e., where participants 
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were working) for the same time of the day as filling in the questionnaires were selected 
to perform the statistical analysis. All horizontal illuminances together with the subjective 
alertness data were tested for significant correlations. However, when clustering all data 
points together, the mutual dependence of data points per participant was not considered. 
Individual differences for filling in the KSS and the mutual dependence between data points 
per person required a within-subject statistical analysis. Therefore, the data points were 
clustered per participant and correlations between light and alertness were determined per 
participant.

Third, partial correlations were calculated for the relationship between horizontal illuminance 
and subjective alertness including all variables identified as a confounder in the first step of 
the data analysis. 

The last step was to investigate differences between the two groups: the participants with 
a significant correlation between horizontal illuminance and subjective alertness and the 
participants with a non-significant correlation. The non-parametric Mann-Whitney test 
was applied to test whether these differences between both groups were significant. Exact 
significance levels were used because of small sample sizes.

5.2.3. Results
This section provides results regarding aspects correlating with subjective alertness, the 
relationship between horizontal illuminance and subjective alertness with and without 
confounders, and the differences between participants shwoing a significant or non-
significant correlation between horizontal illuminance and subjective alertness.

Aspects correlating with subjective alertness
As mentioned previously, the tested variables which potentially predict subjective alertness 
were categorized into general conditions, environmental conditions, occupational aspects, 
fixed personal characteristics, and flexible personal conditions (see Figure 5-2). 

General conditions
A significant correlation between subjective alertness and day of the week indicated slightly 
higher sleepiness at the beginning of the week (τ=-.13, p<.001) compared to the end of the 
week. In addition, a significant correlation between subjective alertness and time of the 
day demonstrated higher subjective sleepiness towards the end of the day compared to 
the beginning of the day (τ=.11, p=.002). Although the correlations were small, they were 
significant and both day and time should be included as potential confounders for subjective 
alertness. 

Environmental conditions
The correlations between horizontal illuminance and subjective alertness (τ=.02, p=.526) and 
between indoor air temperature and subjective alertness (τ=.02, p=.526) were not significant. 
The correlation between relative humidity and subjective alertness, however, was significant 
(τ=.07, p=.027). Again, although the correlation was negligible of size, relative humidity 
should also be considered as a potential confounder for subjective alertness.
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Occupational aspects
The participants were all working for the same company and performed similar work tasks. 
However, the number of working days a week and working hours a day differed between 
participants. Subjective alertness did not correlate significantly with the number of working 
days (τ=-.03 p=.432). However, the number of working hours during a working day correlated 
significantly with subjective alertness (τ=-.17 p<.001), suggesting that participants working 
more hours reported higher subjective alertness levels. This may be explained by the unequal 
distribution of the number of working hours (20 participants reported to work 8 hours a day, 
19 participants reported to work less than 8 hours a day and 7 participants reported to work 
more than 8 hours a day). 

Fixed personal characteristics
A negative significant correlation (τ=-.14 p<.001) between gender (1=male and 2=female) 
and subjective alertness was found. This suggests that the female participants reported being 
slightly more alert compared to the male participants. In addition, the use of corrective lenses 
correlated significantly with subjective alertness (τ=.08 p=.027). This implied that people 
wearing glasses or contacts were slightly sleepier than people without optic correction. 
The correlation between age category and subjective alertness was not significant (τ=.04 
p=.256). It needs to be mentioned that these significant correlations between fixed personal 
characteristics (age and the use of optics) and subjective alertness were of negligible size. 

Flexible personal conditions
Self-reported sleep quality was obtained via one question in the morning questionnaire 
(09:00). A significant correlation between this statement and subjective alertness indicated 
that self-reported sleep quality was a potential predictor of subjective alertness (τ=.17 
p<.001). The positive correlation suggests that individuals who reported to disagree with the 
statement “I slept well last night” (a higher score) reported higher sleepiness levels in the 
morning (higher KSS score). 

The associations between subjective alertness and the eight different health scores were 
tested. No significant correlation was found for subjective alertness and ‘Physical functioning’, 
‘Role physical’, ‘Bodily pain’, or ‘Role emotional’ (τ=.05 p=.187; τ=.04 p=.263; τ=.06 p=.090; 
and τ=-.02 p=.534, respectively). Participants with a higher ‘General health’ score reported 
being more alert (τ=-.21 p<.001). The same applies for the ‘Vitality’, ‘Social Functioning’, and 
‘Mental Health’ scores (τ=-.26 p<.001; τ=-.15 p<.001; and τ=-.12 p<.001, respectively). 
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Table 5-1: Overview of identified confounders for the relationship between horizontal illuminance and subjective 
alertness. The numbers for type of variable correspond to the numbers in Figure 5-2: (1) general conditions, (2) 
environmental conditions, (3) occupational aspects, (4) fixed personal characteristics, and (5) flexible personal 

conditions.

Overview identified confounders 
All variables that showed a significant correlation with subjective alertness were identified 
as potential confounders for the analysis of the relationship between horizontal illuminance 
and subjective alertness. The effects of relative humidity on subjective alertness and the use 
of optics on subjective alertness were negligible. All other identified confounders caused 
small effects on subjective alertness (see Table 5-1). 

Type of 
variable Identified confounder Kendall’s tau 

correlation coefficient
Interpretation according 

to the benchmarks 
5 Vitality τ=-.26 p<.001 Small
5 General Health τ=-.21 p<.001 Small
3 Number of working hours per day τ=-.17 p<.001 Small
5 Social Functioning τ=-.15 p<.001 Small
4 Gender τ=-.14 p<.001 Small
1 Day of the week τ=-.13, p<.001 Small
5 Mental Health τ=-.12 p<.001 Small
4 Use of optics τ=.08 p=.027 Negligible
2 Relative humidity τ=.07, p=.027 Negligible
1 Time of the day τ=.11, p=.002 Small
5 Self-reported sleep quality τ=.17 p<.001 Small
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Figure 5-6: Graphs demonstrating the significant correlations between horizontal illuminance and subjective 
alertness for the six participants. A low number on the KSS scale indicates subjective alertness and a high 

number indicates sleepiness. The blue dotted lines are subjective alertness (KSS evaluations) and the orange lines 
are the horizontal illuminances to which the participants were exposed to at the exact moment of filling in the 

KSS questionnaire.

The relationship between light and subjective alertness
Calculating correlations for each individual participant resulted in a group of six participants 
out of the total 46 for whom a significant correlation was found between horizontal illuminance 
and subjective alertness (see Figure 5-6). Five of these six correlations were negative 
correlations indicating office workers being more alert (lower KSS score) when exposed 
to a higher horizontal illuminance. For one participant, an unexpected significant positive 
correlation was found. All negative correlations had a medium to large effect explaining the 
variance of subjective alertness and the effect regarding the positive correlation was medium 
(i.e., τ=-.52, τ=-.38, τ=-.72, τ=-.59, τ=-.48, and τ=.42). For the calculation of these correlations, 
the number of data points varied between 7 and 17 per participant.
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Although Figure 5-6 showed significant initial correlations between horizontal illuminance 
and subjective, the correlations needed to be calculated including the identified confounding 
variables. Partial correlations were calculated by taking into account the confounding 
variables. These correlations were calculated for the six specific participants for whom a 
significant initial correlation was found.

The partial correlations for the individual participants excluded the fixed personal 
characteristics, most of the flexible personal conditions, and the occupational aspect 
identified as potential confounders since these did not vary within subjects. The only flexible 
personal condition included in the calculation of the partial correlations was the self-reported 
sleep quality since this variable could have varied across the stud period. Table 5-2 shows the 
correlations when including none, one, or more groups of confounders.

Table 5-2: Significance levels of Kendall's tau correlations between horizontal illuminance and subjective 
alertness including none, one, or all identified confounders for the sample of N=6 participants. 

Significance levels: *= p≤.05, **= p≤.01, ***= p≤.001, ns=not significant.

Confounders
None General conditions 

(day of the week and 
time of the day)

Environmental 
condition (relative 
humidity)

Flexible personal 
condition (self-
reported sleep quality)

All

PP #1 * ns ns ns ns
PP #2 * ns * ns ns
PP #3 * ns ns ns ns
PP #4 ** ** * ns ns
PP #5 * * * ns ns
PP #6 * ns *** ns ns
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Table 5-3: Overview demonstrating differences in environmental conditions, occupational aspects, fixed personal 
characteristics, flexible personal conditions between the two groups. 

Differences between participants with and without a significant correlation between light 
and alertness
Differences in environmental conditions, occupational aspects, fixed personal characteristics, 
and flexible personal conditions were analysed between the two groups: group 1 consisting 
of 40 participants for whom no significant initial correlation was found between horizontal 
illuminance and subjective alertness and group 2 consisting of 6 participants for whom this 
correlation (excluding confounders) was significant (see Table 5-3). 

Mean ± SD or distribution Significant difference?

Group 1 
(40 people 

without significant 
correlation  

between light and 
alertness)

Group 2 
(6 people with 

a significant 
correlation 

between light and 
alertness)

Subjective alertness (KSS score) 3.46 ± 1.49 3.89  ± 1.95 No

En
vi

ro
nm

en
ta

l 
co

nd
iti

on
s

Horizontal illuminances 981 ± 440 lx 862 ± 382 lx Yes
U=16166, z=-3.199, p=.001

Indoor air temperature 22.85 ± 0.35°C 22.69 ± 0.44°C Yes
U=15274, z=-3.835, p<.001

Relative humidity 45.46 ± 5.16 % 46.31 ± 5.22 % No

O
cc

up
ati

on
al

 
as

pe
ct

s

Number of working days during one 
week 4.4 ± 1.0 4.0 ± 0.7 Yes

(U=27800, z=-8.802, p<.001)

Number of working hours per 
working day 7.6 ± 1.0 8.2 ± 0.9 Yes

(U=34600, z=-5.186, p<.001)

Fi
xe

d 
pe

rs
on

al
 

ch
ar

ac
te

ris
tic

s

Gender N/A

Age

< 25 years: 1
25-34 years: 15
35-44 years: 13
45-54 years: 10
55-64 years: 1

< 25 years: 0
25-34 years: 3
35-44 years: 3
45-54 years: 0
55-64 years: 0

N/A

Use of optics 22 yes, 18 no 4 yes, 2 no N/A

Problems with colour vision 39 no, 1 yes 6 no, 0 yes N/A

Fl
ex

ib
le

 p
er

so
na

l c
on

di
tio

ns

Self-reported sleep quality 2.4 ± 1.0 2.6 ± 0.9 No

Physical Functioning 93.50 ± 16.37 93.33 ± 9.901 No

Role Physical 89.38 ± 23.66 87.50 ± 28.07 No

Bodily Pain 85.38 ± 19.80 77.00 ± 22.77 Yes
U=36600, z=-4.506, p<.001

General Health 78.70 ± 16.84 85.83 ± 11.82 Yes
U=34200, z=-5.106, p<.001

Vitality 67.66 ± 20.02 64.58 ± 11.83 Yes
U=38000, z=-3.715, p<.001

Social Functioning 91.88 ± 13.86 89.58 ± 18.34 No

Role Emotional 89.17 ± 26.25 100.0 ± 0.0 Yes
U=39600, z=-4.954, p<.001

Mental Health 81.13 ± 12.58 81.67 ± 6.90 No

18      and 22 4     and 2
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5.2.4. Discussion
The current study investigated ambiguities regarding the relationship between horizontal 
illuminance and subjective alertness, based on findings from a field study. 

The first step in the analysis was to identify variables significantly correlating with subjective 
alertness in order to include these later as potential confounders in the relationship between 
horizontal illuminance and subjective alertness. Both general conditions (day of the week 
and time of the day), one environmental variable (relative humidity), one occupational 
aspect (number of working hours per day), two fixed personal characteristics (gender and 
use of optics), and five flexible personal conditions (self-reported sleep quality, vitality, 
general health, social functioning, and mental health) were identified as confounder for 
the relationship between light and subjective alertness. This was in accordance with the 
hypothesis that all types of variables would influence subjective alertness. The clothing value 
of the participants was not included and this may explain the absence of significance for 
the relation between indoor air temperature and subjective alertness. All the significant 
correlations were negligible or small. 

The second step was to investigate the relationship between horizontal illuminance and 
subjective alertness. Initial correlations (excluding confounders) were calculated and this 
showed a significant correlation between horizontal illuminance and subjective alertness for 
six participants out of the total 46. However, including the confounders as identified in the 
first step, removed all the significance for the relationship between horizontal illuminance 
and subjective alertness. Including the general or environmental conditions as confounders 
led to some differences in significance levels whereas including the flexible personal 
condition as confounder led to no significant correlations at all anymore. This may indicate 
that personal conditions had more influence on the subjective alertness compared to the 
effect horizontal illuminances had. The identified relationship between light and subjective 
alertness being not significant, when confounders are considered, is in contradiction to 
multiple laboratory studies demonstrating beneficial effects of light on subjective alertness 
(Maierova et al., 2016; Smolders & de Kort, 2014; Smolders et al., 2012). This discrepancy 
may be explained by a difference in selected light aspect (e.g., horizontal illuminances versus 
vertical illuminances), a difference in light factors (e.g., light quantity, spectrum, timing, or 
duration of light exposure), or the selection of included confounders. In laboratory studies, 
the lighting conditions are often steady conditions lasting over the entire duration of the 
experiment whereas in the field the steady electric light levels are substituted by dynamic 
daylight levels. The CIE highlighted that the dose-response relationship between light 
exposure and daytime effects on alertness is essential information to determine whether 
or not illuminance recommendations during the day are adequate to support light effects 
beyond vision (CIE, 2016).

Six out of the total 46 participants had a significant initial correlation between horizontal 
illuminance and subjective alertness, excluding the confounders. However, when the 
confounders were included in the statistical analysis, the correlations for those six participants 
were no longer significant. It is of high importance to include all potential confounders while 
investigating the relationship between light and alertness. The major challenge of field studies 
is to investigate a specific relationship in a constantly varying office environment. This field 
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study showed some significant correlations between horizontal illuminance and subjective 
alertness. The fact that the correlation was not significant for all participants may indicate 
that not all individuals are equally sensitive to changes in the lit environment. 

The last step was to explore differences in environmental conditions, occupational aspects, 
fixed personal characteristics, and flexible personal conditions between the groups with 
and without a significant initial correlation between horizontal illuminance and subjective 
alertness. Participants for whom the relationship between light and subjective alertness was 
found to be significant were working at desks where significantly lower illuminances were 
measured compared to the group of participants without this significant relationship. 

Limitations of the study
This study contained several limitations that need to be considered when interpreting the 
findings of this study:

First, the relationship between light and health is often determined by measuring 
illuminance levels or correlated colour temperatures (chapter 1). Lighting designs typically 
aim for recommended values for horizontal illuminances as this parameter is included in the 
standards (NEN, 2011). In contrast, the light entering human eyes is relevant since this light 
may initiate effects beyond vision. The light quantity entering the eye is often expressed as 
the vertical illuminance measured at eye height. The main limitation of the current study 
is that it only considered horizontal illuminances for the determination of the relationship 
between light and subjective alertness. Subchapter 5.3 includes more light aspects and light 
factors in the field study. 

Second, the new practical method LBE (subchapter 2.5) was applied to gather personal 
lighting conditions. One of the main disadvantages of this method was that it still did not 
include the exact position and viewing direction of the office worker. Therefore, the timing, 
duration, and history of the light exposure the office workers received was not taken into 
account in this study. Another method to gather personal lighting conditions would have been 
to use PBM devices. These devices, however, bring along certain measurement inaccuracies 
(subchapter 2.3) as well as practical and wearing comfort issues (subchapter 2.4). In order to 
be as unobtrusive as possible for the participants, the LBE method was applied in this study. 

Third, all included flexible personal conditions (e.g., alertness, sleep quality, and health) were 
subjectively measured and may deviate from objective measures. Alertness, for example, was 
subjectively measured by including the KSS in the distributed questionnaires. The KSS was 
validated in a study of Kaida et al. (2006) including sixteen female participants. The number of 
participants, as well as the user characteristics, may be questioned for ecological validation. 
It is dubious how many participants are required to eliminate the potential disinterest of 
participants completing the questionnaire. In addition, it is uncertain how large a difference 
on the KSS scale needs to be in order to be relevant, for example, for human health or 
employee’s work performance. The potential relationship between lighting conditions and 
subjective alertness may be influenced by the circadian rhythm of subjective alertness as 
well. Regardless of varying lighting conditions, subjective alertness was already proven to be 
influenced by the time of the day (Pátkai, 1971). This diurnal variation of subjective alertness 
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was not included in this research. 

Fourth, the results from this study may be explained by the included (and excluded) variables 
(environmental conditions, occupational aspects, fixed personal characteristics, and flexible 
personal conditions). Further research should include light-dependent user characteristics 
such as light sensitivity, sensitivity to seasonal depressions, chronotype, sleep-wake rhythms, 
and activity patterns including participant’s daily schedule (i.e., time spent “at home”, “at 
work”, or “elsewhere”). Maierova et al. (2016) found, for example, significant differences in 
subjective alertness between morning chronotypes and evening chronotypes. Although both 
chronotypes were more alert in the bright light condition compared to the dim light condition, 
these significant differences in subjective alertness may be of relevance while investigating 
the relationship between horizontal illuminance and subjective alertness. In addition, the 
environmental physical aspects light, indoor air temperature, and relative humidity were 
included in this study. Al Horr et al. (2016) discussed eight physical factors (i.e., indoor air 
quality and ventilation, thermal comfort, lighting and daylighting, noise and acoustics, office 
layout, biophilia and views, look and feel, and location and amenities) which affect occupant 
satisfaction and productivity in an office environment. 

Last, due to a relatively small sample size, a short study period of five working days, and a 
simplified statistical analyses (correlations instead of a linear mixed model), the results need 
to be considered cautiously. 
  
5.2.5. Conclusions and recommendations
This study investigated ambiguities regarding the relationship between horizontal illuminance 
and subjective alertness based on findings from a field study. The results showed that multiple 
confounders were identified suggesting they should be taken into account when investigating 
the relationship between office lighting and subjective alertness. In addition, the initial 
relationship (excluding confounders) between horizontal illuminance and subjective alertness 
was established for six participants out of the total 46. Differences between the groups with 
and without the significant initial correlation between horizontal illuminance and subjective 
alertness did not explain properly why certain individuals responded to changes in the lit 
environment and others did not. 

The established relationships between light and subjective alertness and the differences 
between the groups with and without this significant relationship may be questionable 
because of the limited sample size (N=40 in group 1 and N=6 in group 2). This limited 
sample size limited the number of possibilities for statistical analyses. The study described 
in this subchapter suggested relationships but was not capable of demonstrating causalities. 
Changes in lighting conditions may (indirectly via subjective alertness) have impacted human 
health. Aries, Veitch, and Newsham (2010) also mentioned that physical conditions at work 
influence home life and the other way around. It is topic for further research to further 
explore the relationship between light and alertness by performing field studies including a 
larger sample size and more variables potentially confounding the relationship such as noise 
in the office environment or chronotype of the participant. 
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5.3 Exploring the relationship between light and 
subjective alertness using personal lighting conditions

This subchapter is based on:
van Duijnhoven J., Aarts M. P. J., Kort H. S. M, Van den Heuvel E. R. Exploring the relationship 
between light and subjective alertness using personal lighting conditions. In preparation for 
submission. 2019.
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5.3.1. Introduction
The study described in this subchapter is part of a field study including personal lighting 
conditions (see Figure 3-4).

The current subchapter describes further exploration of the relationship between light 
and subjective alertness. Whereas in subchapter 5.2 only momentary measured horizontal 
illuminances were used, this subchapter enables, by using continuous personal lighting 
conditions, to examine the relationship between light and subjective alertness for three out 
of the six light factors identified to be important for this relationship. The following research 
questions were addressed in this subchapter:

1.  What is the relation between personal lighting conditions and subjective alertness?
 a.  What is the relationship between light quantity (represented using  
  illuminance vertically measured close to the eye) and subjective alertness? 
 b.  What is the relationship between light spectrum (represented using correlated  
  colour temperature vertically measured close to the eye) and subjective  
  alertness?
 c.  What is the relationship between the duration of light exposure and  
  subjective alertness?

First, it is expected that a higher light quantity correlates with higher subjective alertness 
(Cajochen et al., 2000; Souman et al., 2018). Second, correlated colour temperature is not 
expected to correlate significantly with subjective alertness (Smolders & de Kort, 2017; 
Souman et al., 2018). However, bearing in mind the different spectral sensitivity curve for 
ipRGC compared to the photopic curve for vision, some trends for a relation between the 
correlated colour temperature and subjective alertness may be expected. And third, it is 
expected that the duration of light exposure influences light effects beyond vision (Dewan, 
Benloucif, Reid, Wolfe, & Zee, 2011). Although, there have been several studies proving the 
opposite (Chang et al., 2012; Smolders et al., 2012). 

5.3.2. Method
The study design including the office environment, the (recruitment of the) participants, and 
the protocol is described in subchapter 3.2. See Figure 3-4 for an overview of all analyses 
performed on this field study. 

Data analysis
In the investigation of the relationship between light and subjective alertness, the lighting 
conditions at certain moments relative to the moment the participants filled in the alertness 
questionnaire were linked to these subjective alertness values. This subchapter includes the 
three light factors light quantity, spectrum, and duration of light exposure expressed using 
three light aspects (luminous exposure, illuminance, and correlated colour temperatures) in 
its analysis.

First, the light quantity was included using eight measures of personal lighting conditions. 
The durations for which the measures were calculated (i.e., 20 minutes, 1 hour, 2 hours, 
and the entire day until the participant filled in the alertness questionnaire) were chosen 
because Vandewalle, Maquet, and Dijk (2009) suggested that exposure to light can modulate 
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brain activities (e.g., alertness) after 20 minutes. The 1 and 2-hour durations were added to 
examine whether there exists linearity in the analysis. The entire day as a duration was added 
to develop dose-response curves for cumulative light measures as well. The following light 
measures were included in the analysis regarding light quantity:

-  The mean illuminance over the 20 minutes before filling in the alertness  
 questionnaire (Ē20 min);
-  The mean illuminance over the hour before filling in the alertness questionnaire  
 (Ēhour);
-  The mean illuminance over two hours before filling in the alertness questionnaire  
 (Ē2 hours);
-  The mean illuminance from start wearing the Lightlog that day till the moment of  
 filling in the alertness questionnaire (Ēday).
- The total luminous exposure received in the 20 minutes before filling in the alertness  
 questionnaire (H20 min);
- The total luminous exposure received in the hour before filling in the alertness  
 questionnaire (H1 hour);
- The total luminous exposure received in the two hours before filling in the alertness  
 questionnaire (H2 hours);
- The total luminous exposure received from start wearing the Lightlog that day till the  
 moment of filling in the alertness questionnaire (Hday).

Second, the light spectrum was included using the following measure of personal lighting 
conditions:

- The mean correlated colour temperature over the 20 minutes before filling in the  
 alertness questionnaire (CCT20 min).

And third, the duration of light exposure was indirectly included in the first eight measures of 
light quantity as well since the period of time to calculate the light measure differed per light 
measure. The dose-response curves for the relation between mean illuminances or luminous 
exposures and subjective alertness can be compared for the different durations (20 min, 1 
hour, 2 hours, or the entire awake day till the moment of filling in the alertness questionnaire). 
The nine above mentioned measures are called light measures in the remainder of this 
subchapter.
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 The expected value μi is assumed to be of the form as shown in Equation 5.2. The  
 subjective alertness (Yi) was subtracted with 1 (the scale was transformed to 0-8  
 instead of 1-9) to increase the fit of the model. This transformation explains value 1  
 in Equation 5.2.

 Where:
  Yi = The measured subjective alertness of participant i;
  μi = The expected value for subjective alertness of participant i;
  ei = The residual with ei~N(0,σ2)

(5.1)

 At first, it was investigated whether a (logarithm) transformation of the light measures  
 was necessary for the light measures to be inserted in the model (Equation 5.1). The  
 evaluation was conducted with the corrected Akaike’s information criterion (AICC).  
 This criterion is a useful way to compare models. Low values of the AICC indicate  
 a good fit (Field, 2009). Deciding about this choice resulted in a common choice for  
 all observed light intensities. The estimates (and their 95 % confidence intervals) of  
 the model parameters were determined. The coefficients of determination (R²) of  
 the fitted models were also established, using linear regression analysis on the  
 observed subjective alertness and the predicted subjective alertness from the fitted  
 models.

 Where:
  μi  = The expected value for subjective alertness of participant i;
  xi = The (transformed or scaled) light intensity of participant i;
  1+M = The unknown maximal possible value of Yi (lowest subjective alertness);
  M = The range of possible subjective alertness values;
  Z0i = The Y-intercept for the individual dose-response curve (varies per 
       participant);
  Z1i = The slope for the individual dose-response curve;
 
  (Z0i,Z1i )        bivariate normally distributed with 

(5.2)

Statistical analysis
The statistical analysis for the analysis of the relationship between personal lighting conditions 
and subjective alertness consisted of three main steps:

1. Basic descriptive statistics were calculated for the subjective alertness and the nine  
 different light measures. In addition, Kendall’s tau correlation coefficients were  
 calculated for the relationships between the light measures and subjective alertness. 

2. The repeated data of subjective alertness and the light measures on individuals was  
 analysed with a non-linear mixed model in the form of a sigmoidal curve of light  
 intensity (see Figure 5-7 for an example of such a sigmoidal curve). The model existed  
 of a subject-specific dose-response curve. The model can be written as Equation 5.1. 
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3.  The percentage of participants that have an individual negative slope (i.e. Z1i<0)  
 was calculated. This negative slope would imply that higher light measures would  
 increase subjective alertness (lower values on Yi, as the KSS scale runs from  
 1 (extremely alert) to 9 (extremely sleepy)). This direction is according to most of the  
 hypotheses. The significance of the random slope was tested using likelihood ratio  
 tests, to understand if the steepness of the dose-response curve changes with  
 participants. The likelihood ratio test determines whether the differences between  
 the slopes of the individual slopes (τ1²) differ significantly from 0.

5.3.3. Results
Descriptive statistics
Table 5-4 provides the descriptive statistics of subjective alertness and the nine light intensity 
measures. In addition to the means and standard deviations, the correlation coefficients with 
subjective alertness are provided. Although the correlations between daily luminous exposure 
(Hday) and subjective alertness and between the mean correlated colour temperature for 20 
minutes (CCT20min) were found to be significant, the correlation coefficients show that this 
correlation was in both cases negligible (see subchapter 5.2 for the used benchmarks for 
Kendall’s tau). 

Figure 5-7: Example of a sigmoidal curve used for the dose-response relationship between 
personal lighting conditions and subjective alertness
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Dose-response curves light and subjective alertness
Non-linear mixed models, in the form of sigmoidal curves, were determined demonstrating 
subject-specific dose-response curves between subjective alertness and each of the light 
measures. No transformation on the light measures was needed for the dose-response 
model. A logarithmic transformation of the light measure was only better (i.e., the dose-
response curves fitted the data better) for the light measures H2 hours, Hday, and Ēday, but not 
for the other six light measures. Nevertheless, all light measures were numerically scaled by 
25000 to enable easier interpretation of the dose-response curves. The parameter estimates 
of the determined models are reported in relative rates in Table 5-5.

Table 5-4: Descriptive statistics. The correlation coefficients (Kendall’s tau and corresponding significance levels) 
describe the correlation between the light measure and the subjective alertness. The abbreviations for the light 

measures were described in the methods section. 

(Light) Measure Mean Standard 
Deviation

Kendall’s tau 
correlation 
coefficient

Significance level 
(of correlations 
with subjective 

alertness)
Subjective alertness (on original KSS 
scale 1-9) 3.037 1.278 1.000 N/A

Ē20min [lx] 749.3 2618 -.025 .153
Ē1 hour [lx] 924.9 2529 -.019 .291
Ē2 hours [lx] 2056 4512 .007 .697
Ēday [lx] 996.0 1274 .013 .476
H20 min [lxh] 248.6 872.6 -.026 .141
H1 hour [lxh] 936.0 2532 -.019 .288
H2 hours [lxh] 1088 2370 .002 .907
Hday [lxh] 5301 7446 .07 <.001
CCT20 min [K] 4342 875.9 -.038 .032
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The estimate of the average slope of all individuals (β1) was nearly never significant at the 
level of 0.05 (i.e. the 95 % confidence interval often contained the value zero). Only the 
average slope between Hday and subjective alertness was significant. This means that on 
average there are no dose-response relationships between subjective alertness and the 
other eight light measures. Table 5-5 presents for which light measure individuals have their 
own slope. A significant (p<.05) Likelihood Ratio test indicated that the differences in slopes 
for the individual dose-response curves (τ1²) differ from 0. The significant differences in the 
slopes for Ē20 min, Ē1 hour, H20 min, and H1 hour suggest that the relationship between these light 
measures and subjective alertness is highly dependent on the individual office worker. In 
addition, the table provides the percentage of the participants that have a dose-response 
that increased subjective alertness with light intensities. Table 5-6 also reports the predictive 
power of the fitted model (R²).

Table 5-5: Parameter estimates for determined models for the relationship between the nine light measures 
(scaled by 25000) and subjective alertness. All model parameters can be found in the model specifications (see 
Equation 5.1 and Equation 5.2). The abbreviations for the light measures were described in the method section.

Light 
measure 
(scaled)

Fixed parameters Covariance parameters

M β0 β1 τ0 τ1 ρ σ

Ē20min [lx] 6.30
[2.43;10.2]

-0.81
[-1.76;0.14]

0.43
[-0.43;1.30]

0.61
[0.36;0.85]

1.32
[0.29;2.35]

-0.14
[-0.73;0.46]

0.99
[0.96;1.03]

Ē1 hour [lx] 6.98
[1.54;12.4]

-0.96
[-2.09;0.18]

0.11
[-0.49;0.70]

0.57
[0.33;0.81]

0.91
[0.16;1.67]

0.11
[-0.53;0.75]

1.00
[0.96;1.03]

Ē2 hours [lx] 6.46
[2.21;10.7]

-0.82
[-1.83;0.19]

-0.20
[-0.51;0.11]

0.61
[0.36;0.87]

0.46
[0.05;0.88]

-0.43
[-0.98;0.11]

1.00
[0.96;1.03]

Ēday [lx] 6.54
[2.05;11.0]

-0.84
[-1.89;0.20]

-0.35
[-1.33;0.62]

0.60
[0.35;0.86]

0.95
[0;2.47]

-0.31
[-1.25;0.64]

1.00
[0.96;1.03]

H20 min [lxh] 6.38
[2.22;10.6]

-0.83
[-1.83;0.16]

-1.24
[-1.39;3.87]

0.61
[0.36;0.86]

4.01
[0.90;7.13]

-0.11
[-0.71;0.50]

0.99
[0.96;1.02]

H1 hour [lxh] 6.93
[1.64;12.2]

-0.94
[-2.06;0.17]

0.10
[-0.49;0.68]

0.57
[0.33;0.81]

0.89
[0.14;1.63]

0.11
[-0.53;0.75]

1.00
[0.96;1.03]

H2 hours [lxh] 6.58
[2.06;11.1]

-0.85
[-1.89;0.20]

-0.39
[-0.98;0.19]

0.61
[0.35;0.86]

0.88
[0.10;1.65]

-0.41
[-0.96;0.15]

1.00
[0.97;1.03]

Hday [lxh] 5.38
[3.49;7.28]

-0.62
[-1.22;-0.01]

0.32
[0.08;0.55]

0.68
[0.45;0.91]

0.36
[0.05;0.67]

-0.01
[-0.61;0.60]

0.99
[0.95;1.02]

CCT20 min [K] 6.58
[1.90;11.3]

-0.81
[-1.91;0.29]

-0.31
[-1.52;0.90]

0.55
[0.17;0.93]

0.34
[0;5.64]

0.57
[-1;1]

1.00
[0.97;1.04]
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5.3.4. Discussion
In this subchapter, the relationships between the three personal light factors (light quantity, 
spectrum, and duration) and subjective alertness were investigated. Subject-specific dose-
response curves were developed but showed not to be significant in most of the investigated 
cases. 

First, it was expected that alertness levels would increase when the light quantity increases. 
This relationship was expected for a certain moment of the day with a certain limit as the 
maximum alertness value. However, the average dose-response curves between seven 
measures of light quantity and subjective alertness showed that there was no significant 
relationship. The average dose-response curve between Hday and subjective alertness was 
found to be significant. As Table 5-5 shows, the relationship highly depended on individuals. 
Although numerous studies reported significant differences between dim and bright light 
conditions, Souman et al. (2018) reported that 17 of the included 45 studies in their review 
failed to find a significant effect. He reported that this could have occurred due to too high 
light quantity levels for the dim conditions and this may have occurred in the current field 
study as well. Since the lighting conditions in the field study were not controlled, the range of 
light quantities may have been too small to find significant effects. This suggests that, if the 
range of personal lighting conditions has to be larger to find a significant relation between 
light quantity and subjective alertness, it may be very difficult to relate the light quantity of 
personal lighting conditions of office workers to subjective alertness during daytime. Lok, 
Woelders, et al. (2018) and Smolders et al. (2018) also tried to develop a dose-response 
curve between light and alertness during daytime. Lok, Woelders, et al. (2018) reported that 
the effects of light on alertness during daytime were found to be small if present at all and 
Smolders et al. (2018) found no clear dose-response curve between 1 hour light exposure 
and alertness. 

Table 5-6: Characteristics of the subject-specific dose-response model. The test statistic results for the Likelihood 
Ratio Test were marked (*) when the test was significant at the level of 0.05 (P-value). 

Variable

The R2 value of 
subject-specific 
dose-response 

model

Percentage of 
participants with 
a negative slope

Likelihood Ratio Test

Test statistic P-value

Ē20min [lx] 39.5 % 14.5 % 13.9* <.001
Ē1 hour [lx] 39.3 % 30.7 % 7.3* .017
Ē2 hours [lx] 39.2 % 77.4 % 4.7 .064

Ēday [lx] 38.4 % 85.5 % 1.0 .410
H20 min [lxh] 39.8 % 12.9 % 14.1* <.001
H1 hour [lxh] 39.0 % 30.7 % 7.0* .020
H2 hours [lxh] 39.1 % 83.9 % 5.2 .050

Hday [lxh] 40.1 % 3.2 % 4.0 .089
CCT20 min [K] 37.8 % 95.2 % 0.1 .638
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Second, the dose-response curves for the relation between the light spectrum (represented 
using CCT20 min) and subjective alertness showed that this relation was also found to be not 
significant. Souman et al. (2018) reported that four out of the seven papers included in 
their review demonstrated a significant effect on subjective alertness with higher correlated 
colour temperatures, suggesting that this relationship is not yet consistently proven. In some 
studies, even a trend towards the opposite direction of the relationship (a higher correlated 
colour temperature correlating with lower subjective alertness) was found (Smolders & de 
Kort, 2017). Although the dose-response curves between CCT20 min and subjective alertness 
in this study were not significant, the direction of the dose-response curve was found to be 
negative for 95.2 % of the participants indicating that a higher correlated colour temperature 
corresponded to higher subjective alertness. 

And last, the influence of duration on the relation between personal lighting conditions 
and subjective alertness was investigated using the first eight lighting measures. Table 5-6 
shows that, although nearly all dose-response curves were not significant, the percentage of 
participants with a negative slope (the expected direction of the relationship between personal 
lighting conditions and subjective alertness) increased with increasing duration. This was the 
case for all the measures of light quantity except the daily luminous exposure (Hday). This may 
be explained by the variation in the duration of the day in the cumulative light measure Hday. 
The daily luminous exposure was represented in this subchapter as the luminous exposure 
from the moment the participants started wearing the device until the moment they filled 
in the alertness questionnaire. For only 14.5 % of the participants, a negative dose-response 
curve was found for the relation between Ē20 min and subjective alertness whereas this was for 
85.5 % of the participants for the relation between Ēday and subjective alertness. This suggests 
that personal lighting conditions averaged over the entire day were relevant to the subjective 
alertness of the individual. The fact that personal lighting conditions over the entire day may 
have been relevant may also be explained by the history of light exposure. Chang, Scheer, 
Czeisler, and Aeschbach (2013) reported, for example, higher increases in sleepiness when 
the light quantity was the same during the experiment as before the experiment compared 
to when the light quantity was higher during the experiment than before the experiment. 

Limitations of the study
This study contained some limitations that need to be considered carefully when interpreting 
the findings of this subchapter. 

First, to thoroughly investigate the relationship between personal lighting conditions and 
subjective alertness, both the personal lighting conditions and the subjective alertness levels 
need to vary sufficiently. It may be that the personal lighting conditions had a too high or 
low starting point or a too small range and this may have caused that the relationship was 
not found to be significant. Since initial lighting conditions may influence light effects on and 
beyond vision and the lighting preferences of the office worker (Kent, Fotios, & Altomonte, 
2019), the starting points of personal lighting conditions may have influenced their feelings 
of alertness. Furthermore, it may be that the subjective alertness dataset did not suffice. 
The mean alertness level of participants was relatively high (3.0, which stands for ‘alert’ on 
the KSS scale, see Table 5-4) and moreover the alertness levels may not have varied enough 
(standard deviation of 1.3, see Table 5-4). Besides, participants could have filled in the 
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alertness questionnaire as they thought the researchers wanted it to be or that they rushed 
filling in the questionnaire due to time constraints. 

Second, the timing of light exposure was not included in the analyses. All alertness 
questionnaires were filled in during office hours so it is certain that all dose-response curves 
concern daytime situations. It would have been relevant to split the entire data set in clusters 
per time of the day (09:00, 11:00, 14:00, and 16:00). The sample size of 62 participants was 
too small to develop clear dose-response curves per time of the day. 

5.3.5. Conclusions and recommendations
Although nearly all dose-response curves between personal lighting conditions and subjective 
alertness determined in this study turned out to be not significant, the results may be of high 
importance in the exploration of the exact relationship between personal lighting conditions 
and subjective alertness. This study demonstrated that the duration of light exposure may be 
relevant in this relationship. 

Since this study showed negligible relationships between personal lighting conditions (both 
light quantity and spectrum) and subjective alertness whereas some other studies did find 
this significant relationship, it is of high importance to keep performing light effect studies 
during daytime to get more insight in this relationship. Future studies should consider larger 
ranges for personal lighting conditions (e.g. by performing the study during multiple seasons 
or by including office buildings that have a wider variety in lighting conditions inside the 
buildings), objective measures for subjective alertness, and larger participant samples in 
order to further explore the relationship between personal lighting conditions and subjective 
alertness during daytime. 
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This chapter described two field studies investigating the relationship between light and 
subjective alertness of office workers. In some laboratory studies, light-induced effects have 
been demonstrated. Field studies are essential to prove the validity of these results and the 
potential recommendations for lighting in future buildings. The first field study identified 
multiple general, environmental, and personal conditions as confounders for the relationship 
between light quantity and subjective alertness. For six out of the total 46 participants, a 
statistically significant correlation was found between horizontal illuminance and subjective 
alertness. Although, the discovery of the ipRGCs was thought to fully explain the mechanism 
behind the relationship between light and effects beyond vision, this relationship, especially 
for daytime situations, turned out to be more complicated. The difficulty between light and 
light effects beyond vision during daytime may be caused by additional light factors being 
important. Six light factors were identified to initiate effects beyond vision: light quantity, 
spectrum, directionality, and timing, duration, and history of light exposure. Therefore, the 
second field study included personal lighting conditions in the exploration of the relationship 
between light and subjective alertness. The light factors light quantity, spectrum, and 
duration of light exposure were included in the analysis. Subject-specific dose-response 
curves were developed. Although nearly all dose-response curves between personal lighting 
conditions and subjective alertness determined in this study turned out to be not significant, 
the results may be of high importance in the exploration of the exact relationship between 
personal lighting conditions and subjective alertness. This study demonstrated that at least 
the duration of light exposure may be relevant in this relationship. 

5.4 Conclusion
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In the past, lighting designs in buildings were mostly developed to be functional. Nowadays, 
light is applied to let people feel better as well. In order to satisfy each individual using light, 
personalized technology is required. Customized technology can only be developed when 
measurements or simulations are performed on, at, or around individuals. The term personal 
lighting conditions, also referred to as continuous lighting conditions at the individual level 
was introduced to specify the exact lighting conditions to which an individual is exposed. The 
introduced term has two purposes. First, continuously gathered personal lighting conditions 
can be used to investigate the relationship between light exposure and its light-induced effects 
beyond vision more thoroughly. Second, personal lighting conditions can be implemented 
in an intelligent lighting system to optimize light-induced effects. A certain system would 
require real-time light-induced effect data (e.g., subjective alertness levels), real-time 
personal lighting conditions, and a relationship between light and the light-induced effect. 
Subjective alertness is just one out of the many possible light-induced effects but the reach 
of an effect-driven lighting control system extends to other psychobiological/ psychological 
processes, individual outcomes, and even organizational outcomes as well. 

Even though some researchers did already include certain aspects of personal lighting 
conditions in their light effect studies (Crowley et al., 2015; Figueiro & Rea, 2016), until now 
there was no approach proposed to systematically gather, interpret, influence, and investigate 
personal lighting conditions in relation to subjective alertness of office workers. This project 
clarified this approach, namely how to analyze personal lighting conditions and to examine 
the relationship between personal lighting conditions and subjective alertness. 
By following this proposed systematic approach the personal lighting conditions, predictors 
of personal lighting conditions, and the relationship between personal lighting conditions and 
subjective alertness can function as input for future intelligent systems to optimize subjective 
alertness of office workers. 

This chapter starts with describing the key findings of the project (subchapter 6.1). Second, 
the findings will be considered and translated into input for future intelligent systems to 
optimize subjective alertness of office workers (subchapter 6.2). Subsequently, the strengths 
and limitations of the applied approach are discussed in subchapter 6.3. Subchapter 6.4 
provides an overview of future research directions. This chapter ends with concluding 
remarks (subchapter 6.5). 
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The systematic approach consisted of four parts: gathering personal lighting conditions, 
interpreting personal lighting conditions, identifying predictors of personal lighting conditions, 
and linking personal lighting conditions to subjective alertness. For each part, the key findings 
are provided and briefly discussed. 

6.1.1. Gathering personal lighting conditions
The literature review in Chapter 2 (subchapter 2.2) showed that researchers have not been 
fully mapping the lit environment during their light effect studies as later suggested by the 
CIE (2016). The papers published before 2016 may lack the information due to a missing 
guideline and the publications after 2016 may have not included all light aspects due to 
possible limitations in knowledge, measurement instruments, or money. Lighting conditions 
were documented in photometric quantities in all 25 included research papers concerning 
light and alertness whereas radiometric quantities were only included in 11 papers. Since 
the spectral sensitivity of rods and cones (responsible for vision) differs from the spectral 
sensitivity of the ipRGCs (responsible for light effects beyond vision), it is recommended to 
include radiometric quantities as well (e.g., spectral power distributions), especially when 
investigating light effects beyond vision. Furthermore, the measured lighting conditions 
included in the research papers were often averaged over time (in 18 out of the 24 papers) 
or over the location (in 7 papers out of the 24 papers). As variations in lighting conditions 
can be large over time and place, lighting conditions should be measured at the individual 
level. Personal lighting conditions can provide essential information to draw more in-depth 
conclusions within a light effect study. 

Personal lighting conditions can be gathered via multiple methods: (1) measurements, (2) 
simulations, and (3) estimations (Subchapters 2.1 and 2.2). This thesis focused on Person-
Bound Measurements (PBM), Location-Bound Measurements (LBM), and Location-Bound 
Estimations (LBE). The LBM method has a large disadvantage that office workers may not be 
able to work at the working places where the measurement instruments are placed. PBM is a 
method commonly used to investigate light effects beyond vision. However, PBM devices were 
found to suffer from accuracy issues (Subchapter 2.3). First, light measurements on different 
parts of the body showed that particularly the wrist position should be used with great 
caution since the results show a deviation in vertical illuminance values up to 27 % compared 
to the values measured at a reference position in between the eyes of the individual. The 
best position from an accuracy perspective would be on the side of the head. The second-
best option is a position on the chest since this location is relatively close to the eyes of an 
individual and the viewing direction of a chest-based device is largely comparable to the eye 
direction. Second, controlled measurements showed that the majority of the wearables had 
poor performance for the f2 and the f3 index (respectively the directional response index and 
the linearity index) whereas the wearables were scoring well on the f6,T index (temperature 
index).
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In addition to the accuracy issues, the PBM devices were found to cause practical accuracy 
and wearing comfort issues (Subchapter 2.4). The main practical problem of wearables, 
identified in an experiment with 21 healthy participants, was that the devices were regularly 
covered by clothes or shadow from the individuals themselves. Furthermore, in a second 
experiment consisting of ten participants with either intellectual disability or dementia, 
multiple wearables got lost, broken or were forgotten to be worn by the participant. Those 
practical problems may lead to unreliable data from the wearables and are therefore highly 
important to consider while using PBM in a light effect study. Besides the practical problems, 
multiple wearing comfort issues were identified. Although the head-based devices would 
give the most accurate results, a portable device attached to the glasses of a participant was 
reported as the most uncomfortable one by the group of healthy participants. Most of the 
participants with an intellectual disability or the dementia syndrome only experienced minor 
wearing comfort issues from the two wearables they wore (respectively a device attached to 
the glasses and a device attached to a necklace). 

As a result of multiple (practical) accuracy and wearing comfort issues of the PBM method, 
a novel practical unobtrusive method (LBE) has been proposed by the means of gathering 
(input for) personal lighting conditions. This method uses measurements at selected reference 
locations in a space to estimate lighting conditions at all relevant locations throughout the 
office environment (the so called target locations). Subchapter 2.5 described comparisons 
between the LBE and two alternative methods: one against PBM and one against LBM. The 
deviation from the LBE compared to the LBM was at most 8 % for horizontal and 14 % for 
vertical illuminance values whereas the deviations from the LBE compared to the PBM were 
between 33 and 60 % for the vertical illuminance values. A higher coefficient of determination 
(R²) for the predictive model between the measurements at the reference locations and the 
estimations for the target locations resulted in significantly higher accuracies for the LBE 
method. In addition, an increase in the number of momentary measurements at target 
locations resulted in a slightly higher accuracy of the LBE method. 

Besides the abovementioned aspects to improve the accuracy of the LBE method, input 
factors related to the office worker’s position were recommended to increase its accuracy. 
Subchapter 2.6 described experiments regarding the position and viewing direction of 
an office worker. The observational study demonstrated that office workers were at their 
workplace for an average of 81 % of their time at work. To fill this average gap of 19 % that 
office workers are away from their workplace, real-time locations of office workers need to 
be included while determining personal lighting conditions of office workers. In addition, the 
measured vertical illuminances at the window side were 12 to 15 times higher compared to 
the opposite of the window side. These differences in personal lighting conditions between 
different viewing directions differed for different office layouts. Therefore, the viewing 
directions and the office layout need to be considered as well when determining personal 
lighting conditions of office workers. 

6.1.2. Interpreting personal lighting conditions
Chapter 3 provided insight in personal lighting conditions of 62 Dutch office workers in spring 
2017. Personal lighting conditions were measured using the PBM method as described 
in subchapters 2.3 and 2.4. Six light factors were identified before to initiate light effects 
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beyond vision (Khademagha et al., 2016a) and five of these factors were used to interpret 
the continuously measured personal lighting conditions: light quantity, spectrum, timing, 
and duration, and history of light exposure. First, large individual differences were found 
regarding light quantity and spectrum. In addition, the study demonstrated large differences 
in lighting conditions between three different locations of the office worker (“at work”, “at 
home”, and “elsewhere”). “At work”, a mean illuminance of 504 lx, a mean correlated colour 
temperature of 4205 K, and a mean blue irradiance of 158 W/m² were found. Higher values, 
940 lx, 5097 K, and 430 W/m², were found “at home”. At other locations (also referred to as 
“elsewhere”), the mean illuminance levels and mean blue irradiances were more than ten 
times higher than “at work”: 5885 lx, 5341 K, and 2607 W/m². Second, the timing of light 
exposure was investigated. The mean luminous exposure (included data of all participants 
and all days) over the course of a day peaked at three moments in time: in the morning (e.g., 
when participants travelled to work), during lunchtime (e.g., when participants went outside 
for lunch), and at the end of the afternoon (e.g., when participants went home after work). 
The duration and history of light exposure demonstrated that, out of the 597 minutes the 
participants were on average exposed to an illuminance over 50 lx vertically at eye level, the 
level exceeded 1000 lx for 72 minutes on average. Since the evidence regarding which light 
factors influence subjective alertness the most is not conclusive yet, it is highly relevant to 
know and document the daily rhythms and ranges of personal lighting conditions of office 
workers. 

6.1.3. Identifying predictors of personal lighting conditions
The personal lighting conditions as demonstrated in subchapter 3.3 are assumed to influence 
subjective alertness. By knowing how personal lighting conditions impact human, either 
positively or negatively, these personal lighting conditions may be controlled by office 
workers to optimize their subjective alertness level. For most of the time it applies that more 
alert office workers perform tasks better and productivity may be increased. Subchapter 4.2 
describes the identification of predictors influencing the personal lighting conditions of office 
workers. Weather conditions, flexible personal conditions, fixed personal characteristics, 
the daily schedule of the office worker, and office characteristics were all found to influence 
personal lighting conditions. Since weather conditions, flexible personal conditions, and fixed 
personal characteristics are difficult or even impossible to be controlled by office workers, the 
focus was on controlling the daily schedule of the office worker and workplace characteristics. 
Spending one hour more outside resulted in an 8 % higher daily mean illuminance. In addition, 
the position of sun shading devices (e.g., open, half open, or closed), the distance from the 
workplace to the closest window, and the office worker’s viewing direction relative to the 
window all had a significant influence on personal lighting conditions of office workers. 

6.1.4. Linking personal lighting conditions to subjective alertness
Since the relationship between light and subjective alertness was often studied in small, 
controlled laboratory environments with a low ecological validity, this relationship was 
studied in relatively larger field experiments and Chapter 5 described the results of these 
studies. Subchapter 5.2 described a field study with 46 subjects in which the relationship 
between horizontal illuminance at the workplace and subjective alertness was investigated. A 
significant correlation between illuminance and subjective alertness was found for only six out 
of the 46 office workers and even disappeared when controlling for general, environmental, 
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and personal confounders. Subchapter 5.2 demonstrated discrepancies between this field 
study and some previously executed laboratory studies. The benefit of performing a field 
study is that the results of tests in controlled, laboratory environments can be validated in 
an environment with higher ecological validity. This study highlighted the importance of 
validating laboratory study results in field studies. Subchapter 5.3 describes a field study with 
62 subjects investigating the relationship between light and subjective alertness of office 
workers. In this field study, continuously measured personal lighting conditions were included 
to investigate the relationship with subjective alertness. The inclusion of personal lighting 
conditions in a light effect study ensured a thorough investigation of the effect per individual 
exposure as it includes a large variety between and within light factors. Unfortunately, 
nearly all dose-response curves for the relation between personal lighting conditions (light 
quantity and spectrum) and subjective alertness developed in this study were found to be 
not significant. Nevertheless, the results may be of high importance in the exploration of the 
exact relationship between personal lighting conditions and subjective alertness. The study 
demonstrated that duration of light exposure may be relevant in this relationship since the 
dose-response curves showed better trends for longer durations of light exposure. 
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Multiple studies have shown that light influences subjective alertness and it would be highly 
relevant if the outcomes of this relationship can be used as input into an intelligent (lighting) 
system that optimizes subjective alertness of office workers. Optimal subjective alertness of 
office workers may lead to improved individual outcomes such as health and organizational 
aspects such as productivity (see Figure 1-3). Optimal subjective alertness may in most cases 
be the highest subjective alertness; however, it may be possible that an office worker needs 
to relax during a break and that she or he desires a lower subjective alertness level. 

Intelligent systems striving to optimize subjective alertness of office workers require the 
following elements:

- INPUT:   Continuous personal lighting conditions of office workers;
- INPUT:   Information regarding the controllable predictors of the personal  
   lighting conditions;
- INPUT:   (Continuous) subjective alertness levels of office workers;
- PROCESS: An established and validated relationship between personal lighting  
   conditions and subjective alertness levels;
- OUTPUT:  Recommendations regarding the controllable predictors.

A schematic overview of future intelligent systems to optimize subjective alertness is 
demonstrated in Figure 6-1. The input parameters can be measured or estimated objectively 
or subjectively. The input elements will be addressed in section 6.2.1. The processing element 
will be discussed in section 6.2.2. The output element of these intelligent systems to optimize 
subjective alertness, the recommendations, will be discussed in section 6.2.3. 

6.2  Intelligent systems to optimize 
subjective alertness of office workers



6.2.1. Input elements
This section will describe three input elements of intelligent systems to optimize subjective 
alertness of the office worker (see Figure 6-1). First, personal lighting conditions (gathering 
and interpreting personal lighting conditions) are discussed. Second, the controllable 
predictors of personal lighting conditions are provided. Third, subjective alertness will be 
discussed. 

Personal lighting conditions
To be able to correctly implement personal lighting conditions into intelligent systems, one first 
needs to select the most appropriate methodology to gather the personal lighting conditions. 
The second aspect is then how to interpret the gathered personal lighting conditions. 

Gathering personal lighting conditions
There are multiple aspects which need to be considered while selecting the most appropriate 
method to gather personal lighting conditions. Five of these aspects will be discussed in this 
section: the (1) purpose of gathering the personal lighting conditions, the (2) participants/
users, (3) weather conditions, the (4) desired accuracy of the measurements, and the (5) 
privacy of the participants/users. It may depend on the desired light effect beyond vision how 
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Figure 6-1: Schematic overview of the elements of future intelligent systems to optimize subjective alertness of 
office workers. All aspects discussed in this thesis are included in such a system. The gathering and interpretation 

of personal lighting conditions, as well as the identified predictors of personal lighting conditions, are input 
parameters whereas the established relationship between personal lighting conditions and subjective alertness 

functions as the processing part. 



important each of these factors are. 

1.  The purpose of gathering personal lighting conditions
 The choice between PBM, LBE, or other methods (see subchapter 2.1) may depend  
 on the application purpose of the personal lighting conditions. For a light effect  
 study with a limited study period, it may be doable for participants to wear a PBM  
 device whereas for a longer-term intelligent system to optimize subjective alertness  
 it may be impossible to ask, for example, office workers to always wear a certain  
 PBM device. The longer the application takes, the more the appropriate method will  
 turn from PBM to LBE. It is interesting to determine where the tipping point is  
 between both methods. 

2. Participants/users
 The selected group of individuals and their tasks and activities may be relevant for  
 selecting the most appropriate method to gather personal lighting conditions.  
 Subchapter 2.4 described studies that were performed on healthy participants and  
 cognitively impaired participants. For the group of cognitively impaired participants,  
 it was, for example, hard to remember to consistently wear the PBM devices.  
 Moreover, these participants spent the majority of time inside their nursing home.  
 The reduced memory characteristic of this selected group of participants impeded  
 the usage of PBM devices whereas the fact that these participants spent most of  
 their time at the same location made the usage of LBE even more favourable.   
 Besides the flexible personal conditions (e.g., health-related issues), occupational  
 aspects may influence the process of selecting the most appropriate method to  
 gather personal lighting conditions of office workers. The job type and the occupancy  
 pattern (within and outside the office building) of an office worker need to be  
 carefully considered. 

3. Weather conditions
 Weather conditions, especially colder conditions or rain complicate the usage of  
 PBM. Even indoors, participants or users often wear more layers of clothes in colder  
 conditions and therefore the chance of having the PBM device mounted on the  
 outer layer reduces. Only wearing the PBM device on the outer layer would give  
 reliable measurements. In addition, rain can also impede the usage of PBM devices  
 since some, especially the cheaper ones, may not be water resistant. The lack of  
 measurements in the outdoor conditions would highly impact the measured  
 daily personal lighting conditions (see Chapter 3.3 and 4.2). Deviations between the  
 measurements and the actual personal lighting conditions can also appear in the  
 opposite direction. In warmer, sunnier weather conditions participants may wear the  
 PBM device on the outer layer but wear a pair of sunglasses. Wearing sunglasses  
 would strongly reduce the personal lighting conditions and therefore induce a higher  
 inaccuracy of the PBM method. 

4. The desired accuracy of measurements
 The desired accuracy of the personal lighting conditions may guide in the selection of  
 the most appropriate method to gather personal lighting conditions. It is  

General discussion | 249 



 recommended to select a method with the corresponding accuracy for the purpose  
 of the light effect study specifically. A quantitative study may require a gathering  
 method with the highest accuracy whereas a qualitative study may need a gathering  
 method with a lower accuracy but with the least comfort and practical issues. This  
 section discusses the accuracy of methods to gather personal lighting conditions and  
 the accuracy of specific measurement instruments. 

 The methods to gather personal lighting conditions, as described in subchapter  
 2.1, suffer from multiple inaccuracies. As subchapters 2.3 and 2.4 demonstrated,  
 PBM instruments suffer from multiple (practical) accuracy and wearing comfort  
 issues as well. These issues need to be considered with caution. Although seven  
 different PBM devices were included in the comparison analysis, only one device per  
 type was included. Markvart, Hansen, & Christoffersen (2015) demonstrated that light  
 responses measured with similar devices were found to vary up to at most  
 60%. This result highlights the importance of validating a certain measurement  
 device prior to its usage in intelligent systems to optimize subjective alertness.  
 In addition to the unique deviations, three performance indicators were applied  
 to investigate the performance of the PBM instruments: the directional response  
 index (f2), linearity index (f3), and temperature index (f6,T). The indicators required to  
 determine the performance of a measurement instrument may depend on the  
 purpose of the application of personal lighting conditions. Applying the personal  
 lighting conditions in intelligent systems that incorporate both light effects on vision  
 and beyond vision may result in increased importance for testing the measurement  
 instruments on spectral mismatch index as well (CIE, 2014c). In this case, a high  
 match between the sensitivity of the measurement instrument and the spectral  
 sensitivity curve of the ipRGCs is preferred (Berson et al., 2002). In addition to the  
 accuracy issues, multiple practical accuracy and wearing comfort issues were  
 addressed (subchapter 2.4). The PBM method was mostly found to be obtrusive since  
 the participants need to wear a PBM device. If the participants decide to stop wearing  
 the device or to wear the device for only a short period during the day, the accuracy  
 and completeness of the measurements will decrease and potentially incorrect  
 conclusions may be drawn based upon the measurements. 

 To eliminate the obtrusiveness from the PBM method to gather personal lighting  
 conditions, the non-obtrusive LBE method was proposed. As mentioned before, the  
 coefficient of determination for the predictive model between the measurements  
 at the reference location and the target location was found to influence the accuracy  
 of the LBE method. The reliability of the predictive model (e.g., R²) may be influenced  
 by, amongst others, (a) the number and timing of the momentary measurements  
 at target locations, (b) the selection of the reference locations, and the (c) inclusion/ 
 exclusion of personal factors.  

 a.  Number and timing of momentary measurements at target locations
  The momentary measurements at target locations highly influence the  
  predictive model. Since the predictive model is based on these momentary  
  measurements at target locations, a higher number of measurements  
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  will increase the accuracy and reliability of the model. In addition, the timing  
  of these measurements is of importance as well. Since daylight varies in  
  light quantity and spectrum throughout the day and the year, it is important  
  to perform sufficient momentary measurements at multiple moments per  
  day and year. It is still unknown what the required number of momentary  
  measurements is. Weather conditions, such as dynamic cloudiness of the sky  
  (Li & Cheung, 2006), complicate the development of the predictive model.  
  Furthermore, the conditions of the surroundings need to be thoroughly  
  considered and documented during the momentary measurements at target  
  locations. At both the reference location and the target location, the electric  
  lighting needs to be at the same dimming level (preferably with daylight  
  dimming systems or occupancy controls disabled), computer monitors at  
  measurement locations need to be in the same mode (either all switched  
  on or off), the position of the sun shading device need to be comparable, and  
  no (other) building occupants are allowed to interfere with the measurements. 

 b.  Selection reference locations 
  It is preferable to select reference locations with similar characteristics  
  compared to the target locations. The LBE method was applied in the field  
  study described in subchapter 5.2. The building in this field study only  
  had daylight openings at one side of the building and was rectangular.  
  Therefore, the characteristics of the three reference locations were  
  comparable to the characteristics of the target locations which resulted in  
  well-functioning predictive models. In contrast, the office building of the  
  second field study (subchapter 5.3) was more complex and therefore the  
  application of LBE was too inaccurate. If, for example, building occupants  
  walk by the reference location or if the electric lighting is switched off at  
  the reference location and that did not happen at the target location, the  
  predictive model between the reference location and the target location will  
  function worse. A predictive model may increase in accuracy over time as  
  it may ‘learn’ from (user) actions (Gopalakrishna, 2015). The complexity  
  of the office building may explain the high deviation between the LBE and  
  the PBM as mentioned in subchapter 2.5. 

 c.  Inclusion/exclusion of personal factors
  Personal factors refer to the location and the viewing direction of the office  
  worker. The comparison between the two methods (i.e., LBE and PBM) was  
  only applied for the periods the office worker was sitting at the desk (used  
  as the target location in the predictive model of the LBE method) so the  
  increased inaccuracy of the LBE due to different locations of the office workers  
  was eliminated here. Nevertheless, since the PBM device was mounted to  
  the body of the individual, the viewing direction was included in the PBM  
  method whereas this was not included in the LBE method. As subchapters  
  2.6 and 4.2 demonstrated, the viewing direction relative to the closest  
  window had a significant effect on the personal lighting conditions of office  
  workers. The fact that the viewing direction was not yet included in the LBE  
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  method may explain the high deviation between LBE and PBM as explained  
  in subchapter 2.5. Therefore, it is important that the viewing direction of the  
  office worker has to be taken into account when applying the LBE method  
  (subchapter 2.6).  

5. Privacy of participants/users
 Since the privacy of the occupant is becoming a more important point on the political  
 agenda (European Commission, 2018), it needs to be considered when selecting the  
 gathering method for personal lighting conditions. Some participants of the field  
 study as described in subchapters 2.5, 3.3, 4.2, and 5.3 were worried that the PBM  
 devices were able to videotape their behaviour and if so, they would refuse to  
 wear the PBM device everywhere (e.g., “at home”). Since the applied PBM devices  
 only contained sensors measuring light data, the participants were willing to wear  
 the devices everywhere. 

The LBE method has the large advantage of being unobtrusive (i.e., the participants/users 
do not have to wear a PBM device). However, in order to increase the accuracy of the LBE 
method, personal factors need to be taken into account as well. Although office workers were 
looking towards their computer screen for 93 % of their time, the total luminous exposure 
over the day would still be influenced. The real-time location and viewing direction of the 
office worker may be included by applying location-tracking and/or an eye tracker or camera 
system to record the viewing directions of the office worker. The application of such tracking 
systems may violate the privacy of the office worker. 

Interpreting personal lighting conditions
How to interpret the personal lighting conditions highly depends on the light-induced effect to 
be investigated or steered in the effect-driven lighting control system. As subjective alertness 
was the main outcome measure, the gathered personal lighting conditions were analysed 
using five light factors identified to trigger an effect beyond vision. 

Light factors identified to trigger an effect beyond vision were often considered in light 
effect studies (CIE, 2016) or recommendations for healthy light (Velux, 2013). Light quantity 
was often expressed via illuminances, light spectrum as correlated colour temperatures 
or effective irradiances with respect to the circadian response, timing of light exposure by 
mentioning the timing of the day by peaks in the lighting conditions during the day, duration 
of light exposure was often expressed as light doses, and history of light exposure as contrast 
experiences. Scientists (CIE, 2009) stress the importance of darkness during the night next to 
sufficient light during the day, hence the importance of gathering personal lighting conditions 
throughout the entire day (24 hours). 

Predictors of personal lighting conditions
After gathering and interpreting personal lighting conditions, it is essential to examine 
to what extent the personal lighting conditions are able to be influenced by the system 
users. For example, in situations where it is difficult for the user to influence personal 
lighting conditions (e.g., for cognitively impaired persons because they may forget to move 
themselves to a brighter location after receiving a recommendation), it is more important to 
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provide customized recommendations. The same applies for an indoor environment without 
daylight entrance, then the recommendations need to be feasible as well (e.g., sitting closer 
to a window is not possible but spending more time outside to increase her or his personal 
lighting conditions is). 

Potential predictors of personal lighting conditions need to be identified for different 
seasons. As demonstrated in subchapter 4.2, office worker’s daily schedule and workplace 
characteristics were identified as controllable predictors to influence the personal lighting 
conditions of the office workers. It was shown that the more time was spent “elsewhere” the 
higher the personal lighting conditions were during the day. However, this significant increase 
in personal lighting conditions needs to be considered with caution since measurements 
were performed during spring. Spending an hour outside in winter may lead to stronger or 
weaker conclusions. 

When identifying predictors to influence personal lighting conditions, causality needs to be 
considered. Some predictors influencing personal lighting conditions (e.g., health-related 
issues as described in subchapter 4.2) may actually be outcome measures of personal lighting 
conditions. The identification of predictors, therefore, needs to be executed with caution. 

Intelligent systems need real-time information of the controllable predictors influencing 
personal lighting conditions (in the field study described in subchapter 4.2: office worker’s 
daily schedule and workplace characteristics). This information enables providing 
recommendations to adjust the predictors and therefore to adjust the personal lighting 
conditions. This input parameter is placed in the group of system input parameters since it is 
recommended that this information can be gathered via objective measurements. Location 
tracking can, for example, give insight into the position of the office worker and therefore tell 
the distance from the workplace to the closest window or the amount of time spent inside 
the office building or outside. In addition, cameras or eye trackers may collect information 
regarding the viewing directions of office workers. 

Subjective alertness
Besides the system input parameters (personal lighting conditions and information of the 
predictors of personal lighting conditions), one user input parameter is required.

In order to inspect whether the subjective alertness of the office worker can be improved or 
whether it is already at its optimum level, the intelligent systems require subjective alertness 
levels of the office worker. In this project, only subjective alertness was included. Subjective 
alertness was measured at multiple moments over the day via the validated Karolinska 
Sleepiness Scale (Åkerstedt & Gillberg, 1990) and this questionnaire can be applied as an 
experience sampling method to gather regular subjective alertness levels of office workers 
throughout their days. 

Since human perception is unpredictable (Gopalakrishna, Ozcelebi, Lukkien, & Liotta, 2017), 
the self-reported office workers’ subjective alertness may be required to be included in future 
intelligent systems to optimize subjective alertness. Nevertheless, automatically measured 
objective measures of alertness may even increase the reliability of such systems as the 
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participants then cannot forget to insert her or his alertness into the system.

6.2.2. Process elements
As Figure 6-1 demonstrated, there is one process element for future intelligent systems to 
optimize subjective alertness of office workers that needs to be discussed.

Relationship personal lighting conditions and subjective alertness
Once there is sufficient input available on the personal lighting conditions, the relationship 
between the personal lighting conditions and subjective alertness may be established. 
Furthermore, a relationship can only be established when both the independent (personal 
lighting conditions) and the dependent (subjective alertness) variable show sufficient 
variation. The relation between light and subjective alertness can be investigated using:

- Light quantity (Smolders, de Kort, & Cluitmans, 2012);
- Light spectrum (Mills et al., 2007);
- Light directionality (Ruger, Gordijn, de Vries, & Beersma, 2005);
- Timing of light exposure (Cajochen et al., 2000);
- Duration of light exposure (Chang et al., 2012);
- History of light exposure (Chang et al., 2013). 

Subchapter 5.2 described a field study in which the relationship between light and subjective 
alertness was investigated using light quantity (i.e., horizontal illuminances gathered via the 
LBE method). In this study, for 6 out of 46 participants, a significant correlation between 
horizontal illuminance and subjective alertness was found. 

Including personal lighting conditions in a light effect study, extends the possibilities of 
investigating the relationship between light and subjective alertness. Subchapter 5.3 
described a field study in which the relationship between light and subjective alertness 
was investigated using personal lighting conditions including light quantity, spectrum, and 
duration of light exposure. Subject-specific dose-response curves were developed. This study 
demonstrated that the duration of light exposure may be relevant in this relationship. 

Intelligent systems require established relationships between (different aspects of) personal 
lighting conditions and subjective alertness of office workers. This relationship may, as 
described before, be expressed as the relation between light quantity, spectrum, directionality, 
and/or timing, duration, or history of light exposure and the dependent variable subjective 
alertness. In addition, this relationship may differ per individual (subchapter 5.3). 

6.2.3. Output parameter
Intelligent systems to optimize subjective alertness as described before, may function by 
adjusting the predictors to the individual office worker. The electric light sources in indoor 
environments (i.e., “at work”, “at home”, or “elsewhere (indoor)”) may be adjusted towards 
individual desires or needs. However, this method to control electric light sources is building 
based and highly depends on the possibilities per building to control the electric lighting. Not 
all electric lighting can be dimmed or set per individual office worker and the group solution 
may not work best for all individuals (van der Vleuten-Chraibi, 2019). In addition, in order for 
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an automatic intelligent system to work, a tuneable lighting system (e.g., connected lighting 
(Philips, 2019)) is required to regularly adjust the lighting conditions to the desired subjective 
alertness of the office worker. 

Since intelligent systems to optimize subjective alertness need to work independently of 
the location of the office worker, a second option can be introduced: supporting the office 
workers to control their own personal lighting conditions based on their subjective alertness 
levels. Therefore, the system can provide recommendations regarding the predictors of their 
personal lighting conditions to adjust the personal lighting conditions of the office worker. 
Recommendations can be, for example, “Please seek a workplace closer to a window”, 
“Please open up the sun shading device”, or “The system advises you to go outside during 
your next break”. Although this system would be developed to optimize subjective alertness, 
the guidance through recommendations may be ignored by users or users may select their 
own personal lighting conditions which may work counterproductive. 

As discussed before, real-time information regarding the predictors is essential to prevent 
system mistakes such as, for example, recommending the office worker to open up the sun 
shading device whereas it was already fully open. Another check which needs to be performed 
on the recommendations is that they need to consider visual effects as well. Effects beyond 
vision (in this project: subjective alertness, see Figure 1-6) always need to be considered 
together with visual effects. For example, if the personal lighting conditions are increased 
due to a recommendation of the system and the office worker experiences glare at her or 
his new workplace location, then the recommendation may work counterproductive. The 
third aspect to consider is whether office workers are allowed to or able to move between 
workplaces. Often, departments or groups of colleagues sit together since they collaborate 
on a certain project. Therefore, it may be difficult to recommend these office workers to 
go to another workplace which is more beneficial for their subjective alertness. Instead, 
recommendations can be based on other workplace characteristics such as complementing 
the workplace with task or wall lighting. Other recommendations, for example, to take a 
break outside, are still possible for these office workers. 
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This section discusses the strengths and limitations of this project.  

6.3.1. Strengths of the thesis
The first and main strength of this thesis is that it concerns continuous personal lighting 
conditions at the individual level rather than momentary lighting conditions somewhere in 
a space. Personal lighting conditions ensure increased accuracy for the investigation of the 
relationship between light and subjective alertness. Continuously gathered personal lighting 
conditions enlarge the possibilities to investigate the personal lighting conditions of office 
workers throughout the entire day. Personal lighting conditions throughout the entire day 
give insight into the timing, duration, and history of light exposure. These three light factors, 
besides light quantity, spectrum, and directionality, were identified to initiate effects on 
subjective alertness. Therefore, gathering continuous personal lighting conditions enables 
the investigation and application of personal lighting conditions more thoroughly which may 
increase the reliability of conclusions drawn from light effect studies or which may increase 
the preciseness of applying personal lighting conditions in intelligent systems to optimize 
subjective alertness of office workers. 

Second, this project included large field studies. Field studies have high ecological validity. 
Even though participants were asked to complete questionnaires and therefore slightly 
changed their behaviour, the field studies demonstrated the effects as they would appear in 
reality. The relationship between light and subjective alertness was found to be inconsistent 
(Huiberts, 2018). This project included two field studies executed at two different office 
environments. By gathering personal lighting conditions of 46 and 62 office workers in both 
field studies, categorizations of workplaces could be made based on light quantities and 
light spectrum. Lighting conditions within the office environment were investigated in higher 
detail due to the inclusion of personal lighting conditions in the studies. 

The third strength is that this thesis proposed a practical solution to apply personal lighting 
conditions into future intelligent systems to optimize subjective alertness of office workers. 
The future needs unobtrusive, energy efficient, and intelligent practical lighting solutions and 
the discussed systems to optimize subjective alertness of office workers may succeed on all 
of these fronts. The system would be unobtrusive for office workers, especially if the LBE 
method will be applied to gather personal lighting conditions. In addition, the system would 
be energy efficient since it does not ask the electric lighting system to adjust but it focuses 
on supporting the office workers to adjust their personal lighting conditions by providing 
recommendations. These extra movements of the office workers (e.g., to change workplace 
or to take a break outside) may even contribute to less repetitive strain injuries and therefore 
simultaneously increase the wellbeing of office workers. Furthermore, the system would 
be intelligent since it combines system initiatives (objective input parameters) with user 
wellbeing (subjective input parameter) with the possibility to respond in variable situations 
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and to adapt to establish the most optimal subjective alertness for office workers. 

And fourth, a strength of this thesis is that it proposes to insert the output of this project 
into future intelligent systems to optimize subjective alertness of office workers that are fully 
focused on the individual. It has been a debate amongst researchers for years that there is no 
threshold yet available to ensure optimal conditions for effects beyond vision (CIE, 2016). Since 
the proposed system in this thesis focuses on the individual and therefore on the individual 
subjective alertness levels, it always uses baseline measurements of this individual to test 
whether any improvement in subjective alertness is possible and provides recommendations 
accordingly. Another advantage of individualised support is that it includes age-friendly 
lighting conditions. The CBS (Central Bureau for Statistics) shows that 231000 people aged 
65-74 years were employed in 2018 whereas this was only 66000 in 2003 (StatLine, 2019b). 
The working population is aging so an individual approach to optimize subjective alertness 
would work perfectly to anticipate the needs and desires of the future users.  

6.3.2. Limitations of the thesis
As demonstrated in Figure 1-3, light is only one aspect that influences subjective alertness 
and subsequently health and productivity. Other environmental aspects (e.g., temperature, 
relative humidity, or acoustics) “at work”, “at home”, or “elsewhere” as well as social and 
organizational context and group processes were not considered in this thesis. Subjective 
alertness may be affected by many variables (e.g., indoor air temperature (te Kulve et al., 
2017), caffeine (Kohler et al., 2006), or chronotype (Matchock & Toby Mordkoff, 2009)). 
Most of these variables were added as confounders in the executed field studies analyses. 
Nevertheless, some confounding elements which were not taken into account may influence 
the results of the relationship between personal lighting conditions and subjective alertness. 
It is a limitation that the intelligent systems to optimize subjective alertness of office workers 
mainly focus on the impact of personal lighting conditions on subjective alertness. 

The second limitation of this thesis is that the alertness of the office worker was only 
subjectively investigated. Subjective alertness levels were, in all field studies, collected via 
a validated questionnaire (i.e., KSS developed by Åkerstedt and Gillberg (1990). Although 
the questionnaire was validated, this validation was only performed on 16 healthy female 
participants aged 33-43 (Kaida et al., 2006). The subjective alertness levels may differ between 
individuals due to differences in user characteristics but also because individuals use the 
questionnaire differently (e.g., office worker A uses the range 1-10 whereas office worker B 
only uses the range 4-6) or because office workers just, out of time shortage, rush through the 
questionnaire. In addition, it can be questioned whether this questionnaire exactly measured 
the desired outcome measure subjective alertness since the questionnaire functions with a 
scale from extremely alert to extremely sleepy. As discussed in Chapter 1, alertness needs to 
include both the wakefulness of arousal and the ability to cognitively function of attention 
(Oken et al., 2006). 

A third limitation is that light directionality was not included in the field studies described in 
this thesis. Light directionality is, besides the light quantity, spectrum, and timing, duration, 
and history of light exposure identified as a light factor initiating effects on subjective 
alertness. In this project, personal lighting conditions were gathered by PBM with one or 
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more photosensitive cells but all located at the same position on the body and directed 
into the same direction. This eliminated the possibility of including light directionality into 
personal lighting conditions in this thesis. The discussed LBE method may, however, include 
light directionality using the multiplication factors determined for different viewing directions 
(subchapter 2.6). In addition, light directionality may also be included since personal lighting 
conditions can be estimated based on one or more reference locations. Kruisselbrink, Aries, 
and Rosemann (2017) also proposed unobtrusive location-bound measurements to gather 
information on the lighting quality of the indoor environment. They explained that luminance 
pictures can be used to extract multiple lighting aspects (Kruisselbrink, Dangol, & Rosemann, 
2018). Light directionality may be extracted from luminance pictures as well. 

The focus of this project was to prepare the input and process elements for future intelligent 
systems to optimize subjective alertness of office workers. The application and functionality 
of such systems is topic for further research. 
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6.4.1. Updated status of research
To ensure that the best advice for future studies can be formulated, the literature search as 
described in Chapter 1 was extended for the period between August 2017 and July 2019. The 
exact same search methodology was applied. The search resulted in thirteen eligible articles. 
Excluding five articles from this research resulted in eight new ones to discuss.   

The focus of office lighting research was found to be similar as in the previous search: most 
articles included visual comfort (7 articles) and sleep parameters (5 articles). Four studies 
mainly focused on visual comfort (Chraibi, Van Loenen, Aries, & Rosemann, 2019; de Bakker, 
Aarts, Kort, & Rosemann, 2018; de Bakker, Aarts, Kort, van Loenen, & Rosemann, 2019; Lim, 
Keumala, & Ghafar, 2017) whereas the other three investigating visual comfort also included 
different health-related measures (de Vries, Souman, de Ruyter, Heynderickx, & de Kort, 
2018; Ru, de Kort, Smolders, Chen, & Zhou, 2019; Tonello, Herná Ndez De Borsetti, & Ló Pez 
Zigará, 2019). One study only focused on sleep parameters but more specifically on hormone 
productions related to the circadian timing system (Schobersberger et al., 2019). One study 
included all five health-related categories (i.e., physical and physiological health, mental 
health, eye health, sleep parameters, and visual comfort) (Tonello et al., 2019). Two studies 
were mainly focused on subjective alertness and therefore highly relevant for inclusion in the 
updated status of research for this project (de Vries et al., 2018; Ru et al., 2019).

Ru et al. (2019) tested differences in, amongst others, subjective alertness between two test 
situations (with varying illuminances and correlated colour temperatures). They reported no 
conclusive finding on the relationship between light and subjective alertness. Therefore, they 
suggested that additional research is required to establish thresholds for initiating effects on 
subjective alertness. In contrast, de Vries et al. (2018) found significant effects on subjective 
alertness; however, they investigated wall luminances as the independent variable in their 
study. They reported that based on their findings, besides the actual light exposure on the 
eye, wall luminances and room appearances may play a role on subjective alertness. 

Besides the actual effects found in these eight studies, it was also noticeable to read that 
studies were reporting more details on the lighting conditions. Besides illuminances, photon 
density, spectral power distributions and/or α-opic irradiances were reported in three articles. 
This is in accordance with what the CIE proposed when performing light effect studies (CIE, 
2018). 

The extended literature search still shows that there is no consistency in the relationship 
between light and subjective alertness, especially for office workers. Thus underpinning the 
actuality and relevance of this thesis. 
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6.4.2. Future directions
Future research on the topic of light and subjective alertness is required since, up to now, 
it is still unknown what the required light quantity, spectrum, directionality, and timing, 
duration, and history of light exposure is to initiate effects on subjective alertness. In addition 
to certain lighting metrics, Moscoso and Matusiak (2018) concluded that the quality of the lit 
environment depends on aesthetic experience as well.

The methods to gather personal lighting conditions need to be further investigated. The PBM 
method gathers personal lighting conditions close to the eye whereas the LBM method may 
estimate personal lighting conditions entering the eyes. It may be relevant to investigate 
to what extent the personal lighting conditions entering the eyes correspond to the actual 
retinal lighting conditions. In addition, accessories such as large headgear or sunglasses may 
change the personal lighting conditions entering the eye. The influence of these accessories 
needs to be investigated to be considered in the estimation of personal lighting conditions. 
As mentioned before, the purpose of gathering personal lighting conditions may be decisive 
in selecting the most appropriate gathering method. It is expected that personal lighting 
conditions will be gathered via an unobtrusive method, such as LBE, when the personal 
lighting conditions will be implemented in a permanent intelligent system to optimize 
subjective alertness of office workers. However, future studies may still need to develop the 
LBE method further. For example, including the location and viewing direction of an office 
worker may cause better estimations for the personal lighting conditions. 

Furthermore, the relation between personal lighting conditions and subjective alertness 
may change per individual (Chapter 5). In order to ensure implementation of a correct 
relationship between light and subjective alertness into the system to optimize subjective 
alertness, the sensitivity of the relationship needs to be investigated and determined for 
different fixed personal characteristics and flexible personal conditions (see Table 1-1). If the 
system, for example, knows that the office worker is female and older than 50 years, it may 
use a different curve for the relationship between light and subjective alertness compared to, 
for example, a 25-year old male office worker. 

At first, a simplified and conceptual intelligent system to optimize subjective alertness of office 
workers was developed (van Duijnhoven, Kruisselbrink, Aarts, Rosemann, & Kort, 2018). The 
system was accessible for users via a mobile application. It included three basic functions: 
visualization, recommendation, and guidance. This conceptual system only included one type 
of recommendations to adjust personal lighting conditions which was to change workplaces. 
The system needs to know, in order to send someone to a specific workplace somewhere 
else in the office environment, the empty desks available for office workers. Occupancy 
sensors were used for this conceptual system to get insight into the occupancy of the office 
environment. This conceptual system needs to be extended with multiple functionalities, 
e.g., to recommend to adjust other predictors of personal lighting conditions as well. After 
the full development of this system to optimize subjective alertness of office workers, the 
system needs to be applied in multiple office buildings to verify its functionality. And last, 
post-occupancy evaluations need to be performed to check whether the subjective alertness 
levels of office workers were indeed increasing to its optimum by letting office workers to 
follow up the system recommendations. 
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Where energy reduction was the main focus of cost savings before, health and comfort of 
working personnel are becoming more important when considering company costs. Increasing 
health and comfort of office workers may lead to a gain in office worker’s productivity. A  
4.4 % productivity increase is equivalent to the complete energy costs of a typical company 
in the Netherlands. Productivity has been shown to be influenced via the health pathway and 
subjective alertness of an office worker and light can play a significant role in the improvement 
of subjective alertness. 

These days, the majority of the office workers have been given more flexibility in their jobs 
(i.e., both regarding their working hours and their workplaces), and lighting conditions in all 
environments became important. Since there was no consistency yet how to use continuous 
lighting conditions at the individual level, a systematic approach was developed for personal 
lighting conditions. By defining personal lighting conditions, conditions can be created that 
optimize the lighting conditions for a particular individual to positively affect effects on vision 
and beyond vision. The development of the approach to systematically gather, interpret, 
and influence these personal lighting conditions, took subjective alertness as the dependent 
variable to be affected by the personal lighting conditions. And last, the relationship between 
light and alertness was investigated more thoroughly by including personal lighting conditions 
in the determination of the relationship. 

Personal lighting conditions, the predictors of personal lighting conditions, and subjective 
alertness were described as input parameters for future unobtrusive intelligent systems to 
optimize subjective alertness of office workers. Such systems would provide recommendations 
for office workers to adjust their own personal lighting conditions instead of adjusting the 
electric lighting at the location of the office worker. This approach may not only be more energy 
efficient (since it uses the availability of daylight to its optimum) but also practical because 
it can be applied everywhere as long as it concerns the (indoor or outdoor) environment 
of an individual. The system can be used by companies to support their office workers to 
experience their optimal subjective alertness during the entire day. The office workers would 
feel more energetic and activated whereas the employers would see productivity gains to 
help them reducing their company costs.

6.5 Conclusion
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A1. Subchapter 2.4, Experiment 1: Diary participants

Dagboek 
Naam:

Datum:

Appendix A



A2. Subchapter 2.4, Experiment 1: Questionnaire participants

Vragenlijst

1. Naam:

2. Leeftijd:

3. Geslacht:
o Man
o Vrouw

4. Hoe droeg u de horloges? 
• Zwarte ovalen horloge:    Links  /  Rechts
• Grijze horloge:    Links  /  Rechts
• Zwarte horloge :    Links  /  Rechts

5. Hoe droeg u het apparaat aan de bril? 
o Aan uw eigen bril
o Aan meegeleverde bril

6. Hoe voelde u zich tijdens het onderzoek?
o Goed
o Matig
o Slecht

7. Heeft u last gehad van apparaat aan de bril?
o Ja. Opmerking: 
o Nee

8. Heeft u last gehad van zwarte ovalen horloge?
o Ja. Opmerking: 
o Nee

9. Heeft u last gehad van de zwarte ID314 horloge?
o Ja. Opmerking: 
o Nee

10. Heeft u last gehad van de grijze Philips horloge?
o Ja. Opmerking: 
o Nee

11. Heeft u last gehad van de ketting met de zwarte hanger?
o Ja. Opmerking: 
o Nee

12. Heeft u last gehad van de witte broche?
o Ja. Opmerking: 
o Nee
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13. Heeft u last gehad van de datalogger in de bijgeleverde heuptas?
o Ja. Opmerking: 
o Nee

14. Heeft u tijdens de metingen een apparaat af willen doen?
o Ja, deze: 
o Nee

15. Heeft u 1 of meerdere apparaten af gedaan tijdens de metingen?
o Ja, deze: 
o Nee

16. Vind u het goed als er eventueel een foto van u met apparatuur in een publicatie  
geplaatst wordt waarop de apparatuur goed in beeld is gebracht?

o Ja
o Nee



A3. Subchapter 2.4, Experiment 2: Informed consent form
Toestemmingsformulier - Lichtblootstelling bij VG ouderen en PG ouderen*

Licht zien in de lichtblootstelling bij ouderen met een verstandelijke beperking en dementerende 
ouderen

o Ik heb de informatiebrief voor de proefpersoon gelezen. Ik kon aanvullende vragen  
 stellen. Mijn vragen zijn genoeg beantwoord. Ik had genoeg tijd om te beslissen of ik  
 meedoe. 
o Ik weet dat meedoen helemaal vrijwillig is. Ik weet dat ik op ieder moment kan  
 beslissen om toch niet mee te doen. Daarvoor hoef ik geen reden te geven.
o Ik geef toestemming om mijn huisarts te vertellen dat ik meedoe aan dit onderzoek.  
 (indien van toepassing)
o Ik geef toestemming om de specialist(en) die mij behandelt te vertellen dat ik meedoe  
 aan dit onderzoek. (indien van toepassing)
o Ik weet dat sommige mensen mijn gegevens kunnen zien. Die mensen staan vermeld  
 in de Algemene brochure.
o Ik geef toestemming om mijn gegevens te gebruiken, voor de doelen die in de  
 informatiebrief staan.
o Ik geef toestemming om mijn onderzoeksgegevens 15 jaar na afloop van dit onderzoek  
 te bewaren.
o Ik geef wel/geen toestemming om mijn lichaamsmateriaal 15 jaar na afloop van dit  
 onderzoek te bewaren, zodat dit in de toekomst misschien kan worden gebruikt voor  
 onderzoek zoals beschreven in de informatiebrief. (indien van toepassing).

Ik wil meedoen aan dit onderzoek.

Naam proefpersoon:    

Handtekening:       Datum : __ / __ / __

Ik verklaar hierbij dat ik deze proefpersoon volledig heb geïnformeerd over het genoemde onderzoek.

Als er tijdens het onderzoek informatie bekend wordt die de toestemming van de proefpersoon zou 
kunnen beïnvloeden, dan breng ik hem/haar daarvan tijdig op de hoogte.

Naam onderzoeker (of diens vertegenwoordiger):   Juliëtte van Duijnhoven

Handtekening:       Datum: __ / __ / __

Aanvullende informatie is gegeven door (indien van toepassing): 
Naam:
Functie:
Handtekening:       Datum: __ / __ / __

* Participants who were able to make their own decision regarding consent for participation completed this form themselves. For 
the participants who were not able to make this decision themselves, their legal representatives were approached.
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A4. Subchapter 2.4, Experiment 2: Questionnaire for structured interview with 
participants

Algemeen
1. Naam:

2. Hoe voelde u zich tijdens het onderzoek?
o Goed
o Matig
o Slecht

3. Wat vond u ervan dat de onderzoeker er de hele dag was?

3a. (Vraag als deelnemer niet tevreden was). Waarom vond u het vervelend dat de onderzoeker  
er de hele dag was?

Ketting
4. Wat vond u ervan dat u de hele dag deze ketting om had?

5. Wat vond u van de ketting?

5a. (Vraag als deelnemer niet tevreden was) En als de ketting een andere kleur had? En als de  
ketting kleiner was?

6. Deed de ketting pijn?

7. Zat de ketting wel eens in de weg?

7a. Wanneer dan?

8. Bent u vandaag buiten geweest? 

8a. Ging dat goed met de ketting?

9. Heeft u de ketting af willen doen vandaag?

Bril
10. Wat vond u ervan dat u de hele dag deze bril (of dit apparaat als het op eigen bril zit) op had?

11. Wat vond u van de bril?

11a. (Vraag als deelnemer niet tevreden was) En als de bril een andere kleur/ander model had? 

12. Deed de bril pijn?

13. Zat de bril wel eens in de weg?

13a. Wanneer dan?

14. Ging het naar buiten gaan goed met de bril?



15. Is de bril vandaag wel eens afgevallen?

16. Heeft u de bril af willen zetten vandaag?
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A5. Subchapter 2.4, Experiment 2: Questionnaire for caregivers of the participants

1. Naam begeleider:

2. Naam deelnemer:

3. Leeftijd deelnemer:

4. Geslacht deelnemer:
o Man
o Vrouw

5. Hoe droeg de deelnemer apparaat 2 (aan bril)? 
o Aan eigen bril  
o Aan meegeleverde bril

6. Hoe voelde de deelnemer zich tijdens het onderzoek?
o Goed
o Matig
o Slecht

7. Wat zijn opvallende gedragskenmerken van de betreffende deelnemer?

8. Wat vond de deelnemer van apparaat 1 (aan ketting)?

8a. Waaraan merkte u dat?

9. Wat vond de deelnemer van apparaat 2 (aan bril)?

9a. Waaraan merkte u dat?

10. Heeft de deelnemer tijdens de metingen een apparaat af willen doen?
o Ja, deze: 
o Nee

11. Heeft de deelnemer een apparaat af gedaan tijdens de metingen?
o Ja, deze: 
o Nee

12. Is er een apparaat af gevallen tijdens de metingen?
o Ja, deze: 
o Nee

13. Vindt de deelnemer het goed als er eventueel een foto van hem/haar met apparatuur in een  
publicatie geplaatst wordt waarop de apparatuur goed in beeld is gebracht?

o Ja
o Nee



A6. Subchapter 2.4, Experiment 3: Example of a filled in questionnaire 

Appendices | 275 

Figure A5-1: Example of the questionnaire filled in by a participant, experiment 3.
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A7. Subchapter 2.5 

Table A7-1: Formulas of trend lines of comparison between horizontal illuminances measured at reference 
locations R1 to R5 compared to the target locations R1 to R5.

Table A7-2: R² values of the trend lines of comparison between horizontal illuminances measured at reference 
locations R1 to R5 compared to the target locations R1 to R5.

Table A7-3: Formulas of trend lines of comparison between vertical illuminances measured at reference locations 
R1 to R5 compared to the target locations R1 to R5.

Reference 
location 

(x) R1 R2 R3 R4 R5
Outcome 
location (y)

R1 - y = 0.79 x - 4.69 y = 1.17 x - 90.69 y = 0.32 x + 288.63 y = 0.39 x + 271.53

R2 y = 1.24 x + 18.91 - y = 1.48 x - 107.44 y = 0.39 x + 377.37 y = 0.49 x + 354.39

R3 y = 0.84 x + 86.71 y = 0.67 x + 74.91 - y = 0.27 x + 327.28 y = 0.33 x + 312.40 

R4 y = 3.10 x - 889.73 y = 2.44 x - 902.15 y = 3.64 x - 1176.76 - y = 1.23 x - 52.76

R5 y = 2.51 x - 674.21 y = 1.99 x - 692.87 y = 2.95 x - 910.64 y = 0.81 x + 44.88 - 

Reference 
location 

(x) R1 R2 R3 R4 R5
Outcome 
location (y)

R1 - 0.98 0.98 0.99 0.99
R2 0.98 - 0.99 0.96 0.98
R3 0.98 0.99 - 0.97 0.98
R4 0.99 0.96 0.97 - 1.00
R5 0.99 0.98 0.98 1.00 - 

Reference 
location 

(x) R1 R2 R3 R4 R5
Outcome 
location (y)

R1 - y = 0.33 x + 102.57 y = 0.15 x + 145.61 y = 0.22 x + 131.46 y = 0.12 x + 148.53

R2 y = 2.88 x - 286.17 - y = 0.45 x + 129.13 y = 0.61 x + 96.13 y = 0.36 x + 137.01

R3 y = 6.27 x - 898.23 y = 2.17 x - 273.41 - y = 1.40 x - 80.95 y = 0.81 x + 15.39

R4 y = 4.11 x - 515.53 y = 1.33 x - 85.44 y = 0.63 x + 79.13 - y = 0.51 x + 89.19

R5 y = 7.41 x - 1068.20 y = 2.59 x - 334.82 y = 1.20 x - 11.83 y = 1.68 x - 108.22 - 
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Table A7-4: R² values of the trend lines of comparison between vertical illuminances measured at reference 
locations R1 to R5 compared to the target locations R1 to R5.

Table A7-5: A part of the overview of all sessions for which the LBE was compared to the PBM.

Table A7-6: Case study 1: Desk characteristics of all five reference locations

Reference 
location 

(x) R1 R2 R3 R4 R5
Outcome 
location (y)

R1 - 0.96 0.94 0.89 0.88
R2 0.96 - 0.97 0.81 0.93
R3 0.94 0.97 - 0.88 0.98
R4 0.89 0.81 0.88 - 0.85
R5 0.88 0.93 0.98 0.85 -

Begin time End time Desk number Workday Participant 
Duration 

of session 
(minutes)

'May.10,2017 
11:37:00'

'May.10,2017 
11:57:00' 143 1 3 20

'May.10,2017 
12:02:00'

'May.10,2017 
12:27:00' 49 1 3 25

'May.10,2017 
13:42:00'

'May.10,2017 
16:52:00' 49 1 3 190

'May.11,2017 
08:02:00'

'May.11,2017 
09:27:00' 50 2 3 85

'May.11,2017 
09:47:00'

'May.11,2017 
10:27:00' 50 2 3 40

Reference Distance to window façade Viewing direction of person 
sitting at this desk (North=0°)

R1 6.3 m 270°
R2 5.9 m 180°
R3 7.4 m 90°
R4 3.6 m 270°
R5 3.3 m 180°
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B1. Subchapter 3.2: Informed consent form

Toestemmingsformulier
Dit document geeft u informatie over het TU/e onderzoek. Het is belangrijk dat u op de hoogte wordt 
gesteld over de procedure van dit onderzoek voordat het onderzoek begint en dat u toestemming 
geeft voor uw vrijwillige deelname. Leest u dit document aandachtig door. 

1.  Doel van het onderzoek
 Het doel van dit onderzoek is om informatie te vergaren over de ervaring van de werkplek,  
 de lichtcondities waaraan de deelnemer wordt blootgesteld, de algemene gezondheid van de  
 deelnemer en van zijn/haar alertheid gedurende de dag. Deze uitkomsten gaan wij dan  
 koppelen aan fysieke metingen die uitgevoerd gaan worden in het gemeentehuis op dezelfde  
 momenten als wanneer de deelnemers de vragenlijsten invullen.

 Dit onderzoek wordt uitgevoerd door ir. J. (Juliëtte) van Duijnhoven, een promovenda aan de  
 Technische Universiteit van Eindhoven, onder supervisie van prof. dr. H.S.M. (Helianthe) Kort  
 en Prof. Dr. –Ing. A.L.P. (Alexander) Rosemann van de faculteit Bouwkunde. 

2.  Procedure 
 a.  Vragenlijsten
  Dit onderzoek bestaat uit de volgende vragenlijsten:
  -  Een algemene vragenlijst die voorafgaand aan het onderzoek verstuurd zal  
   worden (18 april tot 7 mei). Het invullen van deze vragenlijst zal ongeveer  
   15-20 minuten duren;
  - Gedurende 10 werkdagen wordt 4 keer per dag (om 9.00, 11.00, 14.00 en  
   16.00) een vragenlijst gestuurd. Het invullen van deze vragenlijst kost in  
   totaal ongeveer 10-15 minuten per dag.
  De deelnemers worden gevraagd om de vragenlijsten binnen een uur na ontvangst  
  in te vullen. Het is geen probleem als de deelnemer een vragenlijst niet kan invullen  
  (bijvoorbeeld wanneer de deelnemer parttime werkt of wanneer de vragenlijst  
  gestuurd is tijdens een afspraak van de deelnemer). 

 b.  Draagbare lichtmeter
  Gedurende de tien werkdagen, wordt de deelnemer gevraagd een draagbare  
  lichtmeter te dragen. Deze lichtmeter meet alleen de lichtcondities en neemt geen  
  geluid- of beeldopnames. De deelnemer wordt gevraagd de lichtmeter op te doen  
  wanneer hij/zij opstaat en pas af te doen wanneer hij/zij gaat slapen. Natuurlijk  
  begrijpen we dat de deelnemer de lichtmeter niet om heeft tijdens het sporten of  
  douchen. Om inzicht te krijgen in wanneer de deelnemer de lichtmeter 
  draagt, vragen we u een kort logboekje bij te houden. Deze ontvangt u samen met  
  de lichtmeter op de eerste dag van het onderzoek, uit handen van de  
  hoofdonderzoeker Juliëtte van Duijnhoven. 

Paraaf deelnemer _____                Gaat u a.u.b. naar de volgende pagina >>

Appendix B

Deelnemersnummer



3.  Risico’s
 Er zijn geen risico’s aan dit onderzoek verbonden. 

4.  Looptijd
 Het onderzoek duurt tien werkdagen.

5.  Deelname
 U bent geselecteerd als deelnemer aan dit onderzoek omdat u werkt bij de gemeente van  
 Alphen aan den Rijn en u zich vrijwillig hebt aangemeld om mee te doen aan deze studie.

6.  Vrijwilligheid
 Uw deelname is volledig vrijwillig. U kunt altijd besluiten om te stoppen met uw deelname aan  
 dit onderzoek zonder het opgeven van reden hiervoor en wanneer u wilt. U kunt uw  
 toestemming voor het gebruik van uw data tot 72 uur nadat het onderzoek is afgelopen  
 terugtrekken. Dit zal geen negatieve consequenties hebben.

7.  Privacy
 Wij zullen uw persoonlijke informatie niet delen met anderen buiten het onderzoeksteam.  
 Wanneer audio opnames gemaakt worden, zullen deze niet verspreid worden en zullen deze  
 niet afgespeeld worden in bijzijn van anderen buiten het onderzoekersteam. Het materiaal  
 zal alleen gebruikt worden voor wetenschappelijke analyses. De informatie die verzameld  
 wordt bij deze studie zal gebruikt worden voor het schrijven van wetenschappelijke publicaties  
 en er zal gerapporteerd worden op groepsniveau. Alle analyses zullen anoniem uitgevoerd  
 worden (m.b.v. deelnemersnummers). Alleen de onderzoekers zullen uw identiteit weten en  
 we zullen deze informatie vergrendeld bewaren.
 
8.  Meer informatie
 Voor meer informatie over het onderzoek kunt u terecht bij Juliëtte van Duijnhoven  
 (jvanduijnhoven@alphenaandenrijn.nl). Als u klachten heeft over deze studie, neem dan  
 contact op met de supervisor Helianthe Kort (h.s.m.kort@tue.nl).

Bewijs van deelname

Ik, (NAAM)……………………………………….. heb dit formulier gelezen en begrepen en heb de kans gekregen 
om vragen te stellen als ik deze had. Ik geef hierbij toestemming voor vrijwillige deelname aan dit 
onderzoek, gedaan door het onderzoeksteam van de faculteit Bouwkunde van de Technische 
Universiteit Eindhoven.

Handtekening deelnemer     Datum
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B2. Subchapter 3.2: General Questionnaire

1. Wachtwoord

2. Deelnemersnummer 

3. Op welke vloer werkt u het meeste van de tijd? 
o Vloer 0
o Vloer 0+ (inclusief atrium en ‘taartpunt’)
o Vloer 1
o Vloer 2
o Vloer 3
o Vloer 4
o Tweede gebouw (“Achterbouw”)
o Ik werk vanuit thuis/buiten het gemeentehuis
o Anders:

4. Wat is uw geslacht? 
o Man
o Vrouw

5. Wat is uw geboortedatum? 

6. Wat is uw hoogst genoten opleidingsniveau? 
o Middelbare school
o MBO
o HBO
o Universitair (bachelor)
o Universitair (master)
o Anders:

7. Wat is uw burgerlijke status? 
o Vrijgezel
o Lange afstand relatie
o Samenwonend
o Getrouwd

8. Heeft u kinderen? 
o Nee    Na de laatste vraag in dit gedeelte ga je naar vraag 17.
o Ja, 1 kind   Na de laatste vraag in dit gedeelte ga je naar vraag 16.
o Ja, 2 kinderen   Na de laatste vraag in dit gedeelte ga je naar vraag 16.
o Ja, 3 kinderen   Na de laatste vraag in dit gedeelte ga je naar vraag 16.
o Ja, 4 of meer kinderen  Na de laatste vraag in dit gedeelte ga je naar vraag 16.



9. Hoe vaak sport u? 
o 1x per maand
o 1x per 2 weken
o 1x per week
o 2x per week
o 3 - 4x
o per week
o < 4x per week

10. Hoe lang sport u gemiddeld per keer? 
o < 30 minuten
o 30 - 60 minuten
o 1 - 2 uur
o > 2 uur

11. Heeft u een auto? 
o Ja
o Nee

12. Hoe gaat u meestal naar uw werk? 
o Met de fiets
o Met de auto
o Met het openbaar vervoer
o Door te wandelen
o Anders:

13. Werkt u full time of part time? 
o Full time
o Part time

14. Van de volgende activiteiten, welke doet u het meeste van de tijd? (kies degene die het dichtst bij 
uw werkactiviteiten komt) 

o Typen
o Papieren invullen
o Materialen analyseren
o Ontwerpen of tekenen op papier
o Manuscripten schrijven
o Rekeningen opmaken of werken met grootboeken
o Gebruikmaken van computers/laptops
o Lezen
o Installeren of repareren van materialen
o Het interviewen of spreken met personen
o Telefoneren
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15. Welke van de volgende opties beschrijft uw werk het best? 
o Manager/administrator/supervisor
o Ingenieur
o Programmeur
o Secretaresse
o Onderzoeker
o Technicus
o Telefoniste
o Bedrijfsvertegenwoordiger
o Anders:

16. In welke categorie valt uw kind/vallen uw kinderen? 
o < 2 jaar
o 2 – 4 jaar
o 5 – 12 jaar
o 13 – 18 jaar
o > 18 jaar

Werkdagen
De volgende vragen gaan over jouw gemiddelde slaappatroon tijdens de nacht voor werkdagen. Vul de 
gemiddelde tijd op vrije dagen in voor dagen zonder feestjes etc. Vul de tijd in waarbij gebruik wordt 
gemaakt van een 24h indicatie, bijvoorbeeld 22:30 voor half 11. LET OP deze vragen gaan dus over 
WERKdagen.
17. Hoeveel werkdagen heb je gemiddeld per week 

o 1
o 2
o 3
o 4
o 5

18. Hoe laat ga je naar bed? 

19. Hoe laat besluit je te gaan slapen? (na bijvoorbeeld eerst nog te hebben gelezen)? 

20. Hoe lang heb je nodig om in slaap te vallen? 

21. Hoe laat word je wakker? 

22. Is dat met of zonder wekker?
o Met een wekker
o Zonder wekker

23. Na hoeveel minuten sta je daadwerkelijk op? 

24. Hoe lang ben je gemiddeld per dag buiten (bij daglicht)? 

Vrije dagen
De volgende vragen gaan over jouw gemiddelde slaappatroon tijdens de nacht voor vrije dagen in 
het algemeen. Vul de gemiddelde tijd op vrije dagen in voor dagen zonder feestjes etc. Vul de tijd in 
waarbij gebruik wordt gemaakt van een 24h indicatie, bijvoorbeeld 22:30 voor half 11. LET OP deze 
vragen gaan dus over VRIJE dagen.



25. Hoeveel werkdagen heb je gemiddeld per week 
o 1
o 2
o 3
o 4
o 5

26. Hoe laat ga je naar bed? 

27. Hoe laat besluit je te gaan slapen? (bijv eerst nog gelezen)? 

28. Hoe lang heb je nodig om in slaap te vallen? 

29. Hoe laat word je wakker? 

30. Is dat met of zonder wekker? 
o Met een wekker
o Zonder wekker

31. Na hoeveel minuten sta je daadwerkelijk op? 

32. Hoe lang ben je gemiddeld per dag buiten (bij daglicht)? 

Seizoenen
In welke mate verschillen de volgende aspecten tussen de seizoenen?

33. Aspect 1: Slaapduur 
o Geen verandering
o Kleine verandering
o Matige verandering
o Grote verandering
o Zeer grote verandering

34. Aspect 2: Sociale activiteit 
o Geen verandering
o Kleine verandering
o Matige verandering
o Grote verandering
o Zeer grote verandering

35. Aspect 3: Stemming (gehele gevoel van welzijn) 
o Geen verandering
o Kleine verandering
o Matige verandering
o Grote verandering
o Zeer grote verandering
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36. Aspect 4: Gewicht 
o Geen verandering
o Kleine verandering
o Matige verandering
o Grote verandering
o Zeer grote verandering

37. Aspect 5: Eetlust 
o Geen verandering
o Kleine verandering
o Matige verandering
o Grote verandering
o Zeer grote verandering

38. Aspect 6: Energieniveau 
o Geen verandering
o Kleine verandering
o Matige verandering
o Grote verandering
o Zeer grote verandering

39. Ervaart u veranderingen tussen de verschillende seizoenen? 
o Ja
o Nee

40. Denkt u dat de seizoen veranderingen een probleem zijn voor u? 
o Mild
o Matig
o Duidelijk
o Ernstig
o Extreem

Gezondheid
41. Gebruikt u medicatie? 
o Ja
o Nee   Na de laatste vraag in dit gedeelte ga je naar vraag 53.

42. Heeft u een allergie? 
o Ja   Na de laatste vraag in dit gedeelte ga je naar vraag 48.
o Nee   Na de laatste vraag in dit gedeelte ga je naar vraag 53.

43. Draagt u een bril of contact lenzen? 
o Nee.  Na de laatste vraag in dit gedeelte ga je naar vraag 53.
o Ja, altijd   Na de laatste vraag in dit gedeelte ga je naar vraag 49.
o Ja, soms  Na de laatste vraag in dit gedeelte ga je naar vraag 49.

44. Heeft u problemen met het onderscheiden van kleuren? 
o Ja
o Nee



45. Heeft u medische problemen met uw ogen? (bijvoorbeeld staar, glaucoom, een letsel, etc.)? 
o Ja   Na de laatste vraag in dit gedeelte ga je naar vraag 52.
o Nee   Na de laatste vraag in dit gedeelte ga je naar vraag 53.

46. Heeft u in de afgelopen twee weken gereisd tussen verschillende tijdzones? 
o Ja
o Nee
Ga naar vraag 53.

47. Hoe lang gebruikt u deze medicatie al? 
o Sinds vandaag
o Sinds deze week
o Sinds dit jaar
o Sinds meerdere jaren
o Altijd al

Ga naar vraag 53.

48. Welke allergie heeft u? 
Ga naar vraag 53.

49. Kunt u aangeven waarvoor u een bril/contact lenzen draagt? 
o Problemen met dichtbij zien
o Problemen met ver weg zien
o Zowel problemen met dichtbij en ver weg zien
o Astigmatisme
o Anders:

50. Wat is de sterkte van uw bril/contactlenzen?

51. Heeft u problemen met zicht in het donker (bijvoorbeeld tijdens autorijden)? 
o Ja
o Een beetje
o Nee

Ga naar vraag 53.

52. Kunt u deze medische problemen beschrijven? 
Ga naar vraag 53.

Lichtgevoeligheid
53. Hoeveel problemen geven je ogen wanneer u bloot gesteld wordt aan helder licht? 

Heel veel problemen 1 2 3 4 5 Totaal geen problemen

54. Ik kan helder licht verdragen 
o Ja
o Nee

55. Bent u gevoelig voor licht? 
Totaal niet gevoelig 1 2 3 4 5 6 7 8 9 10 Heel gevoelig
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56. Bent u gevoelig voor licht? 
o Ja
o Nee

Gezondheid
57. Hoe zou u over het algemeen uw gezondheid noemen? 

o Uitstekend
o Zeer goed
o Goed
o Matig
o Slecht

58. Hoe beoordeelt u nu uw gezondheid over het algemeen, vergeleken met een jaar geleden?
o Veel beter nu dan een jaar geleden
o Wat beter nu dan een jaar geleden
o Ongeveer hetzelfde nu als een jaar geleden
o Wat slechter nu dan een jaar geleden
o Veel slechter nu dan een jaar geleden

De volgende vragen gaan over bezigheden die u misschien doet op een doorsnee dag. Wordt u door 
uw gezondheid op dit moment beperkt bij deze bezigheden? Zo ja, in welke mate?
59. Activiteit 1: Forse inspanning, zoals hardlopen, tillen van zware voorwerpen, een veeleisende sport 
beoefenen 

o Ja ernstig beperkt
o Ja een beetje beperkt
o Nee helemaal niet beperkt

60. Activiteit 2: Matige inspanning, zoals een tafel verplaatsen, stofzuigen, zwemmen of fietsen 
o Ja ernstig beperkt
o Ja een beetje beperkt
o Nee helemaal niet beperkt

61. Activiteit 3: Boodschappen tillen of dragen 
o Ja ernstig beperkt
o Ja een beetje beperkt
o Nee helemaal niet beperkt

62. Activiteit 4: Een paar trappen oplopen 
o Ja ernstig beperkt
o Ja een beetje beperkt
o Nee helemaal niet beperkt

63. Activiteit 5: Eén trap oplopen 
o Ja ernstig beperkt
o Ja een beetje beperkt
o Nee helemaal niet beperkt

64. Activiteit 6: Bukken, knielen of hurken 
o Ja ernstig beperkt
o Ja een beetje beperkt
o Nee helemaal niet beperkt



65. Activiteit 7: Meer dan een kilometer lopen 
o Ja ernstig beperkt
o Ja een beetje beperkt
o Nee helemaal niet beperkt

66. Activiteit 8: Een paar honderd meter lopen 
o Ja ernstig beperkt
o Ja een beetje beperkt
o Nee helemaal niet beperkt

67. Activiteit 9: Ongeveer honderd meter lopen 
o Ja ernstig beperkt
o Ja een beetje beperkt
o Nee helemaal niet beperkt

68. Activiteit 10: Uzelf wassen of aankleden 
o Ja ernstig beperkt
o Ja een beetje beperkt
o Nee helemaal niet beperkt

Hoe vaak heeft u in de afgelopen 4 weken, een van de volgende problemen bij uw werk of andere 
dagelijkse bezigheden gehad, ten gevolge van uw LICHAMELIJKE gezondheid?
69. Activiteit 1: U besteedde minder tijd aan werk of andere bezigheden 

o Altijd
o Meestal
o Soms
o Zelden

70. Activiteit 2: U heeft minder bereikt dan u zou willen 
o Altijd
o Meestal
o Soms
o Zelden

71. Activiteit 3: U was beperkt in het soort werk of andere bezigheden 
o Altijd
o Meestal
o Soms
o Zelden

72. Activiteit 4: U had moeite om uw werk of andere bezigheden uit te voeren (het kostte u bv. extra 
inspanning) 

o Altijd
o Meestal
o Soms
o Zelden
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Hoe vaak heeft u in de afgelopen 4 weken, een van de volgende problemen bij uw werk of andere 
dagelijkse bezigheden gehad, ten gevolge van uw EMOTIONELE (zoals depressieve of angstige 
gevoelens)?
73. Activiteit 1: U besteedde minder tijd aan werk of andere bezigheden 

o Altijd
o Meestal
o Soms
o Zelden

74. Activiteit 2: U heeft minder bereikt dan u zou willen 
o Altijd
o Meestal
o Soms
o Zelden

75. Activiteit 3: U deed uw werk of andere bezigheden niet zo zorgvuldig als gewoonlijk 
o Altijd
o Meestal
o Soms
o Zelden

76. In hoeverre hebben uw lichamelijke gezondheid of emotionele problemen u gedurende de 
afgelopen 4 weken gehinderd in uw normale omgang met familie, vrienden of buren, of bij activiteiten 
in groepsverband? 

o Helemaal niet
o Enigszins
o Nogal
o Veel
o Heel erg veel

77. Hoeveel lichamelijke pijn heeft u de afgelopen 4 weken gehad? 
o Geen
o Heel licht
o Nogal
o Ernstig
o Heel ernstig

78. In welke mate bent u de afgelopen 4 weken door pijn gehinderd in uw normale werk (zowel werk 
buitenshuis als huishoudelijk werk)? 

o Helemaal niet
o Een klein beetje
o Nogal
o Veel
o Heel erg veel



Deze vragen gaan over hoe u zich voelt en hoe het met u ging in de afgelopen 4 weken. Wilt u a.u.b. 
bij elke vraag het antwoord geven dat het best benadert hoe u zich voelde. Hoe vaak gedurende de 
afgelopen 4 weken…
79. ... Voelde u zich levenslustig? 

o Altijd
o Meestal
o Soms
o Zelden
o Nooit

80. ... Was u erg zenuwachtig? 
o Altijd
o Meestal
o Soms
o Zelden
o Nooit

81. ... Zat u zo in de put dat niets u kon opvrolijken? 
o Altijd
o Meestal
o Soms
o Zelden
o Nooit

82. ... Voelde u zich rustig en tevreden? 
o Altijd
o Meestal
o Soms
o Zelden
o Nooit

83. ... Had u veel energie? 
o Altijd
o Meestal
o Soms
o Zelden
o Nooit

84. ... Voelde u zich somber en neerslachtig? 
o Altijd
o Meestal
o Soms
o Zelden
o Nooit

85. ... Voelde u zich uitgeput? 
o Altijd
o Meestal
o Soms
o Zelden
o Nooit
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86. ... Voelde u zich gelukkig? 
o Altijd
o Meestal
o Soms
o Zelden
o Nooit

87. ... Voelde u zich moe? 
o Altijd
o Meestal
o Soms
o Zelden
o Nooit

88. Hoe vaak hebben uw lichamelijke gezondheid of emotionele problemen u gedurende de afgelopen 
4 weken gehinderd bij uw sociale activiteiten (zoals vrienden of familie bezoeken, etc)? 

o Altijd
o Meestal
o Soms
o Zelden
o Nooit

Hoe JUIST of ONJUIST is elk van de volgende uitspraken voor u?
89. Ik lijk wat gemakkelijker ziek te worden dan andere mensen 

o Volkomen juist
o Grotendeels juist
o Weet ik niet
o Grotendeels onjuist

90. Ik ben even gezond als andere mensen die ik ken 
o Volkomen juist
o Grotendeels juist
o Weet ik niet
o Grotendeels onjuist

91. Mijn gezondheid is uitstekend 
o Volkomen juist
o Grotendeels juist
o Weet ik niet
o Grotendeels onjuist

92. Ik lijk wat gemakkelijker ziek te worden dan andere mensen 
o Volkomen juist
o Grotendeels juist
o Weet ik niet
o Grotendeels onjuist



Werkomstandigheden
Wij willen nogmaals benadrukken dat uw antwoorden anoniem en vertrouwelijk verwerkt zullen 
worden. Hoe tevreden bent u over de volgende aspecten bij uw werk?
93. Aspect 1: Hoeveelheid werk 

o Heel tevreden
o Tevreden
o Neutraal
o Niet tevreden
o Totaal niet tevreden
o Wil ik niet zeggen

94. Aspect 2: Salaris 
o Heel tevreden
o Tevreden
o Neutraal
o Niet tevreden
o Totaal niet tevreden
o Wil ik niet zeggen

95. Aspect 3: Kwaliteit van het werk 
o Heel tevreden
o Tevreden
o Neutraal
o Niet tevreden
o Totaal niet tevreden
o Wil ik niet zeggen

96. Aspect 4: Collega’s 
o Heel tevreden
o Tevreden
o Neutraal
o Niet tevreden
o Totaal niet tevreden
o Wil ik niet zeggen

97. Aspect 5: Werksituatie 
o Heel tevreden
o Tevreden
o Neutraal
o Niet tevreden
o Totaal niet tevreden
o Wil ik niet zeggen

98. Aspect 6: Werk locatie 
o Heel tevreden
o Tevreden
o Neutraal
o Niet tevreden
o Totaal niet tevreden
o Wil ik niet zeggen
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Hoe tevreden bent u over de volgende aspecten bij uw werkplek?
99. Aspect 1: Privacy 

o Heel tevreden
o Tevreden
o Neutraal
o Niet tevreden
o Totaal niet tevreden
o Wil ik niet zeggen

100. Aspect 2: Grootte van uw bureau/werkplek 
o Heel tevreden
o Tevreden
o Neutraal
o Niet tevreden
o Totaal niet tevreden
o Wil ik niet zeggen

101. Aspect 3: Luchtkwaliteit 
o Heel tevreden
o Tevreden
o Neutraal
o Niet tevreden
o Totaal niet tevreden
o Wil ik niet zeggen

102. Aspect 4: Licht 
o Heel tevreden
o Tevreden
o Neutraal
o Niet tevreden
o Totaal niet tevreden
o Wil ik niet zeggen

103. Aspect 5: Temperatuur 
o Heel tevreden
o Tevreden
o Neutraal
o Niet tevreden
o Totaal niet tevreden
o Wil ik niet zeggen

104. Aspect 6: Geluidsoverlast 
o Heel tevreden
o Tevreden
o Neutraal
o Niet tevreden
o Totaal niet tevreden
o Wil ik niet zeggen



105. Hoeveel tijd bent u normaal gesproken thuis tijdens een werkdag? (in uren, inclusief de uren dat 
u slaapt) 

o <10 uur
o 10 – 12 uur
o 13 – 14 uur
o >15 uur

Bedankt voor het invullen van deze vragenlijst!
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B3. Subchapter 3.2: Daily questionnaire at 09:00

1. Wachtwoord 

2. Deelnemersnummer 

3. Op welke vloer werkt u momenteel? 
o Vloer 0       Ga naar vraag 9.
o Vloer 0+ (inclusief atrium en ‘taartpunt’)   Ga naar vraag 4.
o Vloer 1       Ga naar vraag 5.
o Vloer 2       Ga naar vraag 6.
o Vloer 3       Ga naar vraag 7.
o Vloer 4       Ga naar vraag 8.
o Tweede gebouw (“Achterbouw”)    Ga naar vraag 9.
o Ik werk vanuit thuis/buiten het gemeentehuis  Ga naar vraag 9.
o Anders:       Ga naar vraag 9.

Vloer 0+
4. Wat is het nummer van uw bureau? (zie de sticker op uw bureau, hieronder vindt u een voorbeeld 
ervan, of zie het nummer op onderstaande plattegrond) 
Ga naar vraag 9.



Vloer 1
5. Wat is het nummer van uw bureau? (zie de sticker op uw bureau, hieronder vindt u een voorbeeld 
ervan, of zie het nummer op onderstaande plattegrond) 
Ga naar vraag 9.
 

Vloer 2
6. Wat is het nummer van uw bureau? (zie de sticker op uw bureau, hieronder vindt u een voorbeeld 
ervan, of zie het nummer op onderstaande plattegrond) 
Ga naar vraag 9.
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Vloer 3
7. Wat is het nummer van uw bureau? (zie de sticker op uw bureau, hieronder vindt u een voorbeeld 
ervan, of zie het nummer op onderstaande plattegrond) 
Ga naar vraag 9.
 

Vloer 4
8. Wat is het nummer van uw bureau? (zie de sticker op uw bureau, hieronder vindt u een voorbeeld 
ervan, of zie het nummer op onderstaande plattegrond) 
Ga naar vraag 9.



9. Hoe voelt u zich op dit moment? 
o Heel erg alert
o Heel alert
o Alert
o Redelijk alert
o Niet alert maar ook niet slaperig
o Enig teken van slaperigheid
o Slaperig, het kost geen moeite om wakker te blijven
o Slaperig, kost enige moeite om wakker te blijven
o Heel slaperig, kost moeite om wakker te blijven
o Extreem slaperig, kan niet wakker blijven

10. Is de zonwering die het dichtst bij u is open of gesloten? 
o Open
o Half geopend
o Gesloten
o Er is geen raam in de buurt
o Dat raam heeft geen zonwering

11. Heeft u vannacht goed geslapen? 
Grondig mee oneeens 1 2 3 4 5 Grondig mee eens

12. Hoeveel uur heeft u vannacht geslapen? 
o < 4 uur
o 5 uur
o 6 uur
o 7 uur
o 8 uur
o > 9 uur

13. Hoeveel uur bent u momenteel al wakker? 
o < 1 uur
o 2 uur
o 3 uur
o > 4 uur

14. Hoe bent u vanmorgen naar uw werk gekomen? 
o Met de fiets
o Met de auto
o Met het openbaar vervoer
o Door te wandelen
o Anders:

15. Heeft u deze ochtend al activiteiten ondernomen? 
o Klaarmaken voor/reizen naar werk
o Met de hond gewandeld
o Gesport (binnenshuis)
o Gesport (buitenshuis)
o Kinderen naar school gebracht
o Anders:
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16. Hoeveel uur verwacht u vandaag te werken? 
o 1 uur
o 2 uur
o 3 uur
o 4 uur
o 5 uur
o 6 uur
o 7 uur
o 8 uur
o 9 uur
o meer dan 9 uur

Bedankt voor het invullen van deze vragenlijst!



B4. Subchapter 3.2: Daily questionnaire at 11:00

Questions 1 to 10 similar to question 1 to 10 of the daily questionnaire distributed at 09:00.

Bedankt voor het invullen van deze vragenlijst!

B5. Subchapter 3.2: Daily questionnaire at 14:00

Questions 1 to 10 similar to question 1 to 10 of the daily questionnaire distributed at 09:00 and 11:00.

11. Wat heeft u tijdens uw pauze gedaan? 
o Markeer slechts één ovaal.
o Lunch bij mijn bureau gegeten
o Lunch in het restaurant gegeten
o Lunch buiten de deur gehad
o Buiten gewandeld
o Gesport (binnenshuis)
o Gesport (buitenshuis
o Anders:

Bedankt voor het invullen van deze vragenlijst!
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B6. Subchapter 3.2: Daily questionnaire at 16:00

Questions 1 to 10 similar to question 1 to 10 of the daily questionnaire distributed at 09:00, 11:00, 
and 14:00.

11. Wat zullen uw activiteiten na het werk zijn? 
o TV kijken
o Thuis werken
o Sporten (binnenshuis)
o Sporten (buitenshuis)
o Met andere mensen afspreken
o Anders:

12. In welke mate heeft u last van hoofdpijn? 
o Geen last van
o Lichtelijk last van
o Redelijk last van
o Erg last van

13. In welke mate heeft u last van uw ogen? 
o Geen last van
o Lichtelijk last van
o Redelijk last van
o Erg last van

14. In welke mate heeft u last van vermoeidheid van uw ogen? 
o Geen last van
o Lichtelijk last van
o Redelijk last van
o Erg last van

15. Hoe tevreden bent u met het licht bij uw werkplek? 
Totaal niet tevreden 1 2 3 4 5 Heel tevreden

16. Hoe vind u het licht op uw werkplek vergeleken met vergelijkbare werkplekken in andere
gebouwen? 

o Erger
o Hetzelfde
o Beter
o Weet ik niet

17. Als u een mening of opmerking heeft over het licht bij uw bureau en u wilt dat wij deze meenemen 
in ons onderzoek, schrijf deze dan in de ruimte hieronder. Uw opmerkingen zullen vertrouwelijk blijven.

Bedankt voor het invullen van deze vragenlijst!



B7. Subchapter 3.2: Example for filling in the daily diary
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C1. Subchapter 5.2: Informed consent form    

Onderzoek naar uw ervaring met de werkomgeving en uw gezondheid   
Beste medewerk(st)er van Bolidt, 
Zoals de meesten van jullie hadden vernomen, ben ik al gedurende een langere periode metingen 
aan het uitvoeren. Op vier verschillende locaties meet ik temperatuur, relatieve vochtigheid en 
verlichtingssterkte om zo een idee te krijgen van de algemene werkomgeving. Deze fysieke metingen 
zou ik graag in mijn onderzoek combineren met vragenlijst resultaten. Hierom wil ik u vragen om mee 
te werken aan mijn onderzoek. Wat vraag ik dan van u? 
Gedurende de hele week (maandag t/m vrijdag) vragenlijsten in te vullen. Dit houdt in: 

- 4x per dag een korte vragenlijst van 5 vragen beantwoorden; 
- 1x per dag (aan het eind van uw werkdag) een langere vragenlijst (maandag ± 60 vragen,  
 andere dagen: ± 30 vragen) beantwoorden. 

De vraag die ik u 4x per dag vraag te beantwoorden en de vragenlijst aan het eind van uw werkdag 
krijgt u per email toegestuurd. Het is belangrijk dat u aanwezig bent op uw werkplek tijdens het 
invullen van de vragenlijsten. 
Het invullen van de korte vragenlijst wil ik u vragen tussen bepaalde momenten in te vullen, namelijk: 

-  Tussen 9:00-10:00; tussen 11:15-12:15; tussen 14:00-15:00; tussen 16:15-17:15. 
Hiervoor krijgt u de vragenlijst aan het begin van het invulmoment toegestuurd. Het invullen van 
deze korte vragenlijst duurt 1 minuut. Het invullen van de vragenlijst van 30 á 60 vragen vraag ik u 
tussen 16:15-17:15 te doen. Het invullen van deze vragenlijst duurt ongeveer 5-10 minuten. Ook de 
herinnering en deze vragenlijst krijgt u per email toegestuurd. 

In de vragenlijsten wordt u gevraagd om uw deelnemersnummer; deze staat bovenaan deze brief. Ook 
wordt u gevraagd om uw bureau nummer; deze vindt u op uw bureau. De vragen zijn in het Engels 
gesteld. Met basiskennis Engels zal u de vragen in zijn geheel begrijpen. Mocht u vragen niet begrijpen 
kunt u altijd aan mij de betekenis vragen. Bent u nu in een invulmoment niet in staat om de vragenlijst 
in te vullen, dat is niet erg. U kunt ervoor kiezen de vragenlijst alsnog in te vullen. Wel vraag ik u dan 
om het tijdstip van invullen juist te vermelden in de vragenlijst. Ook als u een invulmoment vergeet 
de vragenlijst in te vullen, is dat geen probleem. Natuurlijk vraag ik u om alle invulmomenten deel te 
nemen aan de vragenlijsten, maar als u er 1 mist is dat niet erg. Ik wil u dan wel vragen om het invullen 
weer op de pakken en tijdens het volgende invulmoment weer deel te nemen aan de vragen. Wellicht 
lijkt dit onderzoek veel tijd te kosten, maar uiteindelijk zal het je per dag 10-15 minuten tijd kosten. Mij 
levert het vervolgens erg veel op, want door uw antwoorden wordt mijn onderzoek veel meer waard. 
Ik hoop dat u mij wil helpen door deel te nemen aan dit experiment! 

Voor alle informatie uit de vragenlijsten geldt dat deze uitsluitend gebruikt worden ten behoeve van 
dit onderzoek. Ze zullen niet, zonder toestemming, gebruikt worden om gegevens over u of uw bedrijf 
bekend te maken. Hebt u vragen, spreek mij gerust aan! Ben ik niet in de buurt, kunt u me altijd 
bereiken via het emailadres: j.v.duijnhoven1@tue.nl. 

Alvast hartstikke bedankt voor uw deelname! 
Met vriendelijke groeten,  ir. J. (Juliëtte) van Duijnhoven

Appendix C
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C2. Subchapter 5.2: General Questionnaire

1. Password 

2. Participant number 

3. Gender 
o Male
o Female

4. How old are you? 
o Under 25 years
o 25-34 years
o 35-44 years
o 45-54 years
o 55-64 years
o 65-74 years
o 75 years or older

5. Which of the following tasks describe the work that you do (circle all that apply)? 
o Typing
o Filing papers
o Analysis of materials
o Drafting or drawing on paper
o Writing manuscripts
o Accounting or working with ledgers
o Using a computer
o Reading
o Installing or fixing equipment
o Interviewing or talking to clients in person
o Talking on the phone

6. Of the above activities, which one do you do most of the time? (circle only one) 
o a
o b
o c
o d
o e
o f
o g
o h
o i
o j
o k
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7. Which of the following describes your job (the best)? 
o Manager/administrator/supervisor
o Engineer
o Programmer
o Secretarial/clerical
o Researcher
o Technician
o Operator Services
o Business office representative
o Anders:

8. How many days each week are you usually at your desk or workspace in the office? 

9. On average, how many hours do you spend per day at your desk or workspace in the office? 

10. Overall, how satisfied are you with the lighting at your office or workspace? 
o Very satisfied
o Fairly satisfied
o Neither satisfied nor dissatisfied
o Not very satisfied
o Not at all satisfied

11. Would you say that the amount of light for the work you do is… 
o Excellent
o Good
o Fair
o Poor

12. Do you wear glasses or contact lenses? 
o No
o Yes

13. If yes, please describe why:
o Difficulty seeing things close up (such as reading books)
o Difficulty seeing things far away (such as road signs)
o Both
o Astigmatism
o Anders:

14. Do you have difficulty distinguishing between colours? 
o No
o Yes

15. Do you have any medical problems with your eyes (e.g. cataract, glaucoma, injury, etc.)? 
o No
o Yes

16. If yes, please describe:



17. Do you have a task light or desk lamp at your workspace or desk? 
o No
o Yes

18. In general, would you say your health is 
o Excellent
o Very good
o Good
o Fair
o Poor

19. Compared to one year ago, how would you rate your health in general now? 
o Much better now than one year ago
o Somewhat better than one year ago
o About the same
o Somewhat worse now than one year ago
o Much worse than one year ago

20. The following items are about activities you might do during a typical day. Does your health now 
limit you in these activities? If so, how much?
Activity 1: Vigorous activities, such as running, lifting heavy objects, participating in strenuous sports 

o Yes, limited a lot
o Yes, limited a little
o No, not limited at all

21. Activity 2: Moderate activities, such as moving a table, pushing a vacuum cleaner, bowling or 
playing golf 

o Yes, limited a lot
o Yes, limited a little
o No, not limited at all

22. Activity 3: Lifting or carrying groceries 
o Yes, limited a lot
o Yes, limited a little
o No, not limited at all

23. Activity 4: Climbing several flights of stairs 
o Yes, limited a lot
o Yes, limited a little
o No, not limited at all

24. Activity 5: Climbing one flight of stairs  
o Yes, limited a lot
o Yes, limited a little
o No, not limited at all

25. Activity 6: Bending, kneeling, or stooping 
o Yes, limited a lot
o Yes, limited a little
o No, not limited at all
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26. Activity 7: Walking more than a mile (+- 1.6 km) 
o Yes, limited a lot
o Yes, limited a little
o No, not limited at all

27. Activity 8: Walking one block (+- 150 metres) 
o Yes, limited a lot
o Yes, limited a little
o No, not limited at all

28. Activity 9: Walking several blocks 
o Yes, limited a lot
o Yes, limited a little
o No, not limited at all

29. Activity 10: Bathing or dressing yourself 
o Yes, limited a lot
o Yes, limited a little
o No, not limited at all

30. During the past 4 weeks, have you had any of the following problems with your work or other 
regular daily activities as a result of your physical health? 
Activity 1: Cut down the amount of time you spent on work or other activities? 

o Yes
o No

31. Activity 2: Accomplished less than you would like 
o Yes
o No

32. Activity 3: Were limited in the kind of work or other activities 
o Yes
o No

33. Activity 4: Had difficulty performing the work or other activities (for example, it took extra effort)
o Yes
o No

34. During the past 4 weeks, have you had any of the following problems with your work or other 
regular daily activities as a result of any emotional problems (such as feeling depressed or anxious)?
Activity 1: Cut down the amount of time you spent on work or other activities? 

o Yes
o No

35. Activity 2: Accomplished less than you would like 
o Yes
o No

36. Activity 3: Didn’t do work or other activities as carefully as usual? 
o Yes
o No



37. Emotional problems interfered with your normal social activities with family, friends, neighbours, 
or groups? 

o Not at all
o Slightly
o Moderately
o Severe
o Very severe

38. How much bodily pain have you had during the past 4 weeks? 
o None
o Very mild
o Mild
o Moderate
o Severe
o Very severe

39. During the past 4 weeks, how much did pain interfere with your normal work (including both work 
at the office and working from home)? 

o Not at all
o A little bit
o Moderately
o Quite a bit
o Extremely

40. These questions are about how you feel and how things have been with you during the last 4 
weeks. For each question, please give the answer that comes closest to the way you have been feeling. 
Question 1: Did you feel full of energy? 

o All of the time
o Most of the time
o A good bit of the time
o Some of the time
o A little bit of the time
o None of the time

41. Question 2: Have you been a very nervous person? 
o All of the time
o Most of the time
o A good bit of the time
o Some of the time
o A little bit of the time
o None of the time

42. Question 3: Have you felt so down in the dumps that nothing could cheer you up? 
o All of the time
o Most of the time
o A good bit of the time
o Some of the time
o A little bit of the time
o None of the time
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43. Question 4: Have you felt calm and peaceful? 
o All of the time
o Most of the time
o A good bit of the time
o Some of the time
o A little bit of the time
o None of the time

44. Question 5: Did you have a lot of energy? 
o All of the time
o Most of the time
o A good bit of the time
o Some of the time
o A little bit of the time
o None of the time

45. Question 6: Have you felt downhearted and blue? 
o All of the time
o Most of the time
o A good bit of the time
o Some of the time
o A little bit of the time
o None of the time

46. Question 7: Did you feel worn out? 
o All of the time
o Most of the time
o A good bit of the time
o Some of the time
o A little bit of the time
o None of the time

47. Question 8: Have you been a happy person? 
o All of the time
o Most of the time
o A good bit of the time
o Some of the time
o A little bit of the time
o None of the time

48. Question 9: Did you feel tired? 
o All of the time
o Most of the time
o A good bit of the time
o Some of the time
o A little bit of the time
o None of the time



49. During the past 4 weeks, how much of the time has your physical health or emotional problems 
interfered with your social activities (like visiting with friends, relative, etc.)? 

o All of the time
o Most of the time
o A good bit of the time
o Some of the time
o A little bit of the time
o None of the time

50. How true or false is each of the following statements for you? Statement 1: I seem to get sick a little 
easier than other people 

o Definitely true
o Mostly true
o Don’t know
o Mostly false
o Definitely false

51. Statement 2: I am as healthy as anybody I know 
o Definitely true
o Mostly true
o Don’t know
o Mostly false
o Definitely false

52. Statement 3: I expect my health to get worse 
o Definitely true
o Mostly true
o Don’t know
o Mostly false
o Definitely false

53. Statement 4: My health is excellent 
o Definitely true
o Mostly true
o Don’t know
o Mostly false
o Definitely false

Thank you - Dank u wel!
Bedankt voor het invullen van de vragenlijst. U helpt me enorm met mijn onderzoek!
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C3. Subchapter 5.2: Daily Questionnaire at 09:00

1. Password 

2. Participant number 

3. Desk number 

4. Date and time 

5. Statement: I slept well last night 
o Strongly disagree
o Disagree
o Neither agree nor disagree
o Agree
o Strongly agree

6. How do you feel right now? 
o Extremely alert
o Very alert
o Alert
o Rather alert
o Neither alert nor sleepy
o Some signs of sleepiness
o Sleepy, but no effort to keep awake
o Sleepy, but some effort to keep awake
o Very sleepy, great effort to keep awake, fighting sleep
o Extremely sleepy, can’t keep awake 

C4. Subchapter 5.2: Daily Questionnaire at 11:15

1. Password 

2. Participant number 

3. Desk number 

4. Date and time

5. How do you feel right now? 
o Extremely alert
o Very alert
o Alert
o Rather alert
o Neither alert nor sleepy
o Some signs of sleepiness
o Sleepy, but no effort to keep awake
o Sleepy, but some effort to keep awake
o Very sleepy, great effort to keep awake, fighting sleep
o Extremely sleepy, can’t keep awake



C5. Subchapter 5.2: Daily Questionnaire at 14:00

1. Password 

2. Participant number 

3. Desk number 

4. Date and time 

5. How do you feel right now? 
o Extremely alert
o Very alert
o Alert
o Rather alert
o Neither alert nor sleepy
o Some signs of sleepiness
o Sleepy, but no effort to keep awake
o Sleepy, but some effort to keep awake
o Very sleepy, great effort to keep awake, fighting sleep
o Extremely sleepy, can’t keep awake

C6. Subchapter 5.2: Daily Questionnaire at 16:15

1. Password 

2. Participant number 

3. Desk number 

4. Date and Time 

5. How do you feel right now? 
o Extremely alert
o Very alert
o Alert
o Rather alert
o Neither alert nor sleepy
o Some signs of sleepiness
o Sleepy, but no effort to keep awake
o Sleepy, but some effort to keep awake
o Very sleepy, great effort to keep awake, fighting sleep
o Extremely sleepy, can’t keep awake

6. All of the statements below refer to your work area. Please indicate whether you agree or disagree. 
Statement 1: Overall, the lighting is comfortable 

o Agree
o Disagree
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7. Statement 2: The lighting is uncomfortably bright for the tasks that I perform 
o Agree
o Disagree

8. Statement 3: The lighting is uncomfortably dim for the tasks that I perform 
o Agree
o Disagree

9. Statement 4: The lighting is poorly distributed here 
o Agree
o Disagree

10. Statement 5: The lighting causes deep shadow 
o Agree
o Disagree

11. Statement 6: Reflections from the light fixtures hinder my work 
o Agree
o Disagree

12. Statement 7: The light fixtures are too bright 
o Agree
o Disagree

13. Statement 8: My skin is an unnatural tone under the lighting 
o Agree
o Disagree

14. Statement 9: The lights flicker throughout the day 
o Agree
o Disagree

15. How does the lighting appear compared to similar workplaces in other buildings? 
o Worse
o About the same
o Better
o I don’t know

16. Please rate the following 3 attributes of your particular desk location in this building by circling 
the appropriate number between 1 and 5 that best summarizes your experience of working here. 
Attribute 1: Electrical lighting 

Bad 1 2 3 4 5 Good

17. Attribute 2: How bright are the lights? 
Too much light 1 2 3 4 5 Does not get too bright

18. Attribute 3: Glare from lights 
High glare 1 2 3 4 5 No glare



19. For each task performed, please rate the lighting available to you. 
Task 1: Reading from paper 

o Excellent
o Pretty good
o Neutral
o Not very good
o Poor
o Not applicable

20. Task 2: Reading from computer 
o Excellent
o Pretty good
o Neutral
o Not very good
o Poor
o Not applicable

21. Task 3: Writing on paper 
o Excellent
o Pretty good
o Neutral
o Not very good
o Poor
o Not applicable

22. Task 4: Typing on computer 
o Excellent
o Pretty good
o Neutral
o Not very good
o Poor
o Not applicable

23. Task 5: Drawing on paper 
o Excellent
o Pretty good
o Neutral
o Not very good
o Poor
o Not applicable

24. Task 6: Drawing on computer 
o Excellent
o Pretty good
o Neutral
o Not very good
o Poor
o Not applicable
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25. Overall, how satisfied are you with the lighting at your office or workspace? 
o Very satisfied
o Fairly satisfied
o Neither satisfied nor dissatisfied
o Not very satisfied
o Not at all satisfied

26. How would you describe the amount of light available to you now? 
o Much too bright
o A bit too bright
o Just about right
o A bit too dim
o Much too dim

27. Please indicate how bothersome each of the following is to you. 
Case 1: Reflected glare from work surface 

o Not at all bothersome
o Not very bothersome
o Fairly bothersome
o Bothersome
o Not applicable

28. Case 2: Glare from ceiling lights 
o Not at all bothersome
o Not very bothersome
o Fairly bothersome
o Bothersome
o Not applicable

29. Case 3: Glare from task lights/desk lamps 
o Not at all bothersome
o Not very bothersome
o Fairly bothersome
o Bothersome
o Not applicable

30. Case 4: Bright lights in workspace 
o Not at all bothersome
o Not very bothersome
o Fairly bothersome
o Bothersome
o Not applicable

31. Case 5: Glare reflected in computer screen 
o Not at all bothersome
o Not very bothersome
o Fairly bothersome
o Bothersome
o Not applicable



32. Would you say that the amount of light for the work you do is… 
o Excellent
o Good
o Fair
o Poor

33. Do you have a task light or desk lamp at your workspace or desk? 
o No
o Yes

34. The total amount of light you receive at your eye can be only daylight, only electric light, or a 
combination of both. Tick the light sources which are available at your workplace right now. 

o Daylight
o Electric lighting

35. What do you think is the ratio daylight/electric light right now? 
Only daylight 0 1 2 3 4 5 6 7 8 9 10 Only electric light

36. If you have any opinions or comments about the lighting at your desk or workspace that you would 
like to have recorded, please write them in the space below (your comments will be kept confidential).

Health related
37. In general, would you say your health is 

o Excellent
o Very good
o Good
o Fair
o Poor

Thank you - Dank u wel!
Bedankt voor het invullen van de vragenlijst. U helpt me enorm met mijn onderzoek!
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DEPARTMENT OF THE BUILT ENVIRONMENT

Lighting controls in offices are still mainly focused on energy savings. 
However, focusing on a potential productivity increase of office 
workers would lead to much higher savings in company costs. A less 
alert office worker performs a task worse compared to a more alert 
office worker. This project aimed at developing input for intelligent 
systems to optimize subjective alertness of office workers. A systematic 
approach has been developed which comprises of four parts: 
gathering personal lighting conditions, interpreting personal lighting 
conditions, identifying predictors of personal lighting conditions, and 
relating personal lighting conditions to subjective alertness. 

First, this thesis focused on exploring the advantages and 
disadvantages of three methods to gather personal lighting 
conditions: Person-Bound Measurements (PBM), Location-Bound 
Measurements (LBM), and Location-Bound Estimations (LBE). Second, 
measured personal lighting conditions were interpreted according to 
light factors identified to initiate effects beyond vision. Third, multiple 
predictors were identified to influence personal lighting conditions. 
And fourth, the relationship between personal lighting conditions and 
alertness was found to be negligible in two separate field studies.

The above-mentioned systematic approach conveys input to be 
inserted in intelligent systems to optimize alertness of office workers. 
Such systems would provide recommendations for office workers to 
adjust their own personal lighting conditions. This type of system may 
be both energy efficient and practical. The system can be used by 
companies to support their office workers. The office workers would 
feel more alert whereas the employers would see productivity gains to 
help them reducing their company costs.




