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ABSTRACT

Electrochromic (EC) glazing allows modulating the intensity of visual and solar transmission by
dynamically switching between bleached (clear) and tinted (colored) states, leading to changes in
spectral power distribution (SPD), correlated color temperature (CCT), and illuminance of the
incoming daylight. In this experimental study, we investigated the impact of spectral composition
of daylight filtered through a 6-pane EC facade on visual task performance and visual perception.
In a semi-controlled test room, 19 subjects were exposed to five setting scenarios of the EC facade
(fully bleached, mixed setting after fully bleached, fully tinted, mixed setting after fully tinted, and
user-controlled). Test subjects performed a series of visual tasks, and their assessments of the
indoor environment and of the outside view were collected along with luminous and spectral
measurements under each condition. The analysis provided statistical evidence that the changes
in spectral composition of daylight do not have a practically relevant effect on visual task
performance in terms of visual acuity and color naming accuracy. However, the daylight filtered
through the fully tinted glazing had a substantive impact on visual perception, evoking negative
responses to the color rendering of the indoor environment and of the outside view. A mixed
settings of the EC facade could improve a natural assessment of the incoming light compared to
the fully tinted state, achieving better ratings in terms of perception of the indoor and outdoor
environments. When given control of the EC glazing, subjects expressed higher acceptance and
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satisfaction compared to the tinted and mixed scenarios.

1. Introduction

Advanced daylighting and shading systems can
enhance the luminous quality and energy perfor-
mance of buildings. Among these, electrochromic
(EC) glazing dynamically modulates the intensity of
visual and solar transmission by switching between
bleached (clear) and tinted (colored) states (Rubin
et al. 1994). Compared to windows equipped with
conventional double-glazed units (DGU), EC glazing
has the potential to reduce extreme variations in
illuminance, protect against undesired light ingress,
provide modulation of luminance ratios (Lampert
1998; Moeck et al. 1996), and potentially enhance
energy savings (Ciampi et al. 2020; Scorpio et al.
2020), while preserving unobstructed views to the
outdoors (Piccolo and Simone 2009).

To support advances in EC glazing technology
and their controlling logics, recent research has

particularly focused on user acceptance and satis-
faction (Day et al. 2019; Mardaljevic et al. 2016).
Although the EC glazing can reduce excessive illu-
mination, the risk of discomfort glare from low
angle direct sun or high sky luminance has, at
times, been reported by occupants, which would
entail switching the EC glazing to very low trans-
mittance states (Clear et al. 2006; Jain et al. 2021;
Lee and Dibartolomeo 2002). Lowering the visible
transmittance of the EC glazing, however, could
reduce the availability of natural daylight with
negative consequences on the quality of the visual
environment (Piccolo and Simone 2009) and on
lighting energy demands. In fact, earlier studies
had detected a direct correlation between the
operation of electrochromic glazing and increased
lighting energy use (Clear et al. 2006; Lee and
Dibartolomeo 2002; Moeck et al. 1996).
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To address the potentially conflicting require-
ments of luminous protection, control of solar
gains, and access to clear views, the definition of
the adequate visible transmittance range for the
EC glazing is, therefore, essential. This is particu-
larly challenging for orientations, latitudes, or
times of the year that are characterized by low
sun angles, which might require the integration
of additional shading devices (Ajaji and André
2015; Lee and Dibartolomeo 2002; Piccolo and
Simone 2009). In this context, a recent study
(Jain et al. 2021) demonstrated that a visible trans-
mittance (tv) lower than 0.6% of the EC glazing
can be adequate to control discomfort glare,
although the required level of protection from
glare might be difficult to achieve when the sun
is in the central field of view. The study also
indicated that, even at such low level of tv, most
participants would prefer to add an additional
shading device. This, of course, might come to
the detriment of an acceptable view clarity (Jain
et al. 2021; Ko et al. 2022; Moeck et al. 1996). In
fact, as the EC glazing tint changes, the color
appearance of external elements takes on
a progressively deeper blue hue, which might pre-
sent potential user acceptance issues (Mardaljevic
et al. 2016). Previous user subject studies reported
negative ratings for the outside view from EC
glazing due to perceived gloominess, a persistent
sense of an overcast sky (Day et al. 2019), altered
color perception of indoor and outside elements,
and reduced view clarity (Jain et al. 2021).

User acceptance, feeling of brightness, and
color rendering are issues of primary concern in
indoor (day)lighting. These priorities have been
linked to the changes in spectral power distribu-
tion (SPD) and to the light and color modulation
associated with the states of the EC glazing
(Arsenault et al. 2012; Jain et al. 202I;
Mardaljevic et al. 2014; Piccolo and Simone
2009). It has been hypothesized that changes in
the correlated color temperature (CCT) of a light
source might influence the subjective evaluation
of discomfort glare (Pierson et al. 2018). Some
studies, in fact, detected a higher occurrence of
discomfort glare with light sources characterized
by shorter wavelengths (Flannagan et al. 1989;
Jain et al. 2023; Yang et al. 2018). CCT modula-
tions of electric lighting (e.g., from warm to cold

or vice versa) have also been found to potentially
affect user comfort, satisfaction, and alertness
(Kompier et al. 2020, 2021). This could impact
concentration and visual task performance (De
Kort 2019; Kompier et al. 2021; Smolders et al.
2012). Liang et al. (2019) showed that an artificial
window (lit using an array of LEDs, light emitting
diodes) with a blue-tinted film was perceived as
more unnatural, less comfortable, and less accep-
table than a window with a clear glazing. In their
study, subjects also incurred in more errors while
performing a chromatic task compared to an
achromatic task under the artificial blue window
compared to a bronze and clear glazing (Liang
et al. 2019). This is consistent with the findings of
Kompier et al. (2020), suggesting that dynamic
light with varied color temperature and illumi-
nance may impact visual performance.

As occupants may prefer a neutral rather than
tinted color of daylight (Wilkins et al. 2022), user
acceptance of the visual environment produced by
the EC glazing becomes one of the key determi-
nants for the success of this technology (Lee et al.
2012). The variations in the spectrum of trans-
mitted daylight from an EC fagade, in fact, may
impact the appreciation of the quality of indoor
and outdoor scenes in terms of perceived color
and brightness of surfaces and objects (Jain et al.
2021; Mardaljevic et al. 2016; Piccolo et al. 2009).
On these bases, various studies have suggested that
a combination of bleached and fully tinted EC
panels might allow to achieve the required level
of daylight control, whilst maintaining the poten-
tial for neutral color rendition (Jain et al. 2021,
2022; Lee et al. 2012). The perceived color of
inside objects rendered through a mixture of
bleached and tinted states of six EC panes was
found to be perceived by occupants as mostly
natural. However, the colors of the outdoor envir-
onment were still perceived as non-natural by the
majority of test participants (Jain et al. 2021). In
another study, a theoretical model was proposed to
offer spatially homogeneous spectral transmission
via combining spectral curves of bleached and
tinted EC glazing (Mardaljevic et al. 2016).
Nevertheless, the study pointed that, although the
received daylighting spectrum might be neutral,
occupant acceptance of the color appearance of
windows remains mostly unknown.



As there is a continuous range in the visible
transmittance of the EC glazing between bleached
and tinted states, resulting in dynamic modula-
tions of spectral power distribution (SPD), CCT
and illuminance, the literature leads to postulate
that the changing tint of an EC facade could have
an influence on visual task performance, and on
users’ visual perception of the indoor and outdoor
environment. This, however, needs more thorough
investigation since visual response, satisfaction,
and acceptance might differ based on the charac-
teristics of daylight, its dynamic transitions, the
color alteration and/or distortion of internal
objects and the view toward the outside, and the
management strategy that is applied to the EC
glazing (particularly if occupants are left with
some level of control or manual override), while
excluding the potential biases or confounding fac-
tors that might appear due to sudden changes in
light characteristics or the occurrence of discom-
fort from the direct sun.

To contribute to address these questions, this
study is based on the research hypothesis that the
dynamic changes in spectral power distribution,
color temperature, and illuminance of the incom-
ing daylight due to the diverse settings of an EC
tacade would imply a change in users’ visual task
performance, their perception of the indoor envir-
onment, and their appreciation of the outside
view.

2. Materials and methods
2.1. Experimental design

An experimental study was designed to investigate
the potential subjective effects of dynamic daylight
through an EC facade on visual perception and
task performance in a semi-controlled environ-
ment. The study followed a within-subject design
(repeated measurements), where every participant
experienced different visual scenarios using
a multi-measure approach. The minimum sample
size required for the study was determined via
preliminary G-power analyses (within-factors
ANOVA test) for repeated measurements’ experi-
mental design, considering one sample group and
tive conditions (scenarios), and assuming an effect
size of 0.30 and a power of 0.95.
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Nineteen participants were recruited via an
online advertisement addressed to the staff and
students of the Louvain research institute for
Landscape, Architecture, Built environment
(LAB) at the University of Louvain (Belgium).
The requirements for recruiting the participants
were to have normal or corrected-to-normal eye
vision, regular color perception, and being above
18 years of age. Any volunteer who did not fulfill
these requirements was excluded from the sam-
ple. The participants varied in nationality and
cultural background, their mean age was 31
years old (SD=7.95). The sampling method,
experimental design, and test procedures were
approved by the IPSY ethical committee at the
University of Louvain (approval number 2022-
30). Participants were given a gift token (a mug
with the LAB logo) as appreciation for their
voluntary participation. The experiment was con-
ducted in a test room equipped with a west-
facing EC facade at the AGC Technovation
Center in Gosselies, Belgium, with an office-like
setup (Fig. 1).

The test room had dimensions of 3m x 4.6
m, a height of 2.6 m, and faced due west (WWR
87%). The facade was composed of two hori-
zontal rows of three panes of EC glazing (six
panes in total). Each EC pane had a variable
visible transmittance ranging from tv 65% to
2%, and a solar factor g-value ranging from
44% to 5%. Switching between extreme states,
from fully bleached to fully tinted, took up to
3 min.

The experimental sessions were conducted dur-
ing the months of February and March on predo-
minantly overcast sky days. These conditions were
chosen to reduce the risk of substantial and sudden
changes in illuminance and daylight CCT (Condit
and Grum 1964), and to minimize the potential
occurrence of glare from direct sun (Jain et al.
2022), particularly in the afternoon hours. This
also helped minimize potential experimental bias
associated with the timing of test sessions. Days
with clear skies and sunlight posed a risk of creating
noticeably different conditions between morning
and afternoon tests, which the overcast conditions
helped mitigate. This was also reinforced by the fact
that similar test conditions, e.g., when the sun is not
in the FOV, low contrast scenarios, or bright diffuse
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Fig. 1. The test room: external view (left); internal office-like setup (right).

skylight conditions have seldom been studied in
scientific literature. The sessions were evenly dis-
tributed along the entire day, since previous studies
had suggested no significant differences in activa-
tion effects of high CCT exposure on visual percep-
tion and task performance between the morning
and afternoon hours (Gornicka 2008; Smolders
and De Kort 2017). Daylight was the only luminous
source utilized throughout the experimental proce-
dure (with the exception of the PC screen where
tasks were presented). During each session, subjects
were asked to perform a series of visual tasks and to
respond to a questionnaire under the various day-
light conditions resulting from different tint set-
tings of the EC panes. Subjects’ responses were
collected to assess:

e Visual acuity and color naming accuracy

e Sufficiency of daylight levels.

e Acceptance and satisfaction with the apparent
color of internal objects.

® Acceptance and satisfaction with the external
view through the EC fagade.

® Acceptance of window appearance under var-
ious EC glazing settings.

® Preferences of the tint of the EC fagade.

The experimental procedure was designed to study the
potential activation effects on user perception and
performance due to dynamic daylight transitions
from warm to cold CCT, and vice versa (Kompier
et al. 2021). The tint degree of the EC facade was
changed from fully bleached to fully tinted, and vice-
versa, through two middle states (half of the panes

bleached and half of the panes tinted), while a fifth
scenario left the control of the tint degree of the facade
to the participant. Specifically, the five scenarios were:

® Scenario 1 (SC1): Fully bleached state (fagade
™V =65%).

® Scenario 2 (SC2): Mixed state (three top
panes fully tinted and three bottom panes
fully bleached (facade tv=33.5%)*).

® Scenario 3 (SC3): Mixed state (three top
panes fully tinted and three bottom panes
tully bleached (fagade tv=33.5%)*"

® Scenario 4 (SC4): Fully tinted state (facade
™v=2%).

® Scenario 5 (SC5): Participant’s preferred state
(fagade Tv = one of five pre-selected settings).

* The difference between Scenario 2 and Scenario
3 consisted in that SC2 followed a fully bleached
state and SC3 was achieved after a fully tinted
setting of the fagade.

Two experimental sequences of sessions were
established (Order A and Order B), and they were
randomly assigned to each participant (Fig. 2).

All sessions were run individually. At the start
of the procedure, the participants were asked to sit
at a desk positioned parallel to the west-facing
window. The position of the chair was fixed via
tape marks on the floor indicating its exact posi-
tion. Subjects were asked to point their gaze at the
screen of a 13.3-inch Dell XPS laptop computer
(400-nits screen) located on the desk, where visual
tasks and the questionnaire were presented (see
Fig. 1). Participants were introduced to the
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Fig. 2. Experimental sequences of EC glazing setting scenarios.

protocol, and the experimental procedure was
explained in detail. Subjects were asked to fill an
informed consent form and to complete a pretest
questionnaire featuring basic demographic infor-
mation (age, gender, background, etc.) and high-
lighting their current state of health and any
eventual visual condition. Following this pretest
process, the series of experimental sessions started,
where the tint degree of the facade was manipu-
lated by the experimenter — present at the back of
the room, but outside the field of view of the
participants - through a control panel situated
on the wall opposite the view direction of subjects.
While the EC glazing scenario was changed by the
experimenter (SC1, SC2, SC3, or SC4), partici-
pants were asked to focus on a dummy visual
task that was presented on the laptop monitor,
without them being notified of the change.
Session 1 started with either SC1 (under Order
A) or SC4 (under Order B), as shown in Fig. 2,
based on a randomized Latin square sequence
design that was counterbalanced across test parti-
cipants. Before starting Session 5 (SC5), the
experimenter introduced the test subject to the
application “Cloud,” which was installed on the
mobile phone of the experimenter, to allow them
to manually control the tint degree of the EC
tagcade among five pre-selected states characterized
by different global fagade transmittance,
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Session 5 (SC5)

Session 5 (SC5)

respectively, Tv=65%, 31%, 15%, 8%, 2%. For all
these pre-selected states, all the six EC panes were
set to change at the same visible transmittance.

2.2. Measurements

Photometric measurements were taken by the
experimenter during each session (Fig. 3).
A Canon EOS 5D Mark II camera equipped
with a fish-eye lens Sigma 8 mm F3.5 EX DG
was used to produce High Dynamic Range
(HDR) images for each state of the EC facade at
the participants’ eye level, ensuring adequate
photometric ~ and  colorimetric ~ accuracy
(Cauwerts et al. 2019). The white balance setting
and a sensitivity of ISO 100 was used to reduce
the noise in the HDR images (Inanici 2006) and
to maintain consistent color space transitions.
A mid-range aperture size of f/11 was used as it
has been found to produce relatively minimal
vignetting and balance between an acceptable
luminous range and lens flare effects (Jakubiec
et al. 2016a). Since the experimental sessions
were planned in days with mostly overcast sky
to reduce extremes in high luminous ranges (ver-
tical illuminance < 5000 lux), the neutral density
ND filter was not used (Jakubiec et al. 2016a).

A sequence of 15 Low Dynamic Range (LDR)
images with exposure time going from 1/8000
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Fig. 3. Measurement equipment setup in the test room.

to 2 s were captured using the gDslrDashboard
software (Hubai 2014) to remotely control the
luminance camera and avoid any alignment pro-
blems within each sequence (Pierson et al. 2021).
A Hagner Digital Luxmeter EC1 light sensor was
placed just above the lens of the camera to record
vertical illuminance (Ev) at eye level. A Konica
Minolta LS-110 was used to take a luminance
reading on a gray card target, with mid-range
luminance, to calibrate the luminance map for
each generated HDR image. The 15 LDRI-images
were combined into a HDRI using the
Photosphere software (Ward 2005) that was also
used to calibrate the HDR images using the single-
point reading captured by the luminance meter.
The produced HDR images were later analyzed
using the Evalglare software (Wienold and
Andersen 2016) for average luminance L, and
glare calculations.

A portable spectrometer, the CL-70F Konica
Minolta CRI illuminance meter, was placed beside
the camera lens to record the spectrum of the
incoming daylight through the EC fagade at the
participants’ eye level. The view angle of the device
was set at the recommended 10° as it better corre-
lates with the human eye’s visual assessment of
color, while also ensuring enhanced sensitivity in
the blue part of the spectrum. This is particularly
relevant when testing blue-tinted EC glazing (Jain
and Wienold 2021). Two illuminance sensors
Testo 540, calibrated to each other, were placed
on the desktop, equally spaced at the right and left
side of the participant, to measure average hori-
zontal illuminance (E). A thermo-hygrometer
Kestrel 5400 was used to record air temperature
and relative humidity in the test room.

West facade

Horizontal illuminance sensors

Vertical illuminance sensor

Luminance camera

Spectrometer

ol sl w| v

13.3 inch laptop

2.3. Visual tasks and subjective assessments

During each of the five sessions of the experimen-
tal procedure, participants were asked to perform
a series of visual tasks and to fill in a questionnaire
on the laptop screen.

A letter searching — using a short pseudo-text
(Kent et al. 2017) - and a typing task — a generic
text printed on a white A4 sheet of paper to be
manually typed into a space on the computer
screen — were presented to the participants as
dummy tasks at the end of each session, while
the setting of the EC fagade was changed from
one scenario to another. This was uniquely done
to distract the participant from the changes in the
glazing settings and to allow them to adapt chro-
matically to the different conditions (Arsenault
et al. 2012; Logadoéttir et al. 2013). Data from
these two visual tasks (e.g., speed and accuracy)
were not recorded nor included in the analysis.

After the change toward each EC setting sce-
nario had been completed, the participants were
asked to perform a chromatic Landolt rings task
(Fig. 4), presented on the laptop screen, to exam-
ine visual acuity and color naming accuracy under
different lighting conditions (Fotios and Cheal
2007; Liang et al. 2019, 2021).

The size of the Landolt rings was adjusted to
meet the requirements of the visual acuity measure-
ment standard test at 1 m distance on a computer
screen (Consilium Ophthalmologicum Universale
1984). The chart presented 12 rows of Landolt
rings with size decreasing from 8.0 M to 0.63M
(where the unit M specifies the height of typeset
materials and is equivalent to 1.5 mm), decreasing
in steps of 0.1 log unit per row (Liang et al. 2021).
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Fig. 4. Chromatic Landolt rings: standard measurements at 1 m distance. The colours of the rings are based on Fotios and Cheal

(2007).

Each row contained five rings with at least one of
each RGB color (red, green, blue) and gaps posi-
tioned in one of four permitted directions (up,
down, left, right). The positions of each color
in the chromaticity diagram were: red (x=0.417,
y=0.315), green (x=0.296, y=0.491) and blue
(x=0.212, y=0.226) (Fotios and Cheal 2007).
Proceeding from the top to the bottom row,
and from left to right, the participants were
asked to name the color and the position of
the gap for each Landolt ring. The responses
were collected via a voice recorder for later
sorting (Fotios and Cheal 2007). Visual acuity
scores were analyzed as the number of errors in
gap orientation, whereas the color naming accu-
racy was analyzed by the number of errors in
rings’ color. No time limit was assigned to this
task (Liang et al. 2021). To avoid unwanted
learning effects, the order of the Landolt rings
was randomly changed under each EC scenario.

After having completed the Landolt rings visual
tasks, while the EC glazing was still set at the given
scenario, participants also provided their subjective
assessment of visual perception by completing
a questionnaire presented to them on the laptop
screen. The design of the questionnaire was mostly
based on the experimental methods proposed by
Liang et al. (2019) to study human responses
under colored glazing. Responses were collected

via 7-point Likert scales using semantic bipolar
anchor descriptors of the dependant variable. The
questionnaire (fully reported in the Appendix
(Table A.1)) featured groups of questions focusing
on: interior light levels (Q1); visual task difficulty
(Q2, Q3) (Liang et al. 2019); color appearance
inside the room (Q4-9) (Clear et al. 2006; Jain
et al. 2021; Liang et al. 2019); outside view (Q10-
12) (Arsenault et al. 2012; Jain et al. 2021); color
appearance of the glazing (Q13) (Clear et al. 2006;
Zinzi 2006); and glare perception (Q14), using the
4-point Osterhaus’ scale (Kent et al. 2017;
Osterhaus and Bailey 1992). For each question, the
subject was asked to choose the point on the scale,
corresponding to a number from 1 to 7, that they
felt best represented their visual perception under
the current EC scenario. This allowed to treat the
data as an interval scale (that is, scores have direc-
tionality and even spacing between them).

Each of the five sessions lasted 15 min, so as to
keep the entire test, including the introductory
session (10 min), and the presentation of the
Cloud app (5 min), within a total of 90 min per
participant.

2.4. Statistical analysis

Descriptive statistics were used to summarize
luminous measurements for each EC scenario
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and are presented through boxplots and tables.
Initial quantitative tests were run to verify if the
data met the assumptions for performing para-
metric statistical analysis: the dependent variable
needs to be measured at the continuous level (e.g.,
interval variables); the dependent variables should
be normally distributed; the variances of the dif-
ferences between all combinations of levels of the
within-subjects factor must be equal; and, inde-
pendence of observations, i.e., the data from dif-
ferent participants have to be independent (Field
2013; Field and Hole 2002). The within-subjects
factor (independent variable) was the “EC fagade
setting” with five levels: fully bleached (SCI1),
mixed 1 (SC2), mixed 2 (SC3), fully tinted (SC4),
and user control (SC5), where each of the five
conditions was considered as a level.

Following the methodology suggested by (Field
2013; Field and Hole 2002), the tests of normality
using Kolmogorov-Smirnov and Shapiro-Wilk
tests, considering the distribution of each group,
revealed that data of at least two levels of the
within-subjects factor violated the assumption of
normality (p <.05) for each dependent variable.
The full inferential data is provided in the
Appendix, Tables A2 and A3. Moreover, visual
inspection of the boxplots and histograms revealed
skewness in the data and the presence of outliers
(boxplots are presented in the results section and
in the Appendix). Since the assumption of normal-
ity was violated, and also the outliers seemed to
present valid cases with no data entry or measure-
ment errors, the non-parametric Friedman’s
ANOVA test was used (Field and Hole 2002).
Also, the use of a 7-point Likert scale to collect
the subjective assessments supported using the
same non-parametric test, as suggested by the lit-
erature (Allen and Seaman 2007).

When significant differences between the
groups could be detected by the Friedman’s
ANOVA, post hoc tests were run to determine
where the variations laid under each condition.
The Wilcoxon matched-pairs (or signed-rank)
test was used (Wilcoxon 1992), which is the
recommended post hoc test following the non-
parametric Friedman’s ANOVA (Field 2013;
Field and Hole 2002; Pereira et al. 2015) as it
accounts for non-normality by ranking the data
(Wilcoxon 1992).

Bonferroni correction was applied in considera-
tion of the experiment-wise error rate caused by
the alpha level inflating across multiple tests car-
ried out with the same hypothesis: corrected p
=.05/number of comparisons (Cabin and
Mitchell 2000; Maxwell and Delaney 2004). This
was necessary since the same hypothesis was ana-
lyzed repeatedly across the multiple levels of the
within-subjects factor (Cabin and Mitchell 2000).
It should be noted that there could be unintended
consequences of alpha-adjustment procedures
using Bonferroni correction, as reducing the
power of a statistical test (Pereira et al. 2015),
while being dependent on both the size of the
effect and that of the sample (Ellis 2010).
Therefore, the emphasis of the inferential analysis
was placed on the effect size (Ellis 2010). The effect
size (r) was calculated to show whether the signif-
icant differences detected had any practically rele-
vant magnitude and, therefore, provide more
rigorous support to inferences. This was calculated
by making use of equivalence between the stan-
dardized measure of the observed difference and
the Pearson’s coefficient r, by extrapolating the
Zscore test statistic from the Wilcoxon matched-
pairs tests, according to the following Equation 1
(Field 2013):

Zscore
VN

where N is the number of observations.

The magnitude of the effect size (r) was inter-
preted based on published benchmarks (Ferguson
2009): r<0.20 = negligible; 0.20 < r < 0.50 = small;
0.50 <r<0.80 = moderate; r>0.80 = large.

(1)

r =

3. Results

A total of 95 data points were collected by expos-
ing 19 participants (7 females, 12 males) to five
visual scenarios. Eight experimental tests were
conducted in the morning hours (two at 9 am
and six at 11 am) and 11 sessions in the afternoon
(five at 1 pm and six at 3 pm). For each test,
session 1 started with either SCI (fully tinted) or
SC4 (fully bleached) based on a randomized Latin
square sequence design counterbalanced across
test participants (Fig. 2). Among the 19



participants, 10 participants wore glasses or cor-
rective lenses, all had a normal color perception.

The prevalent conditions were overcast and
intermediate skies in compliance with their defi-
nitions by the CIE (International Commission on
[llumination). For a few experimental sessions,
unexpected direct sunlight through passing clouds
briefly reached the interior of the test room (e.g.,
side walls), particularly during the afternoon tests,
yet without falling on the desk surface or reaching
the eyes of the participants (see Fig. Al in the
Appendix). Although some luminous measure-
ments during these sessions led to outliers, as
explained in the following sections, the data
were retained since, as per the literature
(Jakubiec et al. 2016a; Suk 2014), the measured
illuminance did not reach levels that could be
identified as high risk of visual discomfort.
Luminance readings also ranged within the
thresholds that are characteristic of the geogra-
phical location under overcast sky conditions
(Ajaji and André 2015).

3.1. Indoor lighting conditions

Luminous measurements of the visual scene were
taken immediately after each subjective assessment.
Table 1 presents the descriptive statistics (mean,
median, maximum, minimum, and standard devia-
tion) for the following parameters: vertical illumi-
nance; average horizontal illuminance on the desk
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from the two lux sensors; average luminance; and,
DGP (Daylight Glare Probability) calculated from
the HDR images. The complete boxplots of mea-
sured and calculated lighting conditions are pro-
vided as supplemental material in the Appendix
(Fig. A2). Across all test sessions, the mean indoor
temperature was 20°C (SD =2.2°C) and the mean
relative humidity was 40.7% (SD = 6.7%).

The accuracy of the HDR images was validated
by comparing the vertical illuminance calculated
from the HDRIs and that measured by the lux
meter (Fig. 5). Four data points collected in one
of the afternoon sessions in the presence of unex-
pected direct sunlight were characterized by
a measured illuminance larger than the value
derived from the HDR images. This might be
explained by pixel overflow in the HDR images
(Pierson et al. 2021). These images were corrected
using the manual script suggested by Jakubiec
et al. (2016b). The RSME between the calculated
and measured values was 350 lux (normalized 7%),
without consideration of the corrected images.

The measured luminous parameters directly
related to the visible transmittance of the respec-
tive EC scenario: SC1 (fully bleached) presented
the highest values, SC4 (fully tinted) corresponded
to the lowest, while SC2 and SC3 were halfway
between the two extremes. It is interesting to note
that, although the SC2 and SC3 scenarios pre-
sented the same transmittance settings of all the
EC panes, the respective luminous parameters

Table 1. Descriptive statistics for the luminous measurements under each EC glazing scenario.

Measurements Scenario (N = 19) Mean Median Max Min SD
Vertical illuminance (lux) Nal 1366 1254 4560 80 994
SC2 404 347 1359 62 314
SC3 542 319 4977 42 1092
SC4 115 49 1190 17 262
SC5 654 574 1999 53 421
Average horizontal illuminance (lux) Na| 1043 794 4544 89 1043
SC2 244 199 819 43 193
SC3 409 149 4795 29 1068
N 53 26 429 1 93
SC5 408 304 1315 19 288
Average luminance (cd/m?) sa 441 404 1031 25 265
SQ2 142 144 455 24 104
SC3 150 114 1054 14 229
N 33 19 239 7 51
SC5 244 181 902 18 218
DGP SC1 0.25 0.25 0.43 0.02 0.08
SC2 0.19 0.23 0.29 0.02 0.09
SC3 0.17 0.22 0.58 0.01 0.14
SCc4 0.03 0.01 0.33 0.01 0.07
SC5 0.22 0.22 0.40 0.01 0.08
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RSME = 350 lux (normalised 7%)
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Fig. 5. Comparison of measured and HDRI-derived vertical illu-
minance for each scenario.

were mostly different, SC2 showing slightly higher
values than SC3. It must be remembered that these
two scenarios were achieved following a different
previous setting: SC2 was set after a fully bleached
state, SC3 after a fully tinted scenario. This could
be due to technical reasons, leading to hypothesize
that, in SC3, the three lower EC panes had not
completed their switch to the fully bleached state,
even about 10 min after the previous setting. For
all scenarios, the mean and median calculated day-
light glare probability was always DGP < .25, cor-
responding to imperceptible glare according to the
European standard EN17037 (CEN 2019).

Table 2 presents in detail the breakdown of
descriptive statistics for the scenarios corresponding

to the setting of the EC fagade chosen by the
participants (SC5). Data outliers were recorded in
two sessions due to higher levels of illumination
received from direct sunlight through passing
clouds. The complete boxplots for the illuminance
and luminance data are provided as supplemental
material in the Appendix.

3.2. Measurements of light spectra

The spectral composition of the daylight filtered
through the different settings of the EC facade was
recorded throughout the experimental procedure,
covering the range from 380 to 780 nm. The out-
puts of the median SPD (spectral power distribu-
tion) for each interval wavelength between 380 and
780 nm and the normalized median SPD for each
interval wavelength (peak equals 1), for scenarios
SC1 to SC4, are presented in Fig. 6. The normal-
ized curves are plotted to evaluate the shape of the
spectra and describe the “naturality” of the incom-
ing daylight from each of the pre-set EC glazing
scenarios compared to the CIE standard D55 day-
light illuminant (Mardaljevic et al. 2014) generated
using the TM-30 tool (Houser et al. 2022). The
descriptive statistics for the resulting CCT (corre-
lated color temperature) and CRI (color rendering
index) are shown in Table 3. Figure A3 in the
Appendix presents an example of the measured
chromaticity coordinates under each scenario.
The median SPD normalized curves show
a pronounced peak in the blue part of the spec-
trum at around 460 nm, particularly for the fully
tinted setting (SC4). This may interfere with the

Table 2. Detailed descriptive statistics for the luminous parameters selected under user control (SC5).

SC5 Measurements (N = 19) 1,% (frequency) Mean Median Max Min SD
Vertical illuminance (lux) 65% (6) 899 715 1999 321 592
31% (10) 580 500 1068 319 241
15% (1) Absolute value = 332
8% (1) Absolute value = 53
2% (1) Absolute value = 837
Average horizontal illuminance (lux) 65% (6) 548 450 1315 231 406
31% (10) 406 344 785 209 182
15% (1) Absolute value = 169
8% (1) Absolute value = 19
2% (1) Absolute value = 204
Average luminance (cd/m?) 65% (6) 396 223 902 104 337
31% (10) 196 173 335 113 75
15% (1) Absolute value = 108
8% (1) Absolute value = 18
(

Absolute value = 162
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Fig. 6. Median light spectra for each interval wavelength (left) and normalized curves (including CIE D55) (right) for SC1, SC2, SC3

and SC4.

Table 3. Descriptive statistics for the CCT and CRI under each EC glazing scenario.

Scenario
N=19 Mean Median Max Min SD
CCT (K) S 5780 5655 6698 5081 504
SC2 5340 5420 5838 4722 311
SC3 5749 5594 7569 4934 576
N 9570 9107 12963 7293 1490
SC5 6426 6105 9057 4716 1083
CRI % S 95.0 95.1 96.7 92.5 1
SQ2 93.2 929 95.2 91.7 0.9
SC3 91.9 92.2 94 85.1 1.9
SC4 84.4 84.3 86.2 82.9 0.9
SC5 90.1 89.7 953 83.5 3.7

natural rendition of objects’ color inside the room,
evoking concerns of user acceptance, as empha-
sized by previous studies (Arsenault et al. 2012;
Mardaljevic et al. 2016). This is also supported by
the values of CCT (Mean = 9570, Mdn = 9107) and
CRI (Mean = 84.4%, Mdn = 84.3%), which, respec-
tively, increase and decrease as the EC glazing is
set to its full deep blue tint. As a comparison, the
CCT of CIE standard illuminants D55 and D65 is,
respectively, 5499 and 6500 K. However, the mea-
sured CRI,,;, remains consistently higher than
80%, which is the minimum value recommended
to provide an acceptable reproduction of colors
(Piccolo et al. 2009).

For the mixed scenarios, SC2 and SC3, the
normalized curves appear fairly neutral (particu-
larly with respect to CIE D55) with no pro-
nounced shift to the blue part of the spectrum,
in agreement with Mardaljevic’s theoretical
model for a combination of bleached and tinted
EC panes (Mardaljevic et al. 2016). The measured

CCT (Mdn SC2=5420, Mdn SC3=5594) and
CRI (Mdn SC2=92.9%, Mdn SC3=92.2%) sup-
port this finding. Graphical inspection of the
normalized curves of SC2 and SC3 also shows
that, with respect to the fully bleached scenario
(SC1), there is a suppression of wavelengths
shorter than 540 nm, and an enhancement of
wavelengths longer than 540 nm. The resulting
CCTs (Mdn SC2=5420; Mdn SC3 =5594) were
lower than the fully bleached setting (Mdn SC1 =
5655). This observation can be interpreted by the
difference in the contribution of diffuse light
from the sky in the mixed scenarios SC2 and
SC3 compared to the fully bleached EC facade
(SC1). In fact, although the mixed scenarios SC2
and SC3 have an equivalent global visible trans-
mittance of around 32.5% (that is, Tv 65%+2%/
2), about 97% of the incoming light is due to
contribution from the three bottom panes that
are set to their bleached state, whose view angles
are more oriented toward the ground
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(Mardaljevic et al. 2016). This might have caused
a more significant influence of the light reflected
off the surrounding landscape with respect to the
contribution from the sky component trans-
mitted through the three upper panes in their
tully tinted state.

3.3. Visual task performance

For the chromatic Landolt rings task performed by
test participants under the five EC scenarios,
Table 4 and Fig. 7 show, respectively, the descrip-
tive statistics and the boxplots of the Friedman’s
ANOVA tests for the number of errors in the
visual acuity (gap orientation) and color naming
accuracy (rings’ color) data.

In agreement with the literature (Liang et al.
2021), the descriptive statistics show that identifying

the gap orientation in the Landolt rings (visual
acuity) seemed to be more challenging than the
rings’ colors (color naming accuracy), as revealed
by the number of incorrect responses. However, the
Friedman’s ANOVA tests did not detect any sig-
nificant differences in the errors of visual acuity (x°
(4) =3.99, p>.05) and color naming accuracy (X2
(4) =3.27, p>.05) between the five EC scenarios.
This result suggests that visual task performance
was not significantly affected by changing the set-
ting of the EC glazing facade, as measured using the
chromatic Landolt ring task.

3.4. Visual perception

Subjective assessments of perceived light condi-
tions were collected and analyzed under each EC
facade setting. Participants’ evaluations included

Table 4. Descriptive statistics for the chromatic Landolt rings task.

Visual Task Performance Scenario (N=19) Median Mode Max Min
Number of errors in gap’s orientation s 6.0 6.0 10.0 4.0
SC2 6.0 9.0 16.0 2.0
SC3 6.0 5.0 11.0 2.0
SC4 7.0 5.0 13.0 3.0
SC5 6.0 4.0 11.0 4.0
Number of errors in rings’ color s 0.0 0.0 9.0 0.0
SQ2 0.0 0.0 5.0 0.0
SC3 0.0 0.0 5.0 0.0
SC4 1.0 1.0 6.0 0.0
SC5 0.0 0.0 8.0 0.0
Test statistic ()= 3.99, df= (4), p-value= 0.41 Test statistic (x*)= 3.27, df= (4), p-value= 0.51
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Fig. 7. Boxplots of the number of errors in gap orientation (left) and colour naming accuracy (right).



reporting their assessment of discomfort due to
glare. Figure 8 shows the results of the statistical
tests and the frequency of participants’ glare per-
ception votes collected on the 4-point Osterhaus
scale (imperceptible, perceptible, disturbing, intol-
erable) for each EC scenario (left) and the boxplots
of DGPs calculated from the HDR images (right).
No significant differences were detected in glare
responses from the various EC settings (X2(4)=
3.85; p>.05) and the frequency of evaluations
showed a similar general trend of imperceptible
glare as the mean DGP values calculated from
the HDR images (N=61 (frequency=64%);
Mean DGP consistently lower than 0.35). This
result could be expected considering that the
experimental tests were performed mostly under
overcast sky conditions. Yet, 31% of the partici-
pants’ responses reported perceptible glare (N=
29), and 5% indicated luminous situations causing
disturbing glare (N =5). No evaluations of intoler-
able glare conditions were recorded.

For the subjective assessment of lighting condi-
tions, the Friedman’s ANOVA test was used to
analyze the differences in participants’ responses
across the five EC scenarios. Table 5 presents the
results of the statistical tests emphasizing, in the
first column, the variable that was measured
through the questionnaire (the full text of the ques-
tions is available in the Appendix, Table A.1). For
12 out of 14 questions, the ANOVA test detected

Test statistic (x2)= 3.85, df= (4), p-value= 0.43
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statistically significant differences across the differ-
ent settings of the EC fagade. Wilcoxon matched-
pairs signed rank post hoc tests were used to iden-
tify where the differences detected laid. The results
are presented in the following sections.

3.4.1. Daylight levels

Perception of daylight levels in the room (Q1)
was found to be significantly different across
the five EC settings (x2(4) =39.50, p=.000; see
boxplots in Fig. 9). The Wilcoxon signed rank
test was used to run comparisons between
paired scenarios and look for differences in
the ranked positions of scores in the two con-
ditions (Field and Hole 2002). Table 5 presents
the results of the pairwise comparisons, provid-
ing the mean, standard deviation, median,
interquartile range, differences in mean and
median, positive and negative differences
between the ranks, the ties, the associated test
statistic (Zscore) and statistical significance
(p-value) for the Wilcoxon matched-pairs test,
and the effect size (r). Since the test statistic
Z is set to equal the smaller of the sums of
ranks (positive or negative), it has always
lower values than the average ranks (King and
Eckersley 2019; Sawilowsky and Salkind 2007).
Therefore, the Zscore is consistently negative as
is the effect size, which has to be interpreted in

its absolute value (Kent et al. 2016). The
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Fig. 8. Subjective assessment of glare perception (left); boxplots of DGP calculated from the HDR images (right).
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Table 5. Friedman’s ANOVA tests for all the responses to the questionnaire.

Variable Test statistic (x?), df=(4) p-value
Q1. Perception of daylight levels in the room 39.50 .000%**
Q2. Self-assessed visual performance: color naming accuracy 9.10 .059 ns.
Q3. Self-assessed visual performance: gap orientation 10.90 .028*
Q4. Perception of color appearance of internal room surfaces 26.24 .000%**
Q5. Perception of color appearance of the white paper 32.65 .000%**
Q6. Perception of color appearance of the computer screen 18.34 .001%**
Q7. Perception of color appearance of skin and clothes 36.64 .000%**
Q8. Perception of color appearance of the overall lighting inside the room 51.89 .000%**
Q9. Satisfaction with color appearance of the lighting inside the room 36.38 .000***
Q10. Perception of color appearance of external surfaces and objects 36.79 .000%**
Q11. Perception of color appearance of the external view 35.09 .000%**
Q12. Satisfaction with color appearance of the external view 33.71 .000%**
Q13. Perception of color appearance of the glazing 23.91 .000%**
Q14. Evaluation of glare sensation from the window 3.85 426 n.s.

p <.001 = highly significant***; .001 <p < .01 = significant**; .01 <p < .05 = weakly significant*; p >.05 = not significant (n.s.)
Shaded cells show the detection of statistically significant differences.

Test statistic (%)= 39.50, df= (4), p-value= 0.000
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Fig. 9. Boxplots of subjects’ assessment of indoor daylight levels under the five EC scenarios.

directionality of the difference between groups
can be ascertained by inspection of descriptive
statistics and of the boxplots.

The post hoc analysis detected consistently sig-
nificant differences in subjective ratings between
SC4 and all other scenarios, with moderate effect
sizes (p <.005, 0.50 <r < 0.80). This indicates that
the light levels from the fully tinted facade (SC4)

were rated substantively lower than all the other
scenarios, as also revealed by the sign of AMdn.
When the mixed scenarios SC2 (set after the fully
bleached state) and SC3 (set after the fully tinted
state) were compared to the fully bleached state
(SC1), subjective ratings of indoor daylight levels
were lower, with moderate (SC1 vs. SC2, p =.002,
r =-0.50) and small effect sizes (SC1 vs. SC3,



p =.124,r = -0.25), although the latest comparison
was not statistically significant. Differences in per-
ception of lighting levels under the two mixed
scenarios were not statistically nor practically rele-
vant (SC2 vs. SC3, p=.233, r=-0.19). When the
pre-set scenarios were compared to the user-con-
trolled setting (SC5), subjective ratings were con-
sistently higher for SC5 (negative AMdn across all
comparisons), with differences having statistical
and practical relevance for the contrasts with SC2
and SC4 (p <.005, 0.50 <r < 0.80). When SC5 was
compared with the fully bleached setting (SC1)
and the SC3 scenario, the differences in subjective
ratings of indoor lighting levels were substantive
(r=-0.21 and r = —0.44, respectively), but not
statistically significant.

3.4.2. Self-assessed task performance

The Friedman’s ANOVA tests revealed
a significant difference in subjective assessments
of task performance difficulty while identifying
the gap’s orientation in the Landolt rings (Q3)
across the various EC glazing scenarios (x*(4) =
10.90, p =.028). Conversely, no significant differ-
ences were detected for self-assessed task perfor-
mance difficulty related to the color naming
accuracy (Q2) (X2(4)=9.10, p=.059). Post hoc
analysis using the Wilcoxon signed-rank
matched-pairs test was run for Q3 responses
and the results are presented in Table 7. The
boxplots of the data concerning self-assessments
of visual task difficulty are presented in the
Appendix (Fig. A4).

The Wilcoxon matched-pairs test detected sev-
eral effects of practically relevant magnitude,
although the contrasts were consistently not statis-
tically significant across all comparisons (p >.005).
This might be due to the conservative nature of
the alpha-adjustment procedure using Bonferroni
correction in relation to the number of levels of
the within-subjects factor and the experiment-wise
error rate caused by the alpha-level inflating across
multiple pairwise comparisons (Cabin and
Mitchell 2000; Ellis 2010). The estimation of effect
sizes (also looking at the values of AMean and
AMdn) detected substantive influences for multi-
ple comparisons, particularly for those that com-
pared evaluations given under SC5 against SC1,
SC3, and SC4 (respectively, r = 0,26, r = —0.36,
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r = —0.43). Substantive influences were also
found when comparing SC2 vs. SC3 (r=-0.38)
and vs. SC4 (r=-0.35). These results lead to
infer a tendency for slightly higher subjective
ratings when evaluating the “easiness” of color
naming accuracy under the SC2 (mixed after
bleached) and SC5 (user controlled) scenarios
compared to other settings. Interestingly, this
evaluation was made despite of the lower light-
ing levels measured under SC2 and SC5 com-
pared to the bleached state SC1 (Table 1).

3.4.3. Colour appearance of the internal
environment

The Friedman’s ANOVA tests detected statistically
significant  differences between participants’
responses to all the questions concerning the per-
ception of color appearance of the internal envir-
onment (Q4-Q8), and their satisfaction with
indoor lighting (Q9), across the various settings
of the EC fagade (Table 5). The results of the post
hoc analysis using Wilcoxon matched-pairs tests is
shown in Table A4 in the Appendix.

For the responses to Q8 and Q9 on, respec-
tively, perception and satisfaction with color
appearance of indoor lighting, Fig. 10 presents
the boxplots of the statistical data under the five
EC scenarios. The boxplots for all the comparisons
related to questions Q4-Q7 are provided as sup-
plemental material in the Appendix (Fig. A5).

The pairwise comparisons between the fully
tinted scenario (SC4) and all other settings of the
EC facade detected significant differences between
subjects’ perception of indoor colors - i.e., internal
surfaces (Q4), white paper (Q5), figures and text
on the computer screen (Q6), subjects’ skin and
cloths (Q7), and internal lighting (Q8) - in 15 out
of 20 cases (p<.005). For all these contrasts,
effects had practically relevant values, ranging
from r=-0.27 to r=-0.61. For satisfaction with
the color appearance of indoor lighting (Q9), par-
ticipants were consistently less satistied with the
SC4 scenario, with effects of statistical significance
in three out of four cases, and substantive magni-
tude (-0.40 <r< —0.58). Overall, the color appear-
ance of the indoor light with the fagade in its fully
tinted state was rated the least acceptable (Q8) and
the least satisfying (Q9) compared to other scenar-
ios. These results support previous findings (Clear
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Q8 Overall, I perceive the colour appearance of the lighting
inside the room to be:
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Q9 How satisfied are you with the colour appearance of the lighting

inside the room?
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Fig. 10. Boxplots of the responses to Q8 and Q9 concerning subjective acceptance and satisfaction of internal lighting colour

appearance.

et al. 2006; Jain et al. 2021) of lower subjective
acceptance associated with the colored state of EC
glazing.

For the mixed scenarios, pairwise comparisons
between SC2 and the bleached state SC1 detected
significant differences for Q4, Q5, Q7, and Q8
with effects of substantive magnitude (-0.46 <r<
-0.57), suggesting better color perception with the
EC glazing in its bleached state. Remarkably, com-
parisons between SC1 and the mixed scenario SC3
did not lead to detect any significant influences,
nor did the contrasts between SC2 and SC3,
although effects sizes were still mostly ranging
between small and moderate. For these compari-
sons, the sign of the effects sizes, and of AMean
and AMdn, lead to postulate a higher acceptance
of color appearance under SC1 compared to SC3,
and under SC3 compared to SC2. It should be
remembered, however, that SC3 was presented to
participants after the fully tinted scenario, this
suggesting the hypothesis that a potential “mem-
ory” effect could have biased these evaluations.

For the user-controlled scenario SC5, no signif-
icant differences were detected across questions
Q4-Q8 when pairwise comparisons were made
against evaluations provided under the bleached
state SC1 and the mixed scenario SC3.
Conversely, significant differences of substantive

effect sizes (—0.35 <r< —0.63) were detected when
SC5 was compared to SC2 and SC4. In general, the
color appearance of indoor lighting was rated the
most acceptable (Q8) and most satisfying (Q9)
under SC5 compared to all other scenarios, rein-
forcing once again the importance of perception of
environmental control in subjective evaluations
(Day et al. 2019). For questions Q6, requesting
participants to describe the color appearance of
figures and text on their computer screen, signifi-
cant differences could only be detected when com-
paring the fully tinted (SC4) scenario and the user-
controlled setting (SC5) (p =.003, r = —0.49). This
result supports the idea that self-illuminating
visual tasks might be less directly impacted by
the switching strategy of an EC glazing
(Mardaljevic et al. 2016).

3.4.4. View to the outside

The Friedmans’ ANOVA detected statistically sig-
nificant differences between responses for ques-
tions Q10-Q12 - on perception and satisfaction
with the external view — across the five EC glazing
scenarios (Table 5). The results of the post hoc
analysis using Wilcoxon signed rank matched-
pairs tests are shown in Table A5 in the



Appendix, and boxplots of statistical data are pre-
sented in Fig. 11.

The responses showed that the color appearance
of external surfaces and objects (sky, trees, etc.)
(Q10), and perception and satisfaction with the
color of the external view in general (Ql1 and
Q12, respectively), were rated the least natural
under the fully tinted facade (SC4), particularly
when compared against the fully bleached scenario
(SC1) and the user-controlled setting (SC5). All
these pairwise comparisons showed statistically
and practically relevant effects of moderate magni-
tude (-0.54 <r< —0.60). For the mixed scenarios,

Q10 How would you describe the colour appearance of the
external objects in the window view (sky, trees..?

Test statistic (2)= 36.79, df= (4), p-value= 0.000
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statistically significant differences were detected
when comparing the perception of the external
environment across the bleached (SC1) and the
SC2 mixed state. Participants, in this contrast,
expressed higher ratings for the bleached scenario
(p=.001, r = —0.54), an evaluation that is consistent
also with the results for other questions, although
the practically relevant effects detected (r = —0.46 for
Q11, r = —0.43 for Q12) were marginally not statis-
tically significant. Comparisons between the two
mixed scenarios, SC2 and SC3, did not lead to the
detection of significant effects under these ques-
tions, although a tendency for higher rating

Q11 Overall, I perceive the colour appearance of the external view
to be:
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Acceptable =7

) |jLV_| | | o
6.00
= .
& .
@ 500 °
172}
]
17
n
<
g 400 el —
3]
2
"g 300
w2
200
1.00 * * o
Unacceptable =1
SC1 sc2 SC3 SC4 SCS
N=19 N=19 N=19 N=19 N=19
M=6.2 M=5.3 M=5.5 M=4.6 M=6.2

Q12 How satisfied are you with the colour appearance of the external

view?

Test statistic (%)= 33.71, df= (4), p-value= 0.000

Satisfied=7
7.00 3
6.00 .
=
5
5.00 *
=
172
@
O
2
L 400
o
>
=
|3}
O 300
=
=
7]
200
100 * * o
Unsatisfied—1
SC1 sC2 SC3 SC4 SCs
N=19 N=19 N=19 N=19 N=19

M=6.1 M=5.2

M=5.3 M=4.5 M=6.3

Fig. 11. Boxplots of the responses to questions 10, 11 and 12 concerning subjective assessment of the external view.
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Q13 Window appearance: ‘I perceive the colour appearance of the
glazing to be:
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Fig. 12. Boxplots of subjects’ assessment of the colour appearance of the glazing

expressed under SC3 could be postulated by the
inspection of effects sizes (r=-0.43 for Ql1, r =
-0.27 for QI12) and the signs of AMean and
AMdn. As for the evaluations given for the color
appearance of internal objects, the experimental
procedure might have biased such outcome, as
SC3 was always presented after the glazing had
been set to its fully tinted state. These results, there-
fore, reinforce the hypothesis that different subjec-
tive assessments under the mixed scenarios could
depend on the previous state of the EC fagade.
Finally, no differences in perception and satisfaction
of statistical nor practical relevance could be
detected when the user-controlled scenario (SC5)
was compared to the bleached setting (SC1).
Conversely, SC5 was consistently rated more natural
with respect to the fully tinted scenario across the
three questions (p <.001, r = —0.54, —0.56 and —0.60,
respectively), and also against the mixed scenarios
SC2 (for Q10; p=.003, r = —0.49)) and SC3 (for
Q12; p=.004, r = —0.46). This indicates that the
color appearance of the external environment
under user control was perceived more acceptable

and satisfactory compared to other settings.
However, it should be noticed that subjects’ selec-
tions of the tint degree of the EC fagade (1, mostly
ranging between 65% and 31%, see Table 2) could
have influenced this evaluation.

3.4.5. Colour appearance of the glazing

The Friedman’s ANOVA detected statistically sig-
nificant  differences  between  participants’
responses to Q13 concerning user acceptance of
the color appearance of the glazing across the five
EC scenarios (Table 5). The results of the
Wilcoxon signed-rank matched-pairs tests are
shown in Table 8. Figure 12 shows the boxplots
of the statistical data for the subjective
evaluations.

The Wilcoxon signed-rank tests detected effects
of small magnitude for the pairwise comparisons
between the bleached setting of the facade (SC1)
and the mixed (SC2 and SC3) and fully tinted
(SC4) scenarios (—0.30 <r< —0.42). The contrasts
were not statistically significant, although inspec-
tion of descriptive statistics (e.g., the signs of



AMean and AMdn) leads to postulate a higher
acceptance of the color appearance of the glazing
when the facade was set to its clear state.
Conversely, when the bleached state (SC1) was
compared against the user-controlled scenario
(SC5), a small - yet, not statistically significant —
influence could be found, suggesting a higher
acceptance of the color of the glazing for SC5.
Similarly, when the setting of the EC fagade
selected by participants was compared against the
SC3 mixed scenario, and the fully tinted fagade
(SC4), statistical and practical significance was
detected (p <.003, —0.49 <r< —0.52).

4. Discussion

This experimental study was designed to explore
whether dynamic changes in the spectral composi-
tion of daylight filtered through an EC fagade can
influence users’ visual task performance and visual
perception, contextualizing the results within the
evidence from previous research (Clear et al. 2006;
Jain et al. 2021; Mardaljevic et al. 2016). Subjective
assessments were sought in relation to acceptance
and satisfaction with the indoor (i.e., indoor day-
light levels, color appearance of internal objects
and surfaces, of the lighting, and of the glazing)
and the outside luminous environment (i.e., color
appearance of objects in the external view). The
interpretation of the findings is presented in the
following paragraphs.

The results showed no significant differences in
the number of errors for visual acuity (gap orien-
tation) and color naming accuracy (ring’s color) in
a chromatic Landolt rings task across the five
different setting scenarios of the EC fagade
(Fig. 8). This indicates that dynamic changes in
the spectral composition of the daylight through
different states of the EC glazing did not signifi-
cantly affect visual task performance. This result is
consistent with previous research conducted under
artificial light that was varied in illuminance and
spectrum (Boyce et al. 2003), and with experimen-
tal testing performed under dynamic lighting
(Kompier et al. 2021). Although inspection of sta-
tistical distributions for visual task performance
(means and medians of errors) revealed
a tendency for the identification in gap orientation
being more challenging than color recognition
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(Table 4), no practically relevant evidence could
be found of increased participants’ alertness at
higher color temperatures (Shamsul et al. 2013).
This was also confirmed by participants’ self-
assessments of the task difficulty for visual acuity
and color naming accuracy, which did not detect
any statistically significant differences among the
EC glazing scenarios (Table 7). Yet, it should be
considered that EC settings with higher CCT of
incoming daylight (SC4 and SC5), also corre-
sponded to lower levels of vertical and horizontal
illuminance (see Tables 1 and 3). In general, the
findings on visual performance should be treated
with caution due to the relatively low level of
cognitive engagement required by the chromatic
Landolt rings task, and also based on the consid-
eration that color naming accuracy could be con-
siderably impacted when involving other tints of
the glazing (i.e., bronze, green), as shown in the
literature (Chen et al. 2019; Liang et al. 2021).
The results from the analysis of the visual per-
ception questionnaires are generally in line with
the findings from previous studies that have ana-
lyzed user acceptance of deep-tinted glazing and
lighting characterized by high color temperature
(Arsenault et al. 2012; Clear et al. 2006; Day et al.
2019; Jain et al. 2021). However, before discussing
in detail the outcomes of the subjective assess-
ments, it should be noted that the evaluation of
the internal and external environment was given
by participants based on pre-set scenarios that
were independent of effective sky luminance.
Under normal operation, the EC glazing would
be less likely to be adjusted to its fully tinted
state under the sky types selected for this study
(i.e., overcast and intermediate), since these con-
ditions are generally associated with lower risks of
solar overheating or discomfort due to glare. This
is also confirmed by the selection of EC tint
degrees within the user-controlled scenario (SC5),
mostly ranging between tv=65% and tv=31%
(Table 2). However, even under an overcast sky,
when given control, only 32% of participants kept
the EC glazing at its fully bleached state, this
suggesting that the preference for the operation
of a dynamic facade might be independent from
the effective presence of the sun in the field of view
of an observer, or the clear detection of a direct or
indirect source of luminous or thermal discomfort.
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Also, in a real-world setting, the responses pro-
vided under each EC scenario might differ
depending on actual sky conditions as, for exam-
ple, an overcast sky seen through deep blue tinted
glass might not evoke the same perception as the
view of a blue sky with the contribution of direct
and/or ambient sunlight (Mardaljevic et al. 2016).
Also, in case of high sky luminance, internal illu-
minance levels could be more acceptable than the
lighting conditions monitored in this study under
the fully tinted scenario (Table 1).

Despite this intrinsic constraint of the experi-
mental procedure — necessary for the scenarios to
be comparable and to avoid occurrence of direct
sunlight in the field of view of the participants — the
results from this study provide statistical evidence
that the daylight availability within the room was
perceived to be significantly different between the
five EC settings, with ratings for the fully tinted
scenario (SC4) that were substantively lower (that
is, darker) than for all other settings (Table 6). In
terms of color appearance of the internal and exter-
nal environments and of the indoor lighting, parti-
cipants were consistently less satistied with the fully
tinted (SC4) glazing scenario (Tables A4 and A5 in
the Appendix). This finding supports results from
previous studies showing lower acceptance asso-
ciated with the deep blue tint of the EC glazing
(Clear et al. 2006; Jain et al. 2021). The bleached
state of the EC facade (SC1) was considered to
provide a better color perception than the mixed
settings (SC2 and SC3), although the scenarios
combining bleached and tinted EC panes improved
the “naturality” of the incoming daylight compared
to the fully tinted fagade (Mardaljevic et al. 2014,

2016). This finding from the subjective assessments
was also confirmed by light spectra measurements
(Table 3) and the evaluation of the shape of SPD
normalized curves of SC2 and SC3 (Fig. 3). This
might also be due to the configuration of the mixed
EC fagade adopted in this study - with the three
upper panes fully tinted (view angle toward the sky)
and the three bottom panes fully bleached (view
angle toward the landscape) - resulting in a slight
suppression of wavelengths shorter than 540 nm
and enhancement of wavelengths longer than 540
nm compared to the bleached state. The CCT was
also lower in the case of the mixed scenarios com-
pared to the fully bleached setting (Table 3), leading
to postulate a higher contribution from the light
reflected off the landscape and external ground with
respect to the diffused skylight. Nonetheless, com-
pared to the fully tinted facade, the mixed scenarios
had sufficient visible transmittance (tv=33.5%) in
terms of daylight distribution (e.g., horizontal illu-
minance) (Boyce et al. 1995), better subjects’ ratings
in terms of satisfaction and acceptance of the light-
ing, yet offering glare protection from high angle
sun or sky luminance (Jain et al. 2022) without
excessively compromising internal and external
color appearances.

With respect to the mixed scenarios, it is inter-
esting to highlight that differences could be found
both in measured light levels (Table 1) and in the
comparisons of subjective assessments between
settings with fully bleached or fully tinted fagade
and the responses given under scenarios SC2 and
SC3, although these had the same glazing config-
uration and transmittance. It should be consid-
ered that the mixed scenarios were presented

Table 6. Results of the Wilcoxon signed-rank tests for the subjective assessment of indoor daylight levels (Q1).

Pairwise Mean 1 Mean 2 Test Effect size
comparison (SD) (SD) AMean Mg,1 Mg,2 AMy, IQR1 IQR2 Positive Negative Ties  statistic p-value (n
SCT vs. SC2 5.21 (1.51) 4.37 (1.26) 0.84 5.00 500 0.00 1.00 1.00 13 1 5 -3.087 .002 -0.50
SC1vs. SC3  5.21(1.51) 468 (1.25) 0.53 500 500 0.00 1.00 200 10 3 6 -1.539 124 n.s. -0.25
SC1 vs. SC4  5.21(1.51) 290 (1.52) 231 5.00 3.00 200 1.00 200 17 2 0 —3.531 .000 -0.57
SC1 vs. SC5  5.21 (1.51) 574 (0.93) -0.53 5.00 6.00 —1.00 1.00 1.00 6 8 5 —1.284 199 n.s. -0.21
SC2 vs. SC3 437 (1.26) 4.68 (1.25) -031 500 5.00 0.00 1.00 2.00 5 8 6 -1.192 233 n.s. -0.19
SC2 vs. SC4 437 (1.26) 2.90 (1.52) 147 500 3.00 200 1.00 2.00 16 1 2 -3.130 .002 -0.51
SC2 vs. SC5 437 (1.26) 574 (0.93) -137 500 6.00 —1.00 1.00 1.00 2 15 2 —-3.209 .001 -0.52
SC3 vs. SC4 4,68 (1.25) 2.90 (1.52) 178 500 3.00 200 200 2.00 17 1 1 -3.572 .000 -0.58
SC3 vs. SC5  4.68 (1.25) 574 (0.93) -1.06 5.00 6.00 —1.00 2.00 1.00 3 15 1 —2.689 .007 n.s. -0.44
SC4 vs. SC5 290 (1.52) 574 (0.93) -2.84 3.00 6.00 —3.00 2.00 1.00 1 17 1 —3.584 .000 -0.58

Adjusted p value = .005 (.05/10).

r< 0.20 = negligible; 0.20 <r< 0.50 = small; 0.50 <r< 0.80 = moderate; r> 0.80 = large
Shaded cells show the detection of statistically significant differences. Bold values show practically relevant effects.



Table 7. Results of the Wilcoxon signed-rank tests for the
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subjective assessment of gap’s orientation difficulty (Q3).

Pairwise Mean 1 Mean 2 Test Effect size
comparison (SD) (SD) AMean Mg,1 Mg,2 AMg, IQR1 IQR2 Positive Negative Ties statistic  p-value ]
SC1vs.SC2  5.00(0.94) 520(1.03) -020 5.00 500 0.00 2.00 1.00 5 8 6 -1.00 317 ns. —-0.16
SC1vs. SC3  5.00 (0.94) 4.79 (1.18) 021 5.00 500 0.00 2.00 1.00 1 6 2 -1.01 315 ns. -0.16
SC1 vs. SC4  5.00 (0.94) 4.74 (1.33) 0.26 5.00 500 0.00 2.00 2.00 7 6 6 -0.90 368 ns. -0.15
SC1 vs. SC5 5.00 (0.94) 542 (1.26) -042 500 6.00 —1.00 2.00 1.00 2 8 9 -159 112 ns. -0.26
SC2 vs. SC3 5.20 (1.03) 4.79 (1.18) 041 500 500 0.00 1.00 1.00 8 1 10 -2.31 .021 n.s. -0.38
SC2 vs. SC4  5.20 (1.03) 4.74 (1.33) 046 500 500 0.00 1.00 2.00 9 2 8 -2.18  .029 ns. -0.35
SC2 vs. SC5 520 (1.03) 542 (1.26) —-0.22 500 6.00 -1.00 1.00 1.00 4 6 9 -1.03 305 ns. -0.17
SC3 vs. SC4 479 (1.18)  4.74 (1.33) 0.05 5.00 500 0.00 1.00 2.00 6 6 7 —0.25 .805 n.s. —-0.04
SC3vs. SC5 479 (1.18) 542 (1.26) —-0.63 5.00 6.00 -1.00 1.00 1.00 3 1 5 —2.24 025 ns. -0.36
SC4 vs. SC5 474 (1.33) 542 (1.26) -0.68 500 6.00 -1.00 2.00 1.00 1 10 8 —2.65 .008 n.s. -0.43

Adjusted p value = .005 (.05/10).

r< 0.20 = negligible; 0.20 <r< 0.50 = small; 0.50 <r< 0.80 = moderate; r> 0.80 = large

Shaded cells show the detection of statistically significant differences. Bold values show practically relevant effects.

Table 8. Results of the Wilcoxon signed-rank test for the subjective assessment of glazing color appearance (Q13).
Pairwise Mean 1 Mean 2 Test Effect size
comparison (SD) (SD) AMean Mg,1 Mg,2 AMy, IQR1 IQR2 Positive Negative Ties statistic p-value (r)
SC1vs.SC2 584 (1.21) 474 (145 110 6.00 500 1.00 1.00 2.00 12 4 3 -2.25 .024 n.s. -0.37
SC1vs. SC3 584 (1.21) 511 (1.41) 073 6.00 500 1.00 1.00 1.00 10 3 6 -1.83 .067 n.s. -0.30
SC1vs. SC4 584 (1.21) 474(1.52) 110 6.00 500 1.00 1.00 2.00 14 2 3 -2.57 .010 n.s. -0.42
SC1 vs. SC5 5.84 (1.21) 6.21(0.92) -037 6.00 6.00 0.00 1.00 1.00 3 7 9 -1.31 191 n.s. -0.21
SC2 vs. SC3 474 (1.45) 5.11(1.41) -037 5.00 500 0.00 2.00 1.00 3 6 10 -1.15 .250 n.s. -0.19
SC2 vs. SC4 474 (1.45) 474 (152) 0.00 5.00 500 0.00 2.00 2.00 6 6 7 0.00 1.000 n.s. —-0.05
SC2vs. SC5 474 (1.45) 6.21 (0.92) -1.47 500 6.00 —-1.00 2.00 1.00 2 15 2 -3.21 .001 -0.52
SC3vs. SC4  5.11 (1.41) 4.74 (1.52) 0.37 5.00 500 0.00 1.00 2.00 8 4 7 -1.12 262 n.s. -0.18
SC3vs. SC5  5.11 (1.41) 6.21 (0.92) -1.10 5.00 6.00 -1.00 1.00 1.00 2 12 5 -249 013 ns. -0.40
SC4 vs.SC5 474 (152) 621(0.92) —147 500 600 —1.00 2.00 1.00 1 14 4  -300  .003 -0.49

Adjusted p value = .005 (.05/10).

r< 0.20 = negligible; 0.20 <r< 0.50 = small; 0.50 <r< 0.80 = moderate; r> 0.80 = large
Shaded cells show the detection of statistically significant differences. Bold values show practically relevant effects.

after a different previous state: SC2 was always set
after the EC fagade had been in its fully bleached
state, and SC3 after the fully tinted. Other than
emphasizing different times that the EC glazing
would need to complete their switch and reach
the set visual transmission after a previous set-
ting, this also shows that a “memory” effect could
bias subjective evaluations, with participants
being more likely to give higher rating of accep-
tance and satisfaction after they had experienced
the lighting environment with the fagade in its
deep blue fully colored state. This emphasizes the
importance of further investigation on the influ-
ences of dynamic changes in illuminance and
CCT under dynamic control of EC glazing in
terms of visual and luminous experience, while
also considering effects of the light beyond vision
(e.g., opportunities for circadian entrainment)
(Kompier et al. 2021).

With respect to the user-controlled scenario
(SC5), the results suggest that, when the

participants were given control of the EC facade
to their preferred setting, their assessment was
better compared to the mixed (SC2 and SC3) and
fully tinted (SC4) glazing settings. This finding
corroborates evidence from previous research, in
all domains of indoor environmental quality, rein-
forcing the relevance of individual control in per-
sonal assessments (Day et al. 2019). Interestingly,
across all comparisons made between subjective
evaluations, no significant differences could be
detected in participants’ perception, acceptance,
and satisfaction of the internal and external lumi-
nous environment between the bleached state of
the facade (SC1) and the user-controlled scenario
(SC5). This, regardless of the fact that illuminance
and luminance levels, as well as color temperature
and color rendering of the light, was substantially
different between these two scenarios (Tables 1
and 3). In this context, a study by Lee et al.
(2012) showed a pattern of overriding automated
EC glazing designed to control solar gains,
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daylight, and discomfort glare by manual switch-
ing, which may be linked to user satisfaction. This
suggests that, when given control, subjects’ prefer-
ences and satisfaction of their luminous conditions
can be independent of the actual physical environ-
ment, in agreement also with relevant literature
(Galasiu and Veitch 2006).

Lastly, in terms of glare perception, across the
tive EC scenarios, the analysis of the data did not
detect statistically significant differences in parti-
cipants’ responses related to discomfort due to
glare from the fagade. However, despite of the
test conditions being under a predominantly
overcast sky, and the mean and median calculated
daylight glare probability being always DGP <
0.25, perceptible and disturbing glare was
reported for, respectively, 31% and 5% of the
experimental sessions (Fig. 9). Reports of disturb-
ing glare were collected specifically under the
bleached (SC1) and user-controlled (SC5) scenar-
ios, which could be due to higher vertical illumi-
nance under these conditions (Table 1).
Interestingly, perceptible glare was also reported
under the mixed and fully tinted settings (Fig. 9),
possibly suggesting that there might be other fac-
tors influencing glare perception than the con-
ventional photometric and physical variables
featured in glare formulae, including potential
higher sensitivity to light spectra characterized
by shorter wavelengths (Flannagan et al. 1989;
Jain et al. 2023; Yang et al. 2018) or, potentially,
the presence of a range effect (Kent and Jakubiec
2021). This, however, needs more comprehensive
investigation to address possible links between
the tinted daylight filtered through chromatic
glazing and the subjective evaluation of glare
sensation.

5. Conclusions

In this experimental study, we investigated the
impact of the spectral composition of daylight
filtered through EC glazing on visual task perfor-
mance and visual perception. Nineteen partici-
pants were exposed to five setting scenarios of
a 6-pane EC fagade (fully bleached, mixed setting
after fully bleached, fully tinted, mixed setting after
fully tinted, and user-controlled) in a west-facing
test room under predominantly overcast sky

conditions. Subjects were asked to perform
a chromatic Landolt rings task and evaluate their
internal and external luminous environment under
each EC glazing condition. The following conclu-
sions can be drawn from the analysis of data:

® Dynamic changes in the spectral composition
of daylight through different states of the EC
facade did not have a statistical and practi-
cally relevant influence on visual task perfor-
mance in terms of visual acuity and color
naming accuracy, nor on participants’ subjec-
tive evaluation of the tasks’ difficulty.

e Daylight filtered through the fully tinted EC
glazing (v =2%) substantively impacted par-
ticipants” acceptance and satisfaction, result-
ing in lower ratings for perception of daylight
availability and satisfaction with color
appearance of the indoor and outdoor lumi-
nous environment. Subjective evaluations
were supported by the measurements of
light spectra showing a pronounced shift in
the SPD curve toward the blue part, and
lower levels of luminous parameters.

® The mixed EC scenarios used in this study
had better satisfaction and acceptance ratings
of the color appearance of the indoor envir-
onment and of the outside view with respect
to a fully tinted state, without excessively
compromising daylight availability.

® As evidenced in previous studies (Mardaljevic
et al. 2014; Mardaljevic et al. 2016), a mixed
glazing setting of an EC facade, with panes in
their bleached (bottom) and tinted (top) state,
can improve the feeling of “naturality” of the
incoming daylight, with only a slight change
in its spectral power distribution. The result-
ing color temperature was measured to be
lower than the bleached setting due to differ-
ences in the contribution of diffuse light from
the sky component and of the light reflected
off the surrounding landscape.

® When comparisons were made between the
ratings given by participants under the
bleached and tinted states and under the
mixed scenarios, the reported evaluations dif-
fered depending on the previous setting. This
leads to postulate a potential activation and
memory effect on user perception due to



dynamic daylight transitions through an EC
facade.

® Participants’ subjective evaluations of the
internal and external color appearance was
consistently higher when they were given con-
trol of the EC fagade setting with respect to the
mixed and fully tinted scenarios. No signifi-
cant and practically relevant differences could
be detected when the user-controlled scenario
was compared to the fully bleached state,
although the former setting resulted in gener-
ally lower lighting levels and higher CCT. This
result might be relevant to increase user accep-
tance of a dynamically switchable facade, while
providing the levels of luminous and solar
protection required (and offering activation
potential that goes beyond the sole considera-
tion of visual effects).

e Although the experiment described in this
study was not specifically designed to explore
participants’ responses to discomfort due to
glare, the results lead to postulate that there
might be other factors influencing glare percep-
tion than the customary photometric and phy-
sical variables featured in glare formulae,
including consideration of potential higher sen-
sitivity to shorter wavelengths lighting spectra.

Before these results can be generalized, and trans-
ferred to the lighting and facade industry, some
methodological and experimental limitations should
be acknowledged. In first instance, this study solely
focused on user perception of daylight filtered
through an EC fagade while avoiding extreme lumi-
nous conditions that might engender drastic or sig-
nificant changes in the distribution and CCT of
daylight (Condit and Grum 1964) or severe glare
occurrence (Jain et al. 2021, 2022). The outcomes
of this study are also only relevant to blue-tinted EC
glazing. The spectral composition of daylight
through other colors of a switchable fagade technol-
ogy may lead to different effects on visual perception
and task performance (Chen et al. 2019; Liang et al.
2021). In this study, only a particular configuration
for a mixed setting of the EC fagade was tested (the
upper part being fully tinted, and the lower fully
bleached). Other combinations of glazing settings,
both in terms of visible transmittance of the EC
panes and their arrangement, may lead to different
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outcomes. Lastly, based on prior research (Smolders
and De Kort 2017), it is expected that subjective
responses to the luminous environment may be
dependent on time of day (Kent et al. 2017), which
was not investigated in this study due to the limited
availability of the test room and the procedural con-
straint in running a repeated-measures experimental
design. Together with the comprehensive character-
ization of subjective assessments and glare evalua-
tions of an EC fagade with the sun in the direct field
of view (Clear et al. 2006; Jain et al. 2021, 2022), and
consideration of the potential combination of visual
and non-visual effects resulting from the control
strategies of the EC glazing, these all represent very
promising avenues for future research.
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