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a b s t r a c t

Daylighting in offices creates a comfortable and healthy working environment for its users. However,
maximizing the amount of daylight can cause visual hindrance. To improve the visual and thermal
comfort for the users, designers implement shading systems, which control the transmitted solar and
visual radiation. To ensure a comfortable indoor environment, designers need to choose an appropriate
control strategy. Different control strategies exist, but the acceptance and satisfaction of the user
regarding these strategies remains quite low. Therefore, we developed a control strategy that is based on
the comfort requirements of the users. The control strategy aims at avoiding visual discomfort for the
user, while optimizing for daylight availability and improving user satisfaction by providing the possi-
bility to override the automated control of the shading system. This is the first study where a shading
device is controlled by a controller system with a low-resolution camera. The controller system captures
High Dynamic Range images and evaluates a visual comfort parameter, namely the ‘Daylight Glare
Probability’. The system controls the actuator of the shading device based on the assessed level of
comfort. This paper demonstrates two experimental case studies where the controller system and the
control strategy are implemented. The controller system is able to keep the visual hindrance below a
predefined limit, while sufficient daylight can still enter the office room.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Daylighting in offices creates a comfortable and healthy working
environment for its users [1]. Additionally, daylighting has a posi-
tive impact on the global energy savings, because it decreases the
energy consumption for artificial lighting [2]. Next to providing
daylight, another important aspect for the user satisfaction is
providing a view to the outside [3,4]. However, maximizing the
amount of daylight may cause some issues. In particular, visual
hindrance is the most negative side effect from windows. Also,
excessive shortwave directly-transmitted solar radiation and
longwave indirectly-transmitted energy can result in thermal
discomfort and an increased energy demand for cooling. Thus, it is
important to control the transmitted solar radiation to improve the
visual and thermal comfort for the users. In Northern European
climates, designers find it useful to implement shading systems,
Goovaerts).
which can adapt themselves to changing weather conditions.
Commonly used adaptable systems are adjustable in either hori-
zontal or vertical direction (e.g. roller blinds, movable panels or
venetian blinds). However, the overall performance to improve
visual and thermal comfort, depends on their control strategy.

Different shading control strategies exist to achieve a comfort-
able indoor climate. Awidely accepted control strategy for venetian
blinds is tilting the slats to their time-dependent cut-off angle. As a
result, the slats block the direct incident solar radiation and they
allow diffuse light to enter the office space [5e7]. In this case, an
outside view for the user is largely preserved. Other control algo-
rithms use control parameters to adjust the shading system. As an
example, Thalfeldt and Kurnitski [8] simulate different control al-
gorithms based on their impact on the energy performance and
duration of unobstructed view. They propose to use the horizontal
illuminance on the working plane as a control parameter during
working hours and the temperature of the room as a control
parameter for shading control outside working hours. Another
study, of Gunay and O'Brien [9], uses the ceiling illuminance as a
control parameter to open the indoor roller blinds and to turn off
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the artificial lighting when sufficient task lighting is provided. This
strategy reduces the electricity demand for artificial lighting up to
25%. Although the aforementioned strategies control the trans-
mission of solar radiation, researchers evaluate their performance
merely by checking the impact on the energy need, without
considering the visual comfort of the user. Karlsen, Heiselberg and
Bryn [10] use questionnaires to explore the user satisfaction. The
users indicate the preserved outside view as an advantage of the
cut-off angle strategy, but as a disadvantage, users indicate that
using the cut-off angles is not always sufficient to avoid glare. The
cut-off angle strategy can cause glare by a specular reflection of
light on the slats of the venetian blind.

The choice of an appropriate control strategy, which avoids vi-
sual discomfort, is crucial for user acceptance and satisfaction.
Furthermore, users prefer a user-controllable indoor climate and, in
general, they do not accept a fully automated control strategy. The
choice of manually controlled shading strategies improves the
user's visual comfort and satisfaction. However, the fully manual
controlled shading systems are more often closed than required.
This results in lowered thermal and visual comfort and in an
increased energy demand for artificial lighting [11,12]. To overcome
the issues in fully automated or fully manual controlled shading
strategies, designers can give the user the possibility to override the
automated control. Different studies, using different control pa-
rameters and strategies exist.

In this section, some examples and recommendations are given
on these manual override actions and the resulting user satisfac-
tion. Next, some examples are given which can improve the user
acceptance by using an adaptive user-learning control strategy and
by providing feedback. A field study of Meerbeek et al. [13] in-
vestigates how office workers react to an automated control of
venetian blinds with the possibility for manual override and the
option to turn off the automated control. The results show that a
large majority of the users choose to turn off the automated mode.
The study concludes that the perceived level of control influences
the visual comfort assessment of the users. A study of Reinhart and
Voss [14] shows that using only vertical illuminance as a control
parameter for an automated venetian blind control strategy leads to
low user acceptance. As in this case, 88% of the automated control
actions are overridden by users. Bakker et al. [15] also investigate in
a field study the influence of an automated control strategy on the
user satisfaction. This study uses varying control strategies where
the position of the roller blinds is pre-determined or controlled by
vertical illuminance. Each of the scenarios is tested with and
without a manual override option. The results reveal that a manual
override of the automated roller blinds leads to a higher user
satisfaction regarding the illuminance levels in the interior envi-
ronment and the view out. In addition to these results, an imple-
mentation of an adaptive-learning strategy can improve the user
satisfaction even more. The results of Gunay and O'Brien [16] show
a decrease of 80% in the override actions by the users when using
an adaptive user-learning control strategy. Their study demon-
strates in a numerical simulation context the preferences of a user
regarding manual control, automated control with fixed set-point
for illuminance and adaptive user-learning control of the vene-
tian blinds. Furthermore, another study shows that making the user
aware why a certain control is implemented also increases the user
satisfaction. Namely, Meerbeek et al. [17] use a gradual light feed-
back system to communicate the intentions of the automated
venetian blinds to the users. This reduced the amount of override
actions by the user from 50,8% to only 3,6%.

It is clear that the possibility of a manual override of an auto-
mated control strategy leads to higher user acceptance and satis-
faction, but the chosen control strategy and control parameter
influence the amount of override actions. A promising and robust
parameter for evaluating visual comfort related to daylight [18,19]
is the ‘Daylight Glare Probability’ (DGP) parameter. This param-
eter has a good correlation towhat a person actually perceives [20].
Other glare parameters are mostly suitable for artificial lighting or
indirect sunlight [21].

Hence, we need an appropriate control strategy that avoids vi-
sual discomfort, while minimizing the number of override actions
by the user through an adaptive user-learning algorithm, and while
optimizing the daylight availability on a working plane to ensure a
comfortable and healthy working environment. Instead of using
multiple sensors for daylighting, and shading control and sensing
the presence of a user, there is a potential to use a camera as a
replacement of these multiple sensors [22]. Therefore, we devel-
oped a control strategy, based on the ‘Daylight Glare Probability’ as
a visual comfort parameter. We used a small, low-cost, and multi-
functional single-board computer, namely a Raspberry Pi, with an
attached low-resolution camera as a controller system. This
controller system is developed by the authors at the architectural
engineering research lab of the VUB, during the European project
Smartblind (PF7 314454) [23]. First, the controller system evaluates
the visual comfort in the interior environment, by taking pictures
and evaluating them. Second, based on the results of the assess-
ment, the controller algorithm decides whether the position of the
shading system should be changed or not. Each time-step the
controller system sends a control signal to the actuator of the
shading device [24]. A user can override the automated control and
at this point the controller algorithm adapts itself to the preference
of the user. The adaptive response of the controller system helps to
anticipate and minimize the number of override actions.

The goal of this research is to develop an improved control
strategy which can optimize visual comfort and at the same time
reduce the energy consumption for heating, cooling and the elec-
tricity use for artificial lighting. By using the DGP as a control
parameter of a shading device, we can improve the visual comfort
for the user and by allowing a manual override, we increase the
user acceptance and satisfaction. This paper demonstrates the
performance of the control strategy and validates the low-cost
controller system through in-situ measurements in two case
studies. The first case study consists of a mock-up office cell with a
venetian blind as a shading device. The tests were performed with
and without the presence of a user. The second case study consists
of a real office environment, namely an open-plan office space with
56 users and adaptable external roller blinds.

2. Procedure and measurements

2.1. Glare metrics

The DGP parameter is used to assess the visual comfort. The
software tools Radiance [25] and Evalglare [26] are used to evaluate
glare for each luminance map. An illuminance sensor measures the
vertical illuminance at the position of the camera and this value is
inserted into Evalglare, to ensure an accurate calculation of the DGP.
Glare sources are identified as the areas where the luminance ex-
ceeds 5 times the average luminance in the image. The value of 5 is
defined as the optimal setting [21]. The DGP value depends on the
view direction and the position of the viewer in the room and is
calculated by (1)

DGP ¼ 5:87,10�5,Ev þ 9:18 ,10�2,log
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where Ev [lux] is the vertical illuminance, Ls [cd/m2] is the



Fig. 2. The comparison of the calculated DGP value of the calibrated high-resolution
camera (HRC) and the low-resolution camera (LRC) shows that the DGP of the LRC is
underestimated.
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luminance of the glare source, us is the solid angle of the glare
source and P is a position index. According to the DGP scale, glare
becomes perceptible when it exceeds a value of 0,35. It becomes
disturbing when a value of 0,40 is exceeded and a higher value than
0,50 is intolerable.

2.2. Using a low-resolution camera

The proposed control strategy uses a camera as a picture sensor.
The authors demonstrate the possibility to use a small low-cost and
low-resolution (5 megapixel) camera. The camera has a OV5647
image sensor with a resolution of 2592x1944 pixels and an image
sensor area of 3,76 mm x 2,74 mm. It has an output format of 8-/10-
bit RAWRGB data. The camera has a low-costWaveshare (6 mm F2)
fisheye lens attached to it that captures 157� horizontally and 139�

vertically.
To validate this method, we compared the measurement results

of this low-resolution camera to an approach using a more
expensive and higher resolution camera (24,1 megapixel). The
high-resolution camera consists of a Nikon D5200 DSLR camera. It
has an image size of 6000 x 4000 pixels and an image sensor area of
23,5 mm x 15,6 mm. The camera has an output format of 14-bit
RAW data. A fisheye lens is attached to both cameras, so they can
assess a large field of vision. A Sigma (4,5 mm F2,8 DC circular)
fisheye lens, that captures 180� horizontally and vertically, is
attached to the Nikon camera. The range of luminance values that
are measured with the high-resolution and low-resolution camera
is 0e500.000 cd/m2 and 0e13.200 cd/m2, respectively (Fig. 1). The
range of the latter is significantly lower than the first, although it is
sufficient for this purpose, as the difference in luminance between a
clouded sky, intermediate sky and clear sky (with or without sun)
can still be detected.

Both cameras went through a calibration procedure. The soft-
ware Pfstools [27] was used to determine the response curve of the
each camera. The response curve gives the relation between every
pixel and the intensity of light. The camera takes several pictures
with each a different exposure time in order to capture the low-lit
and over-illuminated details in the scene. All these images are
merged into one High Dynamic Range (HDR) image, i.e. an image
that has a broad range of luminance values [28]. Relative values of
luminance can be read from the merged HDR image. By using a
point luminance meter and a luminance camera, the HDR images
can be scaled to measure, instead of relative luminance values,
absolute luminance values. Consequently, the HDR image is more
representative to what a human eye perceives than a regular single
image. Therefore, these images can be used to measure the lumi-
nance distribution in the room and they can help to evaluate visual
comfort as a user would perceive it.

Afterwards, the high-resolution camera is corrected for
vignetting, using the Mirrorbox at the Belgian Building Research
Fig. 1. The difference between a luminance map of the high-res
Institute [29]. The images of the high-resolution camera are
transformed from an equisolid projection to an equidistant pro-
jection, in order to be compatible with the Evalglare software. The
next step is to compare both cameras on their evaluation of the DGP
value. The values are compared in a range of 0,15 to 0,35, which is
the most common range of obtained DGP values. The comparison
was made for the same view as shown in Fig. 1. The sky conditions
varied from an overcast sky, to a rapidly changing intermediate sky,
and to a sunny sky condition with and without a user present. The
sunny sky condition consisted of periods with a lowered venetian
blind. In general, the calculated value of the DGP was higher for the
fully calibrated high-resolution camera, than for the low-resolution
camera (Fig. 2). The lower the DGP value, the more the values
significantly differ. Thus, the low-resolution camera has more dif-
ficulties to detect small glare sources. These results give an indi-
cation that the low-resolution camera could underestimate the
glare sources by 9% as an average.

2.3. Case study 1

2.3.1. Experimental set-up
The measurements were conducted at the Vrije Universiteit

Brussel (VUB) in Belgium. The VUB is located in the southeast of
Brussels (Etterbeek, 50�490 N 4�230 E). The set-up consists of a
mock-up office room and has a dimension of 2,4 m � 3 m x 2,4 m
(HxLxW). The room is located on the fourth floor of a building on
the university campus. The room has one window (1,25 m x 0,9 m)
with a southwest orientation and interior venetian blind shading
system, positioned at the interior. A table is positioned in front of
olution camera (left) and the low-resolution camera (right).
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the window with a chair for a potential user at 2 m from the
window. The controller system is positioned, together with the
high-resolution camera, at 2,4 m from the window and at a height
of 1,4 m (Fig. 3).
2.3.2. Equipment
As a shading device, a Griesser Lamisol venetian blind system

was chosen because of its large adaptability: the slats can be tilted
from 0 to 90� in a deployed state. Due to this large adaptability, the
transmitted solar radiation can be precisely controlled. The slats
have a width of 96 mm and a spacing between the slats of 92 mm.
The blind has a grey colour. A high accuracy illuminance sensor
(Hagner Digital Luxmeter (model E4-X)) measures the vertical
illuminance at the height of the controller system, together with a
BH1750FVI digital light sensor module Gy-30, which is a miniature
illuminance sensor and which is connected to the controller sys-
tem. Another miniature illuminance sensor is positioned on
the table to measure the horizontal illuminance. In order to
measure the luminance distribution in the room, the high-
resolution camera and the controller system with the attached
low-resolution camera were installed. Both cameras have their
line of sight directed to the window. A Quadra weather station is
installed on the roof, to monitor the solar irradiation. A KNX
system is used to actuate the shading device. All the equipment is
connected to the same network, so that all data is accessible
within this network. No artificial lighting was used during this
experimental set-up.
Fig. 3. Plan view of mock-up office room (left) and the position of the high-resolution cam
dimensions are shown in millimetres.
2.3.3. Scenarios

2.3.3.1. Scenario 1. During several months the controller system
with the attached low-resolution camera has been tested in com-
parison to the high-resolution camera. In this case the venetian
blinds are automatically controlled by the controller system. No
participants were present in the room. The controller assesses vi-
sual comfort and decides whether the shading system should be
actuated. The low-resolution camera takes pictures with a time-
step of 2 min. Every 2 min a new HDR image is created and the
image is evaluated to determine the DGP value. If the amount of
glare exceeds the predefined limit, then the controller system sends
a signal to the actuator of the shading device. The venetian blinds
are first lowered with a horizontal slat position. Based on the
evaluated visual comfort, the slats can be rotated each time-step
with a 10� step. Once the blinds are put down, they remain down
for at least 20 min, in order to avoid blinds moving up and down
during rapidly changing weather conditions. Too much movement
of the blinds could cause disturbance for the potential users. On the
other hand, the control algorithm shouldn't supercharge the motor
of the venetian blind. Each motor has a limited number of cycles of
retraction, extension or tilting, which are defined by classes of
endurance (EN 13561). The middle class (class 2) corresponds to a
10 years use with two cycles per day.
2.3.3.2. Scenario 2. For the second scenario, the same automatic
control strategy is applied, but a user is also present in the room.
Each participant worked in the office room during one afternoon.
era, the controller system and the illuminance sensors in the office room (right). All
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The participants had access to a graphical user interface, so that
they could override the automatically controlled venetian blind
according to their preferences. The user interface distinguishes
between the general amount of light in the room, indicated as
‘illuminance’, and the perceived visual hindrance, indicated as
‘glare’. The interface consists of a small touch-screen panel and has
got three buttons to change the blind settings: one to lower the
amount of glare, one to lower the illuminance level and one to
increase the illuminance level. If the user overrides the automated
control, then the predefined set-point for the DGP in the control
algorithm is changed, according to the preferences of the user.

2.3.3.3. Scenario 3. As a visual comfort parameter, the DGP has a
good performance to estimate the glare a person perceives. How-
ever, using the DGP as a sole metric to control visual comfort in a
scene, does not seem to be sufficient, as sometimes glare sources
can be underestimated [30]. Therefore, the authors chose to
implement another control strategy, which combines the cut-off
angle control strategy and the strategy used in the first scenario.
Using the cut-off angle will avoid direct solar radiation to enter the
room. The cut-off strategy is implemented as soon as the irradiance
on the façade attains a value of 150 W/m2 or higher. The set-point
for irradiance was chosen based on previous studies [10,31]. Hence,
at this point only diffuse light will enter the room. Additionally,
when using an external solar shading device, the thermal comfort
would be increased as well. However, as mentioned previously, the
cut-off strategy is insufficient to avoid visual discomfort. Therefore,
the visual comfort remains assessed as well, using the strategy from
scenario 1. The cut-off angle was calculated using the formula
proposed by O'Neill [32]. First the profile angle (d) (2) is calculated
from the solar altitude (a) and the solar azimuth (g), these data are
provided by the weather station every minute.

d ¼ tan�1 ðtanðaÞ=cosðgÞ (2)

Second, the cut-off angle (bcut-off) can be calculated (3), using the
profile angle (d) and the spacing between the slats (s) and the
width of the slats (w).

bcut�off ¼ sin�1ðcosðdÞ*s=wÞ � d (3)

2.3.4. Participants
In total, 5 people participated in the experiment (1 male, 4 fe-

males, aged between 24 and 33 years). The participants were each
asked to perform their regular work in the mock-up office room
during one afternoon (3e4 h). The desktop computer was available
for the users to work on, although almost all used their own laptop.
All the experiments with users were performed on a day with a
sunny or, at least, an intermediate sunny sky.

2.4. Case study 2

2.4.1. Experimental set-up
Themeasurements were conducted in an office space of the firm

Renson in Waregem (50�510 N 4�250 E), Belgium. The set-up con-
sists of a landscaped office room and has a dimension of 4m� 36m
x 14 m (HxLxW). The room has got three separate roof lights, one
large roof light on the south-east side of the ceiling and the north-
west side walls are also almost fully glazed (see Fig. 4). There are 56
users working in this office area.

2.4.2. Equipment
On the roof lights, there are 12 external fabric roller blinds

positioned, they have a visual and solar transmittance of 20% with a
white colour and a Soltis polyester fabric. The roller blinds are
automated in pairs, so 6 separate parts can be actuated (Fig. 4). The
blinds can be raised or lowered over a sloped glass surface to an
intermediate state or to a closed position. On the side windows,
external glass fibre roller blinds (serg�e weaving type) with a visual
and solar transmittance of 3,6% and a dark grey colour are used.
There is a Somfy weather station positioned on the roof, which
measures the outside illuminance. A Gira illuminance sensor is
positioned on one of the internal beams. The controller system is
positioned on a cabinet with the view direction to the South-West.
A KNX system is used to actuate all the roller blinds. All the data
from the blinds, the weather station, the illuminance sensor and
the controller system is logged on the same network and thus
accessible within this network.

2.4.3. Scenario
The experimental measurements focus on the upper roller

blinds that are attached to the roof lights, because these roller
blinds have the largest influence on the visual comfort in the
interior environment of this office space. Almost no direct sunlight
enters the room through the sidewindows, because of the presence
of an adjacent building. There is a controller system positioned in
the room that evaluates the visual comfort in the interior space.
Based on the evaluated visual comfort, the controller system con-
trols blind number 3 (Fig. 4). However, the users are still allowed to
manually override this blind. In order to make a comparison be-
tween the difference in actuation results of an automated blind and
a manually controlled blind, the other blinds are uncontrolled. All
the other roller blinds are thus operated manually by the users.

The controller system takes pictures every 5 min and each time
creates a newHDR image to determine the DGP Value. If the amount
of glare exceeds the predefined limit, then the controller system
sends a signal to the actuator of the roller blinds. The blind is first
lowered completely. If the amount of glare becomes acceptable, the
blind will open itself in steps of 25%. The amount of glare is evalu-
ated at each time-step of 5 min. Each intermediate opening position
is maintained for at least 10 min before the position of the blinds
is changed, in order to avoid disturbance by the blinds. Once the
blinds are completely closed, they remain closed for at least 20 min.

2.4.4. Questionnaire
Based on previous surveys [20,33], the authors made a ques-

tionnaire. The goal of this questionnaire is to check what the user
perceives. During one month, the users of the room were asked to
fill in a questionnaire each time they wanted to operate one of the
blinds (Fig. 5). All data of the position of the blinds was logged on
the KNX system, which made it possible to check whether the
questionnaire was indeed filled in as asked. The questionnaire
consists of two parts: some personal questions and some questions
about the control of the blinds. The users also indicated on a plan
their position in the office room.

2.4.5. Participants
There are 56 users in the room, 29 filled in their questionnaire,

so 25males and 4 females participated in the experiment. The users
had a varying presence in the room from 8 o'clock until 19 o'clock.
The age of the users varied from 25 to 65.

3. Results and discussion

3.1. Case study 1

3.1.1. Scenario 1
The first scenario shows a sunny day in March (25/03/2017)

where the venetian blinds are controlled automatically by the



Fig. 4. Plan view of the open office space (left) with the indicated position of the illuminance sensor, the controller system, the blinds (1e6) and the weather station. Two images
(right) show the view direction of the controller system (a) and another position in the room (b).

C. Goovaerts et al. / Building and Environment 125 (2017) 26e38 31
controller system (Fig. 6). Every 2 min several pictures are taken
with the low-resolution camera to create a luminance map from a
HDR image. At 14h02 the controller system sends a signal to the
actuator of the venetian blind to lower it with a horizontal slat,
because the amount of glare exceeds the predefined limit of 0,32 for
the DGP. A limit of 0,32 is used, to avoid that the perceptible glare
limit of 0,35 would be reached. At this point the sun is shining
directly on the table. At the second action, the blind angle is
changed from 0 to 10�, but still, there is some direct light on the
table. At certain times, the direct sunlight is shining through the
slats on the illuminance sensor on the table, which captures values
up to 17klux. From 15h05, the sun is in the field of view of the
controller system and not only the direct light on the table is
causing an issue, but also the reflections on the slats, as can be seen
on the luminance maps. Before noon a mean vertical illuminance of
380 lux is measured at the position of the controller system and
camera. At 17h53 the blinds start to open again in steps of 10� and
finally the venetian blind is retracted.
According to the European standard on lighting (EN 12464-1) a
minimal illuminance on the task area of 500 lux is required for
writing, typing and reading. In the immediate surrounding area a
value of 300 lux is required. The average vertical illuminance,
before (12h30 until 13h57) and during (13h58 until 18h21) the time
that the shading system was deployed, was 1263 lux and 1221 lux
respectively. The average horizontal illuminance in the room before
and after the deployment of the venetian blind was 1906 lux and
2691 lux, respectively. At certain time-steps the sun was shining
directly on the table, which gave high peaks in the measurements
of horizontal illuminance on the table. An average horizontal illu-
minance of 1455 lux is measured, when the instantaneous peaks in
high illuminance are filtered out. The results show that theminimal
amount of illuminance is largely achieved. The results also show
that an acceptable DGP value of 0,32 or lower can be attained, even
if the horizontal illuminance is much higher (up to 1500 lux) than
the requiredminimal value of 500 lux. Thus, sufficient daylight was
available using this control strategy. Furthermore, the advantage of



Fig. 5. Questionnaire that was filled in by the users each time they changed the position of the blinds.
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using venetian blinds as a shading device offers the possibility to
look outside while visual comfort is maintained. However, there
were some possible glaring reflections that remained unnoticed by
the low-resolution camera.
3.1.2. Scenario 2
During the second scenario, a user is present in the room and he

or she is given the possibility to override the actions of the
controller system. The tests were performed on different days in
February and March. The weather conditions varied from a sunny
(user 4 and user 5) to rapidly changing sky conditions (user 3) and
to an intermediate sky (user 1 and 2) (Fig. 7).

The overview of the actions by the user and the controller sys-
tem (Fig. 8) shows that for a higher vertical illuminance than 600
lux at the position of the controller system, the resulting actions are
almost all closing actions, while the DGP varies between 0,22 and
0,34. Hence, this confirms that the vertical illuminance is an
important parameter to assess visual comfort. For a DGP between
0,22 and 0,34 the values for the global outside illuminance vary
between 10 klux and 80 klux, thus, the interior comfort conditions
and illuminance levels are dependent on the state of the venetian
blinds. Therefore, a control strategy solely based on outdoor con-
ditions, e.g. the solar irradiance, cannot guarantee that the visual
comfort is optimized in the office room. An average daylight factor
(DF) is calculated (4) using the outdoor global illuminance (Eo) and
the indoor horizontal work plane illuminance (Ei) for the points
given in Fig. 8. The daylight factor equals 2,6%.

DF ¼ Ei=Eo ,100 (4)

For the second scenario, an overview of the results of the
measurements with user 4 are shown, theweather conditions were
sunny and the user was fairly interactive. The measurement took
place in March (16/03/2017). The venetian blinds were controlled
automatically by the controller system. However, the user overrides
the controller system three times (Fig. 9). The user was asked to let
her eyes adapt for 5 min when she entered the room, afterwards,
she was allowed to change the position of the blinds, which she
immediately did because the roomwas too bright for her. This lead
to an alteration in the DGP set-point of the controller system, ac-
cording to the wishes of this user. After two actions of the user, the
controller system changed the state of the venetian blind for the
following three actions. The third action was induced because a
glaring reflection appeared on the slats and some direct sunlight
shined through the slats onto the table, due to the fact that the sun
appeared in the field of view. After some time, the user altered the
position of the blind, because of direct sunlight on the table and
glaring specular reflections on the slats. Thus, this resulted in a
lowered set-point. Afterwards, the controller system detected the
direct light on the table and closed the slats more, to an angle of
60�. The average illuminance on the table during this afternoonwas
1344 lux and an average vertical illuminance of 1219 lux was
measured at the position of the controller system. This indicates
that there was a uniform illuminance distribution in the room and
the control strategy still allowed an availability of daylight of more
than the minimal required value of 500 lux.

3.1.3. Scenario 3
A day in the beginning of April (13/04/17) is highlighted for the

third scenario (Fig. 10). No user was present in the room. As shown
previously, the DGP can underestimate the amount of glare when
direct sunlight is present in the scene. The authors want to improve
the control strategy by not only controlling on the DGP, but also on
the cut-off angle. The data from theweather station is logged by the
KNX network and thus accessible for the controller system. The cut-
off angle is calculated and the controller system monitors the
amount of solar radiation on the South façade. After 15 h, the po-
sition of the sun is in the field of view of the camera, which results
in a higher amount of glare and thus in the shading system being
operated. After the second action, the direct sunlight on the table is
avoided, however some reflections on the slats of the shading
system remain visible. These reflections on the slats cause an



Fig. 6. The luminance maps before and after an action show how the position of the venetian blind is altered according to the predefined set-point for a sunny day in March.
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increased value for the DGP and vertical illuminance at the position
of the camera. Only a fewminutes later, the controller system closes
the slats a bit further, which removes the reflections and reduces
the DGP and vertical illuminance. The weather is changing
constantly and shifting back and forth from a sunny to a cloudy sky.
At 16h03 the direct irradiance on the South reaches a value of
150 W/m2 and thus the controller system implements the cut-off
strategy and positions the slats at an angle of 34�, to keep the
direct sun out of the room, but at the same time letting the diffuse
sunlight enter the room. Before this action took place, the DGP
value remained below the set-point, however there were some
glaring reflections on the slats. Consequently, the cut-off strategy
enhances the visual comfort. Implementing this cut-off strategy
using an external shading system, would also help to improve the
thermal comfort for the users and reduce cooling needs. From
17h53 on the global outside irradiance drops, as well as the DGP
and the slats are opened again. The average vertical illuminance in
the afternoon, before and after the shading system was deployed,
equals 731 lux and 707 lux, respectively. As during the whole af-
ternoon the weather fluctuates quite similarly, this indicates that,
even though the shading systemwas in use, the illuminance level is
not reduced a lot, maintaining a sufficient amount of daylight in the



Fig. 7. A running mean graph of the global horizontal illuminance outside during the different measurements with the users shows the varying weather conditions during the test.
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room. The average horizontal illuminance on the table in the af-
ternoon, before and after the shading systemwas deployed, equals
2711 lux and 1503 lux, respectively. Before the shading systemwas
deployed, the illuminance sensor on the table measured peaks as
Fig. 8. Overview of the actions of the controller system (circle) or user (triangle) to put the s
the DGP, vertical illuminance and global illuminance are shown on the time of the action,
the direct sunlight on the table was varying due to the weather
conditions. After the shading system was deployed, the horizontal
illuminance dropped, but remained above the minimal required
illuminance level of 500 lux.
hading system in a more closed (filled) or more open (not filled) position. The values of
thus before any change to the state of the shading system occurs.



Fig. 9. The user manually overrides the control of the controller system, which results in an adaptation of the set-point.

C. Goovaerts et al. / Building and Environment 125 (2017) 26e38 35
3.2. Case study 2

The measurements were conducted in October 2016. All data
was compared for working days only, when people were present.
From the 6 upper roller blinds in the room, only blind 1 to 4 were
actively used. The people seated under blind 5, did not fill in the
questionnaire and there are no desks located under blind 6 (Fig. 11).
Thus blind 1 to 4 were the focus of this study. All the people seated
under blind 2 filled in the questionnaire and also 50% of the people
seated at the desks under blind 3, blind 1 and blind 4 filled it in. In
total, 29 people filled in their questionnaire. The questionnaire
showed that therewere 11 different people that operated the blinds
and 18 others that filled in the document, but did not operate the
blinds. Due to the low position of the sun in October, direct sunlight
is able to enter the room quite far. According to the questionnaire
results, only the users sitting at the far end of each row of desks
(zone 2 in Fig. 11) never complained about visual hindrance. The
users in zone 1 (orange zone in Fig. 11) did experience visual
discomfort due to the roof lights. There was no significant differ-
ence between the amount of closing and opening actions for blind
1, 2 and 4 (Table 1). In total, the users changed the status of all the
roller blinds 55 times and 27% of the time the questionnaire was not
filled in. Blind 3 was automatically controlled by the controller
system, but a manual override by the user was possible. The
controller system changed the position of this blind 252 times, to
close the blind completely or to any intermediate state (Table 1).
66% of the actions of the controller system opened the blind to an
intermediate state or to a fully open position.

The users overrode the actions of the controller system (blind 3)
12 times, fromwhich 11 times to open the roller blind, to havemore
light in the interior environment as derived from the questionnaire.
The set-point for glarewas set more stringent in this case study, to a
DGP value 0,30 instead of 0,32, in order to avoid visual hindrance by
an underestimation of the glare sources. As a result, only one action
was performed to close blind 3, due to visual hindrance.

The questionnaire showed that the user mainly interfered with



Fig. 10. The DGP control strategy is combined with the cut-off angle strategy to improve the visual comfort.
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the controller system to gain more daylight in the interior envi-
ronment. During periods of changing weather conditions the users
accepted a range of glare up to a DGP of 0,35. The controller system
reacts immediately to glaring conditions, even when the weather
conditions are rapidly changing. Thus, a glare source (DGP higher
than 0,30) that is only present for a couple of minutes already re-
sults in a closed blind. At this point, the blind is maintained
completely closed for at least 20 min or maintained in an inter-
mediate state for at least 10min to avoid toomuch disturbance. The
resulting reaction of the users was to open up the blind faster. The
blind was already opened by the controller system to an
intermediate state in 45% of the overruling opening actions and the
DGP value was always lower than 0,28. This issue can be solved by
letting the controller system first evaluate if the outside weather
conditions are rapidly changing or stable. The controller system
should only impose a change to the position of the blind if the latter
is true, because the results of the questionnaire show that the users
prefer a possible short exposure to visual hindrance over less
daylight in the interior environment.

Blind 4was operated the least. A possible reason is that themain
influence of blind 4 on the interior environment is only noticeable
for the users located at the desks in the row under blind 4. Whereas



Fig. 11. Plan view of office space with indication of the 11 users that actuated the blinds (green coloured desks). Glare from the roof lights never occurs in zone 2 (zone in blue), for
the other desks glare may occur (zone 1 in orange). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Number of actions to open or close a roller blind by the controller system and users, with the indicated answers on the questionnaire.

Action Answer questionnaire Blind 1 Blind 2 Blind 3 Blind 4

Open (user) More light in the interior 10 7 8 2
No answer (when opened) 1 1 3 e

Close (user) Less glare 3 2 1 e

Less light on the computer 4 2 e e

Less light in the interior 1 e e e

No answer (when closed) 2 7 e 2
Open (controller) e e 165 e

Close (controller) e e 87 e
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the position of blind 1,2 and 3 influences the visual comfort in at
least two different rows of desks, thus they can influence the level
of visual comfort for more users. Blind 4 remained open for 88% of
the time. Blind 1 was operated 21 times, but remained closed for
67% of the time. Blind 3 was actively controlled by the controller
system and this showed that the blind was only closed for 33% of
measuring period (Fig. 12). This shows that the control strategy has
a positive influence on the amount of daylight that enters room.
4. Conclusion

This paper describes the experimental measurements of a newly
developed controller system and a control algorithm, which can
Fig. 12. The amount of time each roller blind remained
control a shading device and avoid visual discomfort. The goal was
to use a low-resolution camera to assess the DGP as a control
parameter in order to avoid visual discomfort in an indoor office
environment, without compromising the daylight availability.

The first tests in a mock-up office cell showed the potential of
using a low-resolution camera with a miniature sensor as a picture
sensor: the level of DGPwas kept below the perceptible limit and at
the same time enough daylight was provided in the room. Further
testing with users investigated whether this strategy complies with
the actual visual comfort a user perceives. Results showed that DGP
underestimated the impact of direct sunlight in some cases. Hence,
the set-point for glare was lowered by the users when direct sun-
light was present. Still, an average horizontal illuminance of over
opened or closed during the measurement period.
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1300 lux on the table and an average vertical illuminance of 1200
lux in the immediate working area of the user was measured. The
third scenario applied a combined control strategy of the DGP and
the cut-off angle, which improved the visual comfort and still
maintained enough daylight to create a comfortable working
environment, with an average horizontal illuminance of 1500 lux.
Thus, even though the low-resolution camera could underestimate
glare sources in comparison to a high resolution camera, it is
possible to use a low-resolution camera to minimize visual
discomfort, especially in combination with a control system which
can allow for users to overrule the actions.

Another challenge, was to show the applicability of the control
strategy on other shading systems as well. The second case-study
consisted of external roller blinds in a roof light. The limit for the
DGPwas set to a lower value. Results showed that visual discomfort
was minimized, as only 1,8% of all user actions was imposed to
override the controller system due to visual discomfort. However,
the users overrode the controller system several times (20% of all
actions) to increase the amount of daylight in the interior envi-
ronment. Although, the automated roller blind was only closed
completely for 33% of the time, which still allowed for natural
daylight to enter the room. It is recommended to avoid immediate
closing of the shading system, when glare occurs under rapidly
changing weather conditions.

Further research and more extensive measurements are needed
to verify the validity of these findings in a broader context,
including different office types, with different shading systems and
different positioning of the users and controller system. Also, per-
forming numerical simulations can quantify the impact, not only on
the visual but also, on the thermal comfort when using this control
strategy compared to other existing strategies. In conclusion, the
research shows a potential of using a low-resolution camera to
evaluate the indoor visual comfort and a control strategy to
enhance visual comfort as a user perceives it.

Acknowledgements

This work is funded by the Architectural Engineering Lab of the
Vrije Universiteit Brussel (VUB). The authors thank the VUB
department of Electronics and Informatics (ETRO), especially Dr.
Martin Timmerman, for providing the space for mock-up office
room. The authors would also like to acknowledge the firm Renson
for providing the large office space as a case study and for their help
and participation in the experimental measurements. The authors
would also like to thank the Belgian Building Research Institute for
providing us the possibility to use their lighting laboratory and
their assistance on using the Mirrorbox.

References

[1] K.G. Van Den Wymelenberg, Visual comfort, discomfort glare, and occupant
fenestration control: developing a research agenda, Leukos 10 (2014)
207e221, http://dx.doi.org/10.1080/15502724.2014.939004.

[2] M. Bodart, A. De Herde, Global energy savings in offices buildings by the use of
daylighting, Energy Build. 34 (2002) 421e429.

[3] A.D. Galasiu, J.A. Veitch, Occupant preferences and satisfaction with the lu-
minous environment and control systems in daylit offices: a literature review,
Energy Build. 38 (2006) 728e742, http://dx.doi.org/10.1016/j.enbuild.
2006.03.001.

[4] J. Christoffersen, E. Petersen, K. Johnsen, O. Valbjoern, S. Hygge, Windows and
daylight - a post-occupancy evaluation of Danish offices, in: In Lighting 2000.
CIBSE/ILE Joint Conference, University of York 9-11 July 2000. Conference
Papers, 2000, pp. 112e120.

[5] S. Zhang, D. Birru, An open-loop venetian blind control to avoid direct sunlight
and enhance daylight utilization, Sol. Energy 86 (2012) 860e866, http://
dx.doi.org/10.1016/j.solener.2011.12.015.

[6] I. Din, H. Kim, Joint blind and light control for lighting energy reduction while
satisfying light level and anti-glare requirements, Soc. Light Light 46 (2014)
281e292.

[7] M.G. Gomes, A.J. Santos, A. Moret Rodrigues, Solar and visible optical prop-
erties of glazing systems with venetian blinds: numerical, experimental and
blind control study, Build. Environ. 71 (2013) 47e59, http://dx.doi.org/
10.1016/j.buildenv.2013.09.003.

[8] M. Thalfeldt, J. Kurnitski, External shading optimal control macros for 1- and
2-piece automated blinds in European climates, Build. Simul. 8 (2015) 13e25,
http://dx.doi.org/10.1007/s12273-014-0194-3.

[9] H.B. Gunay, W. O'Brien, I. Beausoleil-Morrison, S. Gilani, Development and
implementation of an adaptive lighting and blinds control algorithm, Build.
Environ. 113 (2016) 185e199. http://dx.doi.org/10.1016/j.buildenv.2016.08.
027.

[10] L. Karlsen, P. Heiselberg, I. Bryn, Occupant satisfaction with two blind control
strategies: slats closed and slats in cut-off position, Sol. Energy 115 (2015)
166e179, http://dx.doi.org/10.1016/j.solener.2015.02.031.

[11] E.J. Gago, T. Muneer, M. Knez, H. Koster, Natural light controls and guides in
buildings. Energy saving for electrical lighting, reduction of cooling load,
Renew. Sustain. Energy Rev. 41 (2015) 1e13, http://dx.doi.org/10.1016/
j.rser.2014.08.002.

[12] W. O'Brien, K. Kapsis, A.K. Athienitis, Manually-operated window shade pat-
terns in office buildings: a critical review, Build. Environ. 60 (2013) 319e338,
http://dx.doi.org/10.1016/j.buildenv.2012.10.003.

[13] B. Meerbeek, M. te Kulve, T. Gritti, M. Aarts, E. van Loenen, E. Aarts, Building
automation and perceived control: a field study on motorized exterior blinds
in Dutch offices, Build. Environ. 79 (2014) 66e77, http://dx.doi.org/10.1016/
j.buildenv.2014.04.023.

[14] C.F. Reinhart, K. Voss, Monitoring manual control of electric lighting and
blinds, Light. Res. Technol. 35 (2003) 243e260, http://dx.doi.org/10.1191/
1365782803li064oa.

[15] L.G. Bakker, E.C.M. Hoes-van Oeffelen, R.C.G.M. Loonen, J.L.M. Hensen, User
satisfaction and interaction with automated dynamic facades: a pilot study,
Build. Environ. 78 (2014) 44e52, http://dx.doi.org/10.1016/j.buildenv.
2014.04.007.

[16] H.B. Gunay, W. O'Brien, I. Beausoleil-Morrison, B. Huchuk, On adaptive
occupant-learning window blind and lighting controls, Build. Res. Inf. 42
(2014) 739e756, http://dx.doi.org/10.1080/09613218.2014.895248.

[17] B.W. Meerbeek, C. de Bakker, Y.A.W. de Kort, E.J. van Loenen, T. Bergman,
Automated blinds with light feedback to increase occupant satisfaction and
energy saving, Build. Environ. 103 (2016) 70e85, http://dx.doi.org/10.1016/
j.buildenv.2016.04.002.

[18] J. Wienold, Dynamic daylight glare evaluation, in: Elev. Int. IBPSA Conf, 2009,
pp. 944e951.

[19] J. Jakubiec, C. Reinhart, The “adaptive zone” - a concept for assessing
discomfort glare throughout daylit spaces, Light. Res. Technol. 44 (2011)
149e170, http://dx.doi.org/10.1177/1477153511420097.

[20] M.B. Hirning, G.L. Isoardi, S. Coyne, V.R. Garcia Hansen, I. Cowling, Post oc-
cupancy evaluations relating to discomfort glare: a study of green buildings in
Brisbane, Build. Environ. 59 (2013) 349e357, http://dx.doi.org/10.1016/
j.buildenv.2012.08.032.

[27] J. Wienold, J. Christoffersen, Evaluation methods and development of a new
glare prediction model for daylight environments with the use of CCD cam-
eras, Energy Build. 38 (2006) 743e757, http://dx.doi.org/10.1016/j.enbuild.
2006.03.017.

[22] G.R. Newsham, C.D. Arsenault, A camera as a sensor for lighting and shading
control, Light. Res. Technol. 41 (2009) 143e163.

[23] Smartblind, Smartblind, Seventh Framework Programme, 2012.
[24] C. Goovaerts, F. Descamps, Strategy for visual comfort control through anal-

ysis of High Dynamic Range images and actuation of venetian blinds, in: Proc.
CIE. 2016 "Lighting Qual. Energy Effic, 2016, pp. 204e2011.

[25] LBNL, Radiance, (n.d.). http://radsite.lbl.gov.
[26] J. Wienold, Daylight Glare in Offices.Pdf, 2009.
[27] G. Krawczyk, M. Goesele, H.-P. Seidel, Pfstools, 2013, Version 1.8.4. .
[28] M. Inanici, Evaluation of high dynamic range photography as a luminance data

acquisition system, Light. Res. Technol. 38 (2006) 123e136, http://dx.doi.org/
10.1191/1365782806li164oa.

[29] C. Cauwerts, A. Deneyer, M. Bodart, Vignetting effect of two identical fisheye
lenses, Leukos 8 (2012) 181e203.

[30] A.J. Jakubiec, C.F. Reinhart, Predicting visual comfort conditions in a large
daylit space based on long-term occupant evaluations: a field study, in: 13th
Conf. Int. Build. Perform. Simul. Assoc, 2013, pp. 3408e3415.

[31] J. Wienold, F. Frontini, S. Herkel, S. Mende, Climate based simulation of
different shading device systems for comfort and energy demand, in: 12th
Conf. Int. Build. Perform. Simul. Assoc, 2011, pp. 14e16.

[32] B. O'Neill, A. Tzempelikos, A.K. Athienitis, Daylight and Luminaire Control in a
Perimeter Zone Using an Automated Venetian Blind, in: 2nd PALENC Conf.
28th Conf. Build. Low Energy Cool. Adv. Vent. Technol. 21st Century, 2007.
doi:citeulike-article-id:10552070.

[33] J. Christoffersen, J. Wienold, Monitoring Procedure for Assessment of User
Reaction to Glare (Report ECCO-DBUR-0303-01) Energy and Comfort Control
for Building management systems (ECCO-Build), EU Commission (Contract
No: ENK6-CT- 2002-00656), 2005.

http://dx.doi.org/10.1080/15502724.2014.939004
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref2
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref2
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref2
http://dx.doi.org/10.1016/j.enbuild.2006.03.001
http://dx.doi.org/10.1016/j.enbuild.2006.03.001
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref4
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref4
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref4
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref4
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref4
http://dx.doi.org/10.1016/j.solener.2011.12.015
http://dx.doi.org/10.1016/j.solener.2011.12.015
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref6
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref6
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref6
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref6
http://dx.doi.org/10.1016/j.buildenv.2013.09.003
http://dx.doi.org/10.1016/j.buildenv.2013.09.003
http://dx.doi.org/10.1007/s12273-014-0194-3
http://dx.doi.org/10.1016/j.buildenv.2016.08.027
http://dx.doi.org/10.1016/j.buildenv.2016.08.027
http://dx.doi.org/10.1016/j.solener.2015.02.031
http://dx.doi.org/10.1016/j.rser.2014.08.002
http://dx.doi.org/10.1016/j.rser.2014.08.002
http://dx.doi.org/10.1016/j.buildenv.2012.10.003
http://dx.doi.org/10.1016/j.buildenv.2014.04.023
http://dx.doi.org/10.1016/j.buildenv.2014.04.023
http://dx.doi.org/10.1191/1365782803li064oa
http://dx.doi.org/10.1191/1365782803li064oa
http://dx.doi.org/10.1016/j.buildenv.2014.04.007
http://dx.doi.org/10.1016/j.buildenv.2014.04.007
http://dx.doi.org/10.1080/09613218.2014.895248
http://dx.doi.org/10.1016/j.buildenv.2016.04.002
http://dx.doi.org/10.1016/j.buildenv.2016.04.002
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref18
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref18
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref18
http://dx.doi.org/10.1177/1477153511420097
http://dx.doi.org/10.1016/j.buildenv.2012.08.032
http://dx.doi.org/10.1016/j.buildenv.2012.08.032
http://dx.doi.org/10.1016/j.enbuild.2006.03.017
http://dx.doi.org/10.1016/j.enbuild.2006.03.017
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref22
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref22
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref22
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref23
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref24
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref24
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref24
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref24
http://radsite.lbl.gov
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref26
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref28
http://dx.doi.org/10.1191/1365782806li164oa
http://dx.doi.org/10.1191/1365782806li164oa
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref30
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref30
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref30
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref31
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref31
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref31
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref31
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref32
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref32
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref32
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref32
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref34
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref34
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref34
http://refhub.elsevier.com/S0360-1323(17)30382-7/sref34

	Shading control strategy to avoid visual discomfort by using a low-cost camera: A field study of two cases
	1. Introduction
	2. Procedure and measurements
	2.1. Glare metrics
	2.2. Using a low-resolution camera
	2.3. Case study 1
	2.3.1. Experimental set-up
	2.3.2. Equipment
	2.3.3. Scenarios
	2.3.3.1. Scenario 1
	2.3.3.2. Scenario 2
	2.3.3.3. Scenario 3

	2.3.4. Participants

	2.4. Case study 2
	2.4.1. Experimental set-up
	2.4.2. Equipment
	2.4.3. Scenario
	2.4.4. Questionnaire
	2.4.5. Participants


	3. Results and discussion
	3.1. Case study 1
	3.1.1. Scenario 1
	3.1.2. Scenario 2
	3.1.3. Scenario 3

	3.2. Case study 2

	4. Conclusion
	Acknowledgements
	References




