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Abstract
The lighting provided in offices is generally enough for workers to perform their daily tasks and
activities. However, these minimum lighting levels alone are not sufficient to ensure that office lighting
is comfortable. Although several lighting-related causes of discomfort have already been investigated
extensively, there are still other factors that potentially influence the level of experienced discomfort
in offices. The present study explored whether the level of luminance contrasts in the field of view is
one of these factors influencing discomfort. The possibility of this factor affecting discomfort levels was
inspired by a new office lighting concept, which only offers indirect lighting and thereby reduces
luminance contrasts in the field of view.
This study started with exploring whether this new lighting concept would be considered as more
comfortable when compared to existing office lighting. The results of this exploratory study gave a first
indication for a preference for this new lighting concept. Results also suggested that this concept was
considered as more comfortable. To confirm whether the level of luminance contrasts could be an
explanation for this, a second study was performed.
In a subsequent lab study, 29 participants were exposed to two levels of luminance contrasts in the
field of view, using a within-subjects design. To measure the level of asthenopia (visual discomfort and
visual fatigue), four measurement types were used: two subjective and two objective indicators. The
results showed only a significant effect between contrast levels for one of the measures, namely one
of the subjective indicators.
Overall, the results showed first evidence for luminance contrasts in the field of view affecting the
level of visual discomfort. The lack of effects on the objective measures can possibly be explained by
these indicators not being appropriate for measuring the level of fatigue. Although future research is
necessary, the findings give a first suggestion for the need to take luminance contrasts into account
when developing new office lighting, in order to maximize the level of comfort experienced by office
workers.
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Chapter 1: Introduction
Light is an essential part of our life: it enables humans to use their visual system, thereby allowing
their everyday functioning. In the past, our lives were determined by the natural light-dark cycle; we
adjusted our behaviour to this cycle by being awake during daytime and going to sleep after it got dark.
The introduction of artificial light changed this and enabled us to illuminate our environment at any
time. Man-made light started with fire, but after the development of electric power, artificial lighting
shifted to electrically powered lighting.
For years, the main focus has been on making electrical lighting more energy efficient by increasing
lamps’ luminous efficacy (Philips, 2014). After the evolvement of incandescent, halogen, and gas
discharge lamps, the Light Emitting Diode (LED) has been the focal point of development. Currently,
luminous efficacy of LEDs is at least 135 lm/W (Philips, 2014); remarkably higher than for example the
incandescent light bulb, with a typical efficacy of 16 lm/W. LED technology is also subject to physical
limits regarding its luminous efficacy: the theoretical maximum luminous efficacy of LEDs is expected
to be around 200-250 lm/W (DIAL, 2016; Pimputkar, Speck, Denbaars, & Nakamura, 2009). As large
improvements concerning luminous efficacy are not be expected anymore, the main focus in the field
of office lighting (among other fields) has shifted to the effects of light on humans. Lighting has effects
on human functioning in several ways, as will be explained in more detail in the next subsection.
Visual comfort is one of the factors that is influenced by light. Historically, much effort has been
made to prevent discomfort, and particularly for office applications, standards and regulations exist for
prevention of discomfort glare. However, even when a lighting design is glare-free, individuals can still
experience different levels of comfort. To address visual comfort in office environments, within Philips
Lighting Research (now Signify), a new luminaire concept was created (called Concept A in the current
report), offering 100% indirect lighting in contrast to most of the conventional luminaires with 100%
direct lighting. This indirect lighting is expected to offer a more comfortable light setting, as it reduces
luminance contrasts in the field of view: “light reflected down from the ceiling is more diffuse, (…)
softening shadows and contrasts” (Hedge, Sims, & Becker, 1995).
Luminance contrasts in the field of view indeed have a significant influence on visual fatigue of
observers, particularly for Visual Display Terminal (VDT) work (Wolska & Śwituła, 1999). However, most
research conducted in this area has focused on luminance contrasts between the VDT and directsurrounding area (e.g. Sheedy, Smith, & Hayes, 2005; Y. Shen et al., 2014; Wolska & Śwituła, 1999), not
taking into account other luminance contrasts in the field of view (e.g. a bright spot on the ceiling in
your peripheral vision).
Therefore, the aim of the current research was to examine whether luminance contrast in the field
of view is one of the factors influencing visual comfort. As Concept A was the starting point of this
research, we first carried out an exploratory study to assess whether Concept A was indeed considered
as more comfortable than existing office lighting. In addition, this explorative study examined whether
Concept A was preferred to existing office lighting. Subsequently, a lab study was conducted to assess
if the degree of luminance contrast in the field of view influences the level of visual comfort and fatigue
of users.
Before discussing the study designs, an overview of relevant background information is provided.
The various effects that lighting can have on humans will be discussed, after which we will elaborate on
visual comfort and visual fatigue. Furthermore, the relation between visual discomfort and luminance
contrasts, as well as indirect lighting will be described. Different measurement methods of visual
1

discomfort and fatigue will be discussed, after which we will conclude the theoretical framework by
discussing the research questions and hypotheses.

2

Chapter 2: Theoretical framework
2.1 Effects of lighting
The human visual system requires light in order to operate: light that falls on the retina is converted
into neural signals by photoreceptors. The optic nerve transmits these signals to several brain areas.
Since the discovery of a third type of photoreceptor (Berson, Dunn, & Takao, 2002), a distinction has
been made between different lighting effects: image forming effects (IF) and non-image forming effects
(NIF). The IF pathway refers to the process of activating brain regions involved in vision (e.g. the visual
cortex), while the NIF pathway activates brain areas involved in circadian entrainment and acute effects
on mood, physiology and cognitive performance. A framework was proposed to illustrate these
different pathways (de Kort & Veitch, 2014; Smolders, 2013), shown in Figure 1.

Light
exposure
Image forming
effects
Visual
performance

Visual
experience

Non-image
forming effects
Visual
(dis)comfort

Circadian
effects

Acute effects

Figure 1: Overview of Light exposure effects on human functioning (retrieved and modified from de Kort & Veitch (2014))

The image forming pathway facilitates our ability to see. The photoreceptors involved in the image
forming pathway are the rods and cones, and these are the first step in the process of enabling human
vision. Rods are highly sensitive to light and therefore respond to relatively low light levels (referred to
as scotopic vision), while cones contribute to eyesight at relatively high light levels (referred to as
photopic vision). Cones can be divided into three different types based on their spectral sensitivity:
short-, medium- and long-wavelength cones (S-, M-, and L-cones) have a peak-sensitivity of 450, 525
and 575 nm, respectively (Boyce, 2014). These distinctive wavelength sensitivities contribute to
humans’ colour vision.
A third type of photoreceptor, called the intrinsic photosensitive retinal ganglion cell (ipRGC), plays
a role in the non-image forming pathway. The photopigment in the ipRGCs is melanopsin (Boyce, 2014),
which has a maximum absorption at a wavelength of around 480 nm. Because ipRGCs’ photon capture
probability is much lower than the classical rod and cone photoreceptors, bright illumination is required
to produce a response (Boyce, 2014). Signals of ipRGCs are sent to the suprachiasmatic nucleus (SCN),
where the human biological clock is located. This endogenous clock has a period of approximately 24
hours and is regarded as partly responsible for humans’ circadian rhythm (Czeisler et al., 1999). This
circadian clock is responsible for adjusting physiological and psychological processes to environmental
demands, for example synchronizing humans’ sleep-wake cycle to the natural light-dark cycle (Boyce,
2014). Light exposure is a major exogenous factor, although other influential factors exist, to ensure
that the circadian rhythm is entrained to the 24-hour day-night rhythm (Aschoff, 1984).
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In addition to these circadian effects through the NIF pathway, light exposure can have acute effects
on performance, alertness and mood. Although research in this area started with studying acute
changes in melatonin levels during the night (e.g. Lewy, Wehr, Goodwin, Newsome, & Markey, 1980),
later studies found that bright light exposure at night can also affect cognitive performance and
subjective measures of alertness, sleepiness and mood (Rüger, Gordijn, Beersma, de Vries, & Daan,
2006; Rüger, Gordijn, de Vries, & Beersma, 2005). More recent research has examined whether these
alertness and cognitive performance effects also occur when exposed to bright light during daytime
(Souman, Tinga, te Pas, van Ee, & Vlaskamp, 2018), with inconsistent results. Additional research is
necessary to fully understand the acute effects of the NIF pathway.
Over the last couple of decades, partly because of the discovery of the ipRGCs, a considerable
amount of research has been conducted to understand all the effects light can have through the NIF
pathway. Although further research is necessary to fully understand the NIF processes, it also remains
important to improve our understanding of IF effects. The IF pathway influences visual performance,
visual experience, and visual comfort, which is the focus of the current study.

2.1.1 Visual performance
Visual performance refers to the capability of extracting and processing visual information that is
required for performing tasks with a visual component. Performance is dependent on how well our
visual system perceives details of the task. Factors influencing visibility include task size, luminance
contrast between stimulus and its immediate background, illumination of the task and a person’s age
(Boyce, 2014; Veitch, 2006). Although performing visual tasks requires minimum levels of light intensity,
spectral composition and uniformity, visual performance saturates when certain thresholds are met.
Rea & Ouellette (1991) proposed the Relative Visual Performance (RVP) model, in which they varied
visual size, luminance contrasts, and the amount of light entering the eye. They found that reaction
time decreases, and thus performance increases, with increasing values of these three variables.
However, when the saturation level was reached, an increasing value of one of these three variables
results in only a minor increase of visual performance. Visual performance thus stays relatively stable
when the thresholds are met, thereby indicating the minimum lighting requirements for performing
visual tasks.

2.1.2 Visual experience
Through the IF pathway, light can also influence our visual experience and perception of the
environment, which affects humans’ behaviour, sensations of well-being and impressions of physical
spaces (Flynn, Spencer, Martyniuk, & Hendrick, 1973). Additionally, variations in lighting can influence
the perceived atmosphere (or affective meaning) of a space (Stokkermans, Vogels, de Kort, &
Heynderickx, 2017). Lighting appraisals (i.e. the impression of the lighting) can also impact humans’
mood. Although the effect of lighting on mood (and cognitive performance) was already described as
an acute NIF effect, the user’s mood can also be influenced when the lighting conditions are appraised
against expectations (Veitch, Newsham, Boyce, & Jones, 2008). In turn, mood can affect the motivation
to do a task, and thereby cognitive performance. Therefore, lighting in spaces should be carefully
designed to support their function: offices benefit from having a stimulating light setting, while a bar or
restaurant should have a relaxing light setting. A study by Steidle and Werth (2013), for example,
revealed that illuminance levels can impact cognitive performance by changing the visual message (i.e.
atmosphere). They found that at lower light levels (150 lux), participants were able to generate more
4

creative ideas, while higher illuminance levels (500 or 1500 lux) improved analytical performance. The
effect of illuminance levels was mediated by differences in visual message: dim light creates an informal
atmosphere with a feeling of being free from constraints which is beneficial for abstract information
processing. In contrast, bright light is associated with working contexts and a formal atmosphere,
emphasizing following rules and thereby allowing analytical performance.
Flynn and colleagues (1973) started this area of research by exploring whether different lighting
arrangements have an effect on human behaviour by altering visual experience. Six different lighting
arrangements were shown, which participants rated on rating scales, while overt behaviour patterns of
individuals were also recorded. Results showed that lighting characteristics induce consistent and
shared impressions of a space among different persons, but can also influence overt behaviour.
While Flynn et al. (1973) assessed the relation between visual experience of a space and perceptual
attributes of light, a more recent study from Stokkermans and colleagues (2017) investigated the
relation between atmosphere and perceptual attributes of light. In addition, they assessed how these
perceptual attributes of light can be predicted from physical light attributes. By investigating how
brightness and perceived uniformity (the perceptual attributes) can affect atmosphere, they found that
these attributes indeed act as important predictors for four atmosphere dimensions: cosiness,
liveliness, tenseness, and brightness. For example, a space was perceived as cosiest when lit with light
of medium brightness and perceived uniformity. When increasing or decreasing these two attributes,
the space was perceived as less cosy. However, these perceptual light attributes could not be predicted
adequately from physical light distribution based on existing literature, and thus future research is
necessary.
These studies are just examples of how lighting characteristics (e.g. illuminance level and spatial
distribution) can influence the way humans perceive a space in terms of lighting appraisals, visual
message and atmosphere. These lighting appraisals, in turn, can influence human functioning:
employees who are more satisfied with their lighting (and thereby consider a space as more attractive)
are happier, more comfortable and more satisfied with their environment and work (Veitch et al.,
2008). Together, these findings suggest that lighting designs should not just incorporate the minimum
requirements for visual performance, but should also take into account the effects light can have on
the perceived message of a space and individuals’ appraisals, through which their functioning can be
affected.

2.1.3 Visual (dis)comfort
The third factor that is influenced through the IF pathway is visual (dis)comfort. Vischer (2007)
proposed a model in which four levels of comfort are distinguished: discomfort, physical comfort,
functional comfort, and psychological comfort. Although this model was developed for discomfort in
general (and not visual discomfort specifically), the model was adapted and applied to lighting effects
by Steidle, Werth, De Boer, and Sedlbauer (2014). According to this model (see Figure 2), general
discomfort is prevented when people are healthy and safe in a building; e.g. when lighting does not
endanger user’s vision. After this level comes physical comfort, which is the threshold for an acceptable
working space. Current lighting standards ensure this level of physical comfort. The next level,
functional comfort, involves the ergonomic support for users’ performance: if the lighting conditions
support the user activities, this leads to functional comfort. The highest level, psychological comfort, is
achieved when users have feelings of belonging, ownership and control over the workspace. Specified
for lighting, this means that the lighting conditions should meet the user’s expectations, preferences,
and needs (Steidle et al., 2014; Vischer, 2007).
5

Figure 2: Comfort levels and associated psychological mechanisms (retrieved from (Steidle et al., 2014))

Based on this model, Steidle et al. (2014) argue that when humans are exposed to uncomfortable
lighting conditions, they have to invest energy to cope with these conditions. Humans only have a finite
amount of mental resources, and when these are invested in coping with inconvenient conditions, this
will lead to fewer resources available for performance. Hence, when applying this to the visual part of
discomfort specifically, it means that when visual discomfort occurs, visual performance can be
negatively affected. When discomfort is prevented and resource depletion is thus avoided, the basic
level of physical comfort is reached (Steidle et al., 2014).
Different aspects of lighting can cause visual discomfort, the main factors being light levels, nonuniformity, glare, veiling reflections, shadows and flicker (Boyce, 2014). Visual discomfort can also have
negative consequences for health and mental wellbeing, as it can induce fatigue, eye strain and
headaches (Boyce, 2014). To prevent discomfort and enable visual performance, standards and norms
for indoor workplaces are specified in a European Standard (EN 12464-1:2011), so that the causes of
discomfort can be countered. The mentioned factors causing visual discomfort and their corresponding
norms will be discussed in more detail in Section 2.2.
Before discussing how to make lighting more comfortable by considering the lighting-related causes
of discomfort, we will start this section by a more detailed study of the concept of visual discomfort in
general. Although most lighting-related literature refers to the concept as visual (dis)comfort (as we
also did until now), the field of ophthalmology uses the term “asthenopia”, which is a more
comprehensive term to describe all underlying determinants and symptoms (Lambooij, IJsselsteijn,
Fortuin, & Heynderickx, 2009). After defining asthenopia and discussing the lighting-related causes of
this phenomenon, we will elaborate on literature addressing the relation between asthenopia and
luminance contrasts. Last, a possible way to minimize contrasts, using indirect lighting, will be
described.

2.2 Asthenopia: visual fatigue and visual discomfort
In the previous section, we only described the term visual discomfort. However, in existing literature,
visual discomfort is often used interchangeably with visual fatigue. Lambooij and his colleagues (2009)
were the first ones to make a clear distinction: “visual fatigue refers to a decrease in performance of
the human visual system, which can be objectively measured, whereas visual discomfort is its subjective
counterpart”.
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Visual discomfort and visual fatigue together can be described by the diagnostic term asthenopia,
which is used by ophthalmologists to describe nonspecific symptoms (Lambooij et al., 2009).
Asthenopia literally means “eye without strength” and manifests symptoms such as fatigue, blurred
vision, headache, and pain in and around the eyes.
Because visual discomfort is a subjective evaluation, it is characterized by large individual
differences. This inter-individual variability partly exists because evaluation is based on past experiences
and expectations. These expectations are prone to be adjusted over time, but they also are inherently
different between cultures. This is one of the reasons why it is also important to include the objective
counterpart, visual fatigue. To get an accurate assessment of the degree of visual fatigue and visual
discomfort, it is important to combine multiple types of measurements, both objectively and
subjectively (Lambooij et al., 2009).
As mentioned before, there are several aspects of lighting that can cause asthenopia. The most
important lighting-related causes of asthenopia (light levels, non-uniformity, glare, veiling reflections
and flicker) have been investigated extensively and resulted in standards for lighting designs, describing
minimal requirements to prevent discomfort. Other causes have been reported less in literature, such
as the effects of luminance contrasts. These causes will be discussed below, as well as the relation
between asthenopia and indirect lighting.

2.2.1 Light level
Sufficient levels of light are needed in order for the human visual system to work and thus to perform
visual tasks. Poor visibility of the tasks, caused by light levels being too low, can negatively impact the
level of visual comfort. The European Standard of lighting requirements (EN 12464-1:2011) therefore
specifies a minimum of 500 lux on the task area for indoor workplaces. Yet, light levels that are too high
can also lead to visual discomfort. The sun, for example, can create discomfort and may impair visibility.
Therefore, some sort of daylight control is also necessary for offices. However, even without daylight,
illuminance levels indoors can be too high. According to Boyce & Wilkins (2018), some evidence exists
for increased discomfort when illuminance levels exceed 1000 lux.

2.2.2 Illuminance non-uniformity
The minimum level of light intensity required for offices is generally achieved by combining several
light sources. When there is a variation in the illumination of surfaces throughout the room, this leads
to non-uniformity. When this level of non-uniformity is too high, visual discomfort can occur. Therefore,
lighting should have a minimum level of illuminance uniformity (Boyce, 2014). Although the amount of
light that enters the human eye is defined by the luminance level, and not illuminance level, the latter
is easier to measure and therefore used for expressing the level of uniformity.
Saunders (1969) examined what levels of illuminance ratios between desks were still judged as
acceptable by room occupants. Results showed that a uniformity ratio (measured as
minimum/maximum illuminance) of 0.7 was still accepted, but lower levels were considered as
unreasonable by participants. However, it should be noted that this ratio value only applies to lighting
that is intended, as perceived by room occupants, to produce uniform illumination (Boyce, 2014). For
example, lower levels of illuminance uniformity are accepted when it is caused by natural lighting
coming through the windows, or by individually-controlled lighting.
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The minimum value of 0.7 for illuminance uniformity across the office was also adopted by the
European Standard (EN 12464-1:2011). In addition to illuminance uniformity across the complete
space, relative illuminance patterns of individual work surfaces should also be considered in order to
avoid distraction. Standards specify that there should be a ratio of 5:3:1 between task area, surrounding
area and background area, respectively.

2.2.3 Glare
Glare is an extreme form of non-uniformity and often becomes already apparent by behaviour:
people blink, look away or shield their eyes from the light source (Boyce, 2014). The most common
forms of glare are disability glare and discomfort glare. Disability glare disables the visual system to
some extent and because it affects visual performance, it can be objectively measured. Discomfort glare
is more difficult to understand as it is a subjective sensation. To predict discomfort glare, the Unified
Glare Rating (UGR) is broadly used for indoor luminaires. This model is a comprise of a variety of other
discomfort glare prediction formulas. UGR should be 19 or less in offices (EN 12464-1:2011). The
Daylight Glare Index (DGI) was developed to predict discomfort glare from large-area light sources, such
as windows. Although the UGR and DGI models are broadly used, that does not mean that discomfort
glare is fully understood or can always be predicted correctly (and thus prevented). For example, UGR
cannot be used for indirect lighting or non-uniform luminaires, such as LEDs (Boyce, 2014; Geerdinck,
Van Gheluwe, & Vissenberg, 2014).

2.2.4 Veiling reflections
Veiling reflections are luminous reflections from specular surfaces that obscure details because
contrasts of the visual task are changed. A typical occurrence of this is when reading a glossy magazine
outside on a sunny day. Veiling reflections are dependent of the specularity of the surface (i.e. matt
surfaces do not induce veiling reflections) and the geometry between observer, surface and the source
of high luminance (Boyce, 2014). With the contrast rendering factor (CRF), the extent of veiling
reflections can be assessed. CRF is expressed as the ratio of the luminance contrast of the object under
the lighting of interest against the luminance contrast of the object under a completely diffuse light
source. As diffuse lighting produces the smallest veiling reflections, the CRF value should approach one
if veiling reflections should be prevented.

2.2.5 Flicker
The problem of flicker, i.e. visible fluctuations in the amount of light emitted, almost disappeared
for traditional lighting (e.g. fluorescent) because of the use of electronic ballasts that regulate voltage
and current flow. However, flicker was reintroduced with the implementation of LED lighting (Boyce,
2014). Flicker depends on the voltage fluctuation of the electricity supply and the type of LED driver
used. Because LEDs have a fast temporal response, the frequency of the electricity input is immediately
transferred to the light output. To create flicker-free LED lighting, drivers that regulate the electricity
current are used. However, even if the LED is produced to have a steady-state output as perceived by
humans, visible flicker is often still a problem when interacting with common dimmers (Lehman,
Wilkins, Berman, Poplawski, & Johnson Miller, 2011). As wide individual differences exist in sensitivity
to flicker (Boyce & Wilkins, 2018), a clear safety margin is necessary to avoid discomfort. Recently, IEEE
made recommendations for modulation depth and frequency of LED lighting (IEEE Standards
Association, 2015). This guidance will help protect against potential adverse health effects of flicker.
8

The above-mentioned causes of visual discomfort and fatigue are relatively well understood and can
be avoided by meeting the proposed requirements when planning lighting designs for offices.
Nonetheless, with the development and implementation of LED lighting, continuing research is
necessary to optimize visual comfort in relation to lighting.

2.2.6 Luminance contrasts
Related to the causal factor illuminance non-uniformity, luminance contrasts in the visual field are
also considered as a factor with a significant influence on visual fatigue, particularly for VDT work
(Wolska & Śwituła, 1999). Luminance contrasts, defined by luminance ratios between the task (on the
screen) and the surrounding background, determine the adaptation level of the eyes and thus can affect
task visibility and discomfort glare. Wolska and Śwituła (1999) studied how luminance ratios influence
visual fatigue, assessed by a subjective evaluation and several optometric measurements. Luminance
ratios were manipulated between the display and the wall behind it (i.e. surrounding luminance). Their
results showed a tendency of visual fatigue to increase with increasing surrounding luminance, with
significant effects for the objective measure of near point accommodation. Subjective evaluations of
asthenopic symptoms were not significantly affected by luminance ratios.
A similar study was performed by Sheedy and colleagues (2005), who researched effects of surround
luminance levels of displays on disability glare, discomfort glare and transient adaptation (the time it
takes for the eyes to adapt to a new brightness level). They manipulated luminance ratios by varying
surround luminance levels, similar to the study of Wolska & Śwituła (1999), but also incorporated
luminance levels lower than the display. No significant effects of surround luminance were found for
disability glare (measured by visual acuity) or discomfort glare (measured by a subjective rating of
symptoms). However, this study assessed discomfort after a reading period of only five minutes, which
might have been too short for discomfort to develop; according to Boyce (2014), discomfort resulting
from non-uniformity tends to build up over time. The study did find an effect for transient adaptation:
the time to complete the task was higher for lower levels of surround luminance; meaning that
performance decreased for these lower levels. Yet, performance saturated for higher levels of surround
luminance. This last finding is in contrast with the results of Wolska & Śwituła (1999), who found visual
fatigue to increase with higher levels of surrounding illuminance. Although it should be noted that
transient adaptation is not necessarily a direct measure of visual fatigue, it is a measure of performance
and therefore is expected to be in the same direction. The difference in the direction of the effect can
be explained by the fact that Wolska & Śwituła (1999) used displays with negative polarity (white
characters on a black screen), while Sheedy et al. (2005) used a positive polarity display. Thus, these
studies seem to imply that for negative polarity displays, surrounding luminance levels should not be
too high, while surrounding luminance levels for positive polarity displays should at least be around the
luminance level of the display. In other words, it seems that the ratio between display and surrounding
luminance should be minimized.
Besides VDTs, the effects of surrounding illumination on visual fatigue while watching television also
have been investigated (e.g. Bullough, Akashi, Fay, & Figueiro, 2006; Wang, Tu, Yang, & Chen, 2015).
These studies only examined the effects of the surrounding illumination either turned on or off, not
considering multiple levels of illumination and thus different contrast ratios. Still, both mentioned
studies found lower levels of visual comfort when the surrounding illumination was present. Although
the two studies used subjective and objective measures, both studies only found statistically significant
effects for the subjective measures.
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In addition to studies regarding the surrounding luminance of VDTs and televisions, luminance
contrasts also have been considered in a field study predicting visual comfort in open-plan offices. As
there currently is no agreed-upon method to predict visual discomfort in daylit environments, Konis
(2014) performed a study in which he compared existing indicators of visual discomfort (e.g. DGI, UGR)
with subjective responses of occupants. Subjects rated the current visual condition (“no discomfort”,
“slightly uncomfortable”, “moderately uncomfortable” and “very uncomfortable”) multiple times per
day for two weeks. In total, fifteen predictor variables describing the physical lighting conditions (e.g.
luminance contrast ratios, absolute luminance thresholds, glare metrics, and interior illuminances)
were also measured during this time period. Logistic regressions showed that models based on
luminance contrast ratios had the highest probability of correctly predicting occupants’ subjective
responses. In contrast, existing glare thresholds were shown to have low probabilities of predicting
visual discomfort.
As described, previous research conducted in this area has focused on luminance contrasts between
VDTs or televisions and direct-surrounding area. However, these studies do not take into account other
luminance contrasts in the field of view, such as a single bright spot from the ceiling in your peripheral
vision. The contrast ratio of Konis (2014) that had the highest probability of correctly predicting visual
comfort was the ratio of the maximum value of window luminance to a vertical task (on a computer
screen of 200 cd/m2). This maximum window luminance can be considered as a bright spot in your field
of view, as it takes on the highest luminance value of the window and thereby of the field of view
(assuming that the window offers the highest luminances in the room). This indicates that luminance
contrasts in the whole visual field indeed have an effect on visual discomfort and fatigue.

2.2.7 Asthenopia & Indirect lighting
One way to achieve lower luminance contrasts is to use lighting that is (partially) indirect (Aarås,
Horgen, Bjørset, Ro, & Walsøe, 2001; Bjørset, 1986; Boyce et al., 2006; Hedge et al., 1995). Indirect
lighting minimizes harsh contrasts and shadows, as the light reflected down from the ceiling is more
diffuse (Hedge et al., 1995). To overcome the bright spots that up-lighting systems can produce above
suspended luminaires, optical systems are needed to distribute the lighting over a greater area of the
ceiling, leading to a more even ceiling illumination.
Bjørset (1986) performed a study to determine optimal lighting conditions for working on VDTs. He
found that two suspended luminaires that offer both direct (75%) and indirect (25%) lighting, ceilingmounted symmetrically on each side of the operator, provide favourable visual conditions. Aarås and
colleagues (2001) adopted these lighting recommendations of Bjørset (1986), together with other
interventions, to improve workplaces. Employees reported significantly improved visual conditions and
reduced visual discomfort (measured by several eye symptoms) after the implementation of the new
lighting system. Though, it should be mentioned that at least part of the reduced visual discomfort can
be allotted to just increasing illuminance levels, as these were only 300 lux before the intervention and
600 lux after. The study of Hedge et al. (1995) compared two office lighting systems: a parabolic downlighting (PBL) system and a suspended, lensed-indirect (100%) up-lighting (LIL) system. While the LIL
system offered 500 lux at the working plane, the PBL system illuminated the working plane with 750
lux. Although the LIL system offered a lower illuminance level, there were no significant differences in
ratings for how well the system supported tasks on paper. However, the LIL system was rated
significantly better on supporting tasks on the computer. Additionally, the LIL system received higher
ratings on office lighting quality, a more positive visual experience, and fewer complaints of eye strain,
compared to the PBL system.
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A more recent study by Boyce and colleagues (2006) compared different lighting conditions and
showed that suspended direct/indirect luminaires were considered as more comfortable than directonly systems. Although fully direct lighting systems were still considered comfortable by 70% of the
participants, the direct/indirect lighting designs were rated as comfortable by 80% of the participants.
This can probably also be applied to present-day office lighting: although all office lighting (which is still
mainly direct lighting) is presumably considered comfortable, indirect lighting might increase
comfortableness in offices (Boyce et al., 2006).
These studies, together, imply that the use of partially indirect office lighting might reduce
symptoms of visual discomfort. Veitch (2006), in her lighting guidelines for productive workplaces, also
recommended to use lighting designs with both direct and indirect components. However, the
underlying reason for a reduction of visual discomfort by partially indirect lighting is still unknown. As
Hedge et al. (1995) described, indirect lighting minimizes contrasts. Literature described in Section 2.2.6
suggests that luminance contrasts in the visual field affect visual discomfort and fatigue. Together, this
seems to imply that indirect lighting minimizes luminance contrasts in the visual field, and hence,
decreases visual discomfort and fatigue. The current study will investigate this implied relation, but first
possible measurements of visual discomfort and fatigue will need to be examined.

2.3 Measuring visual discomfort and fatigue
Earlier, the distinction between visual discomfort and fatigue was already described: visual
discomfort is measured subjectively, while visual fatigue is assessed with objective measures (Lambooij
et al., 2009).
Literature regarding effects of surrounding illumination of VDTs and televisions, discussed earlier,
showed varying results for subjective and objective measures. These studies included both types of
measures, and while some found only statistically significant effects on the subjective measures
(Bullough et al., 2006; Wang et al., 2015), other studies found significant results only for the objective
measures (Wolska & Śwituła, 1999). Yet, one study (Sheedy et al., 2005) did not find significant results
for either of the measures. Research concerning indirect lighting (Aarås et al., 2001; Boyce et al., 2006;
Hedge et al., 1995) only used subjective measures (i.e. ratings on eye symptoms), and all studies found
significant effects.
Visual discomfort and fatigue are not only used to quantify the effect of lighting systems or
surrounding illumination: literature shows it has often been used to evaluate the quality of stereoscopic
(3D) displays (Lambooij et al., 2009; Yano, Ide, Mitsuhashi, & Thwaites, 2002); effects of Visual Display
Terminals themselves, not considering surrounding illumination (Chi & Lin, 1998; Saito, Sotoyama,
Saito, & Taptagaporn, 1994); and E-readers (Argilés, Cardona, Pérez-Cabré, & Rodríguez, 2015;
Benedetto, Drai-Zerbib, Pedrotti, Tissier, & Baccino, 2013; Chu, Rosenfield, & Portello, 2014; Lee, Ko,
Shen, & Chao, 2011). Visual fatigue also has been used for simulations of lighting systems or blinding
systems, but these studies (e.g. Ochoa, Aries, van Loenen, & Hensen, 2012; E. Shen, Hu, & Patel, 2014)
mainly used the Daylight Glare Index (DGI) or illuminance levels for comparing modelled systems based
on several evaluation criteria. As these studies do not involve human subjects, these measures of visual
fatigue are not taken into account.
Below, an overview of the most important measures of visual discomfort and visual fatigue discussed
in literature will be provided, after which the feasibility and applicability of these measures for the
current study will be considered.
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2.3.1 Subjective measures – Visual discomfort
Asthenopic symptoms
Rating various asthenopic symptoms is the most common way to assess visual discomfort. These
symptoms are often rated on the Visual Analog Scale (VAS), a continuous scale that is broadly used to
measure pain. This analog scale employs a 100-mm line with descriptors at both ends (e.g. 0 = none or
no complaints, 100 = severe or very intense complaints) and at quartile locations (mild, modest, and
bad) (Sheedy, Hayes, & Engle, 2003). Subjects are asked to indicate the magnitude of their symptoms
with a vertical line along the line, which can be recorded as a value between 0 and 100.
Sheedy and colleagues (2003) grouped nine asthenopic symptoms based on their location, creating
two groups of external and internal symptom factors. External symptoms, felt in the front and bottom
of the eye, include burning, irritation, tearing, and dryness and seem related to dry-eye symptoms.
Internal symptoms are likely related to accommodative and vergence stress, and include ache, strain,
blurred and double vision, and headache located behind the eyes.
Similar symptoms have been used in other studies (Aarås et al., 2001; Chi & Lin, 1998; Saito et al.,
1994; Veitch et al., 2008; Wang et al., 2015; Wolska & Śwituła, 1999), although sometimes assessed
with different response scales, for example Likert scales.
Validated scales
All the studies in the previous section use a slightly different combination of symptoms. The
Headache and Eyestrain Scale (HES), however, uses a fixed combination of symptoms similar to the
already mentioned ones. Although this scale has been used quite often (e.g. Giménez et al., 2017; Viola,
James, Schlangen, & Dijk, 2008), to our knowledge, no original reference or validation of the scale exists.
The items include irritability, headache, eye strain, general eye discomfort, eye fatigue, difficulty
focusing, difficulty concentrating and blurred vision.
The Visual Fatigue Scale (VFS) is a validated scale that has been used quite often, although mainly
related to E-readers (e.g. Benedetto et al., 2013; Lee et al., 2011). It was originally developed in German
(Heuer, Hollendiek, Kröger, & Römer, 1989), but was translated to English by Jaschinski-Kruza (1991).
The VFS consists of six items: I have difficulties in seeing; I have a strange feeling around the eyes; My
eyes feel tired; I feel numb; I have a headache; and I feel dizzy looking at the screen.
Office Lighting Survey
The Office Lighting Survey (OLS) was developed by Eklund & Boyce (1996) to evaluate office lighting.
The survey uses nine items in agree/disagree format and a tenth item to compare the lighting to similar
workplaces in other buildings. Although the main goal of OLS is to get a general evaluation of the
lighting, several items are comfort-related.

2.3.2 Objective measures – Visual fatigue
Optometric measurement methods
Visual fatigue is the decrease in performance of the visual system. Therefore, theoretically, it can be
measured by the change in several visual functions, such as accommodative or vergence1 responses
(Lambooij et al., 2009). Changes of these indicators can be assessed by optometric measurements,
which can be divided in instrument-based and clinical-based measurements. The instrument-based

1

The simultaneous movement of both eyes either inward (convergence) or outward (divergence)
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methods measure the indicators directly, while clinical-based methods indirectly measure the
indicators through lenses or vision charts, for example.
The most common example of an optometric instrument-based measurement is the autorefractor,
which can measure the accommodative response and refractive error of the eyes. These measurements
are commonly used by optometrists and opticians to determine the power of your glasses. Optometric
instrument-based measurements are costly and time-consuming, and only conducted with a small
number of participants (Lambooij et al., 2009).
Clinically-based measurements are cheaper and applicable to large number of participants. A large
number of different clinical tests exist to detect various visual deficits (Lambooij et al., 2009). Examples
of clinically-based measurements are visual acuity, accommodative facility and vergence facility (Chi &
Lin, 1998; Wolska & Śwituła, 1999; Yano et al., 2002). These measurements are often used as pre- and
post-test indications: the difference between the unaffected (pre-test) and affected (post-test) state
gives an indication of the amount of visual fatigue caused by the stimulus (Lambooij et al., 2009).
Haemodynamic response
A recent review of Boyce & Wilkins (2018) proposed a hypothesis about why visual discomfort and
fatigue occurs: they propose that “the human visual system has evolved to extract information from
the natural world efficiently”. When the visual environment differs from this natural world, inefficient
neural processing occurs, causing discomfort. This is based on several studies that indicate a positive
relation between discomfort and neural activation (and indirectly with oxygenation, thereby requiring
a haemodynamic response). Boyce & Wilkins (2018) describe several studies that show larger
haemodynamic responses in the visual cortex when individuals are exposed to visual discomfort. As this
is a relatively new measure of visual discomfort, Boyce & Wilkins (2018) express the research need to
investigate whether the haemodynamic response can be used as an objective correlate of visual
discomfort to support subjective assessments of discomfort.
Eye blink
Eye blinking might be an indicator for visual fatigue as a reduction of eye blinking results in dryness
and irritation and other external symptoms of asthenopia. A reduction of eye blinking can be caused by
poor viewing conditions, such as glare or reduced contrast (Sheedy, 2007). According to Benedetto et
al. (2013), the eye blink is a well-known indicator of visual fatigue. The amount of blinks decreases when
reading from books (e.g. Bentivoglio et al., 1997), but declines even more when reading from VDTs
(Patel, Henderson, Bradley, Galloway, & Hunter, 1991). Additionally, as books are viewed with a
downward gaze, only half of the ocular surface area is exposed, while viewing a VDT exposes the whole
ocular surface. This results in a greater evaporation of tear film and thus more dry eye symptoms
(Sheedy, 2007). Some studies suggest that a higher percentage of incomplete blinks, rather than a
decrease in blinks, is the cause of dry eye symptoms during computer use (Chu et al., 2014; Hirota,
Uozato, Kawamorita, Shibata, & Yamamoto, 2013). Yet, a couple of studies found significant effects on
both eye blinking rate (EBR) and the percentage of incomplete blinks when working on VDTs (Argilés et
al., 2015; Cardona, García, Serés, Vilaseca, & Gispets, 2011)
Literature shows various ways to measure blinking rate. First, several forms of electrophysiological
recordings (electromyography, EMG; electro-oculography, EOG; electro-encephalography, ECG) have
been used (Bullough et al., 2006; Doughty, 2001; Sheedy, 2007; Stern, Boyer, & Schroeder, 1994).
Second, numerous studies have made video recordings of participants and have counted the amount
of blinks manually (Argilés et al., 2015; Cardona et al., 2011; Chu et al., 2014; Hirota et al., 2013). Lastly,
although not reported in literature, blinks can be detected by an eye tracker. A possible explanation for
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no reported literature on using eye trackers for blink detection could be that the technology is relatively
new and therefore still rather expensive.
Almost all studies consider a reduction in blinking as an indication of visual fatigue: based on the
reasoning that poor viewing conditions lead to a reduced blinking rate (Sheedy, 2007), which in turn
results in eye dryness, a symptom of asthenopia. However, a few studies exist that regard blinking rate
as the opposite: an increase in blinking would be an indication of fatigue (Bullough et al., 2006; Stern
et al., 1994). Yet, Stern and colleagues (1994) seem to imply “mental” fatigue, rather than visual fatigue.
They cite studies in which participants needed to perform reading or vigilance tasks for one to four
hours, which certainly can be imagined as boring, mentally fatiguing tasks. Bullough et al. (2006) seem
to have misinterpreted this study and also applied it to visual fatigue. As these studies are the only two
that talk about increases of blinking, we assume that a decrease in eye blinking rate can be regarded as
an indication of visual fatigue.

2.3.3 Discussion of measuring asthenopia
Although the subjective measures are easy to implement, the objective measures introduce more
challenges. The instrument-based optometric measures, for example, require a skilled optometrist and
expensive equipment. Using the haemodynamic response as an objective measure also requires expert
knowledge and expensive brain imaging equipment. Therefore, these measures were not feasible and
hence not considered in the current study.
The clinical-based optometric measures are easier to use and therefore feasible in the current study.
However, a large number of measures exist and not all of them are equally appropriate to determine
visual fatigue (Lambooij, Fortuin, IJsselsteijn, Evans, & Heynderickx, 2010). Therefore, Lambooij et al.
(2010) tested various clinical measures to assess the level of visual fatigue caused by viewing
stereoscopic (3D) displays. The only objective indicator that was sensitive enough to reveal visual
fatigue was fusion range, although barely clinically relevant. We expect that effects of viewing 3D
displays on visual fatigue are larger than the effects of lighting conditions. Consequently, the tested
clinical measures that did not show enough sensitivity in Lambooij et al. (2010) are presumably also not
sensitive enough to detect visual fatigue caused by lighting conditions. Yet, a previous student thesis
did find a statistically significant effect for accommodative facility on office lighting conditions (García
Guerrero, 2014) and hence might be an appropriate measure of visual fatigue.
A couple of studies do stress the importance to incorporate both subjective and objective measures
when determining the level of asthenopia (Chi & Lin, 1998; Lambooij et al., 2009). Chi & Lin (1998), who
compared seven visual discomfort/fatigue assessment techniques in combination with VDT tasks, argue
that although subjective rating scales are easy to administer, they only give a global indication of visual
fatigue. Still, subjective measures can at times be more sensitive than objective measures. Therefore,
using objective measurements and cross-validating them with subjective scales should help in assessing
the level of asthenopia accurately. Indeed, as Lambooij and colleagues (2009) state: “multiple types of
measurements, both objective as well as subjective, need to be combined in order to determine the
degree of visual fatigue and visual discomfort in a sensitive, accurate, reliable and valid way”.

2.4 Current study
As we discussed at the beginning of the introduction, the primary focus of the development in
lighting shifted from making it more energy efficient to making it more beneficial for humans. We
described the effects lighting can have through the image forming and non-image forming pathway.
14

Over the last decades, a considerable amount of research has focused on the non-image forming
pathway. However, research about effects through the image forming pathway also remains important,
especially since the development and implementation of LED lighting. This technology requires new
understandings of visual comfort; for example, the existing UGR glare model cannot correctly predict
glare for LED lighting systems (Boyce, 2014). Literature suggests that one of the factors influencing
visual discomfort is luminance contrast, although these contrasts have mainly been studied in relation
to the direct surrounding of VDTs and televisions. The effect of luminance contrasts in the whole field
of view has not yet been extensively studied. Therefore, the main research question of the current
research is:
1. How do luminance contrasts in the field of view affect the level of asthenopia (visual discomfort
and visual fatigue) while working on VDTs?
We expect that a low luminance contrast in the visual field will result in a lower level of asthenopia
compared to a high luminance contrast while working on VDTs. To test this hypothesis, we performed
a lab study in which the luminance contrasts in the field of view were manipulated. However, as was
described in the previous section, literature is inconclusive about how to measure the objective
counterpart of asthenopia: visual fatigue. Therefore, our second question is as follows:
2. How can we determine the degree of asthenopia in a sensitive and reliable way?
As Lambooij et al. (2009) argue, both subjective and objective measures need to be combined in
order to determine the degree of asthenopia. Measuring the degree of visual discomfort is relatively
straightforward: several validated scales exists, in addition to ratings on the asthenopic symptoms that
have been described in the previous section. However, the objective counterpart, visual fatigue, poses
a challenge. As an earlier study did show effects on accommodative facility when manipulating lighting
conditions, this was one of the measures used in the lab study. The objective measure eye blinking rate
has been used in a number of studies as an indicator. Therefore, we hypothesize that eye blinking rate
and accommodative facility together can be used as the objective correlate of asthenopia. Combining
this with the subjective visual discomfort measures is expected to result in a sensitive and reliable
measure of the degree of asthenopia.
The main research question of the current study was inspired by a first version2 of a new office
lighting concept offering completely indirect lighting (Concept A). In contrast with the conventional
recessed luminaires with only direct lighting, this new concept causes less luminance contrasts in the
field of view in a large open plan office. As this new concept is a non-existing new luminaire archetype,
a first exploration study was carried out. Within this study, we wanted to explore whether the new
concept was actually preferred when compared with an existing luminaire used for office lighting.
Additionally, as the current study is focused on comfort, we wanted to explore which of the two lighting
systems is considered as more comfortable. This led to the following two sub-questions:
a. Is Concept A preferred to existing office lighting?
b. Is Concept A considered as more comfortable compared to existing office lighting?

2

Section 2.2.7 illustrated that the use of indirect/direct lighting designs is recommended as research suggests
it is more comfortable than only direct lighting. Although literature suggests a combination of indirect and direct
lighting, the current version of Concept A only offers indirect lighting. This decision, however, was based more on
practicalities. Possibly, future versions will incorporate a direct lighting component, but the current study used
100% indirect lighting.
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The lighting guidelines of Veitch (2006), based on previous preference studies, recommend lighting
designs with both indirect and direct components. However, these guidelines are based on studies with
conventional recessed and suspended luminaire archetypes. For Concept A, the luminance distribution
in the open plan office, especially for the ceiling, is expected to be different from existing archetypes.
But as Concept A is based on indirect light only, we are not sure whether it will be preferred to
completely direct lighting. Based on the assumption that indirect lighting causes lower luminance
contrasts in the field of view, together with our hypothesis that lower luminance contrasts lead to lower
levels of discomfort, we expect that the lighting effect of Concept A will be considered as more
comfortable. We executed the first study to verify these hypotheses. This study will be discussed in the
next chapter.
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Chapter 3: Study 1 – Concept A vs. Existing office lighting
3.1 Introduction
The current research consists of two parts, with the first part being an explorative study in a
simulated office environment, and the second part being a laboratory study. This chapter describes the
first part. The goal of this study was to explore subjective (comfort) appraisals of the new lighting
concept with indirect office lighting and to gain insights into preferences when compared to other
existing direct office lighting (Philips PowerBalance).

3.2 Method
3.2.1 Research design
Using a within-subjects design, two luminaire archetypes were compared in a simulated open-plan
office set-up. Concept A, with indirect lighting, and an existing recessed solution (Philips PowerBalance)
were both installed in the simulated office. Participants evaluated the two different office lighting
settings using a subjective questionnaire and indicated their preference, after which a short group
discussion was started to gain insight into the underlying reason for their preference. The order of the
two light settings was counterbalanced across participants.
The experiment took place during winter 2018 (February 19th until February 22nd).

3.2.2 Participants
Fourteen individuals participated in this experiment, of which 8 were female and 6 were male. Age
distribution of the participants is shown in Table 1. Participants consisted mainly of interns and office
employees and as all of them worked at Philips Lighting Research, they had some connection with
lighting. However, most interns did not work on lighting-specific topics (e.g. programming) and the
office employees that participated worked as secretaries. Therefore, it was assumed that participants
were not knowledge-experts in lighting.
Participants were not compensated for their participation.
Table 1: Age distribution of participants

Age
Frequency
Percentage

21-25
9
64.3%

26-30
2
14.3%

31-35
1
7.1%

36-41
0
0%

41 and over
2
14.3%

3.2.3 Setting & Light Conditions
The study was conducted in a simulated office environment, illustrated in Figure 3, at the High Tech
Campus in Eindhoven and had a size of 8.7 m by 9.4 m. The room was equipped with two different
installations. The first one consisted of recessed Philips PowerBalance luminaires (measuring 0.6 x 0.6
m), containing dimmable LEDs with a correlated colour temperature (CCT) of 3800 K. These luminaires
offered only direct light. The second setting consisted of Concept A (not commercially available),
offering 100% indirect light and containing dimmable and tuneable white LEDs. The luminaires of
Concept A are designed to be placed in lines across the whole length of the ceiling. In this room, five of
such lines were placed parallel to the windows with 1.8 m between every two lines. The room was
furnished with 12 desks and chairs, to simulate an open-plan office.
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Figure 3: Room set-up for both conditions, PowerBalance (left) and Concept A (right)

The CCT of the tuneable Concept A luminaires was matched to the fixed value of the PowerBalance:
3800 K. As the European Standard of lighting requirements for indoor workplaces (EN 12464-1:2011)
specifies 500 lux for the task area, we used this value during the experiment. Vertical illuminance was
measured using a lux meter (Konica Minolta Sensing Illuminance meter, CL-200A). The PowerBalance
and Concept A luminaires were both set to have at least 500 lux measured on each of the 12 separate
desks. The average illuminance of all the 12 desks was 550 lux for the PowerBalance setting and 580
lux for the Concept A setting. Although illuminance was measured for all the 12 desks (see Appendix A
for a floor plan with all illuminance values), participants were only placed at two specific desks in the
room. Illuminance levels at these two desks were, on average, 550 lux for PowerBalance and 650 lux
for Concept A. Although there was a 100-lux difference at the participants’ desks between the two light
settings, the average illuminance at desks in the whole room was approximately the same (30 lux
difference between the two settings). It was decided to keep the average illuminance in the whole room
constant, instead of keeping illuminance constant at the two specific desks.
A luminance camera (TechnoTeam LMK 5 color with hemispheric (FishEye) lens) was used to make
luminance images of the two light settings, which can be viewed in Figure 4. These images show
maximum luminance levels of ~75.000 cd/m2 for PowerBalance (left), while these levels are around
~2.200 cd/m2 for Concept A.

Figure 4: Luminance images of the light settings: PowerBalance (left) and Concept A (right)
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There was no daylight contribution during the first part of the experimental session, although the
curtains were opened during the discussion part of the session.

3.2.4 Measurements
The following measures were part of the questionnaire. The complete questionnaire can be found
in Appendix B).
Room appraisal & appearance
The questionnaire started with three open-ended general questions about the room. The questions
included “What is your first impression of this room? What do you notice/what strikes you?”, “What do
you like about this room?” and “What do you dislike about this room?”.
Room appearance was then rated using three items based on Boyce et al. (2006). These items
(attractiveness, spaciousness, comfortable) were assessed on 5-point Likert scales, with response
options ranging from “not at all” to “extremely”. Internal consistency for this scale of three items ranged
from α = 0.64 to α = 0.73 (calculated separately for each session). We added another item (brightness),
assessed with the same response options.
Two more brightness items were added, specifying brightness of the opposite wall and ceiling.
Participants rated these two items on a scale from 1 (not bright at all) to 5 (extremely bright).
Lighting appraisal
The questionnaire continued with questions regarding the lighting. Participants were instructed to
focus on how the lighting affected the room, and to not consider the look and feel of the luminaires.
Two open-ended questions were asked: “What is your impression of the lighting? What do you
notice/what strikes you?” and “What do you like or dislike about the lighting?”.
Lighting appraisal was also measured with the Office Lighting Survey (OLS; Eklund & Boyce, 1996),
consisting of 8 questions in agree-disagree format.
Evaluation of lighting
The light setting was evaluated with eight items on a 5-point Likert scale, adopted from Flynn et al.
(1973). Experienced pleasantness was measured by four items (‘unpleasant – pleasant’, ‘uncomfortable
– comfortable’, ‘disturbing – not disturbing’, ‘causing glare – not causing glare’) with an internal
consistency ranging from of α = 0.73 to α = 0.90 (calculated separately for both sessions). Additionally,
four items were used to assess evaluations concerning light colour (‘warm – cold’), brightness (‘dim –
bright’), distribution (‘uniform – non-uniform’), and whether the light was activating (‘relaxing –
stimulating’).
The second part of the questionnaire was largely similar to the first part, except for the three openended questions regarding room appraisal. These three questions were replaced by the open-ended
question “What is your impression of this room after entering it for the 2nd time? What strikes you? Do
you notice anything different?”.
Part 3 of the questionnaire contained questions about the preferred light setting and the underlying
reason for this preference, as well as questions probing demographic data.
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Group discussion
During the short group discussion, participants were asked to elaborate on their preferred light
setting. Additionally, participants were asked whether their preference changed when daylight
contribution was added.

3.2.5 Procedure
The session started at the coffee counter (outside the test office), where participants were invited
to meet in groups of two. Although the experiment was planned to be run in these pairs, four
participants completed the session without a fellow participant. Once both participants had arrived,
they were brought to the test office. One of the two light settings (order of the light settings was
counterbalanced across participants) was already switched on, and participants were asked to take a
seat at one of the two designated desks and fill in the questionnaire, assessing both room- and lightingappraisal and -appearance (Table 2). When both participants completed this part of the questionnaire,
they were asked to leave the room for a short moment and go back to the coffee counter. After they
had left, the experimenter changed the light setting to the other one. Then, the participants were asked
to re-enter the room. They were asked to fill in the second part of the questionnaire (the answers to
the first part were removed to avoid biasing), with the first question being whether they noticed a
difference in the lighting. The remaining part of the questionnaire largely resembled the first one, the
only difference being the first set of questions: the open-ended questions about room appraisal were
changed into whether participants noticed the different lighting. Once both participants finished the
second questionnaire, they received the third part of the questionnaire. The experimenter switched
between the two light settings to show participants the difference. After switching several times, the
participants were asked to indicate their preferred light setting by filling in the questionnaire.
Participants were asked to keep quiet about their preference until the questionnaire was completed to
avoid discussions between participants and thus preventing them to influence each other. When the
questionnaires were handed in, participants were asked for the underlying reason for their preference.
Additionally, the curtains were opened to check whether participants’ preference changed with
daylight contribution. The session lasted roughly 20 minutes, after which participants were thanked for
their participation.
Table 2: Overview of one experimental session

Light setting 1
Questionnaire probing:
 First impression,
like/dislike
 Room appearance
 Lighting appraisal
 Lighting evaluation
7 min

One full experimental session
Light setting 2
Questionnaire probing:
 Impression, noticing
difference?
 Room appearance
 Lighting appraisal
 Lighting evaluation
7 min

Break at coffee corner, while
experimenter changed light
setting

Concluding phase
Questionnaire probing:
 Preference indication
 Demographics
Short group discussion

Demo of switching between
light settings
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6 min

3.2.6 (Statistical) Analysis
Although the open-ended questions were split up into different measures (e.g. room appraisal vs.
lighting appraisal) in the section above, all answers to these open-ended questions were combined
together with the input from the group discussions. These qualitative data were summarized into more
general statements for each light setting. The number of individual participants that stated similar
statements to these general ones were counted. Statements were grouped based on being positive or
negative.
For the quantitative part of the questionnaire, room appearance items were combined and
compared for both light settings using a t-test. Brightness ratings (overall, wall and ceiling) were
compared separately for both light settings. Last, effects of light setting on experienced pleasantness
and evaluation of the lighting (experienced pleasantness and light colour, brightness, distribution and
activating) were compared using t-tests. Before performing any of the mentioned t-tests, the
assumption of the dependent variable being normally distributed was tested (skewness and kurtosis
tests for normality; and Shapiro-Wilk test for normal data). Additionally, the dependent variables were
tested for equal standard deviations (variances) in both conditions. Three variables (listed in the Results
section) were not normally distributed, for which non-parametric tests (Wilcoxon matched-pairs
signed-ranks test) were then also performed. Outcomes of these non-parametric tests were compared
with results of the t-tests; none of the tests showed a difference in significance. Therefore, only the
results of the t-tests are reported. All tests were performed in STATA 14.2.

3.3 Results
3.3.1 Preferred light setting
The main goal of this study was to assess which of the two light settings was preferred. Results
showed that ten out of 14 participants (71%) preferred Concept A, while the other four preferred
PowerBalance.
The following section combines the qualitative comments as for why subjects preferred one over
the other, but also takes into account room and lighting appraisals.

3.3.2 Qualitative comments
All qualitative comments3 are listed in Appendix C in separate tables, grouped by the light setting
and by being positive or negative; and sorted based on the frequency of mentions.
A first quick review of the frequency of comments (see Figure 5) showed that the Concept A lighting
received more positive comments than negative ones, while this was reversed for PowerBalance
lighting. Additionally, when comparing the overall number of comments for Concept A and
PowerBalance, more positive (44) and less negative (14) comments were connected to the lighting of
Concept A, compared to comments regarding PowerBalance (15 and 22, respectively).

3

Note: comments without any relation to the lighting (e.g. regarding the smell or quietness of the room) were
not taken into account within this analysis
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15

CONCEPT A POSITIVE

14

22

44

TOTA L NUMBE R O F ME NT I O NE D FACTO RS

CONCEPT A NEGATIVE

POWERBALANCE POSITIVE

POWERBALANCE NEGATIVE

Figure 5: Frequency overview of comments, categorized in positive vs. negative

When examining the most frequent comments for each light setting in more detail, brightness
turned out to be the most mentioned factor for Concept A (9x). Other factors mentioned for Concept
A were the fact that the lighting caused fewer shadows (7x) and that the lighting was uniform or evenly
distributed throughout the room (6x). For Concept A, negative comments included the cold lighting –
unwelcome feeling (4x) and the lighting was judged as unnatural (3x).
Positive comments for the PowerBalance lighting also included the evenly distributed lighting
throughout the room (2x) and brightness (2x). Another factor mentioned for PowerBalance was that
the lighting was more suitable to focus and concentration (2x), although it should be noted that this
factor was also mentioned twice for Concept A. As for negative factors, PowerBalance was also judged
as cold lighting – unwelcome feeling (6x) and participants (4x) mentioned the shadows caused by the
lighting. Several participants considered these shadows as being disturbing when writing, as their hands
caused shadows on the paper, reducing visibility. Two participants judged the lighting as being too dim
for working, even though the light settings complied with the norms for office lighting.

3.3.3 Quantitative analysis
Room appearance & brightness
Room appearance (attractiveness, spaciousness, comfortable) was not rated significantly different
between the two lighting conditions, t(13) = 0.70, p = .50. General brightness ratings4 also did not show
a statistically significance difference between PowerBalance and Concept A (t(13) = 0.52, p = .61).
However, specific brightness ratings for the walls and ceiling did reveal significant differences. While
the walls were rated significantly brighter for PowerBalance (t(13) = 3.67, p < .01), the ceiling5 was
evaluated as significantly brighter in the Concept A condition (t(13) = -4.05, p < .01). Figure 6 depicts an
overview of the mean ratings for room appearance and brightness.

4
5

Note: General brightness was not normally distributed for PowerBalance
Note: Ceiling brightness was not normally distributed for Concept A
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RO O M A PPEA RA NCE & BRI G HT NESS RESULT S
5

*

*

BRIGHTNESS - WALL

BRIGHTNESS - CEILING

4

3

2

1

0
ROOM APPEARANCE

BRIGHTNESS - GENERAL

PowerBalance

Concept A

Figure 6: Room appearance and brightness - mean values. Whiskers represent the 95% confidence interval. *p < .01.

Lighting appraisal – OLS
The results of the Office Lighting Survey are summarized in Figure 7.

O FFI CE LI G HT I NG SURVE Y
79%

COMFORTABLE LIGHTING
LIGHTING TOO BRIGHT

0%

100%

14%
29%

LIGHTING TOO DIM

36%

21%
21%

POORLY DISTRIBUTED
DEEP SHADOWS

43%

21%

FIXTURES TOO BRIGHT

0%

14%

SKIN - UNNATURAL TONE

21%

LIGHTS FLICKERING

0%

0%

29%

14%

20%

40%

PowerBalance

60%

Concept A

Figure 7: OLS results. Percentages show the amount of participants agreeing with the statements.
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80%

100%

Evaluation of lighting
Experienced pleasantness (4 combined items) revealed a significant effect for the two lighting
settings: Concept A was evaluated as more pleasant, t(13) = -2.72, p < .05. None of the other lighting
evaluations regarding colour6 (t(13) = 0.25, p = .81), brightness (t(13) = 1.00, p = .34), distribution (t(12)
= 0.00, p = 1.00), and activation (t(13) = 0.00, p = 1.00), showed significant effects between the lighting
conditions. Figure 8 shows the mean ratings for experienced pleasantness and the lighting evaluations.

LI G HT I NG E VA LUAT I O N
5

*

Cold

Bright

Non-uniform

Stimulating

Uniform

Relaxing

4

3

2

1
Warm

Dim

COLOUR

BRIGHTNESS

0
PLEASANTNESS

PowerBalance

DISTRIBUTION

ACTIVATION

Concept A

Figure 8: Results for experienced pleasantness and evaluation of the lighting. Whiskers represent the 95% confidence
interval. *p < .05.

3.4 Discussion
The current study was conducted to assess whether the lighting system of Concept A is preferred to
existing office lighting, and to examine whether this system is considered as more comfortable. First, it
should be noted that because of the exploratory nature of this study, the sample used is not large
enough to make definitive conclusions and therefore the interpretation of the results should be
considered with caution.
The results showed that, when asked directly for a preference, the majority of participants indeed
preferred the Concept A lighting system to PowerBalance. The other results for the qualitative part and
for the questionnaires generally support this finding, although the difference between the two lighting
conditions was not large.
First, when looking at the frequencies of the qualitative comments, Concept A got almost triple the
amount of positive comments when compared to PowerBalance; and Concept A got fewer negative
comments.
Second, the results of the OLS showed a tendency to be more positive for Concept A. A higher
percentage of participants rated Concept A to be comfortable compared to PowerBalance, while lower
percentages of the participants agreed with statements about the light being too bright for performing
tasks, the light causing deep shadows, the light fixtures being too bright, and flickering lights. The only

6

Note: Colour was not normally distributed for PowerBalance
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statement for which Concept A received a worse evaluation was the light being too dim for performing
tasks. This is an interesting finding, as the average illuminance on the two specific desks was on average
100 lux higher for Concept A and the average illuminance on all desks in the room was approximately
the same. Still, it should be remarked that this was only a difference of 7% between conditions, meaning
that only one additional participant (compared to PowerBalance) rated the lighting as being too dim.
Third, Concept A was rated as significantly more pleasant than PowerBalance. This suggests that
Concept A is indeed more comfortable, as this pleasantness rating included several items related to
comfort.
Results on brightness ratings were to be expected. Brightness of the walls was rated significantly
higher for the PowerBalance condition, while brightness of the ceiling was higher for the Concept A
condition. As the Concept A lighting system directs the light output to the ceiling, and PowerBalance
directs it light output down (and thus partly to the wall), this is compatible with the findings.
Together, the results indeed seem to support the finding of participants preferring Concept A to
PowerBalance. Additionally, the findings seem to imply that Concept A is considered as more
comfortable when compared to PowerBalance.

3.4.1 Implications
Overall, the results show that the lighting system of Concept A is preferred and considered as more
comfortable by the majority of participants. As the main difference between the two lighting systems
was the lighting being direct versus indirect, the results thereby hint at a preference for indirect lighting.
Although this study was only exploratory, we did consider a possible explanation for this first indication
of a preference for indirect lighting: Concept A, because of the indirect lighting, offers lower luminance
contrasts in the field of view (Figure 4, p.18). These luminance images show that maximum luminance
levels for Concept A are only around ~2.200 cd/m2, while levels for PowerBalance have a maximum of
~75.000 cd/m2. Although these maximum values only make up rather small areas, they do lead to large
luminance contrasts. This could be one of the underlying factors as for why Concept A was preferred
and considered more comfortable. To confirm this, a lab study was conducted, which will be described
in the next chapter.
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Chapter 4: Study 2 – Luminance contrasts
4.1 Introduction
The goal of this lab study was to assess whether luminance contrasts are indeed one of the
underlying factors influencing the experienced discomfort levels of lighting systems. Studies by Wolska
& Śwituła (1999) and Sheedy et al. (2005) already showed that the contrast between a VDT and the
surrounding luminance should be minimized to avoid the development of asthenopia. Other studies
regarding the development of visual discomfort while watching television (Bullough et al., 2006; Wang
et al., 2015) showed similar effects: when illuminating the surrounding of the television, lower levels of
visual discomfort were found when compared to no surrounding illumination. Together, these studies
suggest that levels of asthenopia are lower when the contrast between the screen and direct
surrounding is minimized. The current study explores whether the level of contrast in the whole field
of view, rather than just the direct surrounding, has an influence on the level of asthenopia when
working on VDTs.
A second goal of the current study was to explore how the degree of asthenopia can be assessed in
a sensitive and reliable way. Although it is relatively well-known how to determine the level of visual
discomfort (the subjective part), literature is still inconclusive about how to assess the level of visual
fatigue (objectively measured).
By manipulating luminance contrasts in the field of view in a lab setting, we tried to examine whether
these contrasts have an effect on the level of asthenopia, employing both subjective (visual discomfort),
as well as objective (visual fatigue) measures.

4.2 Method
4.2.1 Research design
This lab study employed a within-subjects design with two experimental conditions, varying
luminance contrasts in the field of view. Luminance contrasts were minimized in one condition,
whereas the second condition employed a high luminance contrast. We investigated the effects of
these two luminance contrasts conditions on asthenopia, measured by objective and subjective
indicators. Four types of measures were employed: accommodative facility, eye blinking rate, and two
questionnaires assessing symptoms of visual discomfort.
The two conditions were presented in two separate sessions: participants came to the lab on two
separate days with at least 24 hours between sessions. Both sessions were planned at the same time
of the day, although for some participants the two sessions started at different times, with a maximum
difference of one hour (e.g. one started at 10 AM and the other at 11 AM). The order of the conditions
was counterbalanced across participants. There were two versions of the set of tasks, which was
randomized across conditions and participants.
The experiment took place in late spring and early summer of 2018 (25th of May until 11th of June
2018).

4.2.2 Participants
Twenty-nine participants (16 males, 13 females; mean age = 27.8; SD = 10.6; range: 21-65 years)
completed the experiment. Invited participants were selected based on several inclusion criteria: age
ranging from 18 to 65, having normal or corrected-to-normal vision and not having dyslexia. They were
recruited through the J.F. Schouten database of Eindhoven University of Technology. Although the
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exclusion criteria should have excluded participants without normal or corrected-to-normal vision, still
one participant had a visual acuity of 0.65 (65% of “normal” vision, or 20/31 vision). This participant
also mentioned having amblyopia (lazy eye disorder). Results showed outliers for the measure of eye
blinking rate for this participant, so his/her eye blinking rate data were excluded from analyses.
Participants received compensation of €10,- with an additional €4,- travel compensation if they did
not work at the High Tech Campus Eindhoven.
According to the power analysis, the required sample size was 27. This was based on a paired t-test,
with an effect size of η2 = 0.1, alpha level of .05 and a power of 0.9. The effect size was based on the
study of Lee et al. (2011), using their results on the Visual Fatigue Scale (VFS).

4.2.3 Setting and devices
The experiment was conducted in a laboratory room at the High Tech Campus in Eindhoven. The lab
was equipped with eight recessed LED-based luminaires, offering general lighting (possible range of 102300 lux at desk; 4275 K). The spectral power distribution of these recessed ceiling panels is depicted
in Figure 9. There was no daylight contribution during the experimental session.

Spectral irradiance
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Figure 9: Spectral power distribution of the ceiling panels

The three different settings (baseline, condition 1 and condition 2) can be seen in Figure 10, Figure
11 and Figure 12, respectively. As shown in these figures, two luminaire panels (Philips) were placed
next to the computer display, in addition to the general lighting. In the baseline setting, these panels
were completely covered by black cardboard. For condition 1, this cover was removed to ensure
minimal luminance contrasts in the visual field and is, therefore, referred to as “low” or “minimized”
contrast. In condition 2, the cover was changed to another cover of the same material, but with gratings
cut out of the material. These gratings, with a spatial frequency of 0.2 cpd, were used to offer a
maximum luminance contrast in the field of view, referred to as “high” or “maximized” contrast.

Figure 10: Baseline setting
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The computer display (Philips, 231S4QCB, 6600 K, 210 cd/m2) was placed on a viewing distance of
approximately 60 cm. Below this display, an eye tracking device (The Eye Tribe) was placed to measure
eye blinking rate (EBR). A webcam (Logitech QuickCam Pro 9000) was placed on top of the display in
order to make video recordings during the experiment, as a back-up in case the eye tracker did not
work properly.

Figure 11: Setting condition 1 – minimized contrast

Figure 12: Setting condition 2 – maximized contrast

As environmental conditions are an important factor in eye blinking rate (Martins & Carvalho, 2015)
and might influence the results, temperature and humidity were measured for multiple days prior to
the experiment to check for fluctuations. A temperature-hygrometer was placed in the room for four
working days, taking measurements with a 5-minute interval. We only considered the data measured
between 7 AM and 7 PM, as the HVAC-system may have been switched off outside working hours.
Mean temperature was 20.8 °C (SD = .2 °C), ranging from 20.1 to 21.5 °C. The mean humidity in the
room was 37.6% (SD = .9%), ranging from 35.7 to 39.6%. As these were regarded as only minor
fluctuations over time and within the range of office requirements, these environmental conditions
were considered as constants.
Determining and setting up the two experimental conditions
The two experimental conditions were set up by starting with the minimized contrast condition: by
means of a luminance camera (TechnoTeam LMK 5 color with hemispheric (FishEye) lens), several
lighting sources were varied in order to achieve minimized contrasts. The use of wall washers was briefly
considered to minimize contrasts between the luminous panels and the wall. However, the existing wall
washers in this laboratory room did not illuminate the wall evenly, but rather created more shadows
and contrasts with its distinct beams. It was therefore decided to only use the recessed ceiling
luminaires as an addition to the luminous panels. Luminance images (see Appendix D) showed that the
highest possible light setting of the room produced the smallest contrast between panels and wall. An
attempt was made to reduce this small contrast further by dimming the panels, but this led to flicker.
Thus, the final minimized contrast condition was determined by the minimum value of the luminous
panels that did not show flicker, and the highest setting for the ceiling luminaires.
For the second condition, luminance contrasts were aimed to be maximized, although this was
restricted by several parameters. These parameters (i.e. illuminance at eye-level; mean luminance in
the binocular field of view (120° (Illuminating Engineering Society, 1972)); mean luminance of the wall
(measured within the 120° field of view); and mean luminance of the panels) were determined in the
minimized contrast setting and should be kept constant for both conditions. Because the panels were
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partly covered by the gratings, luminance of the panels could be increased while keeping the
parameters constant, leading to higher contrasts between panels and the black gratings cover.
As humans are more sensitive to gratings with certain spatial frequencies (Campbell & Robson,
1968), the idea was to incorporate this spatial contrast sensitivity in the gratings that were placed in
front of the luminous panels. The aim was to use the spatial frequency that humans are most sensitive
to, in order to maximize the effect of the contrasts on eye discomfort. Because the grating-covered
panels were placed in participants’ peripheral vision, we examined contrast sensitivity functions
specifically for the human peripheral retina (Daitch & Green, 1969), suggesting a peak in contrast
sensitivity at 2 cycles per degree (cpd). However, with each of the panels taking up 37.5 degrees of the
visual field, this would mean to implement 75 cycles per panel. Because of practical reasons this was
not feasible, as this would result in cycles of less than a centimetre. Therefore, the spatial frequencies
of the luminance contrasts as introduced by the two office lighting solutions used in the first study,
which were much lower, were taken as a guidance. This led to a spatial frequency of 0.2 cpd for the
grating covers, with the black stripes being 5 cm and the white stripes (cut-out parts) 2.5 cm. This
difference between stripes-width was chosen to have more luminance coming from a smaller surface,
while keeping the before-mentioned parameters constant.
For both conditions, contrasts within the panels were calculated using mean luminances of regions
from the luminance images and the Michelson contrast formula:
𝐶=

𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛
𝐼𝑚𝑎𝑥 + 𝐼𝑚𝑖𝑛

(1)

The calculated contrast was 0.02 for the low contrast condition, while being 0.98 for the high
contrast condition.
Characterisation of light settings
A calibrated spectroradiometer (JETI Specbos 1201) was used to measure spectral power
distribution (SPD), colour temperature (CCT) and colour rendering index (CRI) at eye level while seated
(1.20 m). Horizontal and vertical illuminance were measured using a lux meter (Konica Minolta Sensing
Illuminance meter, CL-200A). All lighting information and the luminance images of the different settings
are summarized in Table 3 and Figure 13, respectively. Mean luminances (Table 3) were calculated with
the help of the ‘region’-function of the luminance camera software (LMK LabSoft Standard Color
15.6.23); the used regions are depicted in Appendix D. More details about the luminance range are
depicted in Appendix E, which shows the course of luminances over a horizontal line in the visual field
for both conditions.
Table 3: Lighting parameters of the different settings

Baseline
Horizontal illuminance (Ehor)
Vertical illuminance (Evert)
Colour temperature (CCT)
Colour Rendering Index (CRI)
Mean luminance – panels
Mean luminance – field of view*
Mean luminance – wall**
Luminance range – field of view*

1340 lux
400 lux
4020 K
88 Ra
15 cd/m2
110 cd/m2
170 cd/m2
0-582 cd/m2

Condition 1 – low
contrast
1550 lux
840 lux
4200 K
88 Ra
600 cd/m2
290 cd/m2
175 cd/m2
0-700 cd/m2

Condition 2 – high
contrast
1500 lux
810 lux
4320 K
88 Ra
610 cd/m2
275 cd/m2
175 cd/m2
0-2415 cd/m2

Note. * measured within the 60° cone; ** the portion of the wall falling within the 60° cone.
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Figure 13: Luminance images of the baseline setting (left), condition 1 (middle) and condition 2 (right)

The SPD of the three settings (baseline, condition 1 and 2) can be seen in Figure 14. Illuminance
values at eye level for each of the retinal photoreceptors were calculated with the toolbox developed
by Lucas et al. (2014), which are summarized in Table 4.

Spectral irradiance (W/m2*nm)

0,02

Baseline setting
Condition 1
Condition 2

0,015

0,01

0,005

0
380

430

480

530

580

630

680

730

780

Wavelength (nm)
Figure 14: Spectral power distribution measured at eye-level for the baseline setting and 2 conditions

Table 4: Spectrally-weighted α-opic illuminance values for each condition

λ max
Melanopsin
S-cone
M-cone
L-cone
Rods

480.0
419.0
530.8
558.4
496.3

α-opic lx value –
baseline
294
266
373
403
321
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α-opic lx value –
condition 1
631
574
779
831
682

α-opic lx value –
condition 2
612
568
746
790
659

4.2.4 Measurements
Asthenopia was assessed in four different ways, both subjectively and objectively.
Subjective indicators – visual discomfort
The subjective counterpart of asthenopia (visual discomfort) was assessed by using a questionnaire
probing items of the Visual Fatigue Scale and the Headache and Eyestrain Scale.
The Visual Fatigue Scale (VFS) was originally developed in German by Heuer, Hollendiek, Kröger, &
Römer (1989). Jaschinski-Kruza (1991) translated it to English, consisting of six items: (1) I have
difficulties in seeing; (2) I have a strange feeling around the eyes; (3) My eyes feel tired; (4) I feel numb;
(5) I have a headache; and (6) I feel dizzy looking at the screen. Because Jaschinski-Kruza (1991) did not
mention the response options he used, the rating scale was based on Benedetto et al. (2013),
employing a 10-point Likert scale with response options from 1 (not at all) to 10 (very much). Internal
consistency was calculated twice (baseline and end) for both sessions, leading to four Cronbach’s
alphas. These values ranged from α = 0.86 to α = 0.93.
The Headache and Eye Strain Scale (HES) probed eight symptoms a discrete 4-point scale (Absent –
Slight – Moderate – Severe). Although often used (e.g. Giménez et al., 2017; Viola, James, Schlangen,
& Dijk, 2008), no original reference or validation of the questionnaire could be found. The eight items
consisted of (1) irritability; (2) headache; (3) eye strain; (4) general eye discomfort; (5) eye fatigue; (6)
difficulty focusing; (7) difficulty concentrating; and (8) blurred vision. Again, internal consistency was
calculated four times (baseline- and end-measurement for both sessions), and ranged from α = 0.62 to
α = 0.93.
In addition to these questionnaires, two more symptoms were included that were not covered by
the VFS and HES, but seemed to be important when considering the Symptom Sensation questionnaire
(Sheedy et al., 2003). Most symptoms from this questionnaire were already incorporated in the VFS
and HES, except for “dryness” and “tearing”. These were changed to “I have dry eyes” and “My eyes
are watery / tearing”, to adopt the style of the VFS. The items were rated on the same 10-point Likert
scale that was used for the VFS.
Eye blinking rate
Eye blinking rate (EBR) was measured as an objective assessment of visual fatigue. The eye tracker
recorded gaze coordinates with a frame rate of 30 frames per second. To detect blinks from the eye
tracker-generated data files, a script (Appendix F) was written using Python 2.7. Blink detection was
based on a lost signal, i.e. no recording of gaze coordinates. However, a lost signal could also be caused
by the participant looking away from the eye tracker, or the participant’s hand or arm obstructing the
eye tracker’s detection of the eyes. This latter version of a lost signal was expected to have a longer
duration than a blink. Therefore, the difference between a blink and an actual lost signal could be
marked by the difference in duration. Thus, to determine the number of consecutive frames that was
marked as a blink (and distinguishing the blink from a lost signal), a brief literature review of blink
duration was performed. However, this review did not lead to one explicit blink duration: the consulted
sources report an average blink duration ranging from 100 up to 400 milliseconds (“Blink and you miss
it!,” 2006; “How Fast is the Average Blink?,” 2018; Schiffman, 2001; VanderWerf, Brassinga, Reits,
Aramideh, & Ongerboer de Visser, 2003), while another article already defines a blink as being
“extended” when it lasts for more than 70 milliseconds (Rodriguez, Ousler, Johnston, Lane, & Abelson,
2013).
As literature was not conclusive about blink duration, part of the video recordings were checked to
make a decision about the number of frames still characterised as a blink. Based on the maximum found
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value for blink duration (400 milliseconds), which corresponds to 12 frames for the used eye tracker,
we checked all sessions that contained 5 or more cases of a lost signal of 12 frames. Additionally,
sessions that had 5 or more cases of a lost signal of 11 or 13 frames were checked. This manual check
showed that for the lost signal of 11 frames, 77% of the lost signals were actual blinks. For 12 frames,
this percentage of actual blinks decreased to 66% and for 13 frames, only 43% of the lost signals were
actual blinks. Based on these percentages of correctly identified blinks, we decided to use a maximum
blink duration of 11 frames. Thus, all lost signals (where no gaze coordinates were recorded) with a
duration between 2 to 11 consecutive frames were coded as a blink. All lost signals with a duration of
12 or more consecutive frames were coded as an actual lost signal (e.g. participant looking away; arm
or hand obstructing the view): a time period in which blinking could not be detected.
With the data gathered on the amount of blinks and the duration of actual lost signals, eye blinking
rate was calculated with formula 2, for six time periods: baseline (~3 minutes) and period 1 until 5 (3.5
minutes; see Table 5).
𝐸𝐵𝑅 =

# 𝑜𝑓 𝑏𝑙𝑖𝑛𝑘𝑠
𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑖𝑚𝑒 𝑝𝑒𝑟𝑖𝑜𝑑− ∑ 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑙𝑙 𝑙𝑜𝑠𝑡 𝑠𝑖𝑔𝑛𝑎𝑙𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑡𝑖𝑚𝑒 𝑝𝑒𝑟𝑖𝑜𝑑

(2)

Accommodative facility
Accommodative facility was used as another measure of visual fatigue. An accommodative flipper
device with -2.00 and +2.00 diopters (Bernell, BC1270200; Figure 16) was used to measure
accommodative facility. A short text (“This is readable”, Calibri font, size 20) was placed on the Landolt
rings chart (see Figure 15), although participants were asked to ignore the Landolt rings. Participants
stood on a 60-cm-distance from the short text. The task involved flipping the device every time they
refocused their eyes on the text and thus had sharp vision. Participants were asked to perform this task
for a duration of 60 seconds, during which the experimenter counted the number of times the
participants flipped the device. This counted number was taken as the accommodative facility score.
Two participants did not perform the exercise properly, even after additional explanation, hence their
accommodative facility scores were coded as missing values.

Figure 15: Accommodative facility task

Figure 16: Accommodative flipper device
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4.2.5 Procedure
In Table 5, a schematic overview of the overall procedure of one experimental session can be found.
Table 5: Overview of one experimental session

One full experimental session
Preparatory phase

Baseline phase

 Informed
consent*
 Visual acuity
measurement*
 Accommodative
facility
 Eye tracker
calibration

 Instruction
 Visual search
tasks (example)
 Subjective
assessment
 EBR

-

Black cover

6 min

4 min

Light manipulation
phase
 Visual search
tasks
 EBR

1. No cover
2. Grating cover
18 min

Concluding phase
 Subjective
assessment
 Accommodative
facility

2 min

Period 1 Beep 1 Period 2 Beep 2 Period 3 Beep 3 Period 4 Beep 4 Period 5
3.5 min 15 sec 3.5 min 15 sec 3.5 min 15 sec 3.5 min 15 sec 3.5 min
Note: the asterisk (*) indicates activities that were only performed during the first experimental session

The first session started with participants signing the informed consent form. To check whether
participants indeed had (corrected-to-) normal vision, a Landolt-rings chart (Figure 17; TNO) was used
to assess visual acuity. The chart had visual acuity numbers ranging from 0.1 to 3, with 1 being normal
vision. Vertical illuminance on the chart was 1200 lux. Participants were on a 5-meter distance from
this chart and were asked to state the side (top, bottom, right or left) on which the opening of the ring
was. The last line which could be named completely error-free determined the visual acuity of the
participant. When the experimenter suspected that the participant made a verbal mistake (rather than
an actual error), they were asked to redo that line. When participants were hesitant to do another line,
they were prompted by the experimenter to guess the next line. Often, they were still able to do one
more line error-free, although taking more time. The number next to the line on the Landolt chart
indicated participants’ visual acuity.

Figure 17: Landolt C rings chart – visual acuity test
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They continued with performing the exercise to assess their accommodative facility. During the first
session, participants got the opportunity to try out the exercise by doing the flipping a few times. After
that, the experimenter set a timer for 60 seconds and signalled the participant to start the actual task.
The experiment proceeded with calibrating the eye tracker (The Eye Tribe), which was placed below
the computer display. The eye tracker software indicated the quality of calibration, ranging from 1 star
(“redo” calibration) to 5 stars (“perfect”). When calibration quality was below 3 stars, calibration was
redone, with a maximum of 3 trials. When calibration quality did not improve after these 3 trials, the
experiment was continued nevertheless. For the calculation of eye blinking rate, this did not lead to
data analysis problems as gaze coordinates were still recorded in case of poor calibration.
After eye tracker calibration, the eye tracker started recording data. Participants started with the
baseline phase (see Table 5), during which the eye tracker was continuously recording. The first task of
the baseline phase was reading an instruction on how to perform the subsequent tasks. After the
instruction, participants worked on some example visual search tasks, which were comparable to the
actual tasks during the experiment. The instruction and example tasks together took around 3 minutes,
after which they completed the baseline phase with filling in the VFS and HES.

Figure 18: Example of "find the differences" task

Before the light manipulation phase started, participants got the opportunity to ask questions. Then,
the baseline light setting (see Figure 10) was changed to one of the two light manipulation settings (see
Figure 11 and Figure 12). During this phase, the eye tracker continued recording data. Participants
started the light manipulation phase with visual search tasks, consisting of “spot the differences” tasks
(Figure 18) and tasks in which participants counted the number of times a certain letter occurred in a
non-meaningful (Lorem Ipsum) text (Figure 19). These two tasks were alternated, with a total of 13
tasks. After 18.5 minutes the tasks were automatically stopped, although a majority of the participants
completed all the tasks early (mean duration = 15.9 minutes; SD = 3.0; range: 8.7-19.3 minutes). Yet,
for five participants, task duration was slightly longer than 18.5 minutes as participants were allowed
to complete the letter counting task in case they already started this task.
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Figure 19: Example of letter counting task

During the visual search tasks, a beep was played every 3.5 minutes, signalling participants to look
away to the post-its attached to the walls (Figure 10-12) and to relax their eyes by slowly moving them
back and forth between the two post-its. Fifteen seconds after the first beep, another beep was played
to mark the end of the eye-relaxation period. This 15-second relaxation period was implemented to
mimic working on “real” office tasks: office workers may look out their window or look around the room
regularly. This beep period divided the light manipulation phase in five distinct periods, as can be seen
in Table 5.
After the completion of the 18.5 minutes (or after completing the tasks early), participants filled in
the subjective assessment (VFS and HES) once more. This marked the end of the light manipulation
phase, after which the accommodative flipper exercise was performed once more according to the
earlier described procedure (although the practice round was omitted). Concluding the experiment,
subjects were thanked for their participation.
As described earlier in the design section, participants completed two sessions. Participants came
back within a week for the second session, which largely resembled the first one, with the only
differences being that the visual acuity test was not repeated and there were no practice rounds before
the flipping tasks. The tasks also differed between the two conditions, as two different versions were
used. These versions were counterbalanced across participants and conditions.
The tasks were displayed on the computer screen by using “Adobe Authorware”, a flowchart-based
program. This program enabled participants to click on the differences, after which they received
feedback by circles indicating the found differences.

4.2.6 Statistical analysis
Multi-level analyses were performed in STATA 14.2 to investigate the effects of luminance contrasts
in the field of view on eye blinking rate, accommodative facility and subjective indicators (VFS and HES).
For each of these dependent variables, a separate multi-level analysis was performed, using the level
of contrast (condition) as predictor variable in all the analyses. Some analyses included additional
predictor variables; all analyses will be discussed in more detail below.
Data observations for eye blinking rate (n = 270) were nested within participants (n = 29) and within
sessions (n = 2). Accommodative facility (n = 54) and the subjective indicators (n = 58), measured during
baseline and end of session, were nested within participants. Likelihood ratio tests showed that the
levels used significantly improved the level for eye blinking rate and for both subjective indicators (all p
< .001), although not for accommodative facility (p = .25). Still, for the ease of interpretation, participant
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was added as nesting level in this analysis. Additionally, assuming that the effects of luminance
contrasts were similar for all participants, we only looked at fixed effects.
All analyses were checked for outliers: being far from the regression line, having a large influence
on the predicted score and having a large influence on the estimated coefficient. One participant’s data
showed outliers for blinking rate, presumably because of the participant’s lazy eye disorder as already
mentioned in the participant section, and his/her blinking rate data was removed for subsequent
analyses. For another participant, one observation of accommodative facility was found to be an outlier
with a large influence on the predicted score, and this observation was also removed before performing
further analyses. For the subjective indicator analyses, some outliers were found, but running the
models with and without these outliers did not show remarkable differences.
Analyses were also checked for assumptions for multi-level models. The assumption of a normal
distribution of the error terms was violated for all analyses, and the homoscedasticity assumption was
violated for eye blinking rate. Therefore, all final analyses were performed with robust standard errors.
For all final analyses, the model fit (Wald χ2 test) improved when performed with these robust standard
errors, changing from a non-significant model fit to significant for eye blinking rate (p < .01) and both
subjective indicators (VFS and HES: p < 0.05); and staying significant for accommodative facility (p <
0.001).
Effect of luminance contrast on Subjective indicators (VFS and HES)
First, some exploration analyses were performed before carrying out the multi-level analyses for
VFS and HES. Using t-tests, it was tested whether there were significant differences between the
baseline- and end-measure for the total scores of VFS and HES. Additionally, we tested whether the
baseline measures of VFS and HES showed differences between conditions. To conclude the explorative
part, correlations between the two subjective indicators were checked.
The effects of luminance contrasts on the subjective indicators VFS and HES were explored by
separate multi-level analyses, with the observations nested within participant. Both analyses controlled
for the baseline measure of the subjective indicator.
Effect of luminance contrast on Eye blinking rate (EBR)
Similar to the previous exploration, a t-test was performed to test for differences in the baseline
measurement between the conditions. To determine the effects of luminance contrasts on eye blinking
rate, a multi-level analysis with the levels participant and session was performed. In addition to the
level of contrast (condition) as predictor variable, time period (baseline and period 1 until 5) was
included to explore variations over time. A second version of the model was explored by adding an
interaction term of the level of contrast and time period, as the effect of contrast level was expected
to increase over time.
Because blinking rate was calculated for each time period, and a majority of the participants finished
the tasks early, this led to missing data especially for time period 4 and 5. Another cause of missing data
was the fact that the eye tracker did not always work properly, and sometimes already stopped
recording gazing data at the beginning of the session. Therefore, missing observations were explored
for these time periods.
Effect of luminance contrast on Accommodative facility
Similar to the subjective indicators analyses, some exploration analyses were performed first. Again,
using t-tests, it was tested whether there were significant differences between the baseline- and endmeasure for accommodative facility. Additionally, we tested whether the baseline measures of
accommodative facility showed differences between conditions.
36

By performing a multi-level analysis, the effect of luminance contrast on accommodative facility was
explored with the observations nested within participant. The model incorporated the level of contrast
(condition) as predictor variable and also controlled for the baseline measure of accommodative
facility. Additionally, a second analysis was performed to explore a possible learning effect of
accommodative facility between sessions.
For all the described models, a brief exploration for vision, age and gender effects was performed,
but these explorations did not show any interesting results and therefore are not reported.
Relation between the four measurements of asthenopia
The relations between the four different measurements of asthenopia were examined to assess
general relationships between these variables and to explore whether the measures are correlates of
asthenopia. These relationships were tested with the eye blinking rate value of all time periods. Yet,
the values of time period 3 were reported, because higher levels of asthenopia were expected for later
time periods, but subsequent periods had high numbers of missing values.

4.3 Results
4.3.1 Subjective indicators – visual discomfort
Overviews of the scores on the Visual Fatigue Scale (VFS) and Headache and Eyestrain Scale (HES)
are depicted in Figure 20 and Figure 21, respectively. Exploratory analyses of the subjective indicators
of asthenopia showed that for both luminance contrast conditions, the VFS score was significantly
higher at the end of the session compared to the baseline measurement (low contrast: t(28) = -2.62, p
= .01; high contrast: t(28) = -2.96, p < .01). For HES, this effect was similar: the end score was again
significantly higher when compared to the baseline score, for both conditions (low contrast: t(28) = 3.66, p = .001; high contrast: t(28) = -4.82, p < .001).
Baseline measures for both VFS and HES did not show significant differences between conditions
(VFS: t(56) = -0.18, p = .85; HES: t(56) = -0.42, p = .67).
There was a positive correlation between the end scores of VFS and HES (r = 0.89, p < .001), as well
as between the baseline scores (r = 0.77, p < .001).

Figure 20: Overview of the Visual Fatigue Scale (VFS) scores
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Figure 21: Overview of the Headache and Eyestrain Scale (HES) scores

Table 6 gives an overview of the results of the multi-level analysis for the end score on the Visual
Fatigue Scale. No statistically significant effects were found for the level of luminance contrast or
baseline score.
Table 6: Statistics of predictors for Visual Fatigue Scale (VFS) – end score

Contrast level
VFS baseline

B coef
1.68
0.11

Robust SE of B
1.39
0.09

z score
1.21
1.32

p value
.228
.188

95% C.I.
[-1.05, 4.41]
[-0.06, 0.28]

The effects of predictor variables contrast level and baseline score on the end score of the
dependent variable HES are depicted in Table 7. The effect of contrast level on the HES end score was
statistically significant, with the high contrast resulting in a higher end score compared to the low
contrast.
Table 7: Statistics of predictors for Headache and Eyestrain Scale (HES) – end score

Contrast level
HES baseline

B coef
1.31
0.14

Robust SE of B
0.66
0.13

z score
1.96
1.06

p value
.050
.276

95% C.I.
[0.003, 2.61]
[-0.11, 0.39]

4.3.2 Eye blinking rate
An overview of all eye blinking rates, split up for the time periods and conditions, is shown in Figure
22. Because eye blinking rate had a high number of missing observations, with a total of 78 missing
values, the distribution of missing values over all categories is depicted in Table 8.
Blinking rate during the baseline period did not show significant differences between conditions
(t(52) = -0.63, p = .53).
Table 8: Missing observations specified for each time period

Time period
# of missing obs

Baseline
4

Period 1
7

Period 2
6
38

Period 3
11

Period 4
19

Period 5
31

Total
78

Figure 22: Overview of all Eye blinking rates (EBRs)

The model estimates for the predictor variables luminance contrast level and time period, predicting
eye blinking rate, can be found in Table 9. The level of contrast did not show a significant relationship
for eye blinking rate, thus eye blinking rate did not significantly differ between the low and high level
of luminance contrast. Regardless of the level of contrast, three of the time period variables did show
a significant effect on eye blinking rate, and one approached significance. Compared with the baseline
period, eye blinking rate was lower in all time periods, with significant effects for time period 1, 2 and
3. Even with the high number of missing values in time period 5, and thus a high standard error, the
decrease during this time period approached significance.
Table 9: Statistics of predictors for eye blinking rate

Contrast level
Time period 1
Time period 2
Time period 3
Time period 4
Time period 5

B coef
0.53
-2.26
-1.96
-2.48
-1.07
-2.26

Robust SE of B
0.94
0.82
0.97
0.81
1.16
1.17

z score
0.56
-2.77
-2.02
-3.07
-0.92
-1.94

p value
.576
.006
.043
.002
.357
.052

95% C.I.
[-1.32, 2.37]
[-3.86, -0.66]
[3.85, -0.06]
[-4.06, -0.89]
[-3.34, 1.21]
[-4.55, 0.02]

The decrease in eye blinking rate for period 1 and 5 was of the same size, and blinking rate showed
to fluctuate between the time periods, but was always lower than baseline. Thus, it seems that there
was a drop in blinking rate after the baseline period, but did not decrease further over time. To confirm
this, the same analysis was performed, but excluding the observations of the baseline period. The
results of this analysis are depicted in Table 10, which indeed show that period 2 until 5 did not
significantly differ when compared to period 1. Hence, after the initial drop in blinking rate immediately
after the baseline period, it did not decrease further over the subsequent time periods.
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Table 10: Statistics of predictors for eye blinking rate, with the baseline data excluded

Contrast level
Time period 2
Time period 3
Time period 4
Time period 5

B coef
0.13
0.38
-0.02
1.38
0.09

Robust SE of B
0.98
0.82
0.82
1.14
1.24

z score
0.13
0.46
-0.02
1.21
0.08

p value
.897
.646
.983
.228
.939

95% C.I.
[-1.80, 2.05]
[-1.24, 1.99]
[-1.62, 1.59]
[-0.86, 3.62]
[-2.33, 2.52]

The results for a second version of the model, with the addition of the interaction term of contrast
level and time period, are provided in Table 11. Although adding this interaction term improved the
model (without interaction term: Wald χ2(6) = 20.26, p < .01; with interaction term: χ2(11) = 27.57, p <
.01), none of the interaction effects were found to be statistically significant. The overall interaction
effect also was not significant (χ2(5) = 4.34, p = 0.50).
Table 11: Statistics of predictors for eye blinking rate, including the interaction of Contrast level and Time period

Contrast level
Time period 1
Time period 2
Time period 3
Time period 4
Time period 5
High contrast X Period 1
High contrast X Period 2
High contrast X Period 3
High contrast X Period 4
High contrast X Period 5

B coef
1.32
-2.40
-0.37
-2.34
-0.63
-1.77
0.30
-3.06
-0.31
-0.83
-0.94

Robust SE of B
1.60
1.04
1.59
1.23
1.29
1.58
1.54
1.98
1.78
2.16
2.57

z score
0.82
-2.32
-0.23
-1.90
-0.49
-1.12
0.19
-1.54
-0.17
-0.38
-0.37

p value
.410
.020
.816
.058
.623
.264
.847
.123
.863
.701
.715

95% C.I.
[-1.82, 4.45]
[-4.43, -0.37]
[-3.48, 2.74]
[-4.76, 0.08]
[-3.16, 1.89]
[-4.87, 1.34]
[-2.72, 3.32]
[-6.95, 0.83]
[-3.79, 3.17]
[-5.05, 3.40]
[-5.98, 4.10]

4.3.3 Accommodative facility
An overview of the accommodative facility scores can be seen in Figure 23. An exploratory analysis
showed that accommodative facility scores did not significantly differ between the baseline and end
measurement within either of the conditions (low contrast: t(25) = -0.44, p = .66; high contrast: t(26) =
-0.34, p = .74).
Baseline measures for accommodative facility did not show significant differences between
conditions (t(52) = 0.21, p = .83).
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Figure 23: Overview of Accommodative facility scores

In Table 12, the effects of contrast level and the accommodative facility baseline score on the end
score of accommodative facility are depicted. The baseline score showed to be a statistically significant
predictor for the end score on accommodative facility. The luminance contrast level did not have a
significant effect on the end score.
Table 12: Statistics of predictors for Accommodative facility – end score

Contrast level
Baseline score

B coef
-0.12
0.95

Robust SE of B
0.90
0.06

z score
-0.14
15.09

p value
.892
.000

95% C.I.
[-1.89, 1.65]
[0.83, 1.08]

The results in Table 13 show a significant effect of session on the accommodative facility end score.
Accommodative facility was significantly higher for the second session, compared to the first one.
Table 13: Statistics of session as predictor for Accommodative facility – end score

Session

B coef
2.43

Robust SE of B
0.91

z score
2.67

p value
.008

95% C.I.
[0.64, 4.20]

4.3.4 Relation between the four measures of asthenopia
The relations between eye blinking rate, subjective indicators VFS and HES, and accommodative
facility were examined. Correlation coefficients and p-values can be seen in Table 14.
Table 14: Correlation matrix for all measures of asthenopia

Eye blinking rate
VFS – end
HES – end
Acc. Facility – end

Eye blinking rate
X
0.43 (.002)*
0.34 (.02)*
-0.16 (.30)

VFS – end

HES – end

Acc. Facility – end

X
0.89 (.000)*
-0.13 (.36)

X
-.01 (.93)

X

Note: the numbers between brackets indicate the significance level. Asterisks (*) indicate significant
correlations. Correlations were tested for the end scores of VFS, HES and accommodative facility, and blinking
rate of period 3.
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Interestingly, accommodative facility did not show any significant correlations with the other
variables. Eye blinking rate did show significant correlations with VFS and HES, although the strength of
these correlations were only small to medium. Both subjective indicators of asthenopia did show a
strong correlation. All correlations that were significant showed a positive relationship.
The strong, positive correlation between VFS and HES remained of the same size when tested
separately for each condition and each session.
When testing the correlations between EBR and both subjective indicators for the other time
periods, the direction of this significant relationships remained the same. For time period 5, the
correlations between EBR and each of the subjective indicators were slightly higher (EBR and VFS: r =
0.47, p = .01; EBR and HES: r = 0.55, p = .003). Interestingly, when testing correlations for each time
period separated by condition, the correlations between EBR and both VFS and HES were never
significant for the low contrast condition, while almost all correlations were significant for the high
contrast condition (the correlations coefficients ranging from r = 0.46 to r = 0.67 between VFS and EBR;
and r = 0.34 to r = 0.74 between HES and EBR).

4.4 Discussion
The main goal of this second study was to assess if luminance contrasts in the field of view affect
the level of asthenopia while working on VDTs. Simultaneously, this study examined how the degree of
asthenopia can be determined in a sensitive and reliable way. The present study manipulated the level
of luminance contrast, exposing participants to both a minimized and maximized contrast by employing
a within-subjects design. During the experimental sessions, four different types of measurements of
asthenopia were assessed: two subjective indicators (VFS and HES), eye blinking rate, and
accommodative facility.

4.4.1 Effect of the contrast manipulation on the four measures of asthenopia
The results showed that the level of luminance contrast was a significant predictor for only one of
the four indicators; the subjective indicator HES. The score on this scale was significantly higher for the
high contrast level, suggesting a higher experienced level of headache and eyestrain when exposed to
a high luminance contrast in the field of view. The lack of a significant effect of contrast level on the
other measures was not expected; we hypothesized that a high luminance contrast would result in a
higher level of asthenopia for all indicators. Yet, regardless of luminance contrast, both VFS and HES
scores were significantly higher at the end of the session compared to baseline, suggesting a higher
level of visual discomfort for both contrasts levels at the end of the session compared to the start.
These results are comparable to existing literature involving the effects of surrounding illumination
while watching television: the studies of Bullough et al. (2006) and Wang et al. (2015) both only found
significant results of surrounding illumination on subjective measures of visual discomfort, and not for
the objective measures. Bullough et al. (2006) also used eye blinking rate as an objective measure and,
similarly, did not find significant effects on this measure. In contrast with these studies not finding
results for the objective indicators, the study concerning the surrounding of VDTs of Wolska & Śwituła
(1999) did find an effect for the objective measure near point accommodation (NPA): visual fatigue
showed a tendency to increase for a higher contrast between VDT and surrounding. Yet, they tested
effects for a total of five objective indicators, and did only find an effect on NPA. They also did not find
an effect caused by surrounding luminance for the subjective evaluations of asthenopic symptoms,
contrasting with the significant results on the subjective measures of the current study and both studies
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on surrounding illumination of TVs. Still, the results of Wolska & Śwituła (1999) on the subjective
indicators did show that work on VDTs itself, regardless of luminance surrounding, affected the
subjective asthenopic symptoms.
As described, the lack of significant effects for the level of luminance contrast was not expected. A
possible explanation for this is the fact that the tasks introduced a tendency to focus on the screen to
find the differences and count the letters, paying no attention to the contrasts in the periphery. Yet,
this does not explain the fact that HES did show an effect for condition.
A second possible explanation for the fact that luminance contrast did not show effects for most
measures could be that the duration of exposure to the manipulation was not long enough to induce
sufficient high levels of asthenopia. The results for period 5 approached a significant effect, even with
the 31 missing observations for this time period. Perhaps, this could be an indication for visual
discomfort starting to increase after ~18 minutes. Possibly, the manipulation will only start to show
different levels of visual fatigue between a low and high level of contrast after this duration of exposure.
Maybe HES was the only measure sensitive enough to already detect a difference after ~18 minutes.
The studies of Bullough et al. (2006) and Wang et al. (2015), for example, used a manipulation of 60
and 90 minutes, respectively, and still did not find significant differences between the manipulations
for the objective measures. Though, it should be noted that the movie watching in their studies was
probably not as fatiguing as our tasks.
A last explanation is the possibility that the objective measures used in this study were not
appropriate indicators of asthenopia. Whereas both VFS and HES scores were significantly higher at the
end of the session compared to baseline (regardless of condition), this effect did not occur for
accommodative facility. The fact that session was such a strong predictor for the end score of
accommodative facility suggests an indication for a learning effect across sessions: regardless of the
higher amount of visual fatigue (shown by both subjective indicators), accommodative facility still
improved (although not significantly) after the visual fatigue inducement of the tasks. Although it could
be the case that this learning effect was sufficiently high to counteract the effect of visual fatigue, there
is also the possibility that accommodative facility does not actually measure visual fatigue caused by
lighting conditions. Accommodative facility has been mostly used as a measure of visual fatigue in
relation to stereoscopic displays (Lambooij et al., 2010), and viewing the moving images on these
displays may require a higher frequency of re-accommodation than the static images that were showed
in the current study. Another study, by Chi & Lin (1998), suggests that only with a long exposure time
to an uncomfortable setting while working on VDTs, accommodative facility is sensitive enough to
measure visual fatigue: they found that accommodative facility only detected differences between
different levels of visual load (e.g. low versus high luminance contrast ratio of characters against
background) after a task time of 60 minutes, and not after 20 minutes (Chi & Lin, 1998).
As for the objective measure eye blinking rate, the results showed an immediate significant drop
after the baseline measurement, regardless of luminance contrast. There is a possibility that this drop
was caused by the level of concentration the tasks required. Patel et al. (1991) already showed that
reading from a VDT results in a lower EBR, for which they give two possible reasons: concentration and
difficulty of the VDT task. Thus, the difficulty of the used tasks might have led to a high level of
concentration, thereby reducing blinking rate immediately after baseline. Because the tasks stayed
equally difficult for the whole session, and thus the needed concentration was an ongoing demand, EBR
stayed at the same (lower than baseline) level. Because this reduction in EBR persisted over time, and
a reduction in EBR can lead to dry eyes (Cardona et al., 2011; Sheedy, 2007), this probably led to dry
eyes and other symptoms of asthenopia, which was showed by the lower scores on both VFS and HES
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at the end of the session. Thus, it seems that EBR is not actually a measure of visual fatigue; rather, the
decrease in EBR, influenced by the difficulty of a task, is a cause of dry eyes and possibly other
asthenopic symptoms. The difficulty of tasks being responsible for a decrease in EBR, in turn leading to
asthenopic symptoms, was also found by Wolska & Śwituła (1999): although they did not find an effect
of luminance surround on subjective evaluations, the subjective indicators did show that work on VDTs
itself affected asthenopic symptoms, which was probably caused by a reduced blink rate while working
on the VDTs.
To conclude, the results of the current study did show some evidence for the effect of luminance
contrast in the field of view on visual discomfort: a significantly higher score for visual discomfort was
found for HES. However, the other three measures did not show significant differences for the level of
contrast, meaning that no clear evidence was found for an effect of luminance contrast on visual fatigue
(measured objectively). Other results showed that, regardless of the level of luminance contrast, scores
on both VFS and HES were higher at the end of the session, which might be explained by the immediate
drop in EBR after baseline: as this lower level of EBR persisted until the end of the tasks, this probably
led to dry eyes and visual discomfort, leading to higher scores on VFS and HES at the end of the session.

4.4.2 Relation between the four measurements of asthenopia
The two subjective indicators showed a significant, strong, positive relationship, which was expected
for these two similar type of measures. Still, especially with this strong relationship, it is remarkable
that only one of these two measures showed a significant effect for the level of luminance contrast.
Although eye blinking rate also showed significant, but small, correlations with both subjective
measures, we did not expect this relationship to be positive. As the results of the analysis showed eye
blinking rate to be significantly lower during time period 3 when compared to baseline, this would
suggest an indication of asthenopia when blinking rate decreases. Therefore, we would expect a
negative correlation between the subjective indicators (higher scores indicate a higher level of
asthenopia) and eye blinking rate (lower EBR indicates a higher level of asthenopia). Even when
calculating correlations separately for all the time periods and conditions, the direction of the
correlation did not change to negative. Yet, this calculation for all time periods, separated by condition,
did show an interesting result for the significance of the correlations for EBR: while correlations
between EBR and VFS/HES were never significant for the low contrast condition, almost all correlations
were significant for the high contrast condition. Thus, although luminance contrast did not have a
significant influence on VFS and EBR, it seems that the measures VFS, HES and EBR were measuring
related concepts (to some extent, as the relationships were only small to moderate) in the high contrast
condition, but not in the low contrast condition.
When looking at the relationships between accommodative facility and the other three measures,
we can see that none of the relationships was significant. Probably, this might be explained by the
learning effect that accommodative facility showed, together with the possibility that accommodative
facility was not an appropriate indicator or asthenopia.
To summarize this section, the relations between the different types of measures only showed a
clear relation for the subjective indicators. The significant differences between beginning and end of
session for the subjective indicators, together with the strong correlation between these two indicators,
indicate that both types of subjective indicators can determine the degree of asthenopia in a sensitive
and reliable way. The small correlations between eye blinking rate and the subjective indicators, and
the opposite-of-expected direction of this relationship, seem to indicate that eye blinking rate is not a
measure of asthenopia. Rather, the small correlations could be an indication that the decrease in EBR
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led to dry eyes, which is related to the level of visual discomfort. As for accommodative facility, this
measure was neither a correlate of the subjective indicators or blinking rate. Probably because of the
learning effect, accommodative facility does not seem to be a sensitive or reliable measure of
asthenopia.
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Chapter 5: General Discussion
The two studies performed in this master thesis were inspired by a new office lighting concept
offering completely indirect lighting. To explore whether this new lighting concept would be preferred
to existing office lighting by office workers, and to assess whether this concept was considered as more
comfortable, Study 1 was carried out. Although the luminaires used in this study were only a first
version of this new lighting concept, and only a small group of subjects participated, the results of this
explorative study suggest a first indication for a preference for this new lighting concept. Additionally,
the results of this study imply that Concept A was considered as more comfortable when compared to
existing office lighting. Yet, these results should be considered with caution, as the sample was both
limited in size and variety. Still, a noteworthy result of this study was the fact that Concept A received
a lower evaluation, compared to PowerBalance, on the statement of the light being too dim for
performing tasks, while the horizontal illuminance on the desks was actually 100 lux higher for concept
A. This might be explained by the fact that brightness of the walls was rated as significantly higher for
the PowerBalance lighting; previous research has shown that wall luminance contributes most to the
way a room is experienced (Van Ooyen, Van De Weijgert, & Begemann, 1987). Veitch (2001) also argues
that people prefer brighter walls to dark ones: a higher overall wall luminance increased satisfaction
with the office lighting. A more recent study by Chraibi, Crommentuijn, Loenen, & Rosemann (2017)
showed that the uniformity distribution of the wall in the visual field influences the selected preferred
task illuminance. Their results showed that preferred desk illuminances were lower for a non-uniform
distribution of wall luminance, compared to a uniform distribution. This could also be a possible
explanation for the lighting levels of Concept A rated as being too dim to perform tasks by 36% of the
participants; the luminance images in Figure 4 (p.18) showed that luminance distributions were more
uniform for Concept A compared to PowerBalance, suggesting that preferred desk illuminance for
Concept A would be higher.
The second study of this research was partly based upon the findings of the first study; as the results
showed a first indication of a preference for the new lighting concept, we wondered which underlying
factor(s) could explain this preference. When comparing the luminance images of the existing office
lighting with the images of Concept A, the first setting showed to have larger luminance contrasts
compared to the Concept A setting. Additionally, literature regarding luminance contrasts between
VDTs and surrounding area (Sheedy et al., 2005; Wolska & Śwituła, 1999); and televisions and
surrounding area (Bullough et al., 2006; Wang et al., 2015) suggest that levels of asthenopia are lower
when the contrast between the screen and direct surrounding is minimized. Together, this led to the
second study, which explored if luminance contrasts in the whole field of view have an influence on the
level of asthenopia when working on VDTs. Another goal of this second study was to explore how
asthenopia could be assessed in a sensitive and reliable way.
Results of the second study did not show clear evidence whether luminance contrasts in the field of
view affect asthenopia levels. Only one type of measure for asthenopia showed significant effects for
the level of luminance contrast: the subjective indicator HES. Similar studies, involving the effects of
the level of contrasts on asthenopia, also only found significant effects on subjective measures
(Bullough et al., 2006; Wang et al., 2015). Still, regardless of contrast level, the results on both subjective
measures showed that visual discomfort significantly increased during the session. In addition, eye
blinking rate showed an immediate drop after baseline. This might be an indication for the tasks leading
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to a lower blinking rate, which in turn might have caused dry eyes, resulting in higher levels of visual
discomfort at the end of the session.
As for the question how asthenopia can be assessed in a sensitive and reliable way, the results
suggest that the subjective indicators were sensitive enough to measure a difference in asthenopia:
significant differences were found between baseline and end of session. Yet, both objective indicators
used in the current study were probably not appropriate indicators for visual fatigue. For eye blinking
rate, we proposed the possibility of it being a cause of asthenopia, rather than a measure of it. In
addition to this, we already mentioned in the introduction that some studies argue that a higher
percentage of incomplete blinks, rather than EBR, is an indicator for visual fatigue (Chu et al., 2014;
Hirota et al., 2013). The study of Chu et al. (2014), for example, only found significant effects on the
percentage of incomplete blinks, and not on eye blinking rate, when comparing reading from a VDT
with reading from hard copy. Other studies suggest that both EBR and the percentage of incomplete
blinks are responsible for the level of visual fatigue (Argilés et al., 2015; Cardona et al., 2011). Still, these
studies all found effects on the percentage of incomplete blinks, while a number of studies did not find
effects on EBR (the current study; Bullough et al., 2006; Chu et al., 2014; Hirota et al., 2013). This might
suggest that the percentage of incomplete blinks is a more appropriate measure for visual fatigue than
the used measure of EBR.

5.1 Limitations of the studies
Both studies had some limitations that might have influenced the final results and interpretations.
For study 1, the main limitation was the sample being of limited size and variety. As this first study was
explorative, more qualitative in nature and not the main focus of this master thesis, the number of
subjects participating was kept small. Additionally, as convenience sampling was used for this study, all
participants worked for Philips Lighting Research and thus had some connection to lighting, although
they presumably were not knowledge-experts in lighting. Therefore, the results found for this study
should be considered with caution: although there is a first indication for a preference for the new
lighting concept, further research is necessary to make a more solid conclusion about whether the new
lighting concept is indeed preferred. This further research should both include larger sample sizes, as
well as a representative sample of all types of office workers.
A first limitation for study 2 is the eye tracker that was used for the experiment. The device stopped
tracking gaze coordinates at random times, resulting in missing data for multiple participants.
Additionally, as the used eye tracker was not specialized in recording blinks, a script was written to get
blinks from the recorded data. A few assumptions were made in order to get these blinks. For example,
all lost signals that had a specific duration (i.e. between 2-11 frames, corresponding to 67-367
milliseconds) were saved as blinks. However, a lost signal of a specific duration does not necessarily
correspond to a blink, and therefore we might have recorded more blinks than actually occurred (i.e.
false positives). The cut-off of 11 frames was decided based on the percentage of lost signals that were
actual blinks. However, for a lost signal duration of 12 frames, still 66% of these lost signals were actual
blinks, but were coded as “actual lost signals”. This means that we also did not record some of the blinks
that did occur (i.e. false negatives). We can only hope that these false positives and negatives evened
out and that the number of blinks used in the data approximates the real number of blinks.
Related to this, the second study forced participants to look away during the beep period, during
which they were asked to relax their eyes. Initially, it was planned to measure blinking rate during this
beep period and to check whether participants increased blinking during this relaxation period.
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However, because the post-its were attached to the wall at a higher level, participants looked up to
perform this task, which resulted in the eye tracker not being able to correctly localise the eyes.
Therefore, blinks during these 15 second time periods were not considered for analyses.
A last limitation of study 2 was the fact that a majority of the participants finished the tasks early.
After participant 1 and 2 performed their first session and it became apparent that they only needed
13 minutes to complete the tasks, some additional tasks were added. However, these additional tasks
turned out to be not long enough as participants still finished the tasks early.

5.2 Future Research
For the first study we performed, future research should incorporate larger, more representative
samples of the office workers population. With these larger samples, more meaningful interpretations
of the results can be made. In addition, to understand the preference of participants better, the focus
should be on why people have a certain preference, potentially by using focus groups. This “why”-focus
might give new insights on the underlying mechanisms for people’s preference, adding to the
understanding as of why the new lighting concept is potentially considered as more comfortable. In
addition to studying preferences, future research could incorporate the measures of VFS, HES and
optionally objective measures, to assess the level of asthenopia introduced by new lighting concepts.
As we mentioned in the current report, the lighting concept we used was only a first version. Future
versions probably will incorporate a direct component. It would be interesting to compare this second
version both to the first version, as well as to existing office lighting. One advantage of also having a
direct component for the lighting concept is the modelling of faces: the direct component will add some
shadows, which makes faces look more natural. This could be a factor increasing visual comfort, which
should be tested by comparing the first and a future version of the lighting concept.
Although the second study did only show a significant effect of contrasts on one type of the
measures, we are still convinced that luminance contrasts in the field of view have some effect on
asthenopia. As already described, the lack of significant effects for contrasts in the current research
could have been caused by the appropriateness of the objective measures for measuring visual fatigue.
To confirm this assumption, future research could implement different versions of objective measures.
Another possible explanation discussed before was the fact that the used tasks kept the gaze
focused on the screen. Because of this, people may not have experienced the contrasts that were
presented in the periphery. Although we tried to achieve the observing of the contrasts by looking
around during the beep period, the post-its might have been too high for people to notice the contrasts
in the periphery. Therefore, a task that forces people to look around, or maybe even look at the
contrasts, might be a better suited task in case a similar experiment will be performed.
Last, future studies similar to the second study should incorporate a longer exposure duration to
the contrasts than only ~18 minutes. As discussed, it might be the case that discomfort resulting from
luminance contrasts only starts to develop after some time.
The results of the current and future studies should eventually lead to a better understanding of the
factors influencing visual discomfort and fatigue in offices. This (future) knowledge should be
incorporated when designing new luminaires for offices, thereby improving the comfort levels of office
workers.
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5.3 Conclusion
The effects on the first study exploring the new lighting concept gave a first indication of this new
concept being considered as more comfortable than an existing form of office lighting. Yet, future
studies with larger and more varied samples are necessary to render more convincing evidence for the
comfortability of this concept.
The second study showed first evidence for luminance contrasts in the visual field affecting the level
of visual discomfort. Yet, the contrast manipulation did not show effects on the measures of visual
fatigue, which might be explained by the objective measures not being appropriate indicators of the
objective part of asthenopia. In addition, the contrast manipulation might have been too short in order
to cause effects on most of the measures. Future research incorporating a longer duration, a different
type of task, and more objective measures of visual fatigue, should give more conclusive evidence about
the effects of luminance contrasts in the field of view on asthenopia. This can give more insights about
how these contrasts affect the level of visual discomfort, and possibly the level of visual fatigue.
Overall, this study was a first contribution to the research of the influence of luminance contrasts
levels on experienced visual comfort. More research is necessary in order to create a better
understanding of the factors influencing visual discomfort and fatigue in offices. This knowledge should
be integrated in the process of developing new office lighting, improving the experienced comfort of
office workers.
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Appendix A: Floor plan of Study 1 with illuminance values on desks

The desks used during Study 1
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Appendix B: Questionnaire used in Study 1
Part 1:

56

Part 2:

Part 3:
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Appendix C: All qualitative comments
Concept A – positive comments
Bright (brighter than PB)
Less shadows (than PB)
More uniform / evenly distributed throughout the room
More comfortable than PB (better for eyes)
No glare when looking at the ceiling
It’s bright and gentle
More pleasant atmosphere
More suitable to focus/concentration (compared to other lighting)
Makes the room look bigger and lighter (compared to PB)
Walls are illuminated more equally
Colour is more natural than PB
More natural feeling
Relaxed and cosy feeling
Less dull because of stripes on ceiling
Warmer colour
Brighter without it being disturbing
Total

# of mentions
9
7
6
4
3
3
2
2
1
1
1
1
1
1
1
1
44

Concept A – negative comments
# of mentions
Cold light – unwelcome feeling
4
Does not feel natural
3
Might feel dull at times, no “accent lighting”. Walls are boring without 3
accents.
Not very bright
1
Light is not energizing/motivating to work. More for relaxing
1
Seems old school
1
Contrasts on ceiling can be distracting
1
Total
14
PowerBalance – positive comments
More uniform / evenly distributed throughout the room
More suitable to focus/concentration (compared to other lighting)
Brighter/fresher than Concept A
Room is well illuminated (task illuminance is high enough)
Feels warmer than Concept A
The light colour
Dimmer light; therefore more relaxing
Less dull than Concept A
Makes you feel energetic
Feels less as a waiting room (compared to Concept A)
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# of mentions
2
2
2
1
1
1
1
1
1
1

No dark shadows
You do not look directly at the light source
Total

1
1
15

PowerBalance – negative comments
Cold light – unwelcome feeling
More shadows
Dim light (not enough for working)
Unnatural light
Hand’s shadows on table
Uncomfortable light
The lights blind you when directly looking at them – Glare
Hard to focus
Task on table (paper) is too bright
Spots on the wall are distracting
Dull lighting
Total

# of mentions
6
4
3
2
1
1
1
1
1
1
1
22
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Appendix D: Luminance images – related documents
Determining the two conditions
Table 15: Overview of luminance images for determining conditions

Name: “500 lux”
Evert = 420 lux
Contrast wall – panels: 0,86

Name: “1000 lux”
Evert = 510 lux
Contrast wall – panels: 0,75

Name: “2300 lux”
Evert = 750 lux
Contrast wall – panels: 0,57

Note: The light settings were labelled with their illuminance values, although this was never checked for each
setting. Contrasts were calculated with the Michelson contrast formula (formula 1), using the mean luminances
of regions (LMK LabSoft software).

Regions used to determine mean luminances
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Appendix E: Luminance images – related documents
Condition 1:
low contrast
Condition 2:
high contrast

3000

Luminance (cd/m2)
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1000
1500
Position on line (pixels)

2000

Figure 24: Course of the luminance values over a horizontal line in the visual field
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2500

Appendix F: Python script used for calculating EBR
import
import
import
import
import
import
import

json
datetime
numpy as np
numpy
matplotlib.pyplot as plt
sys
StringIO

file_name = "pp1-session1" # CHANGE NAME HERE
SRC = "Data/" + file_name + ".json"
with open(SRC) as fd:
data = fd.read()
# Create empty lists to store the time, and x and y coordinate
date_time = []
x = []
y = []
# Create counter
counter = 0
# Walk through each line of the datafile
for line in data.split('\n'):
if line != '''{"category":"heartbeat","statuscode":200}''' and line !=
'''{"category":"tracker","statuscode":802,"values":{"statusmessage":"Tracke
r device connectivity state has changed"}}''':
try:
# Parse the line, which is JSON, into a dict
d = json.loads(line)
except:
print('Failed to decode', line)
continue
# Get x and y from the dict
sample_x = d['values']['frame']['avg']['x']
sample_y = d['values']['frame']['avg']['y']
if sample_x == 0 and sample_y == 0:
# Get time, x, and y from the dict and append them to the list
date_time.append(d['values']['frame']['timestamp'])
counter += 1
# Convert data from unicode to string; hard to program with unicode format
date_time = [x.encode('UTF8') for x in date_time]
# Delete dates from list --> is unnecessary
def remove_character(hello):
return hello[11:23]
full_time = [remove_character(hello) for hello in date_time]
# All timestamps where x=0,y=0
print(full_time)
# The number of times x=0,y=0
print(counter)
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# Converting string-format to time-format
time2 = []
for value in full_time:
x = datetime.datetime.strptime(value, '%H:%M:%S.%f')
# print(x.time())
time2.append(x.time())
timestamp = []
# Converting time-format into hour-minute-sec format, in order to enable
calculation
for value in time2:
secmic = (value.hour * 10000) + (value.minute * 100) + value.second +
(float(value.microsecond)) / 1000000
timestamp.append(round(secmic, 3)) # Storing a maximum of 3 decimals
(microseconds)
print("All times where x=0,y=0:")
print(timestamp)
single_detected = []
counter2 = 0
for i in range(len(timestamp) - 1):
# Deleting "Single occurrences" --> when x=0,y=0 for only 1 frame
# --> 1 frame is only 0.003 sec, while a blink lasts for a minimum of
0.1 sec
# <.065 because 2 frames are .066
if (abs((timestamp[i + 1] - timestamp[i])) < .065) or (abs((timestamp[i
- 1] - timestamp[i])) < .065):
single_detected.append(timestamp[i])
counter2 += 1
# so the only values that are stored, are the ones where x=0,y=0 for at
least 2 consecutive frames
# Adding consecutive timestamps with a difference of <.062
blink, last = [[]], None
for x in single_detected:
if last is None or abs(last - x) < .062 or (abs(last - x) > 40 and
abs(last - x) < 40.062) or (abs(last - x) > 4040 and abs(last - x) <
4040.062): # Because I've found lost signals of 0.06 sec (between two
timestamps)
blink[-1].append(x)
else:
blink.append([x])
last = x
print("\nSeparated into blinks:")
print(blink)
print(len(blink))
blink_1 = [s for s in blink if len(s) == 1]
print("\nSingle occurrences = " + str(len(blink_1)))
print(blink_1)
# Deleting single occurrences
for x in blink:
if len(x) == 1:
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blink.remove(x)
print("\nThe number of all 'blinks' & lost signals = " + str(len(blink)))
blink_less12 = [s for s in blink if len(s) < 12]
blink_morethan11 = [s for s in blink if len(s) >= 12]
print("Less than 12 = " + str(len(blink_less12)))
print("More than/equal to 12 (lost signals) = " +
str(len(blink_morethan11)))
# Save the lost signals with their first and last timestamp
lost_signal_both = [[item[0], item[-1]] for item in blink_morethan11]
lost_signal_begin = [item[0] for item in blink_morethan11]
lost_signal_end = [item[-1] for item in blink_morethan11]
# Deleting "blinks" when there are more than 12 consecutive timestamps
# As a blink lasts up to 0,4 sec (12x) --> this indicates a lost signal,
rather than a blink
blink_morethan11 = [s for s in blink if len(s) >= 12]
counter3 = 0
while len(blink_morethan11) > 0:
for x in blink:
if len(x) >= 12:
blink.remove(x)
counter3 += 1
blink_morethan11 = [s for s in blink if len(s) >= 12]
# Check whether all >12 occurrences are deleted from the blink list
blink_morethan11 = [s for s in blink if len(s) >= 12]
print("\nCheck if list is empty:")
print(blink_morethan11)
print(counter3)
print("\nThe number of all 'blinks' = " + str(len(blink)))
# Store the begin time of each blink in list
blink2 = [item[0] for item in blink]
# print(blink2)
# Convert all begin times + lost signals to time-formats
lost_signal_both_str = [str(i) for i in lost_signal_both]
lost_signal_begin_str = [str(i) for i in lost_signal_begin]
lost_signal_end_str = [str(i) for i in lost_signal_end]
# print(blink3)
blink3 = [str(i) for i in blink2]
print(len(blink3)) # Check whether it still includes all blinks
blink_time = []
for value in blink3:
x = datetime.datetime.strptime(value, '%H%M%S.%f')
blink_time.append(x.time())
import xlwt
book = xlwt.Workbook(encoding="utf-8")
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sheet1 = book.add_sheet("Sheet 1")
sheet1.write(0,
sheet1.write(0,
sheet1.write(0,
sheet1.write(0,
i
j
k
l

=
=
=
=

0,
1,
2,
3,

"Blink times")
"")
"Lost signal begin")
"Lost signal end")

1
1
1
1

for n in blink3:
sheet1.write(i, 0, n)
i = i + 1
for n in lost_signal_begin_str:
sheet1.write(k, 2, n)
k = k + 1
for n in lost_signal_end_str:
sheet1.write(l, 3, n)
l = l + 1
book.save(file_name + "-output.xls")
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