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Summary:  
The majority of studies investigating the effects of light on health use averaged lighting quantities. 
Since human health is individualized, the lighting conditions influencing human health should also be 
investigated individually. For this reason, a new non-obtrusive method for measuring personal light 
exposure was created (i.e. Location-Bound Estimations (LBE)). This paper provides a research 
towards the influences of the location and viewing directions of office workers on their personal light 
exposure in order to improve this LBE method. An observatory study as well as laboratory 
measurements with and without daylight access were performed, assessing various office situations 
and lighting parameters. The results showed that the influence of the location and viewing direction 
on the personal lighting conditions of office workers is significant. The spectral data as well as the 
vertical illuminance differ up to 76% between the different viewing directions. These differences 
depend on multiple person related factors. The calculated influences and proposed improvements in 
this paper, are expected to increase the accuracy of the location-bound estimation method. 
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Abstract. The majority of studies investigating the effects of light on health use averaged lighting quantities. 
Since human health is individualized, the lighting conditions influencing human health should also be 
investigated individually. For this reason, a new non-obtrusive method for measuring personal light exposure 
was created (i.e. Location-Bound Estimations (LBE)). This paper provides a research towards the influences 
of the location and viewing directions of office workers on their personal light exposure in order to improve 
this LBE method. An observatory study as well as laboratory measurements with and without daylight access 
were performed, assessing various office situations and lighting parameters. The results showed that the 
influence of the location and viewing direction on the personal lighting conditions of office workers is 
significant. The spectral data as well as the vertical illuminance differ up to 76% between the different viewing 
directions. These differences depend on multiple person related factors. The calculated influences and 
proposed improvements in this paper, are expected to increase the accuracy of the location-bound estimation 
method. 

Keywords: Office light, measurements, viewing direction, individualized, light exposure. 

1. Introduction 

The increase in human alertness is one of the effects of light exposure, it is indirectly caused via the circadian 
melatonin suppression or directly as an acute effect [1]. The relation between light and human alertness with 
regards to office lighting has also been studied and determined frequently [2][3].  Research by Van Duijnhoven 
et al. [3] and Van Hoof et al. [4], however, show that these studies are often incomplete and incomparable to each 
other due to the different methodologies that were used. The researches [3][4] for instance show that the majority 
of these studies have been using averaged lighting quantities of the photometric quantity illuminance or correlated 
color temperature. Since human health is individualized, the lighting conditions that influence human health 
should also be investigated individually. It is therefore important to measure the amount of light that is entering 
the eye, also known as the personal lighting conditions (PLC) [1]. For this reason, Van Duijnhoven et al. [5] 
created a new non-obtrusive practical method: location-bound estimations (LBE) for measuring these personal 
lighting conditions. 

The importance of studying the relationship between lighting conditions and the well-being of office workers can, 
amongst others, be explained with Figure 1. One can see that almost 82% of the typical U.S. office building costs 
per ft2 per year are spend on people (i.e., salaries and benefits). This means that even a small improvement in 
productivity of office workers has already a larger impact on the building costs than for instance energy savings. 
Productivity is related to both lighting and well-being [6]. As stated earlier, light exposure directly and indirectly 
influences human alertness, where in turn alertness is directly related to productivity [7]. Improving the personal 
light exposure would therefore increase productivity. Improved lighting conditions will also provide a healthier 
working environment, for instance reducing absenteeism [8][9]. This will again improve the productivity of the 
office workers on a yearly basis. Therefore, the light that enters an office workers’ eye may be influencing the 
costs of the office building in various ways.  
 

mailto:m.j.h.burgmans@student.tue.nl
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Figure 1: Typical U.S. office building costs in euro per ft2 per year after Wilson et al. (2004) [10]. 

 
The LBE method uses reference measurements inside the concerning office environment in combination with 
predictive models to make an estimation for the lighting conditions throughout the entire office environment. 
Some of the advantages of this method are that it is non-obtrusive (i.e., no measurement instruments have to be 
worn), only one location is occupied with measurement devices and it is cost-effective due to the low number of 
measurement devices. On the other hand, some questions arise about the accuracy of the method. Van Duijnhoven 
et al. [11] validated the method by comparing it to two other well used methods (i.e., location-bound measurements 
and person-bound measurements). They found that the LBE method had a relative deviation (i.e., 32.9%) 
compared to person-bound measurements for vertical illuminances. 
 
Two reasons for this deviation could be the fact that exact locations and viewing directions of the office workers 
were not included. The model predicts the amount of light that a person is receiving when he/she is at his/hers 
working place. However, the model does not measure or track the location of office workers. As the model 
assumes, office workers are viewing towards their computer screen in general. Nevertheless, the model does not 
account for the cases where the office workers are viewing in other directions (e.g., towards colleagues or outside).  
 
The goal of this study is to improve the location bound estimation method by determining the influences of the 
location and viewing direction of office workers on their PLC. Different office characteristics were applied during 
these measurements to widen the scope of the measurements. The analysis of these results led to recommendations 
for improving the LBE method.  

This paper covers two separate but related studies. In the first one, the presence/absence and viewing directions 
of office workers were observed and analyzed. The second study consisted of assessing certain lighting parameters 
in different viewing directions for various situations in a laboratory setup with and without daylight access. The 
two setups are subsequently compared to analyze the applicability of the measurements without daylight. The 
results of all measurements are analyzed and discussed at the end of this paper. 

The main research question will then be as follows: How to improve the LBE method by implementing the 
viewing direction and location of office workers? 

The sub questions which are used to lead towards an answer for the research question are: 

1. In which direction are office workers watching? 
2. How much time are office workers at their desk? 
3. What is the influence of the viewing direction and location of office workers on their personal lighting 

conditions?  
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2. Methodology 

This section reports the methodology that has been used in order to determine the influences of the location and 
viewing directions of office workers on their personal lighting conditions (see Figure 2). The study consists of 
two separate but related studies. The first study concerns an observation study to answer sub questions 1 and 2. 
By means of an observation, six office workers were observed to determine their viewing directions and location 
in general. The second study covers two laboratory measurements in order to answer sub question 3. These 
measurements are meant to find the differences in various lighting parameters (see Section 2.2.1.2) for different 
viewing directions in different office situations. The combination of those two studies will lead to an answer on 
the main research question: how to improve the LBE method by implementing the viewing direction and location 
of office workers? 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

2.1. Observatory study 

During the observation study, six office workers inside the Vertigo building at the Eindhoven University of 
Technology were observed to determine their behaviour with regards to viewing direction and location 
(presence/absence). Two aspects were observed: the time they were not sitting at their desk and the time they were 
viewing in a certain direction. Both measurements were done simultaneously.  

 

 

 

Figure 2: Overview of the methodology. 
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2.1.1 Observation setup 

Two identical stopwatches (one for each person) were used 
to measure the time. To process all the data a prepared 
Microsoft Excel (2013) sheet was directly filled in. The time 
that the office workers were present and watching towards 
their computer screen were taken as standard, every other 
move was timed (see Figure 3, indicated with the red 
stopwatches).  

The observations were executed at three locations in the 
Vertigo building with different orientations and positions 
towards the window (see Figure 4). The observed people 
were not notified in advance since this could have changed 
their behaviour and possibly influenced the results. Instead, 
the observer kept a low-profile during the observations. The 
office workers were asked for permission to use the data 
afterwards. 
  

 

2.1.2 Observations 

Three separate observations were performed, i.e. two office workers at a time. The ages of the observed persons 
varied between 25 and 39 years old. The observations took place on the 29th of March, 2nd of April, and the 3rd of 
April. Each observation took one full working day (09:00 – 17:00). 

Observation study 

Location Viewing direction 

- Presence  

- Absence  
 
 
 

 = Timed factors 

- PC screen  

- Window  

- Window opposite  

- Backwards  

- Desk  

Figure 3: Overview of the observation study methodology. 

Figure 4: Locations observation study: Vertigo floor 9 on the left side and Vertigo floor 7 on the right. 
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2.2 Laboratory measurements 

The lighting measurements aimed at determining the influence of the location and viewing direction of office 
workers on PLC. However, it is hard to predict an office worker’s whereabouts when they are not at their desk, 
which complicates determining the influences of these locations on their PLC. In addition, it is expected that the 
office workers are at their desk the vast majority of time. The lighting measurements therefore focused on the 
influences of the viewing directions (at the desk). The laboratory measurements were divided into two parts, one 
situation without daylight and one with daylight. The room characteristics of both setups can be found in Table 1. 

Table 1 

Room characteristics of both laboratory setups. 
Room characteristics Setup without daylight Setup with daylight 
Room length (m) 6.3 5.5 
Room width (m) 4.2 3.5 
Room height (m) 6 2.7 
Reflection factors   
     - Walls 74.3%, 12.3%, 54.1%, 80.4% 34.4%, 2.0%, 62.2% and 85.7% 
     - Floor 15.1% 12.2% 
     - Ceiling 35.0% 75.4% 

 

2.2.1 Laboratory measurements without daylight 

The first performed lighting measurements were in a laboratory with constant lighting conditions for all situations. 
This way the differences in viewing directions in various situations could be directly compared. Horizontal 
illuminances were measured to assure that the lighting conditions remained the same.   

 

2.2.1.1 Measurement setup 

The concept of these measurements was to compare various lighting parameters for different directions in different 
typical office situations (see Table 2). A windowless laboratory space with a computer controlled rotating table 
inside the Vertigo building at the Eindhoven University of Technology provided such a situation. In combination 
with the instruments shown in Table 2, various office situations were created (see Figure 5 and Table 2). The 
equipment that was already present in the room was covered with a black blanket.  

 

 

Figure 5: Setup laboratory measurements without daylight. 
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The values for the office characteristics were determined by different resources. The illuminances at the desk are 
recommended lighting levels from the NEN-12464-1 [12]. The recommended values were obtained by placing a 
dimmable fluorescent light (controlled by a computer) above the table. The position of the office light above an 
office worker can be different in every situation. Therefore the largest possible differences in distances were 
chosen besides the position straight above the person (see Table 2). The correlated color temperature (CCT) of 
the sky varies according to the weather conditions. Daylight data of a study by Khademagha et al. [13] was 
therefore used in combination with KNMI weather data [14] to calculate the CCTs for different days across the 
year to find the occurring CCTs of different weather conditions. These CCTs were then recreated using a virtual 
window controlled by a computer. For the distance between the virtual window and the sensor the minimum and 
maximum possible distances in this room were used. Different variants were created by adjusting one of the 
standard variant’s characteristics. This way multiple office situations were created and could all be assessed with 
combinations of the same lighting conditions. 

 
Table 2 

Office characteristics and details with corresponding instruments and devices. 
Office characteristics Standard 

variant 
Other variants Instruments/devices Number in 

Figure 5 
Illuminance on eye height 
at desk 

500 lx 300 lx Dimmable fluorescent lighting 
(Philips TL5 HO 80W/830)  

(1) 

Position office light 0m  -1.5m and 1.5m Tripods  (2) 
Correlated color 
temperature window 

6500K  6000K, 7500K, 8500K 
and 9000K 

Virtual window  (3) 

Distance eye - window 1m  2.4m  Movable jack (4) 

 

2.2.1.2 Measurement devices 

For each of the variants the spectral data was 
measured with two calibrated 
spectroradiometers (i.e., Konica Minolta, type: 
CL-500A). The devices then calculated the 
illuminances (α-opics) and correlated color 
temperature. One spectroradio-meter was 
placed above the other without overlapping 
(see Figure 6) to measure the parameters both 
horizontal and vertical. The spectroradiometer 
that vertically measures light was placed at the 
average eye height of a sitting person (1.25 m) 
in the middle of the rotating table.  

The luminance values for the virtual window 
(without surroundings) were also measured 
(using a Konica Minolta LS-100 Luminance 
meter) to compare the intensity of luminous 
flux that will be detected by the eye of the 
virtual window with a normal window 
(laboratory measurements with daylight) [15]. 

 

Figure 6: Laboratory measurements without daylight: measurement devices. 
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2.2.1.3 Measurements 

The lighting parameters were measured in five 
directions for each variant: four vertical and one 
horizontal. The vertical measurements were done by 
rotating the table before each measurement. The 
direction towards the virtual window was assumed 
as 0° (see Figure 7). To analyse as much directions 
as possible, the sensors were rotated from 0 to 360° 
in a 10° interval. The spectroradiometers measured 
at the same timestamp using a Microsoft Excel 
(2013) template designed by Konica Minolta.  

 

 

 

 

2.2.2 Laboratory measurements with daylight 

The second lighting measurements took place in a simulated office environment including daylight. These 
measurements are more realistic in comparison to the laboratory setup without daylight because of the presence 
of daylight. 
 
 

2.2.2.1 Measurement setup 

Since daylight changes over time, 
comparing variants with the same lighting 
conditions is nearly impossible. Therefore 
only one setup was used during these 
measurements. The standard case from the 
laboratory measurements without daylight 
was recreated as much as possible in an 
empty room, see Figure 8 and Figure 9. 
The same fluorescent lighting was attached 
to the ceiling at equal height (2.7m). 
Window dimensions similar to the other 
setup were created by placing cardboard in 
front of the window. The height and area of 
the table were almost identical and the 
sensors were placed at the same height 
(1.25m) as in the measurements without 
daylight. The white wall closest to the 
sensors was covered with a black blanket 
to avoid reflections, see Figure 8 (this side was also dark in the laboratory case without daylight).  

 

 

Figure 7: Floor map laboratory measurements without daylight. 

Figure 8: Setup laboratory measurements with daylight. 
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2.2.2.2 Measurement devices 

Several measurement devices were used in this measurement (see Table 3 and Figure 10). Because daylight 
changes over time it was important to measure the four directions at the same time. Since only two 
spectroradiometers (as in the measurements without daylight) were available, other devices had to be used. 
Therefore, four calibrated USB4000 spectrometers with a cosine corrector and transmission probes were used 
instead. These were placed in a swivel which was attached to a small wooden plate. The two calibrated 
spectroradiometers were placed slightly beneath these spectrometers in order to compare the differences between 
the devices directly. A calibrated Hagner cell was placed on top of the wooden plate to measure horizontal 
illuminance. In addition, a luminance distribution measurement device was placed behind the Hagner cell to 
measure the luminance distribution [16].  

 
Table 3 

Specifications of the used measurement devices for the laboratory measurements with daylight. 
Measurement 
device 

Measures or 
calculates 

Type/Serial 
number 

Manufacturer Amount 
of 
devices 

Number in 
Figure 8 
and 9 

Software Interval 
(in 
minutes) 

USB4000 
Spectrometer 
(with cosine 
corrector) 

Vertical 
illuminance, 
CCT and 
spectral data 

USBH07057 
USBU05695 
USBH06965 
USBU05696 

Ocean Optics 4 (1) Ocean View 30 

Spectroradio-
meter 

Vertical 
illuminance, 
CCT and 
spectral data 

CL-500A 
(10002710 and 
10002711) 

Konica 
Minolta 

2 (2) Data 
Management 
Software CL-
S10w  

30 

Luminance 
distribution 
measurement 
device 

Luminance  TBA Eindhoven 
University of 
Technology  

1 (3) Luminance 
Analysis 
Software 
System 
(LASS) 

30 

Hagner cell Horizontal 
illuminance  

E4X   Hagner (SE) 1 (4) Squirrelview 10 

 

Figure 9: Section (left) and view (right) of the laboratory measurements with daylight. 
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2.2.2.3 Measurements 

The measurements took place from the 16th until the 22th of May 2018. The intervals of the devices were set using 
the corresponding software programs (see Table 3). The interval of the Hagner cell was set to 10 minutes while 
the other devices measured on a 30 minutes interval basis. The devices had to be started manually except for the 
Bee-Eye, which can be scheduled using LASS. By using the software programs at the same time, the different 
measurement devices were all started within two seconds. 

The direction towards the window was assumed as 0°, while the degrees increased counter clockwise (see Figure 
10). This way the directions of these measurements corresponded to the directions of the laboratory measurements 
without daylight. People of the laboratory were informed that the room was in use for the given days to avoid 
people coming in during the measurements. 

 
2.3 Data analysis 

 
2.3.1. α-opics  

The usage of the five α-opic weighted irradiances is proposed by the CIE when describing light in relation to 
health (e.g., non-image forming effects) [17][18]. The CIE Irradiance Toolbox, a Microsoft Office Excel sheet 
developed alongside the CIE Technical Note, was used to convert the spectral data (from the laboratory 
measurements without daylight) into the five α-opics [17][19]. This analysis include the different office situations 
shown in Table 2 (with CCTs: 6000K, 6500K, 7500K, 8500K and 9000K). The α-opics were compared by 
calculating the relative differences between the α-opics and the photopic illuminances (see Equation 1). 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑑𝑑𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑑𝑑𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅 = α−opic
𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑝𝑝𝑜𝑜𝑜𝑜 𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜𝑖𝑖

 𝑥𝑥 100%                                                                                                     (1)  

Table 4 shows the calculated minimum and maximum relative differences. The differences between the minimum 
and maximum relative differences are also shown in Table 4. Here can be seen that these differences are below 
6% for every α-opic. Each α-opic can be derived from the photopic illuminance within a 6% accuracy range for 
these measurements without daylight access. The results will therefore only cover one of the illuminances. The 
photopic illuminance, popularly known as illuminance, will therefore be used because it is easy to use and 
generally known. 

 

0° 

90° 

270° 

180° 

Figure 10: Floor map (left) and pictures with viewing directions (middle and right) of the laboratory measurements with daylight setup. 
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Table 4 

 

 

 

 

 

 

 

 

 

 

2.3.2. Observation study 

All measured data was entered into Microsoft Excel (2013) during the observation, after which the data was 
analysed using MATLAB (R2018a). The location results (i.e., occupancy) are given in percentages of the total 
time (Equation 2) and the viewing direction results as percentage of the total presence time (Equation 3).  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑝𝑝𝑑𝑑𝑅𝑅𝑝𝑝𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅 (𝑜𝑜𝑑𝑑 𝑅𝑅𝑎𝑎𝑝𝑝𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅) = 𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖 𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑖𝑖𝑖𝑖𝑜𝑜𝑖𝑖 (𝑜𝑜𝑝𝑝 𝑖𝑖𝑎𝑎𝑝𝑝𝑖𝑖𝑖𝑖𝑜𝑜𝑖𝑖)
𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖 𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖

 𝑥𝑥 100%                                                                     (2)  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅𝑅𝑅𝑣𝑣𝑅𝑅𝑑𝑑𝑣𝑣 𝑑𝑑𝑅𝑅𝑑𝑑𝑅𝑅𝑑𝑑𝑅𝑅𝑅𝑅𝑜𝑜𝑑𝑑 = 𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖 𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖 𝑣𝑣𝑜𝑜𝑖𝑖𝑣𝑣𝑜𝑜𝑖𝑖𝑣𝑣 𝑜𝑜𝑖𝑖 𝑜𝑜𝑖𝑖𝑖𝑖 𝑑𝑑𝑜𝑜𝑝𝑝𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖
𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖 𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑖𝑖𝑖𝑖𝑜𝑜𝑖𝑖 𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖

 𝑥𝑥 100%                                                                  (3)  

 
2.3.3. Laboratory measurements 

All the measurements were analysed in the software program MATLAB (R2018a).  
The results of the comparison between the different viewing directions are given in percentages of the sum of the 
concerning values in four directions (Equation 4). This way the different situations can be directly compared. For 
the analysis of the spectral data, the spectral data of the USB4000 spectrometers is first converted to 1nm steps. 
The Konicas measured the spectral data per wavelength (1 nm) while the USB4000 spectrometers used a 0.265 
nm interval. The spectral data of the USB4000 spectrometers were therefore converted to 1 nm steps by finding 
the wavelengths closest to a rounded wavelength and adding up the corresponding irradiance values per 
wavelength. The median was then calculated for wavelengths 380 up to and including 780 nm for every situation 
to obtain one value per measurement in order to simplify the results analysis, this will be called spectrum median 
in the remainder of the paper. In Equation 4, the ‘X’ represents the lighting parameters (i.e., illuminance, CCT 
and the spectrum median). 
  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ′𝑋𝑋′ = 𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ′𝑋𝑋′ 𝑜𝑜𝑖𝑖 𝑜𝑜𝑖𝑖𝑖𝑖 𝑑𝑑𝑜𝑜𝑝𝑝𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖
𝑝𝑝𝑖𝑖𝑖𝑖 ′𝑋𝑋′ −𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝 𝑜𝑜𝑖𝑖 𝑖𝑖𝑖𝑖𝑖𝑖 4 𝑑𝑑𝑜𝑜𝑝𝑝𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑝𝑝 

 𝑥𝑥 100%                                                                                                (4)  

The differences between the variants are also analysed. These results are given in absolute instead of relative 
values to be able to compare the differences in various situations per variant. The usage of relative values would 
give a distorted picture in some cases in this analysis.   

The measurements with and without daylight are analysed by comparing the relative values of the lighting 
parameters of both. This way the similarities and differences between the presence and absence of daylight become 
clear.  

 

Relative differences  between the five α-opics and photopic illuminance.  

 Minimum relative 
differences  

Maximum relative 
differences 

Max-min 
differences 

Photopic illuminance 100% 100% 0% 

Cyanopic illuminance (1) 4.97% 10.10%  5.13% 

Melanopic illuminance (2) 7.75% 13.05% 5.30% 

Rhodopic illuminance (3) 10.63% 15.47% 4.84% 

Chloropic illuminance (4) 14.36% 16.85% 2.49% 

Erythropic illuminance (5) 16.67% 16.77% 0.10% 
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3. Results 
All measured data was multiplied with the calibration factor of the corresponding device before analysing it. The 
calibration factors for all measurement instruments can be found in Appendix A.  

 

3.1 Observation study 

An arrow graph averaged over all 6 persons 
is shown in Figure 11. The thickness of the 
arrow-lines are relative to the average time 
the persons were watching in that direction, 
while the arrow-heads are the same in every 
situation. The location of the window was 
varying over the situations (Figure 7), the 
window (window icon) is assumed to be on 
their left side when positioned towards the 
computer screen (computer icon) in this 
case in order to calculate the averages.  

One can notice that the sum of the 
percentages is beneath 100%, this is due to 
the fact that the observed persons also 
viewed towards their desk and mobile 
phone some of the time. This is not included 
in Figure 11. 

As for the presence and absence of the 
office workers, a little pie chart is given at 
the right top of  Figure 11. The green part 
indicates the average relative presence at 
their working place while the red part 
corresponds to average absence of the office 
workers. 

The minimum and maximum margins for 
the location (upper part) as well as viewing 
directions (lower part) of the office workers 
are given in Table 5. Here can be that the 
largest difference between minimum and 
maximum occurs for the screen direction.  

 

 

 

3.2 Laboratory measurements 
 
The results are split up in three parts: 

• The first part describes the results of the comparison between the different office situations with regards 
to the three lighting parameters.  

• The second part shows the results of the differences between the viewing directions for both the 
measurements with as without daylight.  

• The third section compares those two measurements with each other to, among other things, show 
whether the measurements without daylight were corresponding to the measurements with daylight.  
 

Minimum and maximum relative margins: occupancy and viewing direction. 

 Minimum 
margin 

Maximum 
margin 

Location:   

          Presence 78.1% 84.8% 

          Absence 15.2% 21.9%  

Viewing directions:   

         Window 0.4% 1.3% 

         Window opposite 0.2% 4.9% 

         Screen 84.6% 97.1% 

         Behind 0.0% 0.3% 

Figure 11: Arrow graph averaged over all six observed office workers. 

Table 5 
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3.2.1 Office characteristics comparison 

The comparison between the different 
office characteristics shown in Table 2 
has been done for the  vertical 
illuminance, CCT and spectrum 
median. One graph of the results is 
shown in Figure 12. The dotted lines 
indicate the expected trend between the 
measured points. The colors 
demonstrate the different viewing 
directions. In Figure 12 can be seen that 
the CCT decreases slightly when the 
fluorescent lighting changes from 300 
to 500 lux. The remainder of these 
results are attached in Appendix B. 

 

3.2.2 Viewing directions  

Arrow graphs with relative values for vertical illuminance, CCT and 
spectrum median have been made in order to get a clear overview of the 
differences between the four viewing directions. This has been done for 
the five different outside weather conditions described in Table 2 (CCTs 
of the virtual window). The graphs for an outdoor CCT of 6000K are 
shown in Figure 13, the colors correspond to the colors in Figure 2. The 
relative values correlate to the thickness of the arrow-line, arrow-heads 
stay the same. These relative values are determined by dividing the value 
in one direction by the sum of values of all four directions where the sum 
is always 100% (Equation 3).  

The best (lowest difference between two viewing directions) and worst 
(highest difference between two viewing directions) are described in 
Table 6. 

Table 6 

 

 

 

 

 

 

 

 

 

 

 

Relative differences between viewing directions per 
lighting parameter. 
 Best case 

scenario 
Worst case 
scenario 

Vertical illuminance 1.8% 76.7% 
Correlated color 
temperature 

0.15% 20.8%  

Spectrum median 1.9% 76.8% 

Figure 12: CCT (expected) trend when dimming the fluorescent lighting. 

Figure 13: Relative differences in vertical illuminance 
for an outdoor CCT of 6000K for both setups. 
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3.2.3 Laboratory measurements without versus with daylight 

The same relative values from the arrow graphs are now 
compared between the two different measurements (i.e., 
with and without daylight) for each CCT. The best 
(lowest percentage difference) and worst (highest 
percentage difference) cases for vertical illuminance, 
CCT and spectral data are shown in Table 7. These 
values were calculated by finding the minimum and 
maximum absolute differences between the laboratory 
measurements with and without daylight for each 
lighting parameter per outdoor CCT per viewing 
direction. In other words, the minimum and maximum 
differences between the two measurements per viewing 
direction for each lighting parameter. Bar plots with the 
relative values are added in Appendix C to graphically 
clarify the differences. 

 
3.2.3.1 Luminance measurements 

 
The results of the luminance measurements are concisely 
shown in Table 8. The maximum luminance (measured 
in cd/m2) for both situations is determined. For the 
laboratory measurements without daylight, the 
luminance was only measured for the five different 
CCTs of the virtual window, since these values were 
constant. While for the measurements with daylight, the 
luminance was measured on an interval of 30 minutes, 
though only the luminance’s corresponding to the five 
outdoor CCTs were used.  

  

4. Discussion 

The location-bound estimations method is a new promising non-obtrusive practical method to measure personal 
lighting conditions in office environments. This paper focused on improving this method through the inclusion 
of the location and viewing directions of office workers. An observation study was performed to describe the 
occupancy pattern and distribution of viewing directions over time of the observed office workers. Laboratory 
measurements described the amount of influence of these factors on the personal lighting conditions of office 
workers. 

The results of the observation study show that the observed office workers are present at their desk between 
78% and 85% of the working day (see Table 5). The average occupancy at the desk of about 81% (Figure 11) 
corresponds to the study by Duncan et al. [20].This occupancy rate means that the lighting conditions at the desk 
determined by the LBE method are applicable for around 81% of the time. The remaining 19% of time is spent 
elsewhere, from which the lighting conditions cannot be determined using the current LBE method (Van 
Duijnhoven et al.) [5]. Using occupancy data of the office and location tracking of office workers could fill up 
this gap in the LBE method. With these data included, the absence time can also be covered in the LBE.  

Figure 11 shows that the observed persons viewed towards their computer screen for around 92.5 % of the time. 
Which indicates that the LBE does not account for 7.5% of the time that an office worker views in another 
direction. Including office characteristics, e.g. orientation of the desk and screen towards the window, is a 
possible implication to cover the viewing directions in the LBE method.  

Best and worst case scenarios for the differences 
between the two measurement setups. 
 Best case 

scenario 
Worst case 
scenario 

Vertical illuminance 0.01% 11.95% 

Correlated color 
temperature 

0.28% 7.49%  

Spectrum median 0.29% 12.30% 

Maximum luminance for both measurements.  

 Maximum luminance (in 
cd/m2) 

Laboratory measurements 
without daylight 

771.0 

Laboratory measurements 
with daylight 

9519.16 

Table 7 

Table 8 
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Figure 12 shows that the CCT slightly decreases when the dimming level of the fluorescent lighting increases. 
Though, it was expected that the CCT would stay the same. This result shows the importance of measuring more 
than just illuminance or CCT as stated by Van Duijnhoven et al. [3]. 

In the laboratory measurements, the differences between viewing directions were compared. Figure 13 and 
Table 6  show that these differences rise up to more than 76% for the vertical illuminance and spectrum median 
and around 20 % for the CCT. As expected, the highest values occur towards the (virtual) window for both 
setups. One can notice that the arrows pointing towards the left in Figure 13 differ 9% between the two setups. 
This difference can be explained when the reflection factors of the corresponding walls are compared (see Table 
1). The reflection factors of the walls are 12.3% for the setup without daylight and 2.0% with daylight. 
Therefore, the measurement devices in the measurements with daylight received much less light reflecting from 
the wall than in the measurements without daylight. 

The differences between both laboratory measurements (see Table 7) show that the largest difference occurs for 
the vertical illuminance and spectrum median (11.95% and 12.30% relatively). This table indicates that the 
relative results of the laboratory measurements without daylight are relevant even with the limitations included. 
The luminance distribution results (see Table 8), however, show that the absolute values of the measurements 
without daylight are much lower (as also stated by Forster) [21]. 

Two limitations of the observation study are that the observed persons all were fixed desk workers and doing the 
same kind of office work. The minimum and maximum margins shown in Table 5 are therefore closer to each 
other then they would probably be when different types of office workers with different activities are observed.  
Another limitation was that there was no option to observe office workers that were orientated towards the 
window. Therefore, the observation study only covert persons orientated parallel to the window.  

One limitation of the laboratory measurements is that the room characteristics are not the same (see Table 1). 
The room sizes could not be adapted while black curtains were placed to avoid heavy reflections for the 
measurements with daylight (see Figure 8). Another limitation was that different measurement devices had to be 
used in order to measure the desired lighting parameters. 

It is recommended that future research focuses on the application of the possible improvements for the LBE 
method. Subsequently, the LBE method including the improvements has to be validated internally ([5]) and 
externally ([11]) to find whether the LBE is really improved by the inclusion of these factors. 

 

5. Conclusions 

The current paper shows that the location-bound estimations (LBE) method can be improved by implementing 
the viewing directions and location of office workers. The observation study showed that,  for fixed desk workers, 
the observed persons are at their desk for around 81% of the working day. The other 19% of time is spent 
elsewhere, which means that the lighting conditions at the desk determined by the LBE method are applicable for 
around 80% of the time in case of fixed desk workers (the presence time for flex workers is expected to be lower). 
Comparing the different viewing directions, high relative differences up to 76% were found for vertical 
illuminances and spectral data. These differences may seem relatively high, however, the influence of the viewing 
directions has to be corrected with the time that office workers are watching in a particular direction. For instance, 
the observation study pointed out that the office workers, in this case, viewed towards the window for only 0.66% 
of the working day on average. 

The findings in this study show that the inclusion of the viewing directions and location of office workers in the 
LBE method can lead to improvements of this method when the following personal data is included: 

- Occupancy data of the concerning office; 
- Location tracking of office workers; 
- Office characteristics (e.g., orientation of the desk towards the window). 
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      9. Appendix 

9.1.   Appendix A: Calibration factors 

The two spectroradiometers (Konica Minolta) and the four USB4000 spectrometers (‘fibers’) are calibrated with 
a calibrated illuminance meter, Hagner cell E4X (calibrated 2015). The calibration factors are given in Table A-
1.   

 

 

 

 

 

 

 

 

 

  

Calibration factors per device   
 Calibration factors Range (lux) 

Konica Minolta (10002710) 1.012 95 - 682 

Konica Minolta (10002711) 1.008 91 - 675 

USB4000 – USBH07057 0.976 75 - 1253 

USB4000 – USBU05695 0.878 88 - 1363 

USB4000 – USBH06965 0.923 70 - 1322 

USB4000 - USBU05696 0.978 65 - 1259 

Table A- 1 
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9.2.   Appendix B: Office characteristics comparison 

 
The comparison between different office characteristics for the vertical illuminance (1), CCT (2) and spectrum 
median (3). The dotted lines indicate the expected trend between the measured points. The colors demonstrate 
the different viewing directions. 

 

(1) The trend of the vertical illuminance in different office situations. 
 

 
(2) The trend of the correlated color temperature in different office situations. 
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(3) The trend of the spectrum median in different office situations. 
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9.3.   Appendix C: Laboratory measurements with versus without daylight 

 

(1) Differences between the laboratory measurements with (blue) and without (red) with regards to vertical illuminance. 

(2) Differences between the laboratory measurements with (blue) and without (red) with regards to CCT. 

 

 

 



22 
 

(3) Differences between the laboratory measurements with (blue) and without (red) with regards to the spectrum median. 
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Summary article 
 

The goal of this study was to improve the location bound estimation method by determining the influences of the 
location and viewing direction of office workers on their PLC. Different office characteristics were applied during 
these measurements to widen the scope of the measurements. The analysis of these results led to recommendations 
for improving the LBE method.  

This paper covered two separate but related studies. In the first one, the presence/absence and viewing directions 
of office workers were observed and analyzed. The second study consisted of assessing certain lighting parameters 
in different viewing directions for various situations in a laboratory setup with and without daylight access. The 
two setups were subsequently compared to analyze the applicability of the measurements without daylight. The 
main research question that has been answered is as follows: How to improve the LBE method by implementing 
the viewing direction and location of office workers? 

The sub questions which were used to lead towards an answer for the research question are: 

1. In which direction are office workers watching? 
2. How much time are office workers at their desk? 
3. What is the influence of the viewing direction and location of office workers on their personal lighting 

conditions?  

The paper showed that the location-bound estimations (LBE) method can be improved by implementing the 
viewing directions and location of office workers. The observation study showed that,  for fixed desk workers, 
the observed persons are at their desk for around 81% of the working day. The other 19% of time is spent 
elsewhere, which means that the lighting conditions at the desk determined by the LBE method are applicable for 
around 80% of the time in case of fixed desk workers (the presence time for flex workers is expected to be lower). 
Comparing the different viewing directions, high relative differences up to 76% were found for vertical 
illuminances and spectral data. These differences may seem relatively high, however, the influence of the viewing 
directions has to be corrected with the time that office workers are watching in a particular direction. For instance, 
the observation study pointed out that the office workers, in this case, viewed towards the window for only 0.66% 
of the working day on average. 

The findings in this study show that the inclusion of the viewing directions and location of office workers in the 
LBE method can lead to improvements of this method when the following personal data is included: 

- Occupancy data of the concerning office; 
- Location tracking of office workers; 
- Office characteristics (e.g., orientation of the desk towards the window). 
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