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Abstract: The visual linking of a building’s occupants with the outside views is a basic property of
windows. However, vision through windows is not yet a metricized factor. The previous research
employs a human survey methods to assess the vision through conventional windows. The recently
fabricated smart films add a changeable visual transparency feature to the windows. The varied
operating transparency challenges the evaluation of vision. Therefore, surveying human preferences
is no longer a feasible approach for smart windows. This paper proposes an image-processing-
based approach to quantify the vision quality through smart windows. The proposed method was
experimentally applied to a polymer dispersed liquid crystal (PDLC) double-glazed window. The
system instantaneously determines the available contrast band of the scenes seen through the window.
The system adjusts the excitation of the PDLC film to maintain a desired vision level within the
determined vision band. A preferred vision ratio (PVR) is proposed to meet the requirements of
occupant comfort. The impact of the PVR on vision quality, solar heat gain, and daylight performance
was investigated experimentally. The results show that the system can determine the available vision
comfort band during daytime considering different occupant requirements.

Keywords: vision through windows; visual comfort; PDLC smart film; smart windows; image
processing

1. Introduction

Windows are considered to be an essential part in the envelope of buildings as they
play an important role in providing the daylight for the internal environments and main-
taining vision comfort for the occupants.

The major tendency to conduct large studies on windows has resulted in associated
challenges such as vision comfort. Vision comfort not only concerns the quantity of
daylight in indoor environments, but also refers to the vision quality through the window.
Understanding the quality and quantity of daylight in buildings is thus crucial to satisfying
the indoor occupant comfort. Daylight glare (DG), correlated color temperature (CCT), and
color rending index (CRI) are the three crucial components to understand visual comfort [1].
However, these components describe the comfort in a static scenario where glazing has a
constant transparency. Using switchable glazing, such as the newly developed thin films,
in which the transparency changes, results in more challenges to assess the vision comfort.

Studies have been carried out to investigate the impact of daylight, and evaluate or im-
prove the daylight performance and visual comfort in current and future
buildings [2–4]. For example, Wang et al. [5] studied the influence of outdoor views
provided by the window on patients who had undergone surgery in Taiwan. The authors
concluded that vision comfort through the window dramatically reduced the usage of
medicines to treat aches.
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Pilechiha et al. [6] introduced a new method to optimize energy consumption through
windows of office buildings. The author emphasized that the proposed method should
not impact the quality of vision through the window or the quantity of the daylight inside
the building.

Dušan et al. [7] proposed a special approach to design a lighting system for industrial
buildings. The author stated that, in addition to the availability of adequate daylight in the
working area, the workers must have contact with the external environment to improve
their performance.

In addition to the studies mentioned above, other papers analyzed the function of
windows and their influence on different kinds of occupants, such as employees, workers,
and patients. These studies affirmed that the essential functions of windows are providing
daylight and maintaining good vision of the outdoor views [8–10].

Ma et al. [11] surveyed the preferences of a set of students regarding the vision comfort
and discomfort glare of a study area for six months. The authors used the output data to
create a building information model (BIM), which was translated into an algorithm for
a machine learning system, and the resultant algorithm was used to control a proposed
window shading system.

Day et al. [12] surveyed 5031 people in the United States regarding their satisfaction
in their visual comfort. They were distributed in three different buildings. The buildings
employed automated blinds, electrochromic glazing, and roller shades techniques, respec-
tively, to control the accessed daylight in the buildings. The people in buildings 1 and
2, who occupied the most luminous environments, were satisfied, with higher levels of
output and higher levels of contentment. Moreover, the satisfaction level of occupants
was directly proportional to the seating position inside the building. The most satisfied
people where those sitting closer to the windows. Negative feedback was provided by
the occupants of building 3, which had the lowest level of luminance due to the use of
electrochromic glazing.

Lim et al. [13] examined the influence of an artificial light-controlled system on energy
consumption and occupants’ behavior in two different workplaces. Access to daylight was
provided in the first workplace, but not in the second. The results showed that utilization
of the authors’ proposed lighting system in the first area contributed to a reduction of 78%
in the lighting energy consumption. Additionally, the occupants in both workplaces were
satisfied with the brightness of the environment.

The cases cited above, in addition to other studies [14–16], depended on individu-
als’ observations to evaluate the vision comfort in different environments, including the
quantity of the received daylight and the quality of vision through the window towards
external views. However, questionnaires are a time-consuming method to gather human
preferences during different seasons. In addition, this approach cannot ensure that the
gathered data are sufficient to cover all expected user needs in practical applications.

New technologies have been developed recently in the windows industry, which have
introduced innovative materials to replace or add to the glazing, such as semi-transparent
photovoltaic panels (STPVs), suspended particle device (SPD) films, electrochromic films,
and polymer dispersed liquid crystal (PDLC) films. All have different optical and thermal
characteristics compared to normal glass. Integrating these panels and films into glazing
introduces other dimensions to be investigated, i.e., some have controllable optical and
thermal properties [17–22].

Another study by Ghosh et al. [1] analyzed the daylight performance of building-
integrated photovoltaic (BIPV) windows in an office building in Saudi Arabia. The result
shows that a transparency of 50 to 70 percent can ensure a comfort glare level during winter,
and 70% transparency in summer. By comparison, increasing the transparency to 90%
resulted in a high daylight level inside the building; however, the discomfort due to glare
was indicated to be high.

Detsi et al. [23] evaluated the energy consumption of lighting, cooling, and heating
loads in office buildings in Athens and Stockholm. The study proposed a triple-glazed
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window of thermochromic, electrochromic, and low-e coatings in Insulated Glass Units
(IGUs). Overall annual energy savings of 18.5% and 8.1% were achieved in Athens and
Stockholm, respectively. The study concluded that the proposed window provides good
visual comfort for employees in terms of the daylight glare index. The visible transparency
of the proposed window ranged from 0.46 to 0.75; however, the study did not evaluate the
quality of the external views within the given range of transparency.

Ko et al. [24] investigated the performance of an SPD window in an office building
in South Korea. The research method relied on varying the visible transparency of the
SPD film by changing the applied voltage; thus, the solar heat gain coefficient (SHGC) was
modified accordingly (the SHGC controllable range was 0.11 to 0.45). An annual energy
saving of 4.1% was realized; however, reducing the visible transparency compromised the
clarity of the vision toward the outside environment for the employees.

Oh et al. [25] analyzed the feasibility of attaching different types of PDLC thin film to
the windows and the façade walls in terms of energy consumption and daylight perfor-
mance. Utilization of different kinds of PDLC thin films with existing windows showed
energy savings of between 3.1% and 17%; in addition, the discomfort glare ratio of the inter-
nal environment was enhanced. Again, the study ignored the effect of reducing the visible
transmission, after adding the PDLC film, on the quality of vision through the window.

Hemaida et al. [26] investigated the influence of employing PDLC windows in office
buildings on cooling consumption in Riyadh, Saudi Arabia, and heating consumption in
London, UK. The study concluded that the proposed window was more efficient, reducing
cooling capacity by 12.8% in Riyadh, while the same window led to a reduction in heating
capacity of 4.9% in London. The study also deduced that the PDLC window provides an
acceptable level of daylight for interior environments. The results showed that the window
accomplished 75.8% of the annual required daylight glare in Riyadh and approximately
63% in London. The study mentioned that the visible transmittance of the window ranged
from 44% (OFF state) to 79% (ON state); however, the study neglected to assess the impact
of decreasing the glazing visible transmission on the vision through the window.

Previous research, especially that utilizing dynamic windows, has focused on evaluat-
ing vision comfort by quantifying the daylight in internal environments. The assessment
usually relies on measuring the available luminance. However, visual access to the external
environment through the window has been studied only by surveying and analyzing hu-
man preferences. With introducing the switchable films and dynamic optical and thermal
properties of glazing, there are many settings that can bring challenges to be surveyed
or investigated to assess the vision comfort properly. If artificial intelligence is used to
dominate how windows are controlled, it is important to quantify visual comfort and
develop algorithms to parameterize it.

Human visual perception is based on the contrast of images [27–29]. The contrast prop-
erty enables human eyes to distinguish between two adjacent objects in an
image [30,31]. Therefore, quantifying vision through glazing can be achieved using an
artificial vision system to derive the real-time contrast value, which reflects the quality of
human vision.

Previous studies have employed image processing to determine the daylight glare
index, discomfort glare index, and other factors that reflect the quantity of daylight in a
specific area. For example, Fan et al. [32] used image-based simulation to determine the
daylight level in a gymnasium. In addition, Hegazy et al. [33] quantified the daylight
in a virtual environment using luminosity histogram analysis. This method uses digital
images of the environment, in which each pixel is represented in the luminosity histogram
according to its brightness level, which reflects the luminance of a particular point in
a given area. Futagami et al. [34] utilized an image-based motion sensor to determine
the luminance level of a workplace. The images were taken by a visible light camera.
Day et al. [12] evaluated the daylight illuminance in three office buildings. The research
team captured HDR images and then processed them using the Evaglare algorithm [35]
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to determine the daylight glare probability. None of these studies evaluated the vision to
exterior views through PDLC glazing.

To summarize, the previous studies emphasized that visual linking of occupants to the
external views is an essential function for windows. Unfortunately, assessment of vision
through windows was not considered by most of the previous research, although some
papers relied on surveying of individuals’ preferences to assess the vision through windows.
However, surveys usually require a large amount of time to cover all seasonal conditions;
in addition, the outcome data may not be adequate to cover the wide variety of preferences
of users in real life. Furthermore, following the integration of thin-film technologies with
the window industry, and the addition of variable-transparency features to windows,
surveying is no longer a feasible method to evaluate the vision through windows.

Therefore, this paper proposes an online image-processing-based method to quan-
tify the vision through a PDLC double-glazed window. This approach can be used to
establish levels of occupants’ visual comfort, which are fed into a controller to constrain
the transparency setting of the PDLC to prevent discomfort. The proposed system adds
observability and controllability features for buildings’ controllers, i.e., artificial intelligence
systems, to mathematically define the visual comfort of smart windows and to ensure a
minimum level of viewing quality towards external views for the occupants. Overall, the
proposed method will provide an alternative way to assess vision through windows, and
save time in window design, considering all the expected configurations of smart windows.

2. Materials and Methods

Figure 1 demonstrates the proposed online vision quantification methodology. It has
two components: (a) an image-processing model and (b) a mathematical model.

a. To develop the image-processing model, a vision sensor, such as an HD camera,
captures a set of photos from inside an environment towards the external views
through the PDLC double-glazed window. A group of 16 photos is captured every
30 min. Each photo is taken with different levels of PDLC transparency, i.e., from an
opaque state to a transparent state. Thereafter, the contrast value of each image is
extracted individually based on a developed algorithm that sends a combination of
transparency and contrast.

b. To develop the mathematical model, an instantaneous contrast curve is obtained
between contrast values and the operating visible transmission for each time slot
during the daytime. The vision comfort band is derived with the lowest and highest
allowed values of image contrast at a given time. This is fed back to the PDLC
transparency setting to further limit the transparency range.
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2.1. Methodology Setup

The experimental setup includes a test room, sensors, and data loggers required for
indoor and outdoor measurements, as shown in Figure 2. The optical properties of the
glazing were measured by a spectrometer device in the laboratory. In addition, a weather
data file was necessary to apply the experimental outdoor conditions to the simulated
model; however, three kinds of data were required to prepare the weather data. Firstly,
outdoor weather data include the temperature, humidity, atmosphere pressure, wind speed,
and wind direction. Secondly, solar radiation data encompass global horizontal irradiance,
diffused horizontal irradiance, and global vertical irradiance. The direct normal irradiance
(DNI) is also needed for the weather data file; however, Equation (1) was used to estimate
it [36]:

DNI =
GHI − DHI

cos θ
(1)

where DNI is the direct normal irradiance in W/m2, GHI is the global horizontal irradiance
in W/m2, DHI is the diffused horizontal irradiance in W/m2, and θ is the zenith angle.

Energies 2022, 15, x FOR PEER REVIEW 6 of 23 
 

 

𝐸ு =  𝐸ே sin (∝ௌ) (5)

Based on the condition of the sky, the diffuse (or sky) horizontal illuminance 𝐸ு 
can be computed using Equation (6): 𝐸ு = 𝐴 + 𝐵 sin(∝ௌ) (6)

The constants A, B, and C categorize the condition of the sky into cloudy, partly 
cloudy, and clear. Table 1 depicts the value of sky parameters for each category; it is noted 
that, on a cloudy day, no direct sun is available; therefore, 𝐸ே = 0. 

 
Figure 2. Methodology setup. 

Table 1. The constants of sky parameters. 

Sky Condition c A, Klux B, Klux C, Klux 
Clear 21 0.8 15.5 0.5 

Partly cloudy 0.8 0.3 45 1 
Cloudy No direct sun 0.3 21 1 

Finally, the total illuminance 𝐸 falling on the horizontal plane is given in Equation 
(7): 

Figure 2. Methodology setup.



Energies 2022, 15, 3196 6 of 23

Thirdly, the illuminance data comprise global horizontal illuminance, diffused hori-
zontal illuminance, and direct normal illuminance. The Illuminance Engineering Society of
North America (IESNA) approach provides an appropriate approximation for the avail-
able illuminance in solar radiation. The following equations elucidate the illuminance
calculation procedures of the IESNA method, as proposed by Kandilli and Ulgen [37]:

EXT = GSC {1 + 0.034 cos[
2π

365
(n− 2)]} (2)

where EXT is the extraterrestrial illuminance, GSC is the solar illuminance constant, and
n is the day of the year. Then, the direct normal illuminance EDN can be determined using
Equation (3):

EDN = EXT exp(−cm) (3)

where m is the air mass, which can be expressed as follows:

m =
1

sin(∝S)
(4)

where ∝S is the angle of altitude in degrees, and the small “c” is a constant, which can be
quoted from Table 1 according to the sky condition. Thereafter, direct horizontal illuminance
EDH is calculated using Equation (5):

EDH = EDN sin(∝S) (5)

Table 1. The constants of sky parameters.

Sky Condition c A, Klux B, Klux C, Klux

Clear 21 0.8 15.5 0.5

Partly cloudy 0.8 0.3 45 1

Cloudy No direct sun 0.3 21 1

Based on the condition of the sky, the diffuse (or sky) horizontal illuminance EKH can
be computed using Equation (6):

EKH = A + B sinC(∝S) (6)

The constants A, B, and C categorize the condition of the sky into cloudy, partly cloudy,
and clear. Table 1 depicts the value of sky parameters for each category; it is noted that, on
a cloudy day, no direct sun is available; therefore, EDN = 0.

Finally, the total illuminance E falling on the horizontal plane is given in Equation (7):

E = EKH + EDH (7)

The experimental indoor measurements involve the temperature and illuminance
level inside the test room, which are used to evaluate the performance and validate the
system. Additionally, digital images are captured from inside the test room towards the
external environment through the window. These images are applied to the proposed
vision quantification model to determine the comfort vision band in real time. The outdoor
measurements were employed to prepare the weather data file of the commercial DESIGN
BUILDER software. DESIGN BUILDER software was used to derive the energy model.
The weather and optical data were applied to the model to achieve the simulation. The
simulated and experimental data, in addition to the outcome of the quantification process,
were used to validate the experimental model, verify the experimental result, and evaluate
the system performance.
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2.2. Image Processing

For contrast measurement, the RMS contrast method in Equation (8) was adopted [38]:

RMS Contrast =

√
1

M ∗ N ∑M−1
i=0 ∑N−1

j=0

(
Iij − I

)2 (8)

where M and N are the numbers of columns and rows of the image I, respectively; Iij is the
value of the pixel in the ith column and the jth row; and I is the average brightness of the
image I, which is given in Equation (9) in the range [0, 1]:

I =
1

M ∗ N ∑M∗N−1
i=0 Ii (9)

The images in Figure 3 were captured in an external environment during daytime on
a sunny day through a double-glazed PDLC window with different visible transparencies.
Each image was taken after setting the applied AC voltage of the PDLC within the rated
voltage (0 to 200 V), as shown in the figure.
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Figure 3. Digital images with different applied voltages.

The relationship of the contrast with the applied voltage was obtained, as shown in
Figure 4. Three regions can be recognized in the curve. The first region is between the
minimum contrast point (Cmin) and point (Cy); obviously, the contrast has low values as
the PDLC film is in its opaque state. The second region is between (Cy) and the threshold
contrast point (Cth), in which the contrast value is dramatically increased with the increase
in the applied voltage. The third region is between (Cth) and the maximum contrast point
(Cmax), in which the contrast begins to show a saturation response to the applied voltage.
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Figure 4. Contrast curve.

The vision is considered to be comfortable if the contrast is above approximately 0.48;
this value is the threshold value of the contrast, and was calculated graphically from the
contrast–voltage curve. However, this point does not correspond to a fixed transparency
and voltage in all cases. The threshold contrast point (vth, Cth) represents a proposed
minimum comfort band that limits the transparency. In Figure 4, the threshold contrast
value lies between two given points, (Cv1, v1) and (Cv2, v2); hence, the threshold contrast
value can be expressed mathematically as below:

Threshold Contrast (Cth) = 0.707 (Cmax − Cmin) (10)

To estimate the threshold voltage (vth), the segment of the curve between (Cv1 and Cv2)
is assumed to be a linear relationship; this assumption leads to:

Cv2 − Cth
Cv2 − Cv1

=
v2 − vth
v2 − v1

,

or:

vth = v2 −
[
(v2 − v1)

(
Cv2 − Cth
Cv2 − Cv1

)]
(11)

Consequently, the system chooses one operating point within the comfort vision band
based on the user’s preference. However, the user’s preference is also referenced to vth.
The range that the user can set is from 0 to 100%, which maps to the range from vth to vmax.
In our paper, a preferred vision ratio (PVR) is proposed to quantify the user setting. Thus, if
the PVR = 0%, then the operating point is at the threshold value (Cth), whereas the system
works at (Cmax) if the PVR = 100%. Consequently, the preferred contrast value (CPVR) can
be determined as below:

The preferred contrast value (CPVR) = PVR (Cmax − Cth) + Cth (12)

The corresponding applied voltage at the preferred contrast vPVR can be defined by
substituting Equation (12) into Equation (11), as shown below:

vPVR = vb −
[
(vb − va)

(
Cb − (PVR(Cmax − Cth) + Cth)

Cb − Ca

)]
. . . . . . 0 ≤ PVR < 1 (13)
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3. Experiment
3.1. Experimental Setup

Two small-scaled test rooms of the same size were made from a triple-layer insulated
board. The board consists of a thick layer of polystyrene with thermal conductivity of
0.046 W/m.K. The polystyrene is sandwiched between two thin layers of steel. The first
room had a conventional double-glazed window having the specifications shown in Table 2.
This room was considered as the reference model in the experiments. The second room
had the same window, except that a PDLC thin film was attached to the inner pane of
the double-glazed window. The second room was used to evaluate the proposed vision
quantification process. Both rooms were equipped with a temperature sensor to measure
the temperature of the enclosure; in addition, a flux sensor was centered inside each test
room at a height of 15 cm. Table 2 provides more details about the test room structure,
double-glazed window, and the PDLC film.

Table 2. Specifications of the experimental setup.

Item Part Details

Board
Polystyrene thickness 4.9 cm

Steel thickness 0.05 cm

Wall dimension of the room 55 × 55 cm2

Room dimensions 45 × 45 × 45 cm3

Double glazed
window

Room area 30 × 30 cm2

WWR 44%

Glazing type Clear

Glazing thickness 0.4 cm

Thermal conductivity for the glazing 0.9 W/m.K

Glazing transmittance 0.83

Glazing reflectance 0.12

Glazing absorbance 0.039

Depth of the air layer 2 cm

Outside reveal depth 0 cm

PDLC film

Rated voltage 220 AC volt

Thickness 0.36 mm

Visible transparency (OFF/ON) 0.05/0.83

For outdoor weather conditions, a weather station was utilized to record the tempera-
ture, humidity, pressure, wind speed, and wind direction. Additionally, three pyranometers
were employed to measure global horizontal irradiance (GHI), diffused horizontal irradi-
ance (DHI), and global vertical irradiance (GVI). All pyranometers were interfaced with a
datalogger device to collect the data. More details about the sensors used in the experiment
are provided in Table 3.
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Table 3. Technical specifications of the sensors.

Sensor Technical Specifications

Pyranometer (for global horizontal irradiance
measurement)

Veinasa-ZFS Solar total radiation sensor,
sensitivity 7~14 µV per w/m2, and
measurement range 0~2000 W/m2

Pyranometer (for diffused horizontal
irradiance measurement)

Veinasa-SFS Scattered radiation sensor,
sensitivity 7~14 µV per w/m2, and
measurement range 0~2000 W/m2

Pyranometer (for global vertical irradiance
measurement)

Davis Instruments 6450 Solar Radiation Sensor,
sensitivity 1.67 mV per W/m2, measurement

range 0~1800 W/m2

Lux meter (for indoor illuminance
measurement)

OPT3001 Ambient Light Sensor, measurement
range 0.01 lux to 83 k lux

Temperature sensor (for indoor temperature
measurement)

AM2302 humidity and temperature sensor,
sensitivity 0.1 Celsius, and measurement range

−40~80 Celsius

In the second test room, because the experiments required a variable AC voltage
for the PDLC film, a 300 V/500 VA VARIAC transformer was used to adjust the desired
voltage during the experiment. Furthermore, a high-definition camera was fixed in the
room 5 cm from the inner pane of the window. The camera was horizontally oriented
toward the window to capture the external views through the window. The digital camera
was connected to a PC via an IP network; therefore, the images were directly transferred to
the PC, and Windows-based software was used to manage the image-capturing operation.
Finally, MATLAB code was developed to compute the contrast value of the captured images
during the execution of the experiments. The frequency of this process was 30 min. Figure 5
shows the experimental setup, including the reference test room, PDLC test room, three
pyranometers, and weather station.

Energies 2022, 15, x FOR PEER REVIEW 10 of 23 
 

 

Table 3. Technical specifications of the sensors. 

Sensor Technical Specifications 
Pyranometer (for global 

horizontal irradiance 
measurement) 

Veinasa-ZFS Solar total radiation sensor, 
sensitivity 7~14 μV per w/m2, and measurement 

range 0~2000 W/m2 
Pyranometer (for diffused 

horizontal irradiance 
measurement) 

Veinasa-SFS Scattered radiation sensor, sensitivity 
7~14 μV per w/m2, and measurement range 0~2000 

W/m2 

Pyranometer (for global vertical 
irradiance measurement) 

Davis Instruments 6450 Solar Radiation Sensor, 
sensitivity 1.67 mV per W/m2, measurement range 

0~1800 W/m2 
Lux meter (for indoor 

illuminance measurement) 
OPT3001 Ambient Light Sensor, measurement 

range 0.01 lux to 83 k lux 

Temperature sensor (for indoor 
temperature measurement) 

AM2302 humidity and temperature sensor, 
sensitivity 0.1 Celsius, and measurement range 

−40~80 Celsius 

In the second test room, because the experiments required a variable AC voltage for 
the PDLC film, a 300 V/500 VA VARIAC transformer was used to adjust the desired volt-
age during the experiment. Furthermore, a high-definition camera was fixed in the room 
5 cm from the inner pane of the window. The camera was horizontally oriented toward 
the window to capture the external views through the window. The digital camera was 
connected to a PC via an IP network; therefore, the images were directly transferred to the 
PC, and Windows-based software was used to manage the image-capturing operation. 
Finally, MATLAB code was developed to compute the contrast value of the captured im-
ages during the execution of the experiments. The frequency of this process was 30 min. 
Figure 5 shows the experimental setup, including the reference test room, PDLC test room, 
three pyranometers, and weather station. 

 

Figure 5. Experimental setup. (A): Reference room with double-glazed window (closer), PDLC room
(further), and the pyranometer for vertical global irradiance measurement (circled). (B): Pyranometer
for global horizontal irradiance measurement. (C): The weather station. (D): Pyranometer for diffuse
horizontal irradiance measurement.



Energies 2022, 15, 3196 11 of 23

3.2. Experiment Scenarios

The two test rooms were installed in Basra, Iraq (latitude: 30.5 and longitude: 47.8) on
the roof of the Basra oil training institute. The window for each room was oriented to the
south. The experiment was continuously carried out for four days during daytime, from 11
to 14 August 2021. The experiment was executed every day with a different PVR. Table 4
shows the four scenarios, 1 to 4, that were implemented during the first to the fourth day
of the experiment, respectively. It is worth mentioning here that the PVR was determined
only for the window of the second test room to show the influence of the PVR on vision
quality, in addition to the other parameters of the system, such as internal temperature,
internal daylight, and solar heat gain.

Table 4. The scenarios of the experiment.

Scenario Day
Test Room 1 Test Room 2

Window Type PVR Window Type

1 1st
Conventional
double-glazed

window

0

Double-glazed
PDLC window

2 2nd 0.3

3 3rd 0.65

4 4th 1

The experiment was executed from 5:30 AM to 6:30 PM. The process shown in Figure 6
was run 27 times daily (every 30 min) on the second room. The process required 2 min to
be executed manually each time. The algorithm started by setting the PDLC film voltage to
a specific value from among 16 values in the range 0 to 200 V. One image was taken each
time for each voltage value. MATLAB then obtained the voltage versus contrast relation
and the threshold value Cth.
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Thereafter, the instantaneous contrast value was calculated using Equation (12) based
on the preferred value of the PVR. The corresponding voltage was graphically determined
from the instantaneous contrast–voltage curve, or from Equation (13). Finally, VARIAC
output was set to the new voltage value from Equation (13) to realize the instantaneous
preferred transparency. This value should ensure visual comfort.

3.3. Simulation

The two experimental test rooms, namely, the first room with the conventional double-
glazed window and the second room with the PDLC double-glazed window, were modeled
in DESIGN BUILDER software based on the properties listed in Table 2. Simultaneously,
the weather data file required for the simulation was prepared using the computed illumi-
nance data, experimental solar irradiance data, and weather conditions recorded by the
weather station. Since the visible transparency of the PDLC film was changed during the
experiments, during the simulation, it was necessary to adjust the visible transmission of
the PDLC film accordingly at different times. This task was achieved by referring to the
transparency–voltage curve of the film. A spectrometer was used to measure the visible
transmission of the utilized PDLC film against different input AC voltages; the resultant
curve is shown in Figure 7.
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4. Results, Validation, and Discussion

The objectives of this section are:

a. To demonstrate the experimental and simulation results of the implemented scenarios
mentioned in Table 4.

b. To compare the experimental and simulation outcomes to validate the system.
c. To investigate the impact of the PVR on different factors of the system.

According to the IESNA approach mentioned in Equations (2)–(7), the illuminance
data were calculated for 11 to 14 August 2021, as shown in Figure 8, including direct normal
illuminance EDN , diffuse horizontal illuminance EKH , and the total illuminance E. The
effective daylight period was from 5:00 am and 7:00 pm; however, the calculation showed
that the available estimated illuminance during the four days was approximately equal.
There are two reasons for this: first, since the days of the experiment were consecutive, the
sun elevation angle was almost the same; second, because the four days had the same sky
clearness parameters (sunny days).
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The indoor and outdoor temperatures of the test rooms are plotted against the days of
the experiment in Figure 10. During the first day, when the PVR was adjusted to 0, which
corresponds to the minimum available contrast in the comfort vision band, the experimental
and simulated indoor temperatures responded to the variation in the outdoor temperature
with good correlation. The maximum recorded temperature inside the reference model at
2:00 p.m. was 58.8 ◦C, and the average temperature was 41 ◦C, whereas the highest and
average temperatures for the PDLC model were 56 and 38 ◦C, respectively. The average
deviations between the experimental and simulated temperatures inside the double-glazed
window room and the PDLC room were 0.12 and 0.37 ◦C, respectively.
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During the second day, the PVR was equal to 0.3, and the experimental and simulated
indoor temperatures varied in the same pattern as that of the outdoor temperature. The
experimental and simulated indoor temperatures in both rooms were approximately equal.
Moreover, the maximum observed temperature inside the reference model at 2:00 pm was
61.7 ◦C, and the average temperature was 41.5 ◦C, whereas the highest and average tem-
peratures for the PDLC model were 58.5 and 39.4 ◦C, respectively. The average differences
between the experimental and simulated temperatures inside the reference room and the
PDLC room were 0.19 and 0.22 ◦C, respectively.

Similar observations were made on the third day, when the PVR was set to 0.65. The
greater temperature noted inside the reference model at 2:00 pm was 62 ◦C, and the average
temperature was 42.3 ◦C, whereas the highest and average temperatures for the PDLC
model were 60.7 and 40.8 ◦C, respectively. The average variances between experimental
and simulated temperatures inside the reference window room and the PDLC room were
0.1 and 0.3 ◦C, respectively.

For the fourth day, when the PVR was set to 1, the highest recorded temperature
inside the reference model was at 2:00 pm, and was 58.6 ◦C, and the average temperature
was 40 ◦C, whereas the highest and average temperatures for the PDLC model were
57.5 and 38.8 ◦C respectively. The average disparities between the experimental and
simulated temperatures inside the reference room and the PDLC room were 0.2 and 0.24 ◦C,
respectively.

Evidently, increasing the value of the preferred vision ratio (PVR) led to an increase
in the PDLC room temperature; for instance, for PVR of 0, 0.3, 0.65, and 1, the average
temperature inside the reference room exceeded that of the PDLC room by 3, 2.1, 1.5, and
1.2 ◦C respectively. Alternatively, with the rise in the PVR, the temperature of the PDLC
model approached the temperature inside the reference room; this is because the increase
in the PVR allows more solar irradiance to enter the PDLC test room as the transparency
becomes higher.

Figure 11 shows the experimental and simulated daylight values, in lux; these rep-
resent the illuminance intensity at the point inside the test rooms where the flux sensor
was positioned. For the simulated daylight curves, DESIGN BUILDER software provides a
range of illuminance values for a given point during the simulation; therefore, the values of
simulated indoor illuminance are sketched as ranges in different hours during the daytime.
Figure 11 also elucidates vertical global irradiance (VGI).

Starting with day 1 and a PVR of 0, the experimental and simulated indoor illumi-
nance values respond to the variation in the outdoor vertical global irradiance with good
correlation. The maximum recorded illuminance inside the reference model at 12:00 pm (at
the highest value of VGI) was 4.1 Klux, and the average illuminance was 2.6 Klux, whereas
the highest and average illuminance values for the PDLC model were 3 and 1.9 Klux,
respectively. Similar trends can be observed for other PVR settings on other days.

As a result of increasing the PVR, more daylight reached the internal environment.
For example, when the PVR was set to 0 during the first day of the experiment, the average
daylight in the PDLC test room was 73% of that in the reference test room. Thereafter,
the change in daylight increased to 76, 80, and 85% for PVR values of 0.3, 0.65, and 1,
respectively. As mentioned previously, raising the PVR offers higher visible transparency
and permits more daylight to enter the PDLC test room. The average deviations between
experimental and simulated daylight values inside the reference room and the PDLC room
were 20 lux and 39 lux on day 1, 57 lux and 69 lux on day 2, 81 lux and 29 lux on day 3, and
39 lux and 108 lux on day 4, respectively.

As the PDLC window has different transparency compared to the conventional double-
glazed window, the window has a different solar heat gain coefficient (SHGC). Conse-
quently, the solar heat gain values inside the two test rooms were not identical. Figure 12
depicts the experimental solar irradiance on the window and the simulated solar heat gain
for both test rooms during the days of the experiment.
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Overall, the effective solar heat gain occurred between 5:00 am and 6:00 pm, with the
highest gain at 12:00 pm. The heat gain mimics the envelope of the solar irradiance on the
window. During the first day of the experiment, with a PVR of 0, the maximum heat gain in
the reference test room was 14.6 W and the average value was 8.32 W. By comparison, the
highest recorded heat gain in the PDLC test room was 2.23 W and the average value was
1.38 W. Furthermore, with a PVR of 0.3, the greater heat gain noted inside the reference test
room was 17.85 W and the average value was 8.95 W, whereas for the PDLC test room, the
highest recorded heat gain was 4.25 W and the mean value was 2.24 W. Additionally, when
the value of the PVR was set to 0.65, the superior observed heat gain in the reference test
room was 17.8 W, and the average value was 8.81 W; similarly, the highest registered value
in the PDLC test room was 5.88 W and the median value was 3.05 W. Finally, during day 4
of the experiment, with a PVR of 1, the heat gain in the reference room had a maximum
value of 18.28 W and an average value of 9.09 W, whereas the highest observed value in the
PDLC test room was 8.33 W and the mean value was 4.28 W.

Clearly, raising the preferred vision ratio resulted in an increase in a heat gain inside
the PDLC test room; for instance, with a PVR of 0, the average heat gain inside the PDLC
test room was only 16.6% of that in the reference room; this percentage was 25.1% with a
PVR of 0.3, 34.7% with a PVR of 0.65, and 47.1% with a PVR of 1. Moreover, the solar heat
gain coefficients computed by the DESIGN BUILDER software were 0.42, 0.49, 0.56, and
0.78 based on PVRs of 0, 0.3, 0.65, and 1, respectively.

Modifying the PVR has a direct impact on the quality of vision through the PDLC
window, as elucidated earlier, since it determines the operating point on the comfort vision
band of the contrast–voltage curve, which represents the contrast value of the instantaneous
external scene seen through the window. Consequently, the visible transparency was
estimated accordingly. Figure 13 depicts the contrast values during daytime, which were
determined by the proposed algorithm during the days of the experiment. Obviously,
choosing a higher PVR prompts the system to increase the contrast; thus, the average
contrast values were 0.18, 0.25, 0.31, and 0.37 for PVRs of 0, 0.3, 0.65, and 1, respectively.
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However, Figure 13 shows a fluctuation in the contrast value during the daytime. The
proposed system increases the contrast value during the early and late hours of daytime
(low illuminance hours). In contrast, the system lessens the contrast during midday hours
when the available illuminance in the external environment is too luminous. Hence, the
lowest contrast occurred at the highest outdoor illuminance (at 12:00 pm).

During the experiment, the contrast–voltage curves were inflated during low daylight
hours or reduced during high daylight hours; thus, the comfort vision band was expanded
or limited accordingly. This modification in the contrast–voltage curve led to a change in
the PVR; therefore, the system tried to keep the PVR constant by simultaneously updating
the contrast value.

The interaction of the system with the outdoor illuminance mimics the behavior of
the human eye. The pupil in the human eye is responsible for controlling the quantity of
light that enters the eye to maintain a certain level of vision, and has a dilatable diameter to
achieve a light-controlling action [39,40].

The proposed algorithm was executed every 30 min during daytime, as mentioned
earlier; however, the experiment shows that the achieved contrast values were in the
vicinity of the setpoint. To achieve a more precise contrast value, the processing frequency
can be increased to 10 min.

In practical applications, the present study assumed that the scene was fixed during
image capturing. However, if the view instantaneously changes (e.g., the sudden appear-
ance of dirt, dust, or rain on the window), two consequences can be expected. First, if the
sudden change is small then it will not affect the contrast calculation. Second, if the sudden
change is large, then it may lead to a nonstandard form of the contrast curve. In this case,
the quantification process should be modified to recognize this change and to avoid this
limitation in real time using image-processing techniques.

Figure 14 shows the overall assessment of the system in terms of the daylight entering
the indoor environment, indoor temperature, solar heat gain, and vision contrast through
the window, which are directly proportional to the PVR.
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It can be concluded that setting a higher PVR leads to better vision quality through the
window and enhances the daylight performance in indoor environments. Unfortunately,
this choice results in an increase in the heat gain inside buildings, and raises the average
indoor temperature; as a result, more energy consumption is required for cooling loads in
hot regions. However, providing good vision quality is undoubtedly an essential challenge
and a trade-off can be considered. By comparison, in a temperate climate, such as that
of the UK, this challenging trade-off may be more easily addressed because the energy
consumption is expected to increase due to the lower temperature. Utilizing the newly
developed thin films must not impact the vision through windows, but it is necessary to
achieve a balance between energy consumption, vision quality, and daylight performance
to obtain optimum overall performance.

The conducted experiment showed that utilizing normal LDR images is a suitable
approach for the contrast–voltage curve. Using HDR images can generate more precise
contrast curves. However, HDR images have greater color representation (16 bit instead of
8 bit in LDR images); this increases the complexity of the image processor, which effectively
inflates the cost. At the stage of implementing the processor, it will be possible to compare
the efficiency of the processing using LDR and HDR images, and thereby evaluate the
precision of the contrast values in both cases.

If a commercial building is equipped with the proposed system, based on the pro-
cedures of the quantification algorithm, the visible transparency of the windows would
change from an opaque to a translucent state every 30 min. This would not be acceptable
to the occupants. Therefore, it is proposed to conduct the quantification procedures on a
reference window located in a building that has fewer people, and distribute the data and
transparency settings to other glazing in the building.

It is worth mentioning that the proposed quantification method is not restricted to
PDLC windows, but can also be employed for other kinds of conventional and smart
windows, whenever it is necessary to evaluate the quality of vision. However, conventional
windows provide a high quality of external scenes, mostly due to the high visible trans-
parency of their glass; therefore, the proposed method may be more useful in the case of
smart windows.

5. Conclusions

This study aimed to quantify the vision through smart windows using an image-
processing approach to achieve visual comfort for the occupants. A small-scale room was
equipped with a PDLC double-glazed window and used as an example to realize the
proposed system. Online image processing was proposed to derive the available comfort
vision from the contrast–voltage curve of the PDLC film in real time, and to constrain the
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PDLC transparency range to achieve occupant satisfaction. The main contributions were as
follows: first, mathematically defining the comfort vision band for PDLC double-glazed
windows; and second, introducing the preferred vision ratio (PVR), which ensures a desired
level of vision for the occupants. The main outcomes of this work can be summarized
as follows:

1. Vision through smart windows can be quantified in terms of the contrast of the scenes
measured through the window toward the external views.

2. The proposed PVR allows users to choose the preferable level of vision through the
window.

3. The experiment showed that varying the PVR from 0 to 1 can modify the average
contrast value from 0.18 to 0.37 in a clear sky environment.

4. The proposed algorithm ensures that the transparency of the window will not be less
than a threshold value, in turn ensuring a minimum level of vision quality.

5. The experiment showed that varying the PVR of the PDLC window from 0 to 1
increased the solar heat gain coefficient (SHGC) from 0.42 to 0.623.

6. The experiment showed that modifying the PVR of the PDLC window from 0 to 1
allowed more daylight to enter the internal environment (73% to 85% compared to
conventional double-glazed windows).

The test room was simulated in the DESIGN BUILDER software under the experimen-
tal weather conditions, and the simulation results were compared with the experiment
outcome to validate the experimental results. In commercial buildings, employing the
proposed system constrains the vision through smart windows within the comfort vision
band. The system also helps to replace the conventional human preference surveying meth-
ods, thus saving time and effort. Moreover, future studies can utilize the proposed PVR
to evaluate the vision level through smart windows. Overall, the proposed system adds
observability and controllability capabilities for building controllers, thus helping achieve
comfortable living environments for the occupants. In future, the proposed system may
use HDR images for more precise contrast curves. Moreover, employing image-processing
techniques enables the system to deal with instantaneous changes that may occur in the
scenes during image capturing. In addition, an embedded system can be designed to
implement the proposed quantification algorithm. This would help to reduce the time
taken in the process and obtain more precise real-time visible transparency values for
the glazing.
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