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Summary 

Daylight and windows in close proximity to the work space have always been thought to be 

beneficial to the productivity of the worker. After the discovery of the intrinsically photosensitive 

retinal ganglion cells, or ipRGCs in 2002, many researchers believed that the above mentioned 

benefit was related to the biologica I effects induced by light reaching these cells . In the following 

years, many researchers published papers explaining their view on the relationship and what 

aspects of life it could affect. However, next to the researchers, the commercial market saw new 

opportunities as weil. 

The ipRGCs are most sensitive to the blue, short wavelength part of the spectrum which 

amongst others can be found in daylight. Since daylight is a dynamic light source with fluctuating 
illuminance levels and fluctuating correlated color temperature (CCT), it can be seen as a natural 

stimulant to the ipRGCs. With th is in mind, daylight system manufacturers sawa new way to 
market their systems. 

Daylight transport systems use media such as optic fibers or highly reflective materials to transport 

the light as deep as possible into the building, bringing daylight in spaces which otherwise would 

not receive any daylight. The idea behind th is kind of system is not only to provide an energy 

efficient way of lighting, but also induce the benefits of having daylight close to the work space. 

But does daylight without the actual link to the outside still have the same effects or will it be 

seen as any other artificiallight source? This is one of the questions which initiated this project. 

Next to the possible non-visual effects resulting from light reaching the ipRGCs an emotional 

effect can be identified. People enjoy looking out of the window and often feel isolated when 

there is no window nearby. Will the non-visual effects outweigh the emotional effects? 

The objective of this research is to identify whether or not increases or decreases in performance 

can be found when removing the view factor, but keeping the light conditions as similar as 

possible. The secondary objective is to find out if in a daylight situation without a view, the 
daylight can be replaced by an a rtificia I light source which is emulating daylight without having 

a negative effect on performance. 

Since it is unknown what the most important parameters are, and how this kind of research can 
be executed, much effort has been put in setting up a measurement protocol. After this initial 

measurement protocol was executed in the form of a pilot study, the protocol was evaluated and 

modified to provide better results. 



The following three scenarios form the basic setup of the measurement protocol: 

• An office room with a window with a view 

• An office room with a window but with a blocked view 

• An office room with a window with a blocked view, but with artificiallight emulating daylight 
instead of real daylight behind the blocking-screen. 

For this pilot study, 10 test subjects were asked to participate, all fitting the description of being 

an office worker with work mainly revolving around desk work and having an age between 25 

and 35 years. 

The test subjects were asked to spend 1.5 hours in each of the scenarios and perform a series 

of alertness and concentration tests in order to get an indication of performance. In an identical 

room, the correlated color temperature and the vertical illuminance of the daylight opening 

were measured and the vertical illuminance on the eyes was measured. 

The results from the pilot study showed some unexpected findings. The performance of the test 
subjects increased when introducing the blocking screen even though almost all test subjects 
stated that they did not like the room and feit isolated. The performance also increased when 
changing from the blocked daylight condition to the emulated daylight conditions . 

Second, the effect of the dynamic light levels and color temperature of the daylight did not show 
any correlation to the performance results . As such, the biological effect does not appear to have 

had a dominant effect on performance during the 1.5 hour during scenarios in the performed 
pilot study. 

After a thorough analysis of all the data and boundary conditions, no conclusive evidence was 
found to identify the effect which caused the increased performance levels. In order to further 

investigate these results, new experiments should be set up which have even stricter boundary 

conditions in order to eliminate the side effects that may be influencing the results . 
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1. Introduction 

In modern day's society, managers and business owners are constantly trying to imprave the 

efficiency of their companies in order to stay ahead of the competition and increase their 

production. Looking back in history we can identify two main methods that have been used 

to increase efficiency and productivity, namely the scientific management style (a lso called the 

Taylorism style of management) and the humanistic style of management [Clements-Croome 

2006]. The scientific management style uses technology to push the workers to their extreme 

and by doing so it ignores the workers themselves. The humanistic approach focuses on the 

relationship between working conditions, the demands of the job and the output from the 

workers. Fortunately, the humanistic approach is gaining ground and governments are starting 

to realize its importance and have started to setup regulations and laws to increase the overall 

wellbeing of the working class. 

Although the government is starting to act on what some researchers believe to be a public 
health issue, [Pauley 2004] there are still several areas in which research is still required before 

the government can introduce new regulations. Lighting is one of these fields where there already 

are certain rules to abide by, but there are also several new discoveries that have proven to be 

very important. In 2001, researchers found evidence for a non-rod, non-cone photoreceptor in 

the human eye which reacts to light and amongst others influences the biologica I body clock 

[Brainard et al. 2001; Thapan et al. 2001]. This discovery has led to a renewed interest in light 

therapy and the use of light in the work place. [Aries 2005; Van Bommel, van den Beid 2004; 
Dehoff 2002] 
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1.1. Research motive 

After the above mentioned discovery by Brainard and Thapan, and the actual discovery of the 

new type of photoreceptor in the hu man eye by Berson in 2002 (now known as the intrinsically 

photosensitive retinal ganglion cells, or ipRGCs), many researchers started thinking about how 

this discovery would affect the current rules, regulations and standards that had been in use 

for years. [Aries 2005; pauley 2004] The conclusion from most of the researches was that light 

could be used to influence people's well-being and their performance. Next to this conclusion, 

the discoveries resulted in a renewed interest in several older theories, such as light-therapy 

in which daylight plays an important role. Later research revealed that the ipRGCs (a lso called 

the 3rd receptors) sensitivity lies more towards the blue end of the spectrum which amongst 

others can be found in daylight. Not only researchers, but also daylight system companies were 

interested in these discoveries and saw an excellent opportunity to put their systems back on 

the market since these findings seemed to confirm the positive effect of daylight. This resulted 

in companies such as Philips to look into hybrid solutions using their latest technologies. 

From the literature study at Philips into different kinds of daylight systems that use a medium to 

transport the daylight deep into the buildings, the question arose if the claims made by some 

of those daylight transport system companies regarding increased performance wellbeing were 
true. These claims seemed to be based on research that looks at the effe cts of direct daylight 

at the façade while daylight transport systems focus on bringing light far away from the façade. 

Next to the biologica I effect as described by Brainard and Thapan, emotional effects could also 

be involved in the used research. This means that the used research might not be usa bie as a 

valid argument for these claims. 

1.2. Rele van ce 

One ofthe daylight transport system's manufacturers states that when natural daylight is added 

to the work place, a 6-16 percent productivity increase can be achieved [Parans 2007]. When 

looking at the source of the manufacturer ('A Literature Review of the Effects of Natural Light 

on Building Occupants' by L. Edwards and P. Torcellini) we find the following statements that are 

most likely the source of the claims: 



11 Reports from the first 20 weeks in the new building show productivity increasing more than 8% 

and leve/ing to 6% above the old numbers a year later (Romm and Browning 1994)." 

[Edwards, Torcellini 2002] 

11 West Bend has determined that they had a 16% increase in claims processing productivity in 

the new building compared to the old building" [Edwards, Torcellini 2002] 

These two statements seem to indicate the upper and lower limit of the claim made by the 

daylight transport system manufacturer. When we examine the context of these two statements 

we see that in the first case a complete renovation had taken place and in the second case an 
entire new building was taken into use (the source specifically mentions that the amount of work 

places with a window view increased from 30% in the old building to 96% in the new building). So 

even though the daylight situation did improve (if one assumes that a window view also means 

increased daylight exposureL there were also several other factors that could be the source of 

the production increases. Amongst these factors is the fact that the increase in work places with 
a window view does not only mean increased daylight exposure but also the view itself (which 

is absent in daylight transport systems). As a conclusion we can say that the claims made by 
the daylight transport system manufacturer are doubtful and are based on the assumption th at 

there is no real difference between direct daylight including a view and indirect daylight from 
daylight transport systems. 

However, theoretically, daylight without a view might still induce the biologica I effects. This 

would mean that the manufacturer could be correct in saying that there might be some 

performance increases and increased feeling of well-being of the workers. If this indeed is the 

case then implementation of this theory will apply to both the scientific management style and 

the humanistic management style but will also be an improvement for our overall health. 

Wh en we follow this line of thought you could also reason that if daylight transport systems 
increases the production of workers, then we can assume that view does not influence the 

employees' performance. Ifthat is the case than it would also be possible to replace the expensive 
daylight transport systems by artificiallight sources mimicking daylight. 
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1.3. Problem statement 

With the discovery of the 3rd receptors, daylight has been proven to be a very important 

factor in human weiibeing. Next to the energy saving capacities, this might weil be one of the 
most important daylight effects. However, it is still a very new area of research which means 
that there are many uncertainties which could result in false assumptions. In order to remove 
these assumptions and uncertainties more research is needed. One of the topics that needs to 
be researched is whether the biologica I effect is solely responsible for possible performance 
increases or if the emotional effects also play a large role. This can be directly related to the 

daylight transport systems and their possible positive effe cts on workers (increased productivity 
and well-being). 

One of the main problems in this kind of research is to separate the effects caused by light 
from all the other effects such as physical and mental state of the test subject at the time of 
measurement, time and date of measurement, and changing environments. 

1.4. Objective 

The objective of this research is to separate the biologica I and the emotional effect of light on 
the productivity of office workers from each other. However, how a worker feels emotionally 
depends on many different factors besides the light aspect that we want to look at. Separating 
all those factors in a trial using test subjects is not possible. This means that only one factor, view, 

will be investigated during this research. 

When daylight transport systems are compared to direct daylight conditions, it is clear that one 
of the largest differences is the lack of a view outside. This can have a major impact on the 
emotional state of the office workers even though the resulting lighting condition is identical. 

Since this is the largest difference, this research will focus on finding out if removing view from 

an office situation will affect the productivity of the office worker. This will help in separating the 
biologica I from the emotional effect. 

The secondary objective ofthis research is to setup a working measurement protocol that can be 
used to measure productivity changes under different circumstances. This protocol will provide 
the methods to measure, process and analyze the productivity changes under several different 
scenarios focused on the view factor. 



1.5. Research questions 

To structure the goals set in the objective, two research questions have been formulated. The 

first of the two questions focuses on the content and the scientific nature of the research. The 

second question focuses on the more practical side of this research and appears to be a tooi 

instead of a question. However, since this is a pilot study, the second question has been the 
starting point of this research and is also one of the main goals behind the research. Next to the 

main questions, two sub questions have been formulated for the first research question . 

1: Is the performance of office workers affected by a window with a view or can the view be 
removed without any negative consequences to performance? 

la Will the performance of office workers be affected when the window view is b/ocked? 

1b Can day/ight be rep/aced by an artificia//ight source without any negative consequences to 
the performance? 

2: How can the effect of the view factor on the performance of office workers be measured 
in a /aboratory situation ? 

1.6. Research setup 

The chapter of this report gives a literature review of the different phenomena that will be 

discussed in this report. 

The first topic that will be discussed here is the biologica I effect and the possible consequences 

that this effect will have. Next, the biologica I effect will be linked to light sourees and the difference 
between the artificial light and daylight will be discussed. Furthermore different methods of 

measuring performance will be discussed and explained. Finally the statistica I methods that will 

be used are explained to give the reader some understanding ofthe importanee and uncertainties 

discussed in chapter 5. 

The third chapter ofthis report will give detailed information about how the initia I measurement 

protocol has been set up. It will especially focus on the different considerations that had to be 

taken into account when designing the initia I protocol. This section will also explain which parts 
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of the measurement protocol have been especially designed for this specific situation (location 

of the measurement room etc.) 

After this explanation, the execution of the measurement protocol will be briefly discussed in 
chapter 4. This will cover the actual building of the room, all the required additional software 

and other requirements that arose during the execution of the protocol. Chapter 5 will present 

the results from the first protocol which will also give some more insight into the performance 

u nder the different test scenarios. 

Chapter 6 provides an evaluation of the initial measurement protocol. It will look at the 

shortcomings and possible oversights in the protocol, the processing methods, and the 

calculation methods. This will result in a set of considerations that should be taken into account 

when designing the new measurement protocol. Chapter 7 will present a modifjed version of the 

initial measurement protocol where possible issues that have arisen from the evaluation of the 

measurement protocol have been taken into account. 

Finally, chapter 8 will provide the conclusions and will discuss the validity of the results. 

Additionally, a set of recommendations for future research will be made in chapter 9. 



2. Relevant Theory 

The first subject that will be discussed is some background information and the theories behind 
the non-visual biologica I effect of light on the human body. Next, these non-visual effects will 

be linked to both daylight and artificiallight sources. Then a short explanation will be given on 

several methods to measure performance of office workers . Finally a brief explanation will be 

given of the statistica I methods that will be used to process the measurement data. 

2.1. The biological effect of light on the human body 

For many years therapists have been using light therapy to battle conditions such as insomnia 

and SAD, however, it was never recognized as a scientifically proven method. Without this proof 

there has always been a certain skepticism about the 'healing power' of light. Over the years 

scientists have proven that light therapy indeed can be used to treat sleep problems and circadian 

rhythm related problems in cases where, for example, patients with dementia or Alzheimer's 
disease were treated . [Van Someren et al. 1997J However, the real breakthrough came in 2001 

when two research teams both found evidence for a non-rod, non-co ne circadian photo receptor 
[Brainard et al. 2001; Thapan et al. 2001]. In 2002 their findings were verified by Berson who 

discovered the type of ce 11 responsible for this effect [Berson et al. 2002] . 
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Berson determined that there were several different candidate photoreceptors, amongst which 

the retinal ganglion cells. Using narrow-band stimuli Berson compared the intensity ofthe stimuli 

to the responses of a single cell and found that retinal ganglion cells indeed could serve as the 

primary photoreceptors for circadian entrainment (circadian synchronization). These cells are 
now known as the intrinsically photosensitive retinal ganglion ce lis, or ipRGC's (for easy reading 

and convenience the term 3rd receptors will be used in the rest of the report). 

The 3rd receptors send signals to our main body clock which is located in the supramachiasmatic 

nucleus (SCN) in the hypothalamus. The SCN then sends signa Is to our pineal gland where they 

are used to regulate hormone production and body temperature modulations. 

The impact of light reaching the 3rd receptors on the production of these hormones depends on 

the wavelengths of the light and the luminance level of that light. Research shows that the blue 

component of the spectrum (464-484nm) has the largest impact on the production of melatonin 
[Berson et al. 2002]. 

2.1.1. Circadion rhythm and melatonin 

Two ofthe hormones that are regulated by the pineal gland are melatonin and cortisol. Melatonin 

in combination with low light levels is responsible for an increased feeling of sleepiness. This 

effect is part of the circadian rhythm (also known as the body's biological clock) and works 

closely with a second effect which uses cortisol in combination with light cues to wake the body 

up. During the waking up period, the produced cortisol causes our body to increase the blood 

sugar levels which gives the body more energy and prepares it for the coming day's activities. 

During the dav the cortisol levels decrease and finally drop to their lowest level at midnight. 

During the evening, when the light levels are decreasing, the melatonin production is started. 

This will cause the body to become sleepier. Eventually, in the morning the cycle will be reset . 

[Knoop 2006; van Bommel et al. 2004] 



Figure 2.1. Visual and biolagical pathways in the brain: Nerve connections between the 
retina of the eye and the visual cortex and between the retina and the seN and the pineal 
gland. Souree: van Bommel and van den BeId 2004 
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2.2. Light sources relevant to the biological effect 

Up till now only the theoretical side of the biologica I effect has been discussed. This section will 

deal with the practical side of the biologica I effects . It will give more detailed information on how 

different light sources influence the biologica I effect and what the consequences of exposure to 
those light sources are. 

2.2.1. General non light source specific theories and effects 

The possible effects caused by the 3rd receptor can be roughly divided into two parts. The first 

set of effects can be summed up as effects that influence the entire circadian rhythm (long term 

effects). The second set of effects can be summarized as effects that improve small time frames 

(direct effects). 

The first set of effects is based on the knowledge that light can be used to influence long term 

circadian effects. This has opened up several new areas of research, amongst which is light 

therapy. 

Light therapy is a very wide field and can be used for both the long term and the direct effects. 

Two examples of the long term effects are phase shifting and improving sleep quality. A weil 
known example is jetlag in which the time zone difference plays a large role. A second example is 

shift workers who have to work night shifts. By using light therapy at set times it can help them 

phase shift their usual rhythms to suit their working hours. 

Patients who suffer from chronic sleep disorders (also very frequently seen in patients with 

Alzheimer or dementia) can also greatly benefit from the long term effects. Using light therapy 
will help them reset their circadian rhythm and keep it synchronized with the daily rhythms . [van 

Someren et al. 1997] 

The second set of effects, the direct effects, is based on the melatonin suppression that can be 

achieved using light. Suppressing melatonin will result in increasing alertness and concentration, 

but also a feeling of wellbeing. This for example can be used to treat Seasonal Affective Disorder 

(SAD). SAD is believed to be caused bya lack of daylight exposure that often occurs during the 

winter months. Using light therapy to supplement the lacking light can greatly benefit SAD 

patients. By attempting to suppress the melatonin, the patient might feel more energetic and 



less down. [van Bommel et al. 2004; Knoop 2006; Rea et al 2002; Pauley 2004) 

Next to SAD, workers can also be influenced using light. Sleepiness can indirectly be linked 

to alertness, concentration, performance and feeling of wellbeing. Possible suppression of 

melatonin will decrease sleepiness and in turn influence the overall performance of the workers. 
This effect can be used to 'shape' the workers dav performance wise. 

Finally, research into the anatomy of the eye has shown that the 3rd receptor is the most 

receptive in the lower sections of the retina. This means that the vertical illumination level is 

more important for the biologica I effect than the horizontal illuminance, which is used in most 

of the codes and regulations. research by Aries has attempted to combine the horizontallighting 
requirements with vertical lighting requirements. The tests performed in this research have 

shown that it is possible to combine the horizontal requirements with the vertical requirements 

and still score weil in the acceptance studies. [Aries 2005) 

2.2.2. Daylight versus artificiallight 

Daylight distinguishes itself from common static a rtificia I light sources by its high luminance 

values, its fluctuating light levels and color temperature and its full spectrum light. However, it's 

also our natural source of light. 

The dynamic nature of daylight was always believed to be a natural stimulant for our circadian 

rhythm. With the discovery of the 3rd receptor this theory has been reevaluated and confirmed. 

Daylight is a full spectrum light source and contains a large portion ofthe blue spectrum to which 
the 3rd receptor is most sensitive. This means that daylight can play a large role in ma naging 

and resetting our circadian rhythm. This knowledge will not only help understand the various 

problems that relate to lack of daylight exposure but it can also be used to create possible 

solutions to help for example shift workers or low-daylight exposure jobs such as miners to 

maintain and regulate their circadian rhythms . 

In theory, lack of daylight exposure could also be supplemented by artificiallight sources with 

daylight characteristics. However, artificiallight differs from daylight in several aspects . Artificial 
light sources are often not full spectrum (the ones that are full spectrum can be rather expensive). 

Next to that, it is very hard to reach the light levels that are generated by daylight. Especially 

direct solar radiation is very hard to emulate. The combination of the two above mentioned 

15 



16 

differences between daylight and artificiallight make it nearly impossible to create an artificial 

light source that can fully emu late daylight in a working condition. 

I nstead of trying to create a full artificial daylight environment several manufactures have created 

localized light sources which are capable of the high light levels and contain the important blue 

spectrum component. These are often vertical light sources and as such should provide better 

exposure to the 3rd receptors. However, too high light levels on the eyes will become an irritation 

to the worker which could result in a reversed effect. 

Next to supplementing daylight with artificiallight, artificiallight can also be used to stimulate 

the worker (as mentioned in chapter 2.2.1). In this situation it is not absolutely necessary to 
achieve the high light levels or the full spectrum characteristics that daylight features. Instead, 

a combination of high color temperature fluorescence tubes and low color temperature 

fluorescence tubes can be used to create a large range of different stimuli for the 3rd receptors. 

An example of such a system is the Philips dynamic lighting system. This system focuses on office 

work and tries to influence the daily routines of office workers. In the morning it provides a nice 

cool light to 'energize' the workers, before lunch some low temperature light is provided to help 

the worker relax and have a resting period during lunch. Then, right after lunch the post-lunch 

dip is countered by energizing light which will gradually turn into relaxing light towards the end 

of the dav. Finally a short boost of energizing light is given for the journey home (figure 2.3). 

2.3. Measuring performance 

As stated in the introduction, performance differences will be used to evaluate the possible 

biologica I and emotional effects that light has on the hu man body. But what exactly is performance 

and can it even be measured? 

Performance can be seen in different ways. One ofthe first things that cometo mind is productivity. 
Leaman and Bordass state the following in reference to productivity: "By 'productivity' we mean 

the ability of people to enhance their work output through increases in the quantity andJor 

quality of the product or service they deliver." [Leaman, Bordass in Clements-Croome 2006] The 

question here arises is what do they mean by quality. Quantity can be quite easily explained by 

the amount of units that are produced. Quality, however, can be seen both as the quality of the 

produced products, but on the other hand can also be referring to the inventiveness of a new 
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design, or the creativity in solving certain problems. 

Aranoff and Kaplan (1995) use a slightly different approach which might be more suitable. First 

of all they only observe the office space whereas Leaman and Bordass are looking the workplace 

in general. Second, they divide the work in clerical work and knowledge work. The clerical work, 

so they state, can be identified and monitored by following the set procedures for that kind of 

job. Knowledge work productivity, on the other hand, cannot be measured since there are no 
procedures to followor standards to measure with . 

After careful analyzing the clerical work, Aranoff and Kaplan realized that the previously made 
division has been made too hastily. Even though clerical work appears to be bound by procedures, 

they appeared to be guidelines and workers improvised around those guidelines to get their jobs 

done. 

As a solution to the issue that different jobs are hard to compare, and one job is harder to 
measure than another, Leaman and Bordass suggest that using perceived productivity is the key 

to measuring and comparing productivity. This system depends on self evaluation by the worker 

of his or hers own productivity. This method is, however, a very subjective type of measuring and 

susceptible to forgery. Recently, studies have used validated medical trials and tests to overcome 

this problem. 

Next to these validated tests, an alternative has been designed that instead of measuring 

productivity itself, give an indication of productivity by assessing alertness, concentration and 

speed, measured in the traditional clerical method. 

2.3.1. Productivity test 1: d2 attention and concentration test 

Originally created to test the driving skilIs of German truck drivers, the d2 test is now a universally 

acknowledged test for attention and concentration. 

General d2 test information 

The d2 test focuses on visual identification of symbols which are equally familiar to all test 

subjects . By keeping the symbols simpie, other personal skilIs will not influence the test results. 

The simplicity of the d2 test is also what separates itself from other tests such as math tests 
which involve personal skilIs that can influence the test results . 
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Three behavioral components create the base of the d2 test: 

• Speedjquantity, which means the amount of material has been processed in a set amount 
of time 

• Quality, refers to the correctness, carefulness and precision of the test process. 
• Chronologie sequence, looks at the stability of the results over time. It gives an indication 

relating to work attitude, premature saturation and fatigue. 

Test setup 

As stated previously, the d2 test us es a process of visual identification of relatively simple 

symbols. The test consists of 14 lines of 47 symbols each (see appendix A for a complete test 

sheet). The user is asked to encircle all the letters d with a total of 2 marks (2 above, 2 under, 1 

above-1 under, see figure 2.4). 

The symbols in each line alternate between the amount oftotal marks around the letter and also 

alternate between the letter 'd' and 'p'. The following picture gives a small example of how one 

of the lines in the test wililook like. 

For each line of 47 symbols total, the test subject has 20 seconds to select the letter d with 

two marks. After the time is up, the test subject continues on the next line. Over all the 14 lines 
this will give an overview of how constant his performance was, how many of the symbols he 

identified correctly and how many errors he made. 

The d2 test manual gives the following descriptions for the parameters that can be found from 

the test results: 

Tn: Total number of processed symbols (both correct and incorrect) . This parameter gives 

insight in the processing amount and is a very reliable measure for work speed. 

F: Total amount of errors (sum of error type 1 and 2). Error type 1 (F1) is the amount of errors 

made by omission , error type 2 (F2) gives amount of incorrectly encircled symbols. 

F%: The error percentage is a parameter that gives the accuracy of the test subject. 

This parameter relates the amount of error to the number of processed symbols (Tn) 

Tn-F This parameter is also called the total performance. Even though Tn-F is seen as a very 

reliable parameter, it is also very sensitive to errors and forgery when a test subject does 



not follow the instructions. This can be identified as the O-syndrome, a test subject can 

skips over the beginning of the line and finishes the last few, hence getting a high number 

of processed symbols, but also a very high number of errors. 

CP: Concentration performance is the total amount of correctly encircled symbols minus 
the amount of errors type 2. This measure is not sensitive to forgery since not keeping to 

the instructions will not alter the score. 

VT: This parameter gives the variation in speed by looking at the difference between the 14 

lines in the test. The VT parameter is found by taking the highest amount of processed 
symbols in a line minus the lowest amount of processed symbols in a line. 

2.3.2. Productivity test 2: Typing test 

The typing test is a clerical test created by the national research council Canada, institute for 

research in construction (NRC-IRC). This test was specifically designed by the lighting division to 

measure speed and accuracy of office workers under different lighting conditions and was used 

in several projects [Veitch, Newsham 1997; Boyce, Veitch 2003]. 

General type test information 

The typing test consists of several small text fragments . The test subject will get a set amount 
of time to duplicate as many of these fragments as possible with as few errors as possible. If 

the test subject does not type the word correctly, he will not be allowed to continue before he 

corrects his mistake. 

This test requires the test subject to be focused on the text, but also be alert for any possible 
errors. The combination of the amount of errors and the amount of text that has been processed 

will give an indication regarding alertness, concentration and productivity. 
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Test setup 

The computer based typing test displays two separate areas on the screen (figure 2.6) The Top 

area shows the text that the test subject has to duplicate. The lower area is the typing area 

for the test subject. To prevent copy-pasting of the text the mouse is temporarily disabled and 
cannot be used. 

The display only shows a fragment or paragraph of the complete text . Each time the test subject 

completes a paragraph he can hit a predefined key and the next paragraph wil! appear. Smal! 

sections of text have been chosen since not all test subjects wil! be able to type without having 

to look at the keyboard. This will prevent the test subject from having to search the text each 

time they look at the keyboard. 

The test subject will get a predetermined time to duplicate as much text as is possible. A timer 

can be shown to indicate how much time the test subject has left . After the test subject has 
finished the test, the software will create a text file containing the following information: 

Typed text 

Number of keystrokes 

Number of erase keys 

Number of cursor keys 

Mean score 

This information can be used to determine how much text the test subject has processed, how 
manye 

Next to the time, text and button configuration, the color of the different areas and the color, 

font and size of the text can be specified. Two studies by the NRC-IRC [Veitch, Newsham 1997; 

Boyce, Veitch 2003] have analyzed these aspects and have compared the productivity of office 

workers for different color combinations and font sizes. This is, however, not relevant to this 

study. 
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Figure 2.6. Screenshot of the type test softwore 

23 



24 

2.4. Statistical analysis methods 

To process the data from the performance tests and the measured parameters several statistical 
analysis techniques will be needed. These tests will specifically look at the significance of the 

data, the differences and possible trends that occur. 

2.4.1. Repeated measures and paired t-test 

The repeated measures test and paired t-test are tests which can be used to analyze and cqmpare 

the results of the same test subject under different conditions. The repeated measures test is 

based on the paired t-test, but unlike the paired t-test, which can only take 2 measurements into 

account, it can handle more than 2 measurements. 

The repeated measures test and the paired t-test are both based on the principle of equality of 

means. Both tests compare the means of the differences between the different datasets. If the 

difference between the means is zero, then it means that there are no significant differences. To 

judge this, two statements are made (the null hypothesis and the alternative hypothesis) 

HO: Ild = 0 (There is no difference between the means) 

Hl: Ildct-O: 0> Ild > 0 (There is a difference between the means) 

These hypotheses are tested using a 5% significance level. This means that if the chance that the 

differences are 0 is smaller than 5% (p<O,05) the differences are considered to be significant and 

the null hypothesis is rejected. 

2.4.2. Regression models 

Regression mode Is can be used to identify and analyze possible relationships between different 

variables. This is done by looking at the effect of independent variables on the dependent variabie. 

The dependent variabie can be affected by one or more variables . The method to analyze these 

effe cts is by using respectively simple linear regression and multiple regression. 



Simple linear regression 

Simple linear regression starts with the assumption that the dependent variabie is influenced 

by one independent variabie. The following equation can be used to describe the simple linear 

regression model: 

Y=a + ~·x + E 

In this model, the correction term ~(slope) indicates the relationship between the dependent 

and the independent variabie. The constant factor a (also called the intercept) provides the start 

point when x equals O. Finally the error term (E) indicates possible uncertainties and eventualities 

that might occur. 

Multiple regression 

Multiple regression starts with the assumption that there are several independent varia bles that 

influence the dependant varia bie. A similar equation as for simple linear regression can be used 

for the multiple regression model: 

Y=a + ~1·x1 + ~2.x3 + ..... + ~i·xi + E 

Covariance analysis 

The analysis of covariance (also called ANCOVA) is an analysis type that can be seen as an analysis 

th at uses both regression techniques and variance analysis(ANOVA) techniques. 

Covariance analysis can be used to balance groups which are imbalanced by aspects such as age 
or gender. In this case the analysis of covariance will be used to do aregression analysis on the 

performance test data, however, it will filter out the individual skill levels of the test subject. This 

will enable the analysis to find a common regression constant for all the test subjects without 

taking skill level into account. 

Correlation coefficient 

The correlation coefficient gives an indication of the strength of a relation between two variables. 
The correlation coefficient can be used to judge the results of the linear regression analysis. 

The results of the correlation analysis range from -1 to 1 where -1 gives the strongest negative 
relationship and 1 the strongest positive relationship. The closer the correlation coefficient gets 

to 0, the weaker the relation is. 
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3. Initial measurement protocol 

Measuring productivity is not something new and has been do ne in many researches. However, 

each research has different goals and uses different parameters to gain more understanding on 
the effects and the mechanics of human productivity. 

This research looks at a pre-conditioned, real life working situation where productivity will 

be measured under different circumstances. The aim of these tests will be to answer the first 

research question, as posed in the introduction: 

1: Is the performance of office workers affected bya window with a view or can the view be 

removed without any negative consequences to performance? 

la Will the performance of office workers be affected when the window view is blocked? 

lb Can daylight be replaced by an a rtificia I light source without any negative consequences to 
the performance? 

Little is known on how to structure the measurements and what will be the important parameters 

in these measu rements. I norder to investigate this, an initia I measurement protocol has been set 

up which will be executed and evaluated in order to create a proper and working measurement 
protocol which can be used for larger populations to find statistically correct results . 

This chapter will discuss the separate aspects of the initial measurement protocol. It will also 

give detailed information on important considerations that have to be taken into account when 

using this protocol. Since the goal of this research is to setup a general protocol that can be used 

at all times, case specific information will also be given regarding the actual execution of the 
tests during this research. 
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3.1. General test setup 

The general test setup originates from the research questions. From the two sub questions, 

two comparisons can be identified. The first comparison aims at comparing a work setting with 

a view, with a work setting where there is no view (with similar light conditions). The second 

comparison aims at comparing daylight with a rtificia I light to see if there are any performance 

differences. Again, the light conditions should be similar. 

From these two comparisons three different scenarios have been created. Each of these scenarios 
only differs in one aspect from the previous scenario. This helps to narrow down the effe cts 

responsible for possible productivity differences. 

1. The first scenario is a 'regular' office situation. This situation consists of an office with an 

unobstructed view. This is a reference measurement to be able to judge the second scenario. 

2. The second scenario differs from the first scenario in the fact that the view will be obstructed. 

However, the light should pass through relatively unblocked. This means that an obstruction 

method should be found that only blocks the view, but wililet as much light as possible pass. 

3. The third scenario differs from the second scenario in the fact that the light coming from 

behind the obstruction will be changed from daylight to an artificiallight souree. This artificial 

light souree has to be able to mimic the daylight conditions. The test subject will not be informed 

that this is no longer daylight. 

By measuring the productivity and the physical light conditions during the measurements 

possible differences in productivity can be identified and linked to the different conditions. 

3.1.1. Case specific information scenario 2 

In order to keep the light conditions similar and block the view at the same time, translucent cloth 

has been used to cover the daylight opening. Three different nylon cloth types have been tested 

using a LAMBDA 800 spectrophotometer made by PerkinElmer to find the highest transmission 

and the most constant absorption of the entire spectrum. 

As can be seen in figure 3.1, sample 1, which is Icarex Spinnaker cloth, has the highest transmission 

and also features relatively even transmission over the entire spectrum. 
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Figure 3.2. Measurements of the Strata luminaire containing 4x 17000K lamps and 
4x 6500K lamps with different intensity settings. 
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3.1.2. Case speciftc information scenario 3 

Since daylight can be seen as a diffuse light source, the artificiallight source has to be diffuse as 

weil. However, it also has to be able to reach the relatively high illuminances that daylight can 

achieve. For this, the Strato luminaire from Philips was chosen. This square luminaire (1,2m x 

1,2m) has a large diffuser and can be controlled using two separate channels. This will make it 

possible to mimic the dynamic features of daylight in both color temperature and illuminance 

(see appendix C for further information on the Strato luminaire). 

Based on measurements of the daylight conditions the Strato luminaires will be using 4 17000K 

ActiViva Active fluorescent tubes (Master TL5 HO) and 4 6500K fluorescent tubes (TL5-28Wj865). 

The combination of these light sources in the Strato luminaire creates an illuminance range of 

300-6500 lux and a color temperature range of 5750-12000K (see figure 3.2) 

3.2. Location 

One of the initial choices that had to be made was the location for the measurement. The location 

of the rooms has a large impact on several other parameters of the measurement protocol such 

as measuring times, sequence and data collection. 

3.2.1. Requirements 

Since the physical light conditions in the room will be constantly changing due to the dynamic 

nature of daylight (color temperature and illuminance), one of the primary requirements is to 

have separate rooms for the test subject and the physical data collection. This is needed to 

make sure that the test subject will not be affected or disturbed by un-office like measurement 

equipment. However, to make sure that the conditions in the second room are equal to the first 

room, both rooms need to be identical in size, interior and lighting conditions. 

3.2.2. Case speciftc information 

For this case, two measurement rooms at building physics laboratory ofthe faculty of Architecture 

Building and Planning, University of Technology in Eindhoven have been used. These rooms 



are almost identical in size and identical interior was present to convert the rooms to an office 

setting. A previous report by Aries has proven that the lighting conditions in both rooms are 

nearly identical «5% deviation)[Aries 2005]. The façade of these rooms faces west which means 

that direct sunlight will hit the façade during the afternoon. 

The interior was setup with the intention of simulating an office like environment. However, it 

was kept relatively neutral in order to appeal to most of the test subjects. The main elements in 

the room are a desk with a chair, a cabinet with a plant on top, and two additional chairs in the 

corner near the façade. 

The generallighting in these rooms consists of 4 Etap R4801/180 P11uminaires (for position see 
figure 3.3 on the next page) , each containing a 3000K Philips fluorescence tube(Tl-5 830). These 

luminaires have been set to deliver an average of 500 lux on the working area on the desk to 

meet the minimum requirements for offices. These luminaires will be on at all times during the 

experiment. 

The room has the following specifications: 

Room dimensions: 
Room surface: 
Window surface: 

5400mm x 3500mm x 2700 (I x b x h) 
18.9 m2 
2.88 m2 

Reflectance factors (determined using luminance comparison): 

Walls (North, East, South): 89% 
Façade (West wall) 89% 
Floor 27% 
Ceiling 88% 

3.3. Daylight opening 

The daylight openings are an important aspect of the measurement rooms. They provide the test 

subject with a view outside and expose the test subject to daylight. The size of these openings 
will influence the overall atmosphere in the room . 
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3.3.1. Requirements 

The daylight openings have to be large enough to be able to look outside and not feel isolated. 
However, when picking the size ofthese openings, it must be kept in mind that the same openings 

also have to be able to be covered with a screen and filled with artificiallight in later scenarios. 

3.3.2. Case specific information 

In this case we will be using the Philips Strato luminaire to provide the 'artificial daylight'. These 

units have a fixed size of 1,2 x 1,2 meters. Since this is already the size of a reasonably sized 
window, this size will be used for the daylight openings which can later be used to house the 

St rato luminaires. However, one window of 1,2 x 1,2 meters will not be sufficient to create 
the desired open atmosphere. Instead, two of these windows will be used which will provide 

sufficient daylight exposure and penetration. 

Due to construction of the rooms that are being used, an offset of 10 cm between the windows 
has been used. The position of the windows can be seen in figure 3.4. 

3.4. Data collection 

The data collection describes what kind of data needs to be collected during the measurements 
in order to analyze the results. 

3.4.1. Requirements 

Three different sets of data will have to be collected to get as much information as possible : 

Physical data of the environment 
Test subject inquiries 
Performance results of the test subject 
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Next to this, the test subject should not be confronted with a room full of measurement 

devices. Ideally, the test subject will enter a room that comes as close to a real office situation 

as possible. 

Physical environmental data 

To be able to find the link between the daylight conditions and the response from the test subject, 

the daylight specific parameters need to be monitored . Next to this we wish to know how much 

of the light from the window actually reaches the test subject's eyes. Finally, the general room 

parameters need to watched in order to watch for irregularities. In order to do this the following 

parameters need to be measured and logged during the test sessions: 

Ve rtica I illuminance on the eye 
Ve rti ca I illuminance on the window 
Ve rti ca I Correlated Color Temperature on the window 
Horizontal illuminance on the work plane 
Vertical illuminance at SOmm from the window 
Luminance of room surfaces 

Test subject inquiries 

To find out more about the test subject, how they feel and how they think they performed a 

questionnaire will be used. This questionnaire will consist out of 4 separate sections. 

1: The general questions, these questions focus on collecting data on the test subject such as 

age, gender and eye defects. 

2: Questions that are combined with the alertness tests. These questions are meant to obtain 

subjective data on the alertness of the test subject next to the objective data from the alertness 

tests. 

3: At the end of each scenario a few additional questions will be asked to collect data on overall 

comfort level of the test subject and personal opinion of the room. 

4: After each test session (2 tests scenarios) this questionnaire will be used to collect data on 

how weil each test subject Iiked the different scenarios. 

These questionnaires can be found in appendix B. 
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Test subject performance 

To acquire an indication of the test subject's performance, the two tests that are discussed in 

chapter 2.3.1(d2 test) and 2.3.2 (type test) can be used. These tests both take approximately 5 

minutes. 

3.4.2. Case specific information 

Due to the requirement of having the measurement equipment not in the same room as the test 

subjects, the second room will be used for measuring the physical data. 

To avoid keeping the second room constantly filled with equipment, the first and second 

scenario can be used to determine the relationship between the above described parameters 

and a reference point. With this comparison between the reference point and the rest of the 

parameters, it is possible to limit the measurements of future scenarios to the reference point 

without losing information regarding the other room parameters. This reference point can be 

measured with one sm all device which will not endanger the office-look that is desired. 

To perform the conversion from the reference point to the actual values on the desk and eyes, a 

set of measurements have been used to calculate these conversion values. These measurements 

show that the difference between the reference point illuminance and the iIIuminance on the 

desk, and the vertical eye measurements have a linear relationship. The following formulates can 

be used to convert the reference point measurement (Ev,Ref) to the values on the desk (Ev,Desk) 

and the vertical right and left eye positions (respectively Ev,R-Eye and EVIL-Eye) 

Ev,Desk= Ev,Ref - ( 0.8022 • Ev,Ref - 336.275) 

Ev,R-Eye= Ev,Ref - ( 0.8838 • EVlRef -193.4834) 

Ev,L-Eye= EV,Ref - (0.9218 • EVlRef -176.9523) 



3.5. Testing procedure 

3.5.1. Requirements 

Test subject mental state 

Ideally the test subject has to have the same state of mind/mental condition for each of the 

scenarios that need to be compared. However, the state of mind of a test subject will change 

over the course of the dav and can even f1uctuate at times. This has to be taken into account for 

the sequencing. 

Additionally the test subject's state of mind will also change from dav to dav due to external 
influences such as stress or feeling of wellbeing. For within-subject testing and analysis this 

means that all scenarios that need to be compared should be performed on the same dav. 

Test subject reset 

The test subject will be exposed to the three scenarios and their mental state might be affected 

by the different settings. Since the mental state should be similar at the start of each scenario 

the test subject needs a reset period between each scenario. During this reset period, the test 

subjects will not be exposed to daylight and possible effects from the previous scenario can fade 

away. 

Emulating daylight conditions 

In order to make a good comparison between the second and the third scenario, the artificial 

light source has to be able to emulate the daylight conditions. This means that the artificiallight 
source has to be controlIabie and dynamic and has to be able to reach daylight illuminance and 

color temperature values. 

A consideration that has to be taken into account here is that direct sunlight can result in very high 

illuminance values (up to 100.000 lux) which are almost impossible to emu late using commercial 

light sources. The consequence of this problem is that measurements can only take place when 

there is no direct sunlight on the façade. 
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3.5.2. Case speciftc information 

Measurements have shown that the direct sunlight hits the façade of the test rooms around 

14.00 (2 pm). The Strato luminairejlamp combination will not be able to emu late the sunlight. 

To avoid this issue, only the morning period will be used to perform the tests. 

Taking into account the requirement to measure all scenarios in one dav (to prevent changes in 

the state of mind of the test subject), and the required reset periods, each scenario would be 

one hour maximum combined with 10 minute reset periods. Both the short scenario's and short 

reset times are unacceptable and most likely will not be long enough to respectively reset the 

test subject and measure performance differences. 

As a solution, the measurements will be spread over two days. Since Scenario 1 needs to be 

compared with scenario 2, and scenario 2 needs to be compared with scenario 3, scenario 2 will 

be tested on both test days. 

The second issue is related to the dynamic daylight levels during the dav. In general, during the 

beginning of the dav, daylight levels will be lower and will rise during the morning. This means 

that the first test session (when using 2 sessions during the morning) will feature lower daylight 

levels compared to the second session. However, the second session uses the screen to block the 

view, but as figure 3.1 shows (spinnaker transmission factors), will also lower the daylight levels. 
This effect wililower the daylight level difference between the two scenarios. 

A consequence of this solution is that the first and the second scenario cannot be 

interchanged. 

The following timetable is the result of these considerations: 

Day 1- first test session: 

8.45 
8.55 
9:00 
9:20 
9:50 
10.20 
10.30 

Briefing regarding the test procedures 
Test subjects enter the room 
Start of scenario 1, complete questionnaire type 1 
irst set of tests, productivity tests and questionnaire type 2 
Second set of tests, productivity tests and questionnaire type 2 
Third set of tests, productivity tests and questionnaire type 2 
End of Scenario 1 



10.30-11.00 Break, test subjects fil! in questionnaire type 3 

10.55 
11.00 
11.20 
11.50 
12.20 
12.30 
12.30 

Test subjects enter the room 
Start scenario 2 
First set of tests, productivity tests and questionnaire type 2 
Second set of tests, productivity tests and questionnaire type 2 
Third set of tests, productivity tests and questionnaire type 2 
End of scenario 2 
Complete questionnaire type 3 and 4 

Day 2 - second test session: 

8.45 
8.55 
9:00 
9:20 
9:50 
10.20 
10.30 

Briefing regarding the test procedures 
Test subjects enter the room 
Start of scenario 2, complete questionnaire type 1 
First set of tests, productivity tests and questionnaire type 2 
Second set of tests, productivity tests and questionnaire type 2 
Third set of tests, productivity tests and questionnaire type 2 
End of Scenario 2 

10.30-11.00 Break, test subjects fil! in questionnaire type 3 

10.55 Test subjects enter the room 
11.00 Start scenario 3 
11.20 First set of tests, productivity tests and questionnaire type 2 
11.50 Second set of tests, productivity tests and questionnaire type 2 
12.20 Third set of tests, productivity tests and questionnaire type 2 
12.30 End of scenario 3 
12.30 Complete questionnaire type 3 and 4 

---- - - -- -

The sequence wil! be controlled bya piece of software written for this specific timetable called 

Scheduler. 
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In order to avoid confusion, the rest of the report will use slightly different designations for the 

different scenarios: 

Scenario 1: Scenario 1 
Scenario 2 first test dav: Scenario 2a 
Scenario 2 second test dav: Scenario 2b 
Scenario 3: Scenario 3 

3.6. Test population 

The aim of this research is to provide information on daylight effects in offices. As such, the test 

population should consist of office workers. However, since office workers is a rather broad term, 
this has been redefined as office workers whose regular job in an office revolves around desk 

work. 

3.6.1. Requirements 

The test subjects will need to be available for two full mornings from 8.45 till 12.30. These 2 

mornings will be planned in two sessions. 

Furthermore, the test subject has to be an office worker who spends the majority of his working 

time at a desk. 

The test subject must belong to the desired age bracket and gender requirements (if set) have 

to be taken into account. 

3.6.2. Case specific information 

Since the first tests wil! be a part of the pilot study, 10 test subjects will be used. To achieve 

correct test results, a within-test subject analysis wil! be used. This analysis type only looks at 
differences between the different scenarios for one test subject. 

The age group of the test population has been set at 25-35 years of age. This means that the test 

subject group will be relatively young. This age bracket has been chosen in combination with the 



available test subject pool. 

The gender will not be taken into account for the pilot study. 

The final test group considered of 8 male and 2 female test subjects with ages ranging from 25 

to 33 and an average of 28. 

3.7. Test briefing 

Before each test dav the test subjects need to be briefed regarding the tests procedures. 

If the subject wishes to drink coffee or any other substance that will affect the alertness, 

concentration or productivity, then they need to do this before each of the tests in order to have 

the same start situation before each of the scenarios that is tested that dav. 

The test subjects will not be told wh at the different scenarios are, nor will they be explained 

what the aim of the research is. This will ensure that all test subjects will enter the tests without 
prejudice. 

Next to the briefing on the test dav, they also need to be briefed in advance about the desired 

condition they arrive in. Of course there is no way to ensure a rested and fully awake condition, 

however, it is possible to recommend and ask the test subjects to act in a certain way to prepare 

for the test days. 

The test subjects can be asked to take a good night's rest before the test dav, and not drink any 

alcoholic beverages. 

3.7.1. Case speciftc information 

The test subject will arrive 15 minutes before the start of the tests. During this period the test 
subject will be explained how the sequence software(Scheduler) works. 

The following aspects of the Scheduler are important: 

• The Scheduler uses beeps to draw the test subject's attention (take this into account when 
listening to music) 
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• The Scheduler will provide messages to help the test subject understand the task. 

• The tests always have priority over anything else the test subject is doing. 

Next to the sequencing software, the questionnaire booklet will be explained along with the d2 

test and the typing test. 

For the d2 test, the test subject needs to be explained the following aspects: 

• You have to identify and encircle the letter d with 2 marks total (with examples) 

• You will get 20 seconds for each row 

• Do not start looking at the test before the start-beep 

• When you are not finished before the software indicates the 20 seconds are up, continue to 

the next line 

• When you are finished before the 20 seconds are up, do not start at the next line, nor look 

at the next line. Start with the next line after the beep. 

For the typing test the subject needs to be explained the following aspects: 

• The tests starts automatically and the test subject should start immediately without looking 

at the sequencing software first. 

• The layout of the screen and how the test works 

• The time limit of 4 minutes and that the test will shut down automatically 



4. Measurement protocol execution 

I norder to get a clear understanding of all the resu lts and the test setu P, this chapter will discuss 

the execution of the measurement protocol as described in chapter 3. 

The execution of the measurement protocol can be divided into four sections: 

• Room specifications 
• measurement equipment setup 
• Test execution 

4.1. Room specifications 

After the modifications of the façade and reconnecting the a rtifi cia I lighting, the rooms have 

been re-evaluated to check possible differences. This chapter will also discuss the measured 

differences between the natural daylight and the artificial daylight setup. 
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4.1.1. Genera/ artificia/lighting 

The general artificiallighting in both rooms is driven bya DMX controller. Both rows of artificial 

lights in both rooms are linked to a separate channel and can be controlled using a Scenio 100 

configurator utility. 

This utility was used to setup the lighting conditions in such a manner that the general artificial 

light provided the required 500 lux on the working plane without having to rely on daylight. 

For the desk measurement, a 3% lower value is found when comparing the right room to the 

left room. Forthe rest ofthe room measurements (on desk level), differences are higher, ranging 

from 5% to 11%. The vertical eye measurements are quite similar; the left eye showing a decrease 

of 5% and the right eye a decrease of 0.5%. 

These measured differences are most likely caused by differences between the lamps. Since 

the lamps have not been replaced with new ones before the tests, discrepancies might occur 

between the separate lamps due to different aging effects. 

It is unknown how the light changes will affect the performance. As aresuit, it is not possible to 

assess whether or not the found differences will influence the test results. 

4.1.2. Artificia/ day /ighting 

As described in the measurement protocol, the artificial daylight will be provided by two Strato 

luminaires from Philips, housing 4 17000K lamps and 4 6500K lamps in each luminaire. These 
two lamp types will be linked to two different channels that can be controlled individually. The 

achievable range ofthis lamp combination can be found in figure 3.2 in chapter 3.1. 

To see if the artificial daylight source results in the same room distribution as natural daylight, 

the artificial daylight has been setup to simulate a recorded daylight situation based on the 

reference point measurement. 
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The differences that have been found in the horizontal plane range from a 14% decrease on 

the desk (cam paring artificial daylight to natural daylight) to a 10% increase near the desk. The 

vertical measurements on the eyes show a 15% decrease on the left eye and 17% decrease on 

the right eye. 

The Strata luminaire appears to have a more even distribution across the room, not only supplying 

a high illuminance near the façade, but also distributing the light deeper into the room. This 

means that in the daylight situation the vertical illuminance on the eyes will be larger compared 

to the artificiallight source. 

Bath the Strata channels can be controlled with a 0-10 Volt electric current. The 0 Volt current 
theoretically means 0% power, however, the Strata has a lower limit of 10% which means that 

the lamps have an effective range from 10% to 100% 

Using the software designed specifically for this project, Stratolab, a text file can be inputted to 

create a timetable for the Strata luminaires to execute. Instead of a 0-10 value, Stratolab uses a 

bit-like designation from 0-4095. This means that the Strata can theoretically be increased with 

increments of 0.02 %. 

The text file contains three different values: 

X: The power value for the first channel 
W: The power value for the second channel 
t: The time that the Strata should maintain this value. 

In order to create gradual increases or decreases which are not visible, Stratolab uses a linear 

increase or decrease in a set amount of steps. This amount of steps can be set along with the 

amount of time each step should take. 

The entire setup uses the following equipment: 

The Strata power cables are connected to a DMX controller which supplies the luminaires with 

230V. The channel connectors, which require the 0-lOV are connected to a multilab case . The 

multilab case is controlled by a computer which is connected to the case using the comm-port 
on the computer. 

A fuillist of the measurement equipment and used hardware can be found in appendix C. 
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4.2. Measurement equipment setup 

The different measurement devices require three separate setups. The first setup is used for 

the desk and eye illuminance measurements. The second setup is used to record the correlated 
color temperature (CCT) and the vertical illuminance at the reference point on the window. The 

final and third setup is used to measure the luminance using the luminance camera . All details 

regarding the used measurement equipment can be found in appendix C 

4.2.1. lIIuminance setup 

The illuminance setup is used to log both the vertical illuminance at the eye, but also the 

illuminance on the work plane ofthe desk. To log th is, the labview-based software called Multilab 

was used. Multilab gives the us er the option to set the total measurement time and the interval 

for taking the measurements. Next to this, it also has the possibility to use a correction for the 
sensitivity of the measurement cells. For the Vertical illuminance at the eye, a setup was used 

with 2 different cells which needed to be adjusted in the software. 

The setup used for the vertical illuminance at the eye consists of two illuminance measure cells 

which are shielded by pieces of sheet metal in order to simulate an eye socket (as used in [Aries 

2005]). The setup also gives the possibility to adjust the angle and direction of the cells, however, 

for these tests the cells were kept at a 0 degrees angle, perpendicular to the desk at a height of 
1.2sm. 

4.2.2. Reference point CCT and illuminance setup 

For the reference point measu rement, a M inolta CL200 Chromameter is used. In order to log this 

device, new software has been written by the technical staff of the building physics lab called 

CL200Logger. This software allows the user to set the measurement interval and select the run

mode which the CL200 has to use. For this test setup, the mode was set to x, y, E. setting which 
registers the x and y coordinate referring to the ClE chromaticity diagram and the illuminance 

(E.). These x and y values can then be transformed to the CCT using the method described by 
Raymond L. Lee (as described in [Hernández-Andrés, Lee 1999] 
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4.2.3. Luminance setup 

For this setup, a Technoteam LMK 96-2 luminanee camera was used. This camera was placed in 

such a fashion that it could see most of the desk and the wall which faced the test subject. This 

position will allow for a general impression of the wall and desk and can be used to check for anv 

severe increases or decreases. The software allows the user to setup a measurement sequence 

which can be started at anvtime, and will take a certain amount of luminanee pictures in the 
specified amount of time . 

4.3. Test execution 

The two test davs, as explained in chapter 3.5.2, used different setups regarding measurement 

equipment, but also lighting setup (the second test dav requires the Strato luminaires to be in 

place). As aresuit, two separate periods were used for the two test sessions. 

The first test period took place from the 5th of June ti 11 the 23rd of June which tested scenario 1 

and 2a. The second test period took place from 27th of June till16th of JulV and tested scenario 

2b and 3. In between these two periods were several davs to convert the rooms for the second 

test dav. 

4.3.1. Scenario conversion 

During the first test dav, the onlv thing that needed to be added to the scenario was the screen 

to block the view. 

The second dav, however, required more modifications. As described in chapter 3.5 the second 

test dav will onlv use a reference point measurement which will be enough to calculate all the 

other parameters, but also will be used as a direct measurement to control the Strato luminaires. 

This reference point measurement will be performed bV the CL200 Chroma meter. 

During the first scenario of the second test dav, this reference point measured both the CCT 

and the illuminance of the window plane (including the screen). In the break between the two 

scenarios, the data from 8.55 ti 11 10.40 was converted into 5 minute averages and then manuallv 



the closest Strato settings were selected for those averages. The resulting data file was then be 
loaded into the Stratolab software. At 10.55 the Stratolab sequence was initiated to emu late the 
conditions of the first scenario of that dav du ring the second scenario of that dav. 

Next to the light conversion, the laptop containing the scheduler software and the reference 
measurement device needed to be moved to the second room. 

4.3.2. physicallight conditions in the room 

To give an impression of the dVnamic nature of davlight, the lighting conditons of one single test 
subject wil! be presented here. 

Daylight opening conditions 

This chart shows the IIluminance (red, left axis) and the correlated color temperature (blue, right 
axis) of the fi rst two scenarios in the reference measurement position( iS! scenario from 9:00 to 

10:30, 2nd scenario from 11:00 to 12:30) 

lam " Ol '>(1) 

Figure 4.9. Corre/ated C%r Temperature (right axis, b/ue) and lIIuminance (Left axis, red) 
at the reference position 
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Desk and eye levels 

This chart shows the horizontal illuminance on the work plane and the vertical illuminance of 

both eyes. For the calculations and result analysis, the average of these two values was taken. 

lIIuminanc8 at the desk and eye POSltiOM 
17th of June 2008 
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Iliuminance measurements 

The following two pictures taken by the luminance camera show the distribution inside the room 

at a given time during the same measurements as depicted in the previous 2 graphs. 

Figure 4.12. Luminance at 10.53 on the 17th of June 2008 -
Scenario 2 conditions, with block-screen 
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5. Results 

After executing the tests according to the measurement protocol, the results have been analyzed 

to be able to answer the research questions that have been posed in the introduction. However, 

in order to compare the different scenarios, the raw data wil! first need to be processed and 

analyzed to achieve comparable data. This chapter wil! start with the data analysis and will build 

up to the comparison of the different scenarios. It has to be taken into account that this data 

has been collected from 10 test subjects under strict conditions and should not be seen as a 

representation of the entire population. 

General note: Two test subject's data sets are incomplete and will be left out of the analyses. 

5.1. Influence of Color temperature and i/luminance on the performance results 

The goal of this research is to identify possible differences in performance levels with regards to 

three different scenarios . To identify the effect of the scenarios, all of the other effects that might 
be influencing the performance of the test subject need to be eliminated. 

One ofthe ma in theories used in this research suggests that light can affect a person's performance. 

When combining this theory with the fact that daylight has a dynamic color temperature ((CT) 

and illuminance level, it can be concluded that daylight could be constantly influencing the 

performance level of a person. Since daylight is one of the main light sources in this research, 

this effect needs to be taken into account before the scenario comparison can be made. 
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5.1.1. Effective timefrome 

Even though it is known that the biological processes in our body respond fairly rapid to changing 

illuminance levels and CCTs, it is unknown how rapidly this occurs . With each person reacting 

differently to light, it is highly unlikely that there is a general answer for this question. 

To get a better understanding of this issue, a multiple regression analysis will analyze possible 

relationships between the performance test results and the average illuminance levels and CCTs 

during different periods. 

For this analysis, the averaging periods for the illuminance levels and CCTs (which will be referred 

to as timeframes) have been chosen by selecting different start times and different lengths. 

Each timeframe is designated by its position on the timeline regarding the performance test it 

is assumed to influence and the length of the interval. The start of each performance test has 

been set as T =0 

Ta: 
T5-5: 
TlO-5: 
Tl5-5: 
120-5: 
TlO-10: 
T20-10: 
120-20: 

T=O ti 11 the end of the test (=4 min interval) 
T= -5 till T= 0 (=5 min interval) 
T= -10 ti 11 T= -5 (=5 min interval) 
T= -15 till T= -10 (=5 min interval) 
T= -20 ti 11 T= -15 (=5 min interval) 
T= -10 till T= 0 (=10 min interval) 
T= -20 ti 11 T= -10 (=10 min interval) 
T= -20 ti 11 T= 0 (=20 min interval) 

The performance test results that will be used to link these timeframes to the performance are 

average result overthe entire test period . As aresuit, ave rages values ofthe CCT and the average 

vertical illuminance on the eyes during these timeframes need to be used (for convenience, 

the term illuminance will be used in the rest of this chapter to designate the average vertical 

illuminance on the eyes). 

A multiple regression analysis using the timeframe averaged CCT and illuminance values as 

independent parameters and the type test and d2 performance as the dependent parameter 

showed that none of the timeframes showed a clear relationship to the performance. For 

some test subjects, significant results were found, however, these results were often negative. 



This would imply that higher illuminance levels and higher CCT's have a negative effect on the 

performance. This is, however, exactly opposite to what was expected. 

To examinethe possible reason forthese unexpected results, a correlation analysis was performed 

to find out how much the timeframes were related to each other. If a high correlation between 

the different timeframes is present, then they wil! interfere with each other, making the results 

of the multiple regression analysis unreliable. 

This analysis revealed that the different timeframes have very high correlation factors. Table 

4.1 shows that the correlation of both the CCT timeframes and IIluminance {E.} timeframes are 

above 0.90 on average {the entire correlation matrix can be found in appendix Dl}. 

Table 5.1 Correlation factors af different timeframes 

CCT E 

Minimum 0.81 0.77 

Maximum 0.99 0.99 

Average 0.94 0.92 

Due to the high correlation factors, the decision has been made to select one of the 

timeframes(TlO-lO) to continue the analysis of possible CCT and illuminance effe cts on the 

performance. The TlO-lO timeframe has been selected due to its high correlation factor to the 

other timeframes . 

5.1.2. CCT and il/uminance correction factor analysis 

The results from the timeframe analysis show that using one timeframe wil! suffice to find a 

possible relationship between the light parameters during a given timeframe and the results of 

the performance 

test that followed that time frame. 

For the rest of this analysis, the TlO-lO timeframe wil! be used . Figure 5.1 shows that, when 

plotting the performance as a function of the illuminances {Evl, that there are no obvious 

relationships that can be identified (see appendix D2 for the full size graphs ofType performance 

versus E. and CCT, and d2 performance versus E. and CCT) 
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To establish whether or not a common correction factor for the CCT and Ev exists, a covariance 
analysis has been performed on the combinations d2-CCT,Ev and Type test - CCT,Ev. The full results 

of this analysis can be found in appendix D3. 

The covariance analysis for the test using both CCT and Ev found a negative relationship between 

the CCT / Ev and the performance. Next to this, these factors had very high standard error values 
(up to 33% of the found factors). This means that there is still a very large variation even though 

the factors were found to be significant. 

A second set of covariance analyses was performed to test each performance test with the 
CCT and Ev separately. This again resulted in correction factors of 0 or negative (again with high 

standard error values). 

To analyze the results from the covariance analysis, multiple regression analyses we re made 

of the individual test subjects. These analyses showed inconsistent results as weil as different 

(negative) factors for each ofthe test subjects and almost no significant relations. 

As a conclusion, it can be said that from this test data, no factor to correct the performance 
results on dynamic daylight conditions can be derived. 

5.2. Scenario light condiöons comparison 

The previous section showed that with the found test data, correction factors for CCT and 
illuminance cannot be found. However, literature shows that light does have an effect on 
performance. In this specific case it could be interpreted as other effects having a stronger 
influence on performance, negating the Iight's effects. 

In order to get a better understanding of what the biological effect of light has been during the 

tests, an internal Philips tooi has been used to analyze the test data. 

This tooi is based on an experimental circadian efficacy curve developed by Philips lighting, 
based on the melatonin suppression data from Brainard et al. (2001) and Thapan et al. (2001). 

Similar modeis, based on the same data have been partly validated. In this model both the color 
temperature and the illuminance are used to calculate the effect changes in percent compared 
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to a reference light source of 3000K with an illuminance of 500 lux. 

In this case, the tooi has been used to calculate the theoretica I biological effect caused by the 

nO-10 timeframe compared to the reference light source. 

For both scenario combinations (scenario 1-2a and scenario 2b-3) the mean and standard 

deviation of the difference between the two data sets have been calculated. Note that the 

indication % is used here as a unit, and not as an indication of a relative value. 

Table 5.2 Mean and standard deviation af the difference between 2scenarios 

Mean Std Dev. Sig. 

Minimum 23% 28% 0.000 

Maximum 6% 15% 0.047 

These results show that for the combination Scenario 1-2 (tabie 5.2), the mean difference 

indicates that Scenario 2a shows a lower biologica I effect than scenario 1. The mean is paired 

with standard deviation of 28% which means that the bulk of the values from the data set can 

be found in a range of 28% on both sides of the mean. A paired T-test analysis showed that the 

2 data sets are significantly different (p<0.05). 

The second Scenario combination (tabie 5.2), where in scenario 3, scenario 2b was emulated, a 

much closer result is found. The mean difference shows that on ave rage, scenario 3 has a lower 

biological effect compared to scenario 2b. Next to this relatively low mean difference, a standard 

deviation of 15% is found. A paired T-test analysis showed that these two data sets are still 

significantly different, however, it is a border line case with p=O.047 (with p<O.05 meaning that 

significant differences have been found). 

The paired T-test also gives a correlation overview which shows that scenario 1 and scenario 2a 

have a very weak relation to each other with a correlation factor of 0.196 (where 1 and -1 are 

heavily correlated and 0 is not correlated) . The comparison between scenario 2b and scenario 3, 

however, resulted in a high correlation factor of 0.963. This high correlation corresponds to the 

fact that scenario 3 is the emulated version of scenario 2b and shows that the convers ion from 

scenario 2b to scenario 3 was executed successfully. 



5.3. Type test and dl test comparison 

The previous section indicates that it is not possible to identify a relationship between the 

illuminance levels and the CCT. This means that for the comparison of the performance results, 

no additional corrections have to be applied. 

5.3.1. Within scenario analysis 

The first aspect that needs to be analyzed for both tests is how the test subjects performed 
during the separate scenarios . The main question that needs to be answered here is whether 

or not the test subjects had a constant level of performance, or if large differences within each 

scenario can be found. 

To do this, a repeated measures analysis has been used to find out whether or not significant 
differences can be found within each scenario. For the type test, this analysis has been performed 

for all 10 test subjects. For the d2 test this analysis has been performed for 8 of the 10 test 

subjects since 2 of the first scenario test results were flawed. 

The full repeated measures analysis can be found in appendix D4including graphs of individual 

scenario curves for all test subjects. 

Table 5.3. Greenhause-Geisser signiftcance factors repeated measures analysis 

Type test sig. d2 test sig. 

Scenario 1 0.027 0.000 

Scenario 2a 0.143 0.103 

Scenario 2b 0.708 0.002 

Scenario 3 0.452 0.07 

For both test, the significance level is set to 5%. This means that for all significance values <0.05 

the HO hypothesis, which indicates that the differences are 0, is rejected. 
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For the type test, only the first scenario shows significant differences with a value of p=O.Ol. The 

rest of the scenarios do not show any significant differences. This could be explained by the fact 

that during the first scenario, the test subjects had to get used to the tests which could result in 

a gradual increase to their 'regular' performance level. 

The d2 test shows that two out of four scenarios do not show significant differences (scenario 

2a and 3) and three scenarios all showing values lower than p=O.05 and thus significant 

differences.' 

From these differences, two conclusions can be drawn. The first is that the two types of test 

appear to differ from each other, which means that both tests need to be treated separately. The 

second conclusion is that there can be significant differences within each scenario (especially 

during the d2 test). This could affect the way to compare the different scenarios. 

To solve this last issue, an assumption has been made : The possible effects of the changes in the 

scenarios (as described in chapter3.1) are dependent on the time that has been spent in that 

scenario. This means that looking at the entire scenario, the maximal possible effect will be at 

the end of the scenario. With that in mind, the 3rd set of tests of each scenario can be used for 

comparison. 

5.3.2. Scenario comparison 

Based on previous stated assumption, the uncorrected value of the 3rd test from each of the 
scenarios shall be used to compare scenario 1 and 2a and scenario 2b and 3. This has been done 
using the paired T-test to find any significant differences. This test compares the first scenario 
from a pair to the second (in other words, subtracts the second scenario results from the first 
scenario results to see the difference) 

Toble 5.4. Poired T-test of Type test results. Scenorio 1 compared ta Za ond Scenaria Zb cam po red to 3 

95% Confidence Interval 

Std. Std. of the Difference Sig. 

Mean Dev. Error Lower Upper (2 tailed) 

Pair 1 Sc1- Sc2a -0.1643 0.2752 0.0870 -0.3612 0.0326 0.0916 

Pair 2 Sc2b - Sc3 -0.1011 0.2097 0.0663 -0.2511 0.0489 0.167 
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Table 5.5. Paired T-test af d2 test results. Scenario 1 campared ta 20 and Scenario 2b compared to 3 

95% Confidence Interval 

Std. Std. of the Difference Sig. 

Mean Dev. Error Lower Upper (2 tailed) 

Pair 1 Sc1- Sc2a -15.8750 14.0960 4.9837 -27.6595 -4.0905 0.0154 

Pair 2 Sc2b - Sc3 -14.0000 13.5225 4.7809 -25.3051 -2.6949 0.0221 

The paired T-test for the type test has resulted in a negative mean difference for both pairs 

(tabie 5.4) but, with significance levels greater than 0.05. As aresuit, the null-hypothesis (HO=O) 

cannot be discarded and the mean difference cannot be seen as significant. However, the mean 

difference in combination with the lower and upper bound does show a trend that the mean 

difference in general is negative. 

For the d2 test, the paired T-test also resulted in negative mean differences for both pairs (tabie 

5.5). However, the d2 test does have significance levels under 0.05. As aresuit it can be concluded 

that for both scenario pairs, the d2 test resulted in a significant negative mean difference. 

When these results are translated to the different scenario settings, it can be said that for both 

test types, the second scenario of a test dav features higher performance results. This means 

that for the first test dav, the scenario with the blocked view obtained a higher performance 

score than the scenario with an unblocked view. For the second test dav this means that the 

scenario with artificial daylight resulted in a higher performance score compared to the blocked 
daylight scenario even though the light conditions are similar. 

5.3.3. Scenario 2a versus 2b 

Scenario 2 was tested as the second scenario on the first dav and repeated on the second test 

dav, however, as the first scenario of the dav. As such, it provides an opportunity for a cross

validation of the effect of the moment of the test. For this test, two paired T-test analyses will be 

performed using the performance data from the d2 test and the typing test . 



The first paired T-test uses the d2 performance test data from the 3rd test of scenario 2a with 

the data from the 3rd test from scenario 2b. The analysis shows that there is an average mean 

difference of -19, however, the significance is 0.087 which means that the differences are not 

significant and the null-hypothesis cannot be rejected. 

The second paired T-test uses the type test performance data instead of the d2 performance test 
data. For this test, the average mean difference is positive instead of the negative value for the 

d2 based paired t-test, however, again this value is not found to be significant with p=0.292. 

This means that for both the d2 test and the type test, no significant differences have been found 

between scenario 2a (second scenario on the first test dav) and scenario 2b (first scenario on the 

second test dav). Next to this, a correlation factor of 0.96 has been found for the type test and 

a factor of 0.797 for the d2 test which indicates astrong relationship between the performance 

result of scenario 2a and 2b. The full analyses results can be found in appendix 05. 

Next to the performance test data, a comparison of the biologica I data can be made. This 

analysis shows a mean difference of 50% with a standard deviation of 51%. This gives a very 
strong indication that the biologica I effect in scenario 2a is higher than in scenario 2b. The 

mean combined with the standard deviation indicates that most of the values range from a -1% 

difference to a 101% difference. 

5.4. Result summary 

A first attempt to use the separate physicallight conditions to find a link with the performance of 
the test subjects resulted in a rather unexpected outcome. The correction factor analyses shows 

a negative relationship between both the light conditions and the performance and suggests that 
with higher color temperature and higher illuminance levels, the performance would decrease. 

This is, however, directly opposite to the prevailing theories and tests that were performed under 

strict laboratory conditions. 

The above used method approaches the problem by using the illuminance and CCT separately. 

A second method is to use the melatonin suppression data based on the work of Brainard and 

Thapan. This method combines the two parameters to calculate a theoretical biologica I effect. 

Using this approach, it was shown that the physicallight conditions during the first scenario on 

both days resulted in higher biological effects compared to the second scenario of the dav. When 
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purely looking at the physical lighting conditions, this can be interpreted as the test subjects 

receiving a higher performance boost from the light during the first scenarios compared to the 

second scenarios of the dav. 

The paired T-test of the two scenario combinations showed that the type test comparison did 
not result in significant differences, however, it did show a clear trend. For the d2 test, the same 

trend was visible, but unlike the type test, the d2 test did show significant differences. 

Combining the biologica I effects with the paired scenario-performance tests should provide 

some more clarity. This, however, showed the same result as the correction factor analysis. The 

second scenario of each dav shows higher performance results compared to the first scenario 

of each dav, while the biologica I effect shows a higher effect during the first scenario of the dav 

compared to the second. This can again be interpreted as a decreasing performance when the 

CCT and illuminance increase. 

Next to the comparison between the different scenarios on the 2 test days, a comparison 

between the two scenario 2 tests can be made. It is important to note here that these 2 tests 
have been performed on different test days and on different times during those days (Scenario 

2a took place as the second scenario on the first test dav, Scenario 2b took place as the first 

scenario of the second test dav). 

The comparison between scenario 2a and scenario 2b found that the performance results 

were highly correlated and were not significantly different from each other. The lack of 
differences between scenario 2a and 2b suggests that alertness does not play a role in affecting 

performance. 



6. Evaluation 

This chapter is dedicated to the evaluation of the measurement protocol, its processes, the test 

execution and the test result analysis. Since the test results will give more insights in possible 

missing data which would help interpret the results, they will be analyzed first to be able to use 

this information in the evaluation ofthe measurement protocol. 

6.1. Result evaluation 

6.1.1. General note 

The first aspect that needs to be kept in mind during this result analysis is that these test results 

have been gathered from a pilot study which uses 10 test subjects . Statistically, 10 subjects is 

not enough to do a between subject analysis . That is why the analyses have been performed as 
within test subject analyses. However, the fact still remains that 10 test subjects is still a rather 

low number which can be prone to coincidences. 

Next to this, the test subjects were chosen from a group of office workers within the age group 
of 25-35 years of age and were tested under strict conditions. This means that the found results , 

only apply to this age range, profession and conditions. 
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6.1.2. Evaluation 

The data analysis in chapter 5.3.2 showed that for both test days, the scenario that was measured 

second showed higher performance va lues. When these results are linked to the actual scenarios, 

this translates to the scenario with a blocked outside view performing better than the scenario 

with an unobstructed view, and the scenario with the artificiallight achieving higher performance 

results than the scenario with real daylight (both with blocked views) . 

Since on both test days different scenarios were measured, the reason for this increase on both 

test days could be linked to the period of one dav and not the difference in scenario. This would 

mean that this phenomenon is caused by something that occurred on both days. 

The scenario and test dav evaluation forms show that during the first test dav most test subjects 

(9/10) preferred the room with the unobstructed view instead of the room with the blocked 

view (even though the results showed higher performance in the room with the blocked view). 

However, one test subject stated that with the blocked view he was able to concentrate better 

since there were no distractions from looking outside. 

Even though this statement was made by only one test subject, it does appear to hold value . The 

increased concentration theory implies that with a blocked view, performance would increase. 

The comparison between scenario 1 and 2a does show this increase. However, during the 

second test dav, the performance level during scenario 3 was higher than scenario 2b, even 

though the view was obstructed in both scenarios. This means that increased concentration 

induced by blocking the view is not one of the main mechanisms and different theories have to 

be examined. 

One of the theories behind this research focuses on the influence of light on the test subject 's 
performance. To analyze this relationship, two different methods were used. The first used a 

statistica I analysis to find a relationship between the separate light conditions (CCT and Ev). The 
second analysis calculated the biological effect from the CCT and E~v and compared those values 

to the performance results. Both of these methods found that the performance level decreased 

when the illuminance and correlated color temperature increased. 



Since the biological effect theory states that higher color temperatures and illuminance levels 

should increase performance, it appears that the found results indicate that during these tests, 

other effects were dominant over the dynamic nature of the supplied light. 

One of these possible effects is the alertness of the test subjects during the tests. Each person 
has a natural increase and decrease of alertness during the dav. The alertness gradually starts 
to rise once the subject wakes up and will start to decrease again during the afternoon. For 

the performed tests, this means that the test subjects would perform better during the second 

scenario of the dav (from 11.00 to 12.30) compared to the first scenario of the day(from 9.00 

to 11.30). This theory appears to correspond with the results that have been found in the 

comparisons of both the first test dav and the second test dav. 

Since scenario 2 was tested on different times on both test days, the results from Scenario 2a 
and 2b can be used as a cross validation of this theory. Also, this comparison can be used to 

examine possible differences in performance between different test days caused by changing 

mental state and wellbeing of the test subject. 

As the results in chapter 5.3.3 show, the hypotheses that the differences in performance between 

scenario 2a and 2b are zero cannot be discarded. This means that no significant differences have 

been found between the two data sets. For the cross validation this implies that even though 

in the comparison of the separate days, the alertness appears to play a role, these results show 
that the time of measurement cannot be traced back to the differences in performance. As such 

it cannot be used to explain the increases found in the comparison of scenario 1 and 2a and 
scenario 2b and 3. 

Next to the performance data, the biological effect has also been analyzed. This analysis shows 
that there is a significant difference in the biological effect between Scenario 2a and 2b. This 
means that even though the biologica I effect caused by the physicallight conditions was different, 

the performance results stayed similar. This appears to be a confirmation of earlier statements 

that the biologica I effect is not a dominant effect in these tests. 
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6.1.3. Result evaluation conclusion 

From this result evaluation it appears to be clear that, in this study, the biological effect was not a 

dominant mechanism to influence office worker's performance. Next to this, the cross val idation 

analysis of scenario 2a and 2b showed that the time of measurement on the test dav and the 
difference between measurement days did not result in large differences. This means that in 

these experiments, even though the state of mind might have been different on the two test 

days, and the alertness could be changing over the course of the morning, the biological effect 

did not appear to be the dominant parameter influencing performance. 

Next to the effects induced by the light conditions, other effects could have been responsible for 

the performance changes that were measured. However, these effects were not logged and as 

such cannot be analyzed and interpreted. The measurement protocol evaluation will deal with 

some of these effects. 

6.2. Measurement protocol evaluation 

Using the result evaluation a nd taking the protocol execution into account, several aspects of the 

measurement protocol need to be reviewed and if needed alternatives need to be examined. To 

do this, the subsections of the measurement protocol that need to be evaluated will be discussed 
separately. 

6.2.1. General test setup 

Test setup 

The genera I test setup for the performed tests consisted out of the following three scenarios 

1: Office with an unobstructed view 
2: Office with a blocked view 
3: Office with a blocked view and artificial daylight (without informing the participants of this 
change) 



The first two scenarios work excellent and the test subject had a clear idea what the change 
was between the two scenarios . For the second test dav, where scenario 2 and 3 were tested, 

the test subjects were not sure what the changes had been. Answers to the question "what do 

you think has changed in this room compared to the previous room?" resulted in answers from 
"A different plant" to "Was that cabinet there in the other scenario?JJ None of the test subjects 

identified the correct change. After revealing what the change was, same of the test subjects 

did say they suspected something, but were not certain since the daylight opening appeared to 

provide daylight. 

With the background of this research being daylight transport systems, it would be interesting 
to see how test subjects would perform with the knowledge that it is just a lamp and not real 

daylight. Since daylight transport systems focus on transporting light to non-daylit spaces, this 

would be a cam man situation. 

This means that for these tests, a fourth scenario can be added to the test setup. 

4: Office with a blocked view and artificial daylight combined with informing the participants that 
the light coming from the window is actually an artificiallight source. 

Artificiallight sou rce 

Looking at the execution and the result analysis we see that a rtificia I light source comes close to 

mimicking the daylight conditions, but does not create an exact replica. However, does it have 

to be an exact replica? 

Two sections of a random dav never feature the exact same daylight conditions. In that line of 
reasoning it does not sound logica I or natural to provide the exact same daylight conditions 
twice. However, in these tests, providing the same light conditions does result in being able to 

remove one of the parameters that might be influencing the results. The daylight values would 

be similar for both scenarios and the test subject would be influenced to the same extend in 
bath occasions. 

Providing similar daylight conditions is, however, not natural. Since the body responds to light 

cues, and the light in general rises during the morning, this might provide aproblem. The test 

subject would get a low light level during the start, which increases during the first scenario. For 

the second tested scenario the test subject would start again with these low values (since the 
second scenario is an emulation of the first). However, the test subject questionnaires showed 
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that the test subjects did not find this low light level problematic. Neither did the results show a 
poorer performance during the scenario with the emulated light conditions. 

A more practical issue is that the conversion of the daylight values to the Stratolab software 
often resulted in finding the nearest value in the strato measurements which would fit best to 

the desired light conditions. For a better conversion, the Strato light source has to be subjected 
to more measurements. The difficulty here is that the lamps react differently when they are 

heated up compared to when they are cold . This means that a transition from a high power 
setting to a medium setting might result in different CCT and Ev values compared to a setting 
where you are going from a low power setting to the same medium setting. 

Next to this, the test execution also showed that not all color temperaturejilluminance 

combinations that the daylight 'asked' for, could be emulated. Especially the lower color 
temperatures (SOOOK-6000K) combined with higherilluminance levels posed a problem. Different 

lamp combinations might be the solution for this problem . Further measurement is required to 
solve this problem. 

6.2.2. Location 

The measurement protocol showed that sunlight proved to be an issue with regards to emulation 
of the daylight and the possible available time on each dav. To solve this issue, several solutions 
are available which will need to be added to the measurement protocol. 

The first solution is area specific, and uses the fact that in the Netherlands, the northern façade 
of a building will not be exposed to direct sunlight. Using this solution, the entire direct sunlight 
problem is eliminated which results in being able to use the test rooms for the entire dav. 

The second solution uses the same principle as the first solution, but takes into account that 
rooms at the northern façade are not always available. In this case multiple rooms on different 
facades of the building can be used. For example, in the Netherlands, the western façade can be 
used during the morning period and the eastern façade can be used during the afternoon. 

A possible issue to take into account is the possible difference in scenery that is visible when 
looking out the window. While one room may look out on a quiet park, the other might show a 
busy road which might cause more distractions and as such influence the performance results. 



6.2.3. Daylight opening 

After building the new facades for the test rooms, it was clear that the two daylight openings 
would be sufficient to bring the right atmosphere and provide sufficient daylight exposure. 

However, one test subject noted in his session evaluation, that he did not like the positioning of 

the windows . He specified his statement by saying that the openings were placed too high and 
he could not look out of the window properly. After further questioning the test subject about 

his answer, he stated that it might be because he is used to having full story windows in his own 

office. 

The largest limit in placing these windows is the size restriction of 1.2 x 1.2 meters. When the 

daylight opening is positioned lower, the height might prove to be a problem since it would result 
in a very awkward window position. In its current position, the daylight openings provide a clear 

view outside both in a sitting and a standing position . The downside is that it does not provide a 
steep viewing angle down the side of the building. This, however, should not be aproblem . 

6.2.4. Data collection 

Physical data collection 

The physical lighting parameters that were collected proved to be adequate in analyzing the 
results. However, there were some points during the analysis that more information would have 

been convenient to have. 

As stated in chapter 2.2.2, the biologica I effect of light is most sensitive to light with a short 
wavelength . Daylight contains a significant amount of this short wavelength light and is seen as 

a natural source of light that influences the human body. Color temperature is believed to be an 
indicator for the amount of short wave light that is present in a light source. Fluorescent light 

tubes (as used in the St rato luminaire) owe their color to several spikes in the spectrum, whereas 
daylight has a continuous spectru m. 

This difference between the two main light sources ofthis research could mean that even though 
the CCT value of the daylight and the Strato are similar, there could be a difference in the amount 
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of short wave light reaching the retina. A spectrum intensity measurement could be used to 

compare the two light sources. 

Next to this measurement, it will also be useful to measure the correlated color temperature 

and spectrum that actually reaches the retina. For the previous result analysis, the CCT from the 

window was used. However, this light is mixed with the general artificiallighting and as such the 

calculate biological effects could be skewed. 

Performance result data collection 

The performance results were measured using the d2 test and the typing test. Both of these 
tests have been used in the past with successful results. However, some remarks need to be 

made regarding the use of these tests in the measurement protocol. 

The d2 test data showed that, especially during the first scenario, the test subjects needed to 

'Iearn' how to do the test, and needed to establish a way for themselves to identify the correct 

symbols. This resulted in the fact that as the tests progressed, the test subjects became more 

ski lied and performed better. To solve this, the test subjects should be given a chance to practice 

the d2 test before they enter the scenarios. This can either be done before each test dav during 

the instruction period or they can be given a d2 test which they can practice at home (this should 

of course not be the same as the one they will receive during the tests). This will most likely still 

not remove the learn effect, but will remove the large differences that have been found between 
the first two d2 tests of the first test dav. 

Furthermore, several of the test subjects finished some of the rows of 47 symbols in the d2 test 

within the set 20 seconds. This resulted in ceiling effects especially for two of the test subjects 

who managed to complete several of the d2 tests with a perfect score. The solution for this 

problem is relatively simple and involves reducing the time for each row to 15 seconds. According 

to the instruction manual of the d2 test, this is a via bie option . However, it might put pressure on 

test subjects who perform less and will make more mistakes due to the shorter time limit. 

Next to the d2 test, the type test was used. The type test used three different texts for the 

test subjects to copy. However, these three texts are repeated for each of the 4 scenarios. Test 

subjects with high typing skilIs will most likely not encounter any learning effe cts since they 

process a large amount of text. Test subjects with lower typing skilIs might only be able to finish 

one of the paragraphs and are much more focused on what the text actually says. This means 

that they memorize the text better and are less likely to make the same mistakes they made 



during previous tests . 

A solution could be to use different texts for each of the typing tests which should completely 

eliminate the learning effect. However, the skill level of different text segments are very hard to 

judge, control and compare; this might influence the test results. 

A second solution is to use a between subject analysis method. This will require the test subject 
to be subjected to only one scenario instead of doing all measurements. In this solution, the 

same text could be used in all scenarios without having to worry about learning effects. 

6.2.5. Testing procedure 

The testing procedure showed several areas which need to be evaluated. The test results analysis 

showed that alertness might influence the test results . This is closely linked to reset period and 

the mental condition of the test subject. Finally the measurement time is also an important 

aspect. 

Measurement time 

A large part ofthe testing procedure as presented in the case specific information in chapter 3.5.2 

is based on the fact that only the morning periods could be used for testing. The evaluation of 

the location already made clear that this was far from optimal and other solutions are available 

to re move this time limit. 

This also means that the limit of 1.5 hours for each of the scenarios is no longer necessary and 

can be increased. During the 1.5 hour scenarios, the test subjects did not show any negative 
effe cts caused by the lack of a view. This might be due to the fact that l,S hours is not sufficient 
to cause a lower feeling of wellbeing (several test subjects did mention that they feit isolated 

during the scenarios that the view was blocked). This is of course only a hypothesis and can only 

be proven by using longer measurement periods. 

Alertness, reset period and mental state 

Alertness is closely related to the mental wellbeing of a test subject. When a test subject is 

stressed, does not sleep weil, or feels ill, he will feel far more fatigued and as such less alert. In 

the performed test setup, this can affect the outcome of the performance tests . 
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Even though the test subjects were asked to take a good night sleep and refrain from excessive 

alcohol consumption, stress levels and how weil a person sleeps cannot be contraIled. The only 

way similar mental states can be achieved is to fully contral the test subject's way of life shortly 

before the tests. This is however only a problem when using small within-subject analyses. 

When using a larger test group, the effects of mental state will be evened out. Since the final 

measurement protocol will be aimed at larger test groups, this should no longer be aproblem. 

The second aspect of alertness that can be questioned is the overall increase of the alertness 

level during the dav. It is known that the alertness rises in a natural way during the dav, without 

taking external conditions into account. If this is indeed the case, then this would implicate that 

differences between the first and second measured scenario of a dav could be caused by this 

phenomenon. However, the cross validation of scenario 2a and 2b showed that there were no 

clear differences between the two even though scenario 2a had been measured as the second 

scenario of the dav and scenario 2b had been measured as the first scenario. 

In order to take a closer look at these effects, more options for cross validation have to be 

implemented in the testing procedure. Important will be to look at alertness effect on the same 

dav. This is especially important since the current analysis used measurements fram both days 

for the cross validation. This is certainly an issue which needs to be watched, especially during full 

dav measurements since full dav measurements will also involve periods such as the infamous 

'after lunch dip'. 

Finally, the reset period needs to be examined. The reset period forthe performed measurements 

can be betler categorized as a general break instead of a reset period. The break was held outside 

of the measurements rooms and did not have a direct view outside. However, there was indirect 

daylight exposure and several subjects asked if they could visit the toilet during their break. To 

solve these problems, stricter rules need to be applied and a controlIabie environment needs to 

be established where the test subjects can reside during the break/reset period. 

6.2.6. Test population 

In order to find statistically correct results, a larger group of test subjects is needed. This will 
provide the option to even out several external conditions which cannot be controlled. One of 

the examples of such a condition is the mental state of the test subject upon arrival. 



The actual size of the test population cannot be calculated and in literature only indications can 

be given. Baarda en De Goede (2001) state that a minimum of 30 test subjects is needed or 100 

test subjects for safety. 

Another consideration is whether to use a within subject analysis or a between subject analysis. 
The within subject analysis requires that each test subject is used for each of the scenarios, while 

the between subject analysis only requires a test subject to do one of the scenarios. However, 

the within subject analysis has more statistica I power and requires less test subjects, whereas 

the between subject analysis will require new test subjects for each scenario. 

6.2.7. Test briefing 

In general, the briefing before the start of the test was sufficient to inform the test subject about 

how the tests would take place and what they needed to know. However, the pre-test dav briefing 

might need some additional input. 

The pre-test briefing stated that they should get a good night sleep and no excessive alcohol 

consumption on the night before the tests, however, the morning behavior was not mentioned. 

Several of the test subjects explained that they already had (a few) cups of coffee at home. This 

might have affected their mental state, and it is debatable whether or not they entered the 

second scenario of the dav in a similar state to the first one. 

The question is, should the test subjects be forbidden to drink coffee during the morning? By 

refusing them their standard morning coffee you are breaking with their natural routine, which 
could cause annoyance. Secondly, not allowing them their coffee could result in a very sleepy 

state on arrival, which could affect their performance result. They would most likely take a cup of 

coffee just before the test, and would take another one in the reset period, but wou Id that result 

in similar starting conditions? 
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6.3. Processing and calculation evaluation 

6.3.1. Processing 

There were several processing steps involved before the measurement data was ready to be used 

for the final result analysis. Several of these processes were not predefined and were developed 

during this research. This chapter will discuss some of these processes and will address the 

validity of the used methods. 

One of these processes involved the calculation of the d2 score of the test su bjects. For this test, 

several correction templates were developed to make the correction easier(see appendix 2). 

These templates are based on visual recognition by the corrector which means that the entire 
process is subjected to human error. This error chance can be reduced by either using a second 

corrector or adjusting the test to either a computer based vers ion or a computer correction 

method. 

The second possible issue in the processing of the results is the conversion f the illuminance 

values from the reference point to the desk and eye positions. To calculate the difference 

between the reference point and the room positions, all the measurements from the first dav 

were used which resulted in a 10800 data points. By using aregression analysis an equation was 

made for each of the room positions. 

These results turned out to be quite accurate with a standard error of only O.Olin all three of the 

analyses (the standard error relates to the correction factors of 0.802, 0.9218, 0.88). Next to this, 

the correlation analysis showed correlation factors of 0.99 with a significance of 0.00. 

6.3.2. Ca/cu/atian 

One of the major methods of calculation in the result analysis is the paired t-test analysis. This 

method uses the average difference of the two data sets compared to a new data set formed by 

the difference values of the two data sets. What this means is that the significance is determined 

by the difference values which can be very small and not a reallimit. This was one of the problems 

in comparing different illuminance data sets with regard to their biologica I effect. 
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Since it is not exactly known how large an illuminance increase or decrease has to be in order 

to cause a noticeable biologie effect, it is very hard to judge if two data sets are different. An 

example with fictional numbers can be used to make this issue more clear: 2 data sets might 
by significantly different in a statistica 1 analysis with a maximum deviation of 20 lux. However, 
changes of the biological effect caused by the illuminance might not occur until a difference of 
100 lux. 

As aresuit, the paired T-test has to be used with caution and the results have to be carefully 
analyzed . 



7. Modified measurement protocol 

After having evaluated the results, the initial measurement protocol, the processing and 

calculations, the measurement protocol can be revised . This has resulted in a general measurement 

protocol which can be used to recreate and setup the different test scenarios and will provide 

the boundary conditions that need to be met. 

This chapter will use the initial measurement protocol as the base and will adapt the suggested 
modifications from the evaluation section . This chapter will, however, not explain all the separate 

sections. For further details chapter 3 (Initial measurement protocol) and chapter 4 (Evaluation) 

can be consulted . 

7.1. General test setup 

Four scenarios have been setup which will be used to look at differences between the four 
scenarios. Each ofthe scenarios has been setup with only one difference to the previous scenario. 

This ensures that the only differences that are measured come from the scenario change. 
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The following four scenarios have been created with this goal in mind: 

1. The first scenario is a 'regular' office situation. This situation consists of an office with an 

unobstructed view. This is a reference measurement to be able to judge the second scenario. 

2. The second scenario differs from the first scenario in the fact that the view will be obstructed. 

However, the light should pass through relatively unblocked. This means that an obstruction 

method should be found that only blocks the view, but wililet as much light as possible pass. 

Spinnaker cloth has been found to be a very effective material to achieve these demands. 

3. The third scenario differs from the second scenario in the fact that the light coming from 

behind the obstruction will be changed from daylight to an a rtificia I light source. This artificial 

light source has to be able to mimic the daylight conditions and must have arealistic daylight 

look. This means that the light source should provide a diffuse distribution and the individual 

light sources should not be identifiabie. The test subject will not be informed that this is no 

longer daylight. 

4. The fourth scenario will be similar to the third scenario with the exception that for this 

scenario the test subjects will be informed that the daylight has been replaced by an a rtificia I 

light sou rce. 

7.2. Location 

Finding the correct location for the experiments should be one of the first priorities since 

preparing the rooms will require time. 

7.2.1. Orientotion 

Direct sunlight on the façade should be avoided. This means that, depending on your geographical 

location, the façade has to be selected which does not receive any direct sunlight during the 

entire dav. If this is not possible, then 2 facades can be chosen of which one does not have 

direct sunlight during the morning period, and the other does not have direct sunlight during 

the afternoon period. 

When using two facades, the view out of the windows must be similar. Whether or not 2 window 



views can be seen as similar is left to the researchers own interpretation since no real criteria 

are available. To provide some help in this interpretation it might be useful to compare the views 
using the fol!owing aspects : 

• The function of the area (roads, park, buildings) 
• The amount of distraction stimuli (a road wil! be far more busy and distracting than a park) 
• Noise levels and environmental differences 
If the afternoon scenarios wil! only be used for emulated daylight conditions, then two rooms 
without sunlight exposure during the morning periods wil! be sufficient. 

7.2.2. Identical rooms 

The scenarios have to take place in identical rooms. This refers to the dimensions of the room, 
the size of the daylight openings, but also to the interior such as furniture, ceiling, carpet and 
generallighting. This applies to both the rooms which wil! house the test subjects, but also the 
light condition measurement rooms (should they take place in different rooms) 

For light condition measurements simultaneous with test subject measurements, the rooms 
must be adjacent to each other in order to get comparable daylight penetration. 

Wh en performing both the light conditions and the test subject measurements in the same 
rooms, then two rooms are required. When using separate measurement rooms for the light 
conditions, then one more measurement room is required for each of the facades that are being 
used. 

An alternative is to measure one room in advance and use those measurements to link the room 
measurements to the reference measurement position. However, sufficient measurements have 
to be made in order to establish a significant relationship. 

7.2.3. Size and appearance 

The rooms have to appear as an office environment. This means that a certain size is required 
to simulate a spacious office. Toa smal! rooms might cause irritation and increase the feeling of 
being locked up during the scenario. 
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7.2.4. Façade flexibility 

Depending on the light source that will be used to emulate the daylight, the façade might need 

to be adapted. Flexibility of the façade can be quite important in that aspect. Recommended is 

to use a full glass façade and build a wood structure in front of it to create a façade with window 
frames. 

7.2.5. Generallighting 

Ta provide a constant level of illumination on the work plane, the general lighting in the room 
must be set to provide at least the amount of light that is required by the standards for office 

work (aften 500 lux). Second, the generallighting should be used to meet other demands set in 
the standards for office work such as contrast ratios and uniformity. 

7.2.6. Indoor climate 

Ta be able to identify the scenario effects, all of the other variabie parameter effects must be 

eliminated. The climate in the room is one of these parameters and should be kept constant. This 

involves for instance temperature and humidity. A climate installation to keep this under control 

would be the most suitable solution. 

I\lext to this noise should also be controlled. This can be do ne by chosing rooms in an already 

quiet environment, or make sure that the rooms are properly insulated. 

7.3. Daylight opening 

Two aspects of the daylight opening need to be watched: size and position of the windows. In 

order to design the daylight openings, several parameters have to be taken into account. 

First of all, the a rtificia I light source that will be used to emulate the daylight needs to be taken 

into account. The size of this light source might be the determining factor of how large the 



windows can beo Second, the standards for offices have to be taken into account. This can be 
different for every country and elements like daylight factor, work plane illuminance and glare 
have to be taken into account. 

Finally, an office like environment and atmosphere needs to be created. This has to be kept in 
mind for both the positioning and the size of the windows. If there are no standards available, 
then creating a spacious and open office can be good impressions to work on. 

7.4. Data collection 

The data that needs to be collected can be subdivided into three sections: The physical 
environmental data, the subjective test subject information and the test subject performance. 

7.4.1. Physical environmental data 

The primary data that needs to be collected are the light conditions in the room and the conditions 
of the light passing through the daylight opening. 

The light conditions in the room that are important to log are: 

• The horizontal illuminance on the work plane of the test subject. 

• The vertical illuminance on the test subjects eyes. This can be measured by using 2 
illuminance measuring devices and adding material to simulate the shielding effect of the eye 
sockets and the hu man head. (figure 4.8) 

The horizontal desk illuminance will be used to monitor the combined illuminance of the 
daylight and the general artificiallighting. This can be compared to the standards of work plane 
illuminance (often 500 lux) 

The vertical iIIuminance on the eye will be used to calculate the impact of the light on the human 
body. This can be compared to the performance results to find out if correlation between the 
two data sets is present. 
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For the light that enters through the daylight opening the following parameters are important 

to log: 

• The vertical illuminance of the light passing through the daylight opening. This can be 

measured at approximately Scm from the opening in the center of the daylight opening. 

• The correlated color temperature (CCT). This can be measured in the same location as 

the vertical illuminance if integrated measurement devices are available or next to the 

vertical illuminance measurement if two separate devices are used. 

• Spectrum measurement device to measure the spectrum ofthe light passing through the 

daylight opening. 

7.4.2. Subjective test subject information 

To provide more insights in how the test subject feels and how the different scenarios influence 

the wellbeing and mental state of the test subject, questionnaires can be used. This questionnaire 

will consist of 4 different questionnaires 

Type 1 a: The general questions, these questions focus on collecting data on the test subject such 

as age, gender and eye defects. 

Type lb: Modified Type la questionnaire. Not all questions need to be asked again during the 

second scenario of the day. 

Type 2: Questions that are combined w ith the alertness tests. These questions are meant to 

obtain subjective data on the alertness of the test subject next to the objective data from the 

alertness tests. 

Type 3: At the end of each scenario a few additional questions will be asked to collect data on 

overall comfort level of the test subject and personal opinion of the room. 

Type 4: After each test session (2 tests scenarios) this questionnaire will be used to collect 

subjective data on how weil each test subject liked the different scenarios. 

These questionnaires can be found in appendix B. 



7.4.3. Test subject performance 

Since performance can only be measured over longer periods, alertness and concentration can 

be used as indicators for performance. These parameters can be measured using the d2 test 
[Brickenkamp, Zillmer 1998) and the type test [Veitch, Newsham 1997; Boyce, Veitch 2003). 

When using the d2 test and type test, the evaluation of chapter 6.2.4 needs to be taken into 
consideration. 

The d2 test uses visual identification of the letter d with 2 marks total, which are placed above or 

under the letter. The test subjects has to identify this symbol from a row of 47 symbols containing 

the letter d w ith less than, or more than 2 marks, and the letter p containing lor 2 marks. (figure 
7.1) 

The test subject will get 20 seconds for each row and will do a total of 14 rows for each of the 

tests. 

The amount of symbols processed over the entire test, minus the total number of mistakes is an 

indication of performance. 

When using the d2 test, the test subject should receive a specimen of th is test prior to the test 

days. The test subject is asked to practice the d2 test to familiarize themselves with the test. 

The second test that can be used is the type test. This test provides the test subject with a 

paragraph of text on upper section of the pc screen which the test subject has to copy in the 

lower section of the pc screen (figure 7.2). The software will not allow the test subject to continue 
typing unless the word is typed correctly. 

The amount of text that is processes will give an indication of the performance during that test . 

More information on these tests can be found in chapter 2.3. 
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7.5. Testing procedure 

The testing procedure will depend on the availability ofthe rooms and equipment. This chapter 
will provide an example testing procedure and will provide information on important aspects 

that need to be taken into account when designing or adapting the testing procedure. 

7.5.1. Possible testing procedure 

General information 

This procedure will assume a situation where two rooms are available which can be both used for 

measuring test subjects. This means that the room parameters have already been linked to the 
reference point, and conversion from the reference point to the room parameters is possible. 

Furthermore, the test rooms are available for the entire dav and do not have direct sunlight 

exposure during the morning period. 

Scenario comparison setup 

For this procedure, two separate groups will be used; for this research they will be called group 

A and B. 

The following scenario's will be measured 

On the first test dav, the morning period will be used for scenario 1 in room 1 by group A and 
scenario 2 in room 2 by group B. During the afternoon period, Scenario 3 will be measured in 

both room 1 and 2 which will respectively hold group A and B. 

The second test dav, the morning period will be used to measure scenario 3 in both rooms by 
group A and B. The afternoon period will be used to measure scenario 3 for group A and scenario 
4 for group B. 

This setup should result in the following scenario comparisons : scenario 1 and 2, scenario 1 and 

3, scenario 2 and 3 and scenario 3 and 4. 

There are however several requirements that need to be met in order to make the comparison 
between scenario 1 and 2, scenario 1 and 3 and scenario 2 and 3. 



d d d 
n I 

Figure 7.1. Possible symbols in the dl test (top) ond the 
three correct symbols(below). 

Figure 7.1 Screenshot of the type test softwore 
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The scenario 1 and 2 comparison relies on the fact that both test groups have similar performance. 

If the test group is large enough this should not be aproblem. To test this, the morning period 

of the second test dav is used to compare group A to group B by giving them identical scenarios 

with identical lighting conditions. If significant differences are found in this comparison, then 

scenario 1 should not be compared to scenario 2. 

To compare scenario 1 and 2 to scenario 3, another requirement must be set. Since scenario 3 
is tested during the afternoon period, the level of alertness might affect the test outcome. To 

check differences in alertness levels, group A tests scenario 3 both in the morning period and 

the afternoon period. 

Finally, before each of the scenarios start, a baseline performance test measurement should 

be do ne in order to establish the start level of the test subject. This will help identify possible 

differences between the mental state of the test subject on different days and will provide a tooi 

to evaluate the reset periods. 

Test procedure timetable 

Day 1- first test session: 
8.45 Briefing regarding the test procedures 
8.50 Baseline performance test measurement 1 in the briefing area 
8.55 Test subjects enter the rooms 
9.00 Group A: start of scenario 1, Group B: start scenario 2, both: complete questionnaire 

type la 
9.50 First set of tests, productivity tests and questionnaire type 2 
10.50 Second set of tests, productivity tests and questionnaire type 2 
11.50 Third set of tests, productivity tests and questionnaire type 2 
12.00 End of group A scenario 1 and group B scenario 2 

12.00-12.50. Break, test subjects fill in questionnaire type 3. Test subjects are kept separately in 
conditioned environments. 

12.50 
12.55 
13.00 
13.50 
14.50 

Baseline performance test measurement 2 in the briefing area 
Test subjects enter the rooms 
Both group A and B start scenario 3 and complete questionnaire type 1b 
First set of tests, productivity tests and questionnaire type 2 
Second set of tests, productivity tests and questionnaire type 2 



15.50 Third set of tests, productivity tests and questionnaire type 2 
16.00 End of scenario 3 for both group A and B 

16.00 Complete questionnaire type 3 and 4 

Day 2 - second test session: 

8.45 Briefing regarding the test procedures 
8.50 Baseline performance test measurement 1 in the briefing area 
8.55 Test subjects enter the rooms 
9.00 Both group A and B start scenario 3 and complete questionnaire type la 
9.50 First set of tests, productivity tests and questionnaire type 2 
10.50 Second set of tests, productivity tests and questionnaire type 2 
11.50 Third set of tests, productivity tests and questionnaire type 2 
12.00 End of scenario 3 for both group A and B 
12.00-12.50. Break, test subjects fill in questionnaire type 3. Test subjects are kept separately in 

12.50 
12.55 
13.00 

13.50 
14.50 
15.50 
16.00 

16.00 

conditioned environments 
Baseline performance test measurement 2 in the briefing area 
Test subjects enter the room 
Group A: start of scenario 3, Group B: start scenario 4, both: complete questionnaire 
type 1b 
First set of tests, productivity tests and questionnaire type 2 
Second set of tests, productivity tests and questionnaire type 2 
Third set of tests, productivity tests and questionnaire type 2 
End of group A scenario 3 and group B scenario 4 

Complete questionnaire type 3 and 4 

7.6. Test population 

The test group should be representative for the population that is being examined. In this case, 

office workers are the main target of this research and the test subjects should be chosen from 
that group. 
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A few additional criteria have to be set regarding the test subject selection. Since office work 

is a rather broad term, this has been further specified as work that revolves around desk and 

computer work. Furthermore, an age group has to be selected. This can be do ne by examining 

the entire population and taking the average age group, or a fixed group can be chosen. This 

second method will provide you with some more flexibility with regard to finding test subjects. 

When searching for test subjects, it is important to know how many hours or days you will need 

each of the test subjects and communicate that when searching. 

Each group of test subjects should contain at least 30 test subjects. 

7.7. Test briefing 

7.7.1. Pre test day briefing 

The test subjects should be informed to the location and the time of the tests prior to the test 

dav. In this same message, the desired pre-test dav behavior should be explained. The pre-test 
behavior explanation should cover the following aspects: 

• The test subject should not indulge in excessive alcohol consumption for at least 2 days 
prior to the tests 

• The test subject should attempt to get a good night's rest the 2 days prior to the tests 

• The test subject should not drink any coffee or other beverages that increase alertness 

before arriving at the test location 

If the d2 test is used, the test subjects should receive a test specimen before the test dav to 

practice and familiarize themselves with the test. 

7.7.2. Test day briefing 

When the test subject arrives at the test location, they should receive an explanation regarding 

the testing procedure and the tests that are going to be used. Do not mention the goal behind 
the research, and only explain the nature of the light source wh en they start with scenario 4. 



Next to the test procedures, the test subjects should also be informed that they can get a cup of 
coffee before the first scenario, but if they do, they also need to drink a cup of coffee during the 

break. Water should be provided inside the room for the test subject to drink from during the 

tests. However, make sure the test subjects realize that they have to stay inside the rooms during 
the entire scenario and will only be able to visit the toilet during the break. 

If possible, a toilet should be placed nearby in a location to which the test subjects can go to 
under controlled conditions. 
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8. Conclusions and discussion 

In the introduction, the following research questions were posed: 

1: Is the performance of office workers affected by a window with a view or can the view be 

removed without any negative consequences to performance? 

la Will the performance of office workers be affected when the window view is blocked? 

lb Can daylight be replaced by an artificiallight source without any negative consequences to 

the performance? 

2: How can the effect of the view factor on the performance of office workers be measured in 

a laboratory situation? 

Both of the main research questions are aimed at measuring performance under controlled 

conditions. Even though measuring performance has been done a lot overthe years, the literature 

research did not reveal many researches under controlled conditions. 

To be able to produce a working measurement protocol, an initial measurement protocol has 
been written, taking into account as much information from literature as possible to provide a 

good platform to build the modified measurement protocol on. This, however, does mean that 

the results from the measurements, performed using the initial measurement protocot were 

not able to provide all the answers. Next to this, the measurement results are only valid for the 

age range of the tested group under the conditions set by the measurement protocol. 

If an attempt is made to answer the first set of research questions, based on the results that were 

found, the conclusion would have to be that for the used age group and measured scenarios 

the performance of office workers will be affected wh en the window view is blocked. However, 

contrary to common belief, the performance improved when blocking the view. 

The answer to the second sub question is similar to the first. Based on the measurement results 
obtained from the measurements which were performed according to the initial measurement 

protocol, it can be said that replacing the daylight by an artificiallight source will not have any 

negative consequences to performance during a stay of 1 hour and 30 minutes. As was the case 

for the first research question, instead of a negative effect, a positive effect was found. Replacing 
the daylight with an artificiallight source resulted in increased performance. 
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Since both these comparisons have been made on separate days, under similar conditions, it 

is possible that other effects are responsible for these increases, making the answers to the 

research questions questionable. Using the available data, the alertness curve, the possible 

change of mental state and the biological effect caused by daylight have been analyzed. These 

effects, did not appear to have a significant effect on the results as they were measured in these 

experiments. 

The biological effect of light was one of the main mechanisms which was expected to have a very 

high correlation with the performance. However, the opposite was true. The calculated biological 

effe cts from light conditions (which decreased over the morning period) did not correspond with 

the performance results (which increased during the morning period). The conclusion that can 

be drawn from this is that the biologica I effect caused by daylight is not one of the dominant 

effects to influence short term performance. 

Next to the light conditions, the temperature was measured during the tests to monitor some of 

the boundary conditions. The result of the temperature measurement showed that in general, 

the temperature increased during the dav and as such might influence the performance. 

However, research by Kahl [Kahl 2005] indicates that temperature itself could not be responsible 

for possible performance increases. However, the author does state that temperature can 

contribute to a higher comfort level which in turn could influence the performance. 

In order to take comfort levels into account, more parameters have to be added, taking the 

focus of this research into a more general direction. However, this research aims to answer the 

research question which is focused on light conditions. This means that all other effe cts should 
be eliminated and only the scenario setting should vary in orderto analyze the effe cts ofthe light 

cond itions. 

The modified measurement protocol, as described in chapter 7, takes many of these effects 

into account and tries to remove them as possible parameters which could influence the 

performance. 

The modified measurement protocol is based on the evaluation of the initial measurement 

protocol and the analysis and evaluation of the results that were obtained by executing the initial 

measurement protocol. The new protocol, however, remains to be based on relative short term 

effe cts (3 hour scenarios) and as such does not provide an answer to what the long term effect 
of these scenario conditions would beo 
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9. Recommendations 

This research has provided a basic measurement protocol which can be used to measure 

performance under different conditions. However, this measurement protocol is aimed purely at 

the light conditions that go hand in hand with the different scenarios . 

It is certain that many other effects play an important role in the performance of office workers, 

however, taking all the effects into account is not possible and will result in large quantities of 

data which will still not provide the answers. Instead, focusing on one effect at a time could 

prove to be very effective. 

The basic idea behind this research was to look at different scenario conditions, visual differences 

which might affect the emotional aspect next to the induced biologica I differences. This however 

resulted in the knowledge that many effects that are at the foundation of this kind of research 

are still unknown. 

Even though many researchers have identified and quantified the biologica I effects of light, 

almost all of those were under night-time laboratory conditions. Only a handful of researches 

are focusing on how these theories would affect daytime performance, and even then, most of 
those researches are not u nder controlled conditions. 

A step in the right direction would be to start identifying the effect of correlated colortemperature 

and illuminance levels during the dav. This in turn could be applied to the results that have 

come from the execution of the initial measurement protocol and future result analyses of the 

modified measurement protocol. 

Regarding the measurement protocol, several things can be added and expanded. A good 
example is the fact that this protocol only takes into account short term effects. Identifying long 

term effects or medium term effects would be very useful especially since the emotional aspect 

might play a larger role when longer periods are examined. 

Next to this expansion, more information should be gathered regarding alertness levels during 
the dav, how much they differ from person to person and how they affect the performance. Next 
to the alertness also the state of mind of the test subject needs to be evaluated in order to be 

fully aware of all the boundary conditions. 
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Appendix A2: d2 Correction temp/ate 1 
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Appendix A3: d2 Correction template 2 
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Appendix B: Questionnaires 

Appendix 81: Questionnaire type 1 - General questions 

How old are you 
.... years 

What is your gender 

M / F 

How do you feel today 
o Very weil 
o Weil 
o Not weil, not bad 
o Bad 
o Very bad 

Do you normally wear glasses or contact lenses while working? 
o Yes, always 
o Yes, sometimes 
o No 

Are you wearing glasses or contact lenses now? 
o Yes 
o No 

Do you find a window preferabie? 
o Yes 
o No 

Are you sensitive to intense light? 
o Yes, very sensitive 
o Yes, somewhat sensitive 
o No 
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Do you find having a view outside important? 
o Yes, I desire a view outside 
o Yes, but only if is a nice view and not another building blocking the view 
o No 

Do you often look out of the window while working? 
OYes, very often 
o Yes, but only occasionally 
o No 

Do you like having decorations in your room such as posters or art work? 
Yes No 
1 2 3 4 5 6 7 8 9 10 

Do you often seek distraction from your work? 
Never Often 
1 2 3 4 5 6 7 8 9 10 

Do you enjoy having plants or flowers in the room? 
Yes No 
1 2 3 4 5 6 7 8 9 10 

How do you like the current outside view? (only ask during scenario 1) 

o Verywell 

o Reasonably weil 

o Neutral 

o Bad 

o Very bad 



Appendix 82: Questionnaire Type 2 - Questions during the productivity tests 

How do you judge your own concentration at this moment? 
Bad Good 
1 2 3 4 5 6 7 8 9 10 

How do you judge your own alertness at th is moment? 
Bad Good 
1 2 3 4 5 6 7 8 9 10 

Appendix B3: Questionnaire Type 3 - Questions after each scenario 

How satisfied are you with the following aspects in the room? 

Not satisfied Satisfied 
Artificial Lighting 0 0 0 0 0 
Noise 0 0 0 0 0 
Odour 0 0 0 0 0 
Daylighting 0 0 0 0 0 
Ventilation 0 0 0 0 0 
Temperature 0 0 0 0 0 
View 0 0 0 0 0 

Is there anything specific that you like about this room? 
o No 
o yes, .. ...... . 

Is there anything specific that you dislike about this room? 

o No 

o yes, ......... . 
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Appendix 84: Questionnaire type 4 - Questions after 2 scenarios 

Rate room setup 1: 
Bad Good 
1 2 3 4 5 6 7 8 9 10 

Arguments: ..... . 

Rate room setup 2: 
Bad Good 
1 2 3 4 5 6 7 8 9 10 

Arguments: ..... . 

Which room did you like working in best and why? 
Nr: .... 
Why: ........... . 



Appendix C: Used measurement equipment and hardware information 

Appendix Cl: Measurement equipment setup 

Chromameter 
Chromameter CL200 
Measuring cell 

Luminance Camera 
Technoteam LMK 96-2 

Iliuminance measurements 
Multilab case 

Appendix C2: Hardware setup 
Artificial daylight setup 

TUID 1718 
TUID 1718 

DXP 1330 

TUID 0811 

Ph ilips Strato Luminaire TPH710 8xTL5 
(See appendix C3 for more information) 

Multilab case 90210 

SN 7282 1047 
SN 73831008 

Fago1 

4x 17.000K Activiva active 
4x 865 TL5 
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Appendix C3: Strato Luminaire information 

Strato 

• Type 
• TPH710 
• Light source 
• Fluorescent: 
• Lamp included 
• Yes (light colour RGB or 827/865) 

• Gear 
• Electranic, 220 - 240v / 50 - 60Hz: 
• High Frequency Regulator (HFR) or DALI (HFD) 

• Option 
1 
28/10/2008 
• Lighting contrais: customised solutions possible 

• Material 
• Housing: sides from extruded aluminium profiles, steel top cover 
• Cover: two layer PMMA (with integrated diffuser) 
• Optics: high purity aluminium mirrors 

• Installation 
• Surface (wall or ceiling): screw mounting 
• Suspended: with various suspension sets 
• Luminaire modules can be connected to one another with mounting accessories 

• Accessory 
• Suspension sets, mounting brackets 

• Remarks 
• Cover can be suspended via a damped spring locking system (easy maintenance) 
• Main applications 
• Shop ping mails, areas with missing daylight, office, hospitality 

TPH710 

TPH71 0 
s.xTl5-28W 
SKY 



Appendix 0: Statisitical analyses 

Appendix Dl: Time/rame correlation matrices 

Ev correlation factors d2 test timeframes 

TO T55 Tl05 

T55 0.963 

Tl05 0.906 0.944 

TlOlO 0.946 0.986 0.985 

T155 0.874 0.894 0 .946 

T205 0.790 0.802 0.871 

T2010 0.843 0.860 0.921 

T2020 0.918 0.946 0 .976 

Ev correlation factors type test timeframes 

TO T55 Tl05 

T55 0.947 

Tl05 0.904 0.957 

Tl010 0.933 0.987 0.986 

Tl55 0 .790 0.860 0.915 

T205 0.768 0 .848 0.880 

T2010 0.790 0.866 0.911 

T2020 0.881 0.948 0.970 

TlOlO Tl55 T205 T2010 

0.937 

0.854 0.946 

0.908 0.986 0.987 

0.977 0.984 0.942 0.976 

TlOlO Tl55 T205 T2010 

0.911 

0 .883 0.945 

0.910 0.987 0.986 

0.977 0.971 0.957 0.977 
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CCT correlation factors d2 test timeframes 

TO T55 Tl05 Tl010 Tl55 T205 T2010 

T55 0.969 

Tl05 0.916 0.964 

TlOlO 0.950 0.990 0.991 

Tl55 0.880 0.908 0.961 0.945 

T205 0.858 0.864 0.906 0.896 0.963 

T2010 0.877 0.895 0.942 0.929 0.990 0.991 

T2020 0.930 0.959 0.984 0.982 0.986 0.961 0.982 

CCT correlation factors type test timeframes 

TO T55 Tl05 Tl010 Tl55 T205 T2010 

T55 0.970 

Tl05 0.905 0 .961 

Tl010 0.946 0.990 0.990 

Tl55 0.844 0.902 0.959 0.942 

T205 0.808 0.872 0.911 0.904 0.965 

T2010 0.833 0.895 0.943 0.931 0.991 0.992 

T2020 0.904 0.958 0.983 0.982 0.984 0.966 0.983 
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Appendix D2: Performance versus CCT and Ev 

CCT - d2 Tn-F comparison 
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CCT - type test comparison 
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Appendix D3: Covariance analyses 

d2 performance Parameter Estimates using both Ev and CCT 
Dependent Variable:d2 Performance -

Parameter B Std . Error t 

Intercept 696.986 23.252 29.975 

[TestSubject=l.OO] -42.994 9.603 -4 .477 

[TestSubject=2.00] 42.652 8.993 4.743 

[TestSu bject=3.00] 30.068 9.044 3.325 

[TestSubject=4 .00] 54.547 9.035 6.037 

[TestSubject=5.00] -32.865 8.979 -3 .660 

[TestSu bject=6.00] 25.653 8.906 2.880 

[TestSubject= 7 .001 -30.594 9.142 -3.347 

[TestSu bject=8.001 Oa 

TlOlO_d2_Ev -.085 .019 -4.547 

Tl010_d2_CCT -.008 .002 -3.319 

d2 performance Parameter Estimates using only Ev 
Dependent Variable:d2_Performance 

Parameter B Std. Error t 

Intercept 631.422 13.025 48.478 

[TestSubject=l.OOI -32 .350 9.609 -3.367 

[TestSubject=2.00) 46.786 9.454 4.949 

[TestSubject=3.00) 35.212 9.458 3.723 

[TestSubject=4.001 59.775 9.444 6.329 

[TestSubject=5.00) -29.015 9.451 -3.070 

[TestSubject=6.00) 26.953 9.445 2.854 

[TestSubject= 7 .00) -37.190 9.472 -3.926 

[TestSubject=8.00) Oa 

TlOlO_d2_Ev -.070 .019 -3.631 

Sig. 

.000 

.000 

.000 

.001 

.000 

.000 

.005 

.001 

.000 

.001 

Sig. 

.000 

.001 

.000 

.000 

.000 

.003 

.006 

.000 

.000 

95% Confidence Interval 

Lower Bound UpperBound 

650.695 743.278 

-62.112 -23.875 

24.748 60.556 

12.063 48.073 

36.560 72.535 

-50.741 -14 .989 

7.922 43.383 

-48.794 -12.394 

-.122 -.048 

-.012 -.003 

95% Confidence Interval 

Lower Bound Upper Bound 

605.496 657.348 

-51.477 -13.223 

27.967 65.604 

16.386 54.038 

40.977 78.573 

-47.827 -10.202 

8.153 45.752 

-56.044 -18.336 

-.108 -.032 
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d2 performance Parameter Estimates using only eeT 
Dependent Variable:d2_Performance 

95% Confidence Interval 

Parameter B Std. Error t Sig. lower Bound Upper Bound 

Intercept 628.623 19.826 31.708 .000 589.161 668.085 

[TestSubject=1.00] -32.068 10.392 -3.086 .003 -52.752 -11.383 

[TestSubject=2.00] 42.198 10.050 4.199 .000 22.193 62 .203 

[TestSubject=3.00] 33.937 10.063 3.372 .001 13.907 53.966 

[TestSu bject=4 .00] 56.135 10.090 5.563 .000 36.051 76.220 

[TestSu bject=5.00] -33.122 10.035 -3.301 .001 -53.096 -13.148 

[TestSubject=6.00] 26.557 9.951 2.669 .009 6.750 46.365 

[TestSubject=7.00] -29.772 10.215 -2.915 .005 -50.105 -9.439 

[TestSubject=8.00] Oa 

Tl010 d2 CCT -.005 .002 -2 .039 .045 -.010 .000 

Type performance Parameter Estimates using Ev and eeT 
Dependent Variable:Typ_Performance 

95% Confidence Interval 

Parameter B Std. Error t Sig. lower Bound Upper Bound 

Intercept 4.325 .220 19.621 .000 3.887 4.764 

ITestPerson=1.00] -.483 .096 -5.042 .000 -.673 -.292 

[TestPerson=2.00] -1.057 .092 -11.430 .000 -1.241 -.873 

[TestPerson=3.00] -.466 .092 -5.036 .000 -.650 -.282 

[TestPerson=4.00] -.173 .093 -1.860 .066 -.357 .012 

ITestPerson=5.00] -.627 .093 -6.780 .000 -.811 -.443 

[TestPerson=6.00] .067 .092 .732 .466 -. 116 .250 

[TestPerson=7.00] -1.439 .093 -15.413 .000 -1.625 -1.253 

ITestPerson=8.00] Oa 

Tl010_typ_Ev .000 .000 -3.438 .001 -.001 .000 

Tl010_typ_CCT -7.020E-5 .000 -3.392 .001 .000 -2.906E-5 
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Type performance Parameter Estimates using only Ev 
Dependent Variable:Typ Performance -

95% Confidence Interval 

Parameter B 5td . Error t 5ig. Lower Bound Upper Bound 

Intercept 3.715 .135 27.574 .000 3.447 3.982 

[TestPerson=1.00] -.403 .098 -4 .102 .000 -.598 -.208 

[TestPerson=2.00] -1.035 .098 -10.599 .000 -1.229 -.841 

[TestPerson=3.00] -.431 .097 -4.427 .000 -.624 -.237 

[TestPerson=4.00] -.129 .097 -1.324 .189 -.322 .065 

[TestPerson=5.00] -.604 .098 -6.180 .000 -.798 -.409 

[TestPerson=6.00] .050 .097 .513 .609 -.143 .243 

[TestPerson= 7 .00] -1.495 .097 -15.367 .000 -1.688 -1.302 

[TestPerson=8.00] Oa 

TlOlO_typ_Ev .000 .000 -2.621 .010 .000 .000 

Type performance Parameter Estimates using only CCT 
Dependent Variable:Typ Performance -

95% Confidence Interval 

Parameter B 5td . Error t Sig. Lower Bound Upper Bound 

Intercept 3.825 .176 21.784 .000 3.476 4.174 

[TestPerson=1.00) -.422 .100 -4 .228 .000 -.620 -.223 

[TestPerson=2.00] -1.079 .098 -11 .033 .000 -1.273 -.885 

[TestPerson=3.00) -.464 .098 -4.733 .000 -.659 -.269 

[TestPerson=4 .00] -.177 .098 -1.792 .077 -.372 .019 

[TestPerson=5.00] -.649 .098 -6.635 .000 -.844 -.455 

[TestPerson=6.00] .064 .098 .657 .513 -.130 .258 

[TestPerson= 7 .00] -1.453 .099 -14.693 .000 -1.650 -1.257 

[TestPerson=8.00] Oa 

TlOlO _typ _ CCT -5.492E-5 .000 -2.563 .012 -9.752E-5 -1.233E-5 

121 



Type test - Repeated measures of the separate scenarios 

Sou ree Measure Type 111 df Mean F Sig. 

Sum of Square 

Squares 

Test# Se1 Sphericity Assumed 1.286 2.000 0.643 5.994 0.010 

Greenhouse-Geisser 1.286 1.233 1.043 5.994 0.027 

Huynh-Feldt 1.286 1.330 0.967 5.994 0.024 

Lower-bound 1.286 1.000 1.286 5.994 0.037 

Se2a Spherieity Assumed 0.132 2.000 0.066 2.248 0.134 

Greenhouse-Geisser 0.132 1.729 0.076 2.248 0.143 

Huynh-Feldt 0.132 2.000 0.066 2.248 0.134 

Lower-bound 0.132 1.000 0.132 2.248 0.168 

Se2b Sphericity Assumed 0.019 2.000 0.009 0.272 0.765 

Greenhouse-Geisser 0.019 1.532 0.012 0.272 0.708 

Huynh-Feldt 0.019 1.783 0.010 0.272 0.741 

Lower-bound 0.019 1.000 0.019 0.272 0.615 

Se3 Spherieity Assumed 0.038 2.000 0.019 0.751 00486 

Greenhouse-Geisser 0.038 1.473 0.026 0.751 0.452 

Huynh-Feldt 0.038 1.692 0.023 0.751 0.468 

Lower-bound 0.038 1.000 0.038 0.751 00409 
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d2 test - Repeated measures of the separate scenarios 

Sou ree Measure Type 111 df Mean F Sig. 

Sum of Square 

Squares 

Te stil Sc1 Sphericity Assumed 56784 2.000 28392.000 46.562 0.000 

Greenhouse-Geisser 56784 1.283 44254.981 46.562 0.000 

Huynh-Feldt 56784 1.446 39278.000 46.562 0.000 

Lower-bound 56784 1.000 56784.000 46.562 0.000 

Sc2a Sphericity Assumed 1330.333 2.000 665.167 2.907 0.088 

Greenhouse-Geisser 1330.333 1.609 826.972 2.907 0.103 

Huynh-Feldt 1330.333 2.000 665.167 2.907 0.088 

Lower-bound 1330.333 1.000 1330.333 2.907 0.132 

Sc2b Sphericity Assumed 4323.083 2.000 2161.542 12.139 0.001 

Greenhouse-Geisser 4323.083 1.678 2576.673 12.139 0.002 

Huynh-Feldt 4323.083 2.000 2161.542 12.139 0.001 

Lower-bound 4323.083 1.000 4323.083 12.139 0.010 

Sc3 Sphericity Assumed 885.5833 2.000 442.792 4.408 0.033 

Greenhouse-Geisser 885.5833 1.058 837.026 4.408 0.070 

Huynh-Feldt 885.5833 1.088 814.055 4.408 0.069 

Lower-bound 885.5833 1.000 885.583 4.408 0.074 
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Individual test subject scenario results: Type test 
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Appendix D5: Paired T-tests comparison Scenario 2a 2b 

Paired T-test: Type test comparison scenario 2a - 2b 

Paired Samples Statistics 

Mean N Std. Deviation Std. Error Mean 

Pair 1 Sc2a 3.1828 10 .90860 .28732 

Sc2b 3.0927 10 .86841 .27462 

Paired Samples Correlations 

N Correlation Sig. 

Pair 1 Sc2a & Sc2b 10 .960 .000 

Paired Samples Test 

Paired Differences 

95% Confidence 

Std. Interval of the 

Std. Error Difference Sig.(2-

Mean Deviation Mean Lower Upper t df tailed) 

Pair 1 Sc2a - Sc2b .09010 .25430 .08042 -.09182 .27202 1.120 9 .292 
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Paired T-test: d2 test eomparison scenario 2a - 2b 

Paired Samples Statistics 

Mean N Std. Deviation Std. Error Mean 

Pair 1 Se2a 586.6250 8 43.69680 15.44915 

Se2b 606.0000 8 42.61455 15.06652 

Paired Samples Correlations 

N Correlation Sig. 

Pair 1 Se2a-Se2b 8 .797 .018 

Paired Samples Test 

Paired Differences 

95% Confidence 

Std . Interval of the 

Std . Error Difference Sig. (2 

Mean Deviation Mean Lower Upper t df tailed) 

Pair 1 Sc2a - Sc2b -19.375 27.536 9.735 -42.396 3.646 -1.99 7 .087 
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