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ARTICLE INFO ABSTRACT

Keywords: Providing adequate glare protection and a view to the outside through fabric shading devices is challenging
Discomfort glare because these two objectives require conflicting material properties for a fully lowered shading. In a semi-
View out

controlled office-like experiment involving 32 participants, we investigated four types of neutrally-colored
fabrics (charcoal and gray) with Openness Factors (OF) smaller than 7% focussing on view clarity, discomfort
glare with the sun in the field of view, and participants’ behavior when it comes to blind control. The results
show that fabrics with OF<3% could provide adequate glare protection but no satisfactory view out. The
charcoal-colored fabric with OF>6% resulted in lower glare protection but higher quality of view out. Our results
show inconsistencies with the EN14501 blind classifications for glare and visual contact (i.e., view clarity), but
acceptable agreement with the view clarity index, especially for the fabrics with the highest light transmittance.
During the final session, three quarters of participants raised the blinds to allow an average of 10° view to the
outside, reporting as primary motivations the wish for more light and view out. Despite the relatively small rise
of the fabric (15% of the total shade), daylight levels and view out were significantly improved, suggesting that
operable blinds should not be controlled nor described according to the "all-or-nothing" approach. The change in
fabric height did not compromise glare perception. These results suggest that if the control of shading height is
effectively provided to occupants, then the fabric material could be selected primarily based on glare
requirements.

Fabrics shading
User assessment
Daylight

Occupant behavior

1. Introduction

Windows perform essential functions in the built environment, pri-
marily giving visual access to (and sometimes direct air exchange with)
the outdoors and enabling daylight penetration. Access to natural light
has been shown to positively impact work performance [1,2] and
occupant preference, with approximately 80% of occupants stating that
they prefer daylight to electric lighting [3-7]. While daylight is highly
desirable, it is also necessary to protect building occupants against
excessive daylight and glare, and ensure that solar radiation is managed
properly to reduce overheating risks. Designers have been resorting to
various shading solutions towards this end, including fabric shades,
venetian blinds, switchable electrochromic (EC) glazing, or ceramic
fritted glass with embedded decorative patterns. Among these, shading
fabrics offer many practical advantages to both designers and occupants:
they remain commonly perceived as low-tech systems and are therefore

easy to find in a wide range of variations and potentially inexpensive.
Shading fabrics also offer a high level of customization to designers. For
instance, the color, openness factor (OF, i.e., the fraction of holes to the
total area), visible light transmittance (ty), and reflectivity are all
properties that can typically be customized. From the occupant’s
perspective, control over fabric blinds is also possible as long as they are
installed on a manually operable system (e.g., roller blind), as this gives
the occupants the ability to adapt their environment to their needs.
The European standard EN14501:2021 [8] assigns fabrics to classes
related to their anticipated impact on visual comfort based on six
criteria: "darkening performance", "glare control", "night privacy", "vi-
sual contact with the outside", "daylight utilization" and "rendering of
colors". Classes are further refined into 5 levels: class 0 ("very little ef-
fect"), class 1 ("little effect"), class 2 ("moderate effect"), class 3 ("good
effect”) and class 4 ("very good effect"). The criteria “glare control”,
“visual contact with the outside”, and “daylight utlization” are all
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related to visual comfort under daylight conditions, and all depend on
the fabrics’ visual transmittance, either normal-normal (tTyn.n),
normal-diffuse (tyn.gif), or diffuse-hemispherical (ty gir.n) (see supple-
mentary material). Based on this standard, only fabrics with low Ty .0
(<0.05) and low Ty pn.gif (<0.25) would be able to meet the criteria for
glare protection. However, these same indices must be high to meet the
criteria for visual contact.

The present study is based on this contradictory classification and
focuses on fabrics with a "low OF” (here defined as less than 7%),
installed on a manually operable roller blind system. The following
section brings together key literature on the importance of view out,
glare protection, and occupant control of their visual conditions, which
are the parameters considered here in evaluating different shading
options.

1.1. State of the art

Research in environmental psychology and building science has
shown the positive impacts of providing building occupants with a view
out [9-15]. Known effects typically include increased workplace satis-
faction, productivity, cognitive performance, stress modulation, and
patient recovery time [1,9,10,12,13,16-20]. In addition, views also
satisfy fundamental human needs for visual information about location,
time, weather, and activities outside the building [21,22]. Research on
view out has emphasized the importance of having multiple layers (e.g.,
ground, landscape, and sky) in one’s field of view (FOV) [23,24], a
constraint meanwhile implemented in EN 17037:2018 [25]. More
recently, Ko et al. developed a framework for assessing the quality of
window views that has the advantage of being based on three primary
variables: "view content" (the assessment of visual features seen in the
window view); "view access" (the measure of how much of the view can
be seen through the window from the occupant’s position); and "view
clarity" (the assessment of how clear the view content appears in the
window view when seen by an occupant) [26]. Of particular interest in
the context of shading devices is the view clarity, which reminds us of
the "visual contact with the outside" defined by the EN14501:2021
standard, and which raises many considerations such as identification
and color rendering of objects located outside.

Contrary to the view out quantification, glare has been characterized
and modeled for many more years. The International Commission on
Mlumination (CIE) defines glare as the "condition of vision in which
there is discomfort or a reduction in the ability to see significant objects,
or both, due to an unsuitable distribution or range of luminances or to
extreme contrasts in space or time" [27]. This definition encompasses
both the notion of disability glare, which impairs vision, and of
discomfort glare also defined as "glare that causes discomfort without
necessarily impairing the vision of objects" [28]. Discomfort from
daylight glare is common in workspaces, where the either the total
amount of light reaching the eye or the luminance contrast between the
visible light source and the eye’s adaptation level can be too high. It
represents a source of disturbance for building occupants [9] and can
affect one’s perceived level of productivity [29]. Multiple metrics have
been established to characterize discomfort glare from daylight from
objective measurements. These can be divided into three categories
[30]:

- Metrics solely based on the saturation effect (e.g., vertical illumi-
nance Ev, average luminance, Simplified Daylight Glare Probability
(DGPs) [31]),

- Metrics dominated by the contrast effect (e.g., Daylight Glare Index
(DGI) [32], Unified Glare Rating (UGR) [33], and CIE Glare Index
(CGD [34D)

- Hybrid metrics based on both effects (e.g., Daylight Glare Probability
(DGP) [35], Predicted Glare Sensation Vote (PGSV) [36]).

Several studies have shown DGP to be a robust and widely reliable
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metric [30,37] and the same metric was also adopted for daylight glare
prediction in the European standard EN 17037:2018 [25].

In recent years, the influence of shading fabrics on view out and/or
glare has started to attract research interest as well. In 2015, Kon-
stantzos et al. developed an index to describe the clarity of the view out
through different types of fabrics [38]. The authors tested 14 fabrics of
various OF and 7y, which they re-measured to ensure the reliability of
the fabrics’ optical properties. They relied on optotype reading perfor-
mance tests and subjective responses to derive the View Clarity Index
(VCI), which ranges from 0 to 1, with 0 referring to perfectly diffuse
fabrics and 1 to perfectly clear views. Flamant et al. critically evaluated
the VCI and the visual contact categories of the EN14501:2021 in a study
involving 50 participants and 9 fabrics [39]. They suggested a revised
View Clarity Index (which we will refer to as VCI*) and new categories
for the EN14501:2021. The VCI and the VCI* are, together with the
classification of “Visual contact with the outside” from the
EN14501:2021, the only metric we found to describe the clarity of the
view out. Konstantzos and Tzempelikos thereafter used the same set of
fabrics to study discomfort glare from the sun [40]. While that paper was
primarily oriented toward glare metrics evaluation, their results showed
that fabrics of~7% (ty of 0.07 and 0.13) could not prevent discomfort
from glare from the sun in the participant’s field of view.

In parallel, Chan et al. developed a systematic method for selecting
roller shade properties for glare protection, based on measurements
(using the saturation-based DGPs metric) completed by simulations
[41]. Their results showed that OF below 6% and 1, below 0.10 would
be needed to remain with an annual discomfort glare frequency below
5%. Garreton et al. characterized roller blinds with the sun in the FOV
based on physical measurements of nine fabrics [42]. They relied on
manufacturers’ data for the fabrics’ OF and 7ty and DGP for glare
assessment. Their results showed that OF~5% (t, of 0.07 and 0.13)
could prevent discomfort due to glare from the sun in the participants’
FOV. We should note that these studies show some inconsistency in the
necessary optical properties required of fabrics to reach comfort
regarding glare, which highlights the need for more extensive testing of
fabrics — particularly in the OF<7% range — to better understand where
the comfort threshold lies.

Following the observation that more than one aspect of comfort is
needed to agree on the adequacy of a fabric in addressing visual comfort
[37], Chan et al. looked simultaneously at annual continuous daylight
autonomy and glare (DGPs) through measurements and simulation [41],
and Garreton et al. investigated view out (VCI), discomfort glare (DGP),
and useful daylight illuminance (UDI) through measurements [42]. In
both studies, the authors confirmed the need for a trade-off between
illuminance and glare requirements but none of the two studies involved
occupants.

Overall, in the various studies on fabric shading mentioned above,
while fabric shadings are commonly installed in an operable roller sys-
tem, the questions of occupant control of the blinds and their prefer-
ences were always left out of the picture. The fabrics were considered
entirely down, ignoring the possible change of fabric height on indoor
illuminance, the participant’s potential desire for views out and/or for a
connection to the outside, and discarded the influence of glare. Litera-
ture has repeatedly, however, emphasized the influence of occupant
daylight control on their satisfaction [29,43,44]. Van den Wymelenberg,
for instance, reviewed the patterns of occupant interaction with window
blinds [45], which was not solely focused on fabrics but also on venetian
blinds. Among the identified research gaps, this paper listed the need to
adequately address "blind occlusion" that shall reflect both "blind height
and tilt" (in the case of venetian blinds) as both factors considerably
affect view out, daylight provision, and glare. In the case of fabrics, such
occlusion factors would need to account for both the height and the
clarity. Control over blinds also allows occupants to increase the amount
of view, which can in turn influence glare perception. As noted by
Tuaycharoen and Tregenza, people with a view rated as more desirable
showed a lower glare sensation than those with a less desirable view,
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despite the fact that the DGI remained constant [46,47]. While not 1.2. Objectives
formally included in the proposed view quality index, Ko et al. also

highlighted the need to address the dynamics of shading systems since The objectives of this study are threefold: (1) assess the effectiveness
this occlusion changes view clarity [26]. To our knowledge, no papers in of low OF fabric shadings at addressing view clarity and glare protection
the literature yet have, however, jointly discussed discomfort glare, and compare the findings with the rating of the EN14501:2021 as well as

control of shading fabric, and view out. with the VCI, (2) assess the effect of manual blind usage on glare
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Fig. 1. a) Test room layout; b) Photographs of the fabrics during the test sessions; and c) experimental protocol. The labels B1, B2, L2, B7 refer to the four fabrics of
this study whose properties are detailed in Table 1.
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perception, and (3) evaluate occupants’ motivation as it goes to manual
control of shading fabrics.

2. Method

We conducted human subjects experiments in a semi-controlled of-
fice-like setup with pre-defined visual scenarios, involving four types of
fabrics installed on an operable roller blind system on the South opening
of the test chamber. The four shading fabrics differ in their properties (i.
e., OF, 1, and color). Following a psychophysical approach, participants
were asked to provide subjective evaluations of the experienced condi-
tions, and, in some sessions, were invited to change the blind position
while indoor environmental conditions were monitored. The study was
conducted between December 2020 and October 2021 under stable
sunny sky conditions with critical sun positions, i.e., located in the
center of the participants’ FOV (right above their computer screen). The
experimental procedure was approved by the Human Research Ethics
Committee at EPFL (ref. No. HREC 035-2019).

2.1. Experimental design

The study follows a single-blind, within-subject design with repeated
measurements, where every subject is exposed to five visual scenarios
experienced as a sequence of exposure sessions (see Fig. 1c). The first
four sessions involved specific glare exposures using four low OF
shading fabrics fully down (i.e., covering the entire window) experi-
enced by the participants in a randomized order. In the fifth session, the
participants’ behavior in terms of blind usage was assessed using
whatever fabric they were exposed to in the previous (fourth) session.
Each participant could then choose to keep the fabric down or raise it to
the height they prefer. The within-subject design chosen for this study
required fewer participants and increased the statistical power. We
derived the sample size from Gpower calculator tool 3.1.9.4 [48] for
repeated measurements, within factors test with one group and four
measures, assuming an effect size of 0.30, an alpha of 5 and a power of
0.95. This calculation resulted in a sample size of 24 participants.

We selected young, healthy participants (between 18 and 30 years
old) with normal color vision, full or corrected vision, and no known
visual impairment (e.g. cataract). We required them to have an English
proficiency level (C1 or higher), to not use drugs, with no abuse of
alcohol. Potential participants that studied disciplines related to the
investigated field (i.e., architecture or civil engineering) were excluded
to avoid response bias. We paid the participants at the end of the
experiment.

In total, 33 participants took part in the experiment. Some experi-
mental sessions were not considered in the analysis due to unstable
weather conditions. We excluded sessions during which variations in
outdoor global horizontal irradiance (GHI) exceeded 25%: GHI was
measured each second by a pyranometer located on the EPFL campus.
The formula for calculating the variation range is: [(GHIpax - GHIpin)/
GHIppean] though whenever only a few data points were found beyond
the 25% range in short bursts and during the typing task period, the
results were kept as long as these were followed by stable conditions
during the questionnaire period. With these filtering criteria, we ulti-
mately had to remove 19% of the experimental sessions for sessions 1 to
4 and 27% for sessions 1 to 5 (as we wanted to have our criteria verified
over two consecutive sessions). Of the 33 participants, we could keep
partial data from 32 participants for sessions 1-4 and 24 participants for
sessions 4-5.

2.1.1. Test facility

We conducted the experiments in a test unit (d*w*h = 6.55 m*3.05
m*2.65 m) located on the EPFL campus in Lausanne, Switzerland. The
room is North-South oriented and has openings on the North and the
South facades (window-to-wall ratio of 62% with a glazing trans-
mittance of 79%) but the North facade was entirely covered with an

Building and Environment 228 (2023) 109707

internal black-out curtain (white color towards the inside of the space).
The South facade was equipped with movable external venetian blinds.
The shading fabrics were mounted inside the space on the South facade
on a roller blind with a velcro, which allowed to switch the fabrics
quickly. The roller blind system also allowed for a manual control of the
fabric’s height. A layout of the space is shown in Fig. 1a).

2.1.2. Selection of the types of fabrics

We looked for four fabric types from which we would expect either
good glare protection or good visual contact according to the classifi-
cation categories of EN14501:2021 (see Ref. [8], Tables 7 and 9 of the
standard). We chose fabrics of different openness factors (<5% origi-
nally desired as this is the upper threshold in EN14501:2021 for
achieving some glare protection) and brightness (dark and light gray).
We obtained the detailed optical properties from the manufacturer,
which allowed us to move away from the rounded data (to 0.01) of the
description sheets. In addition, we conducted measurements using the
goniophotometer from Realistic Graphics Lab (RGL), EPFL to derive Ty,
n-h and Ty n.n, which we then validated with measurements using the
integrative sphere from the Solar Energy and Building Physics Labora-
tory (LESO-PB), EPFL.

The goniophotometer used to derive the visual properties of the
fabrics is a scanning goniophotometer, Model “pgII” by Pab Advanced
Technologies Ltd [49], which measures the Bidirectional Transmittance
Distribution Function BTDF and allows intensive refinement of selected
regions of interest — in our case in beam direction. In order to calculate
the hemispherical transmittance Ty ,.n, we mathematically integrated
the measured BTDF-data over the hemisphere using the so-called
“mountain-tool” provided by the pgIl manufacturer. In a nutshell, the
mountain tool applies linear interpolation through Delaunay triangu-
lation. To derive normal-normal transmittance Ty n.n, We integrated the
BTDF over a 6° cone around the beam [50]. We also measured the BTDF
for different angles of incidence (between 60° and 75° in 1° steps) and
derived Ty n, by also integrating in a 6° cone around the beam. The
angle when 7y ., falls below 0.5% is called “cut-off-angle” [8], indi-
cating that sun-rays are nearly completely blocked by the fabric.

We performed additional transmittance (specular and diffuse) mea-
surements to confirm the accuracy of goniophotometer measurements.
To this end, specular (direct) transmittance was determined using a Zeiss
diode array spectrometer in the wavelength range from 350 to 2100 nm.
In this spectrometer, the light source consists of quartz tungsten halogen
and UV fluorescent lamps in an aluminum enclosure with a diffusing
front glass. A collimator is then used to concentrate the transmitted light
onto an optical fiber that guides the light to two diode array spec-
trometers, UV-Vis and NIR (MCS 601 and MCS 611 from Zeiss) [51]. In
addition, diffuse transmittance was measured with a light trap in an
integrating sphere at an angle of incidence of 8°. It can be noted that
both source and spectrophotometer exhibited a thermal drift of +0.5%,
regardless of transmittance measurement. The spectral properties of
these fabrics were then used to determine the coefficient of solar visible
light transmittance (ty) using the equation from EN 410 standard [52]:

T, = Zi(?ﬁ‘;(‘)—nrnnD)T(j')V()“)A/1
' Zzggg‘(;nanlv(l)A;[

where D, represents the relative spectral distribution of the CIE standard
illuminant D65, T()) is denoted as the spectral transmittance, V() is the
spectral luminous efficiency for photopic vision defining the standard
observer for photometry, and AA represents the wavelength interval. It is
worth noting that, in diffuse transmittance measurements, the surface
area of the entrance port is relatively small compared to the total sphere
surface area (i.e., ratio of entrance port area to sphere surface area is 1/
144). Therefore, the effect of internal reflection from the sample is
negligible with respect to the thermal drift of spectrophotometer.
Finally, we noted that the reported OF reported by the manufacturer
was often higher than 7y ,.n, which is physically impossible. We tested
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Table 1
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Fabric properties based on manufacturer’s data and measured data, and derived indices based on the fabric’s properties.

Fabric Color Fabric properties Derived classes and indices*

type a a . . . .
Tynn Tun- Tunh Ty dif- OF Cut-off EN14501 EN14501 EN14501 View clarity Revised View
(6°) dif b angle® (H/ Glare Visual Daylight index (VCI) clarity index

V) class contact class utilization class (ver)©

Bl charcoal ~ 0.017 0.002 0.019  0.002 1.7% 50° (62°) 48 2 0 0.55 0.59

B2 charcoal 0.023 0.003 0.026 0.017 2.43% 61° (69°) 3 2 0 0.57 0.63

G2 gray 0.037 0.031 0.068  0.045 2.43%  61° (69°) 1 2 1 0.21 0.53

B7 charcoal  0.061 0.007 0.068  0.053 6.1% 62° (69°) 0 3 1 0.72 0.71

Acronyms: T, ., = Visible light transmittance normal-hemispherical (a.k.a., 7y, since hemispherical = total), 7, ., = Visible light transmittance normal-normal, T, ».qif
= Visible light transmittance normal-diffuse, T, ,.qif = Visible light transmittance diffuse-hemispherical.
 Value derived from measurements of the Bidirectional Transmittance Distribution Function (BTDF), conducted with a scanning goniophotometer (Model “pgII” by

Pab Advanced Technologies Ltd [49]) at the EPFL.
b Values provided by the manufacturer.

¢ The cut-off angle was measured in the horizontal (H) and vertical (V) directions. Since B2 was mounted in the transversal direction, we relied on the value of the

vertical cut-off angle (bolded).

4 We relied on the goniophotometer measurements to derive the EN14501 glare class, the EN14501 visual contact class, the VCI, and on the manufacturers’ data to

derive the EN14501 daylight utilization class.

¢ The revised VCI is valid for transmittance factors 0.01< 1y, <0.10 and 0.01< 7y ;g <0.10. Following the measured fabric properties, VCI* might not be

applicable for B1 B2 and B7.

f B2 was positioned in the transversal direction because of the availability of the product for the desired width.
8 According to the standard EN14501, the glare class moved up by one because of the low cut-off angle.

the diffraction of the charcoal fabrics using a laser. Since we did not
observe any diffraction, we considered OF equal to Ty ., for the dark
fabrics and assumed that our gray fabric (labeled as G2) had the same OF
as the charcoal fabric from the same production series (B2). We decided
to rely on the values from the goniophotometer measurements to derive
the EN classes and VCI.

The manufacturer’s data and the details of these tests are reported in
the supplementary material while the fabric properties used to calculate
the EN14501:2021 classes, the VCI and the VCI* are summarized in
Table 1. The VCI is calculated from OF and 1, (=Ty,5.5) and is based on
Eq. (1) (applicable for OF<tv) [38], and the VCI* is calculated from T,
nn and Ty n.gir and is based on Eq. (2) [39].

OF 1.1
VCI=1.43 ¢ OF** +0.64 o ( - ) -0.22 (Eq. 1)
B 0.29(;1.
VCI' = — 0.461 e ¢ 060w _ (0.467 o T”{f;zz'f +0.921 (Eq. 2)

v,n—n

2.2. Experimental procedure

Considering the orientation of the chamber, the sun position over
time, and the location of surrounding buildings, we could only conduct
our experiments between October and March from 9:00 a.m. to 3:00 p.
m. to ensure that each of the participants had the sun in the FOV while
sitting at their desk. The complete procedure lasted about 2 h and is
summarized in Fig. 1¢). A maximum of two sessions were possible in one
day, with one participant at a time.

Each test consisted of an introductory phase, four exposure sessions
with different shading fabrics fully down (presented in randomized
order), and a fifth exposure session keeping the same shading fabric as in
the fourth exposure but offering the participants the opportunity to
control its position (height). For each exposure, we positioned the par-
ticipants’ desk so that the sun stayed in the center of their FOV without
being shaded by the window frames. Each exposure session lasted be-
tween 12 and 15 min in which participants performed three tasks: (1) A
typing task, (2) an exposure questionnaire, and (3) a view clarity task.
The typing task lasted about 5 min and was meant to expose the
participant to a typical office task before completing the survey. The text
to be re-typed was shown on the same screen as the editor software used
for the task (screen split into two). The exposure questionnaire followed
the typing task. On average, participants needed about 5 min to

complete the exposure questionnaire. The view clarity task consisted in
an optotype reading task requiring the identification of Landolt-C di-
rections of different sizes per line printed on a poster located outside of
the chamber. During the introduction phase, this task was introduced
without fabrics to verify the participant’s vision (baseline) but was
repeated in sessions 1 to 4 (fabrics fully down). The change of the po-
sition of the fabric by the participants in session 5 was only possible at
the beginning of the session (before the typing task), and participants
were not allowed to re-adjust the chosen height during the rest of the
session. The exposure survey of this last session involved additional
questions to understand the reasons behind the subjects’ motivation to
control the fabrics. During the breaks between each of the exposure
sessions, participants remained in the room. We asked them to sit on a
chair located at the back of the room, blindfolded them, and gave them a
headset with a music player so they could listen to music while we took
measurements, adapted the position of the desk, and changed the
fabrics.

Daylight was the only source of light in the room during the exper-
imental sessions. Although the test room was equipped with dimmable
electric lights, we did not want to bring in an additional bias due to the
potential impact of electric lighting on glare. The electric lights were
thus only used during the introductory phase. On the other hand, while
we generally blocked the light from the North facade with a black-out
curtain, we also wanted to ensure an illuminance of about 300 lux on
the participants’ desks to be consistent with what is considered an
acceptable lighting level for office tasks. Therefore, for the fabric types
with low 7, and OF, we usually had to partially open the black-out
curtain on the North I as well as the side door (neither of them being
in the FOV of the participants) so as to increase brightness.

2.3. Measurements

2.3.1. Environmental measurements
We utilized the following instruments to record the visual conditions
in the space:

- One luminance camera LMK 98-4 color High-Resolution camera with
a Dorr Digital Professional DHG fish-eye lens (equidistant projection)
and a neutral density filter ND4, which was mounted on a tripod.

- Two handheld illuminance sensors LMT Pocket-Lux 2 (Class B certi-
fied according to the DIN5032 part 7, with a total error <7%), one of
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Table 2

Items from the exposure questionnaires we used to assess participants’ percep-

tion of glare and their fabric preferences.

Category Question Type of scale and response
items
Glare At the moment, how would Osterhaus-Bailey (4 pt)

View clarity

Color perception

Shading fabric —
motivation for
control (session 5
only)

Shading fabric —
wish for change

you describe glare in your
field of view?

How clear is your view to
the outside through the
window and roller blind?
To what extent do you
agree or disagree with the
following statement:

“I can distinguish the color
of the moving cars on the
street”

“By looking outside the
window, the environment
and the elements look
natural”

If the participant raised the
roller shading:

Why did you change the
position of your shading
device?

If the participant raised the
roller shading:

Why did you decide not to
change the position of your
shading device?

Assume you have to work
all day from this space,
would you like any changes
to the shading
configuration?

Imperceptible, Noticeable,
Disturbing, Intolerable
Interval (11 pts)

0 (Not clear at all), 1, 2, 3, 4,
5,6,7,8,9, 10 (Very clear)
Likert agreement (7 pts)

—3 (Strongly Disagree), —2,
-1,0,1, 2, 3(Strongly Agree)

Multiple choice (check all
that apply):

- Iliked to have a change
- More light in the room

- More light on my desk

- More light on my screen
-A better view out

-Other (free text field)
Free text field

Multiple choice (only one can

be selected):

- No, I am comfortable and
do not require changes of
the shading configuration

- No, even though I am
slightly uncomfortable

I would like to freely roll
up/down the fabric shading
I would like to change the
fabric (color/openness)

I would like to change the
type of shading device (e.g.,
use venetian blinds instead)
- T have no preference

which was attached to the tripod right next to the luminance camera
lens, and the other was free to be positioned as desired.

The tripod was manually positioned at the participant’s location and
the camera was raised to the participant’s eye level to capture high
dynamic range (HDR) images. This procedure was implemented just
before and just after each exposure with the participant’s screen on. We
commonly relied on the image taken right after the exposure, which we
judged to be more representative, and only used the images taken before
the exposure as a substitute in the case of camera error or sudden
weather change. We derived the commonly used glare prediction
models, namely DGP, CGI, UGP and DGI, by running Evalglare version
3.02 [53,54] with default settings on the calibrated HDR images. The
illuminance sensor attached on the tripod was used to simulataneously
capture the vertical illuminance at eye level (Ev), while the second
sensor was placed on the participant’s desk to capture the desk illumi-
nance during the time interval that the luminance camera was taking
measurements (we took the average of the recorded value).

2.3.2. Subjective measurements

The participants provided their personal information and subjective
feedback about the environment by completing three types of web-based
questionnaires: (1) a background questionnaire completed during the
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introduction phase, (2) exposure questionnaires completed right after
the typing task during each exposure session, and (3) a debriefing
questionnaire completed at the very end.

The background questionnaire was used to collect baseline data from
each participant. It involved e.g., demographics (e.g., age, gender, eye
color), participant’s mood, feelings, and physical state at the time of the
testing, their perceived sensitivities in terms of heat, cold, bright light,
and view to the outdoors. These questions were included to evaluate
potential confounding factors, if any. The exposure questionnaires
included questions about overall comfort, thermal comfort, visual
comfort, view clarity, and color perception (see key questions in
Table 2). The questions were answered based on either binary, catego-
rial (Likert), or ordinal scales. We provided the definition of glare as “the
sensation of visual discomfort caused by differences between light and
dark areas, or by excessive brightness in your field of view” to the par-
ticipants to minimize misunderstanding. In exposure session 5, we asked
an additional question about motivation for the (non)control of the
fabric. Finally, the debriefing questionnaire was used to obtain addi-
tional information about general comfort during the experience, satis-
faction with the view, and open fields for further comments.

Subjective questions on view clarity were complemented with a se-
ries of objective measurements. These encompassed a reading perfor-
mance test using Landolt-C optotypes (acuity performance) and
objective color fidelity characterization of color samples placed outside
the test room.

2.3.3. Acuity performance test

For the acuity performance test, we asked the participants to identify
given orientations of Landolt-C optotypes printed in different sizes on a
poster attached to a panel located outside the test room. The Landolt-C is
a visual acuity test consisting of a ring with a gap (looking like the letter
“C”) oriented in different ways, more specifically with the gap facing
left, right, bottom, top and the 45° positions in between. The test in-
volves the determination of the orientation of the gap of different letters,
whose dimensions decrease in each line. The distance between the target
panel and the observer was 6 m, with the window (and fabric) located
in-between (1.5 m from the participants and 4.5 m from the panel
outside). This set-up was inspired from a previous study by Konstantzos
et al. [38], where the target panel was also placed outside and 4.5 m
away. In that study, two distances between the observer and the window
were tested (1 and 2.4 m) and, while the authors did find an interaction
effect between the fabric and the viewing distance (at least for some
fabrics), they noted that the ranking of the fabrics was not altered by the
distance between observer and window, which led us to consider one
distance only. The acuity performance task of our study was conducted
at the end of the introduction phase (without fabrics) and following each
exposure with the shading fabrics fully down (exposures 1 to 4). All
subjects were conducting the tests while standing at the same position
(marked as “9” in Fig. 1a). We used different posters with various ori-
entations of the Landolt-C optotypes that we changed between each
exposure. The size of the optotypes was determined based on the
Snellen’s fraction so that the smallest Landolt-C (bottom line) corre-
sponds to a vision of 6/12 and the largest Landolt-C (top line) corre-
sponds to a vision of 6/120, with increments were set at 6/24.6/36,
6/48, 6/60, 6/90. These sizes were set so that participants could read
the smallest line in the baseline condition (i.e., no fabric) but would
likely fail to properly identify the optotypes in the middle intervals
depending on the type of fabric. There were 7 lines on the posters and
each line where the Landolt-C directions were all correctly identified
was rewarded with 1 point, which led to results ranging from 0 to 7.

2.3.4. Color fidelity characterization

For the color fidelity characterization, we calculated the color shift of
ten color samples, placed outside of the test room on the same target as
the one used for the Landolt-C, by comparing their color coordinates
measured with and without the fabrics. Conventionally, the color
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fidelity is related to the accuracy with which the color appearances of
objects illuminated with a specific light source match their appearances
under a reference illuminant (e.g., D65) [55]. In our case, the reference
measurements corresponded with those without fabrics. For each color
sample, we derived the CIE XYZ color coordinates from color-HDR im-
ages captured with the LMK camera and elaborated through the labsoft
software [56]. The images were captured on October 23rd, 2021, be-
tween 9:45 a.m., and 10:07 a.m., i.e., right before one experimental
session involving human participants, and on October 24th, 2021, be-
tween 2:45 p.m. and 3:08 p.m., i.e., right after one of these sessions. We
captured an image of the color samples through each fabric immediately
before or after capturing a reference image of the color samples without
the fabric. All the images were captured with the sun directly shining on
the fabric. However, we decided to also capture images in the shaded
area of the fabrics, where the window mullion casts local shadows, to
somewhat replicate Konstantzos et al.’s “cloudy” scenario [38] due to
the described influence of sky conditions on view clarity for some of the
considered fabrics. These “shaded” images were only taken in the
morning due to the sun’s position, casting much larger shades from the
mullion on the fabrics. The CIE XYZ coordinates were converted into the
CAMO2-UCS color space [57] with the conversion equations described in
TM-30-20 [58]. The CAM02-UCS color space, based on the CIECAMO02
color appearance model [59], is a uniform color space defined by the
J’a’b’ directions, indicating the red-green, yellow-blue, and lightness
dimensions, respectively [60]. The CAMO02-UCS was chosen over other
color spaces (e.g., CIE 1931 xy chromaticity) because it is the most
suitable for computing chromaticity differences due to its
well-documented uniformity [57]. Chromaticity differences can be
computed as Euclidean distances considering all three directions of the
color space (J’a’b’), denoted as AEj,, [58]. However, considering the
nature of our measurements and comparisons (of multiple color sam-
ples, fabrics, and time of the day) and the fact that about 95% of the total
color shift happens to be in the a’b’ directions [60], we decided to
consider changes in the a’b’ directions only. This choice was also driven
by the fact that we investigated the color perception of participants, and
such perception is strongly correlated with chroma and hue, functions of
a’ and b’ [61,62]. The obtained color coordinates were plotted as single
coordinates in the two-dimensional (a’, b’) graph for each fabric,
highlighting the difference with and without fabric for each color. The
proposed method is meant to quantify the relative shift in color brought
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by the different types of fabrics. All calculations and data visualizations
were performed with a custom script in RStudio [63].

2.4. Statistical analysis

We relied on descriptive statistics to summarize most of our results.
We reported the mean, median, standard deviation, and interquartile
ranges through boxplots and tables and utilized barplots to indicate the
spread of votes. We verified the normality of our samples using the
Shapiro-Wilk test, performed statistical tests for repeated measures, and
reported statistical significance and effect size for the Wilcoxon two-
sample rank-sum test. We relied on Ferguson’s thresholds to interpret
the strength of association r, where 0.2 is considered a small association,
0.5 a moderate association, and 0.8 a strong association [64]. We per-
formed our analysis in R [65] and Rstudio [63].

3. Results

The results are divided into four parts pertaining to the general
thermal conditions in the space (3.1), the view clarity, including the
fidelity of the colors seen through the fabric (3.2), the assessment of
discomfort glare with the sun in the field for fabrics down (3.3), and free-

Table 3
Re-scaled subjective and objective performance metrics compared to VCI, VCI*,
the EN14501 visual contact classes and proposed visual contact classes.

Optotype View clarity VCI VCI**  Visual Proposed
test votes contact visual
(rescaled to (rescaled to class” contact
0-1) 0-1) class”

Bl 0.31 0.36 0.55 0.59 2 2

B2 0.39 0.49 0.57 0.63 2 2

G2 0.27 0.25 0.21 0.53 2 1

B7 0.8 0.78 0.72 0.71 3 4

# The revised VCI is valid for transmittance factors 0.01< Ty, <0.10 and
0.01< Ty p.gif <0.10. Following the measured fabric properties, VCI* might not
be applicable for B1 B2 and B7.

b Classes of the EN14501:2021 are defined in 5 levels according to their effect
on visual comfort: class O ("very little effect"), class 1 ('little effect"), class 2
("moderate effect"), class 3 ("good effect") and class 4 ("very good effect").

b) Subjective responses for view clarity
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Fig. 2. a) Boxplot for the optotype reading performance, completed for all the data (n=33, Numeric scale from 0 to 7), and b) boxplot for the view clarity subjective
responses (question: "How clear is your view to the outside through the blinds?" Interval scale from 0 to 7). Statistical significance levels: ****: p<0.0001, ***:

p<0.001, **: p<0.01, *: p<0.05, ns: non significant.
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Table 4

Pairwise comparison of the fabrics for the optotype reading test and subjective view clarity votes.

Building and Environment 228 (2023) 109707

Optotype reading test (scale: 0-7)

View clarity votes (scale 0-10)

mean group  meangroup2  deltamean  stat. Sign. (p-value)  effectsize  meangroup meangroup2  deltamean  stat. Sign. (p-value)  effect size
Bl B2 22 2.7 -0.5 0.1791 (ns) 0.17 3.6 4.9 -1.3 0.017* 0.34
Bl G2 " 1.9 0.4 0.1791 (ns) 0.16 " 2.5 1.1 0.024* 0.31
Bl B7 " 5.6 -3.4 <0.0007 **** 0.83 " 7.8 —4.2 <0.0001 **** 0.84
B2 G2 2.7 1.9 -0.9 <0.01%** 0.33 4.9 2.5 2.5 <0.00071 **** 0.56
B2 B7 " 5.6 -29 <0.0007 **** 0.78 " 7.8 -2.9 <0.00071 **** 0.74
G2 B7 19 5.6 -3.8 <0.0007 **** 0.86 2.5 7.8 —5.4 <0.0001 **** 0.84

positioning (3.4), and the participants’ preference for the fabrics and
their motivations regarding their control (3.5).

3.1. General thermal comfort conditions

During the sessions, we tried to keep the indoor temperature be-
tween 20 and 22 °C and measured the indoor air temperature
throughout our testing. However, our sensor being located next to the
entrance door of the chamber, its reported temperature may have been
affected by the fact that we often had to partially open the door to in-
crease the daylight levels and ensure adequate ventilation (we con-
ducted our tests during the Covid-19 pandemic). We thus decided to
examine the participants’ reported thermal comfort as a way to check
whether thermal conditions could have been variable enough to
generate unwanted biases. This check led to the following findings: 94%
of the participants voted either “slightly cool” (13%), “neither cool nor
warm” (56%), or “slightly warm” (25%) on the thermal sensation scale,
while the remaining 6% of the participants voted “cool” (3%) and
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“warm” (3%). None of the participants voted for the two extremes of
“cold” and “hot”. This result is reflected in 86% of the participants
judging the conditions as either “comfortable” (56%) or “very
comfortable” (30%), and 14% “uncomfortable”. Given the randomiza-
tion of our tests, and the fact that the majority of participants still
considered the thermal conditions as comfortable, we concluded that

Table 5

Euclidean distance in the two-dimensional space (a’b’) between the color co-
ordinates of the measurements with and without fabric. The different rows
report the measurements performed, considering morning and afternoon and the
shaded fabric.

Bl B2 G2 B7
Sun on the fabric (average AM & PM) 26.60 24.40 29.30 18.98
Sun on the fabric (AM only) 27.22 24.69 28.69 19.36
Sun on the fabric (PM only) 25.97 24.11 29.90 18.59
Shaded fabric, but sun outside (AM only) 25.16 22.63 26.62 16.87
Difference no shaded-shaded (AM only) 2.06 2.07 2.07 2.49

Measurement type

)
\g\o ° With fabric

O Without fabric

Color
—@®—— Ultramarine blue
Sulfur yellow
Traffic red
Green NCS
Traffic orange
Turquoise blue
Yellow green
Traffic purple
Black
White

'/@

0 20 40

Fig. 3. A two-dimensional plot of the CAMO02-UCS color space showing the color shift of the ten color samples measured with and without the fabrics for the four
fabrics. Each data point represents the average values of the morning and afternoon measurements. The measurements in the shaded part of the fabrics (the "cloudy"
conditions) are excluded from the plot. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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there was no evidence supporting the risk of a potential interaction ef-
fect between thermal and visual perception (i.e. to a point it could in-
fluence our results), that has been shown to be present in more extreme
conditions in previous research [66,67].

3.2. View clarity

3.2.1. Acuity performance

The optotype reading test (Landolt-C) provided an objective set of
responses on visual acuity throughout the fabric. The results are pre-
sented in Fig. 2a and Table 4. Considering the non-normality of this data
and the fact that optotype reading was a repeated measure (within-
subject), we used the non-parametric Wilcoxon test for each pair of
fabric. High statistical significance (p < 0.0001) was found for all
comparisons involving B7 and ’no fabric.” Effect size analyses confirmed
the trends observed with a moderate effect size between B7 and 'no
fabric’ (p > 0.5) and a large effect size for the comparison between B7
and 'no fabric,” and B7 and all the other fabrics (B1, B2, G2) (p > 0.8). A
small effect size was also observed between B2 and G2 (p > 0.3).

3.2.2. Perceived view clarity

Our survey involved a question directly pertaining to view clarity,
which results are reported in Fig. 2b and Table 4. The distribution of the
data was non-normal leading us to the same analyses as for acuity per-
formace. The trend in subjective responses for visual clarity generally
follows that observed for the acuity performance test, with the same
ranking of fabrics (in order of most to least clear: B7, B2, B1, G2) and
comparable effect size and statistical significances for the comparisons
involving B7. Subjective view clarity also indicated a moderate effect
size between B2 and G2 (p > 0.5), and a small effect size for the com-
parison between B1 and B2/G2 (p > 0.3). In general, the reading per-
formance was more contained across B1, B2, and G2 than the subjective
responses, suggesting that either a different sensitivity to small differ-
ences or that visual clarity cannot be summarized by an optotype
reading test, but it involves other variables. When rescaling the acuity
performance test and perceived view clarity votes to the same scale as
the VCI (0-1), we observe a certain agreement between the tested
metrics, the VCI and VCI* (see Table 3). Perceived view clarity votes are
in closest agreement with the VCI for B7. For the fabrics with lowest OF,
the discrepancy between the VCI and the participants’ data does not go
in the same direction depending on the color of the fabric: for charcoal
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fabric, the VCI is higher than the subjective responses (the metric
overpredicts clarity), while for the gray fabric, VCI is lower (the metric
underpredicts clarity). VCI* is generally less reliable than VCI. For the
fabric G2, VCI* is substantially overpredicting clarity, which suggests
that the new equation is sensitive to the diffuse transmittance. If we refer
to the visual contact classes of EN14501:2021, we observe in-
consistencies with our results, according to which it would be more
logical to have G2 in class 1 ('little effect") and B7 in class 4 ("very good
effect").

3.2.3. Objective color fidelity

The results of the color measurements are shown in Fig. 3 and
Table 5. For each of the four fabrics, the color coordinates of the ten
color samples are plotted for the images taken with and without fabrics,
with each point representing the average value of the measurements
taken in the morning and the afternoon with the sun shining on the
fabric. This means that the shaded measurements are not displayed in
the figure. The measurements without fabric (indicated with a hollow
circle) show the actual coordinates of the color samples, while the
measurements with fabrics (marked with a solid circle) show a shift of
the color samples due to the use of the fabrics—the larger the color shift,
the lower the color fidelity of the fabric. Therefore, the fabric B7 resulted
in having the highest color fidelity (and the lowest color shift), followed
by B2 and B1 fabrics, and the fabric G2 turned out to have the lowest
color fidelity. Among all color samples, the white and black ones
resulted in the smallest color shift through all the fabrics. The analysis of
the measurements performed on the shaded area of the fabric (under the
shade of the mullion) gave us, as expected, a better color fidelity of all
fabrics and the ranking of the fabrics remained the same as in the un-
shaded conditions (from the highest to the lowest color fidelity: B7, B2,
B1, G2). However, in contrast to the results described in Konstantzos
et al. [38], we found that the improvement for the gray fabric was not
greater than but equal to that for the charcoal fabrics B1 and B2, and that
the improvement in color fidelity was most pronounced for B7. Overall,
the tested method provides us with an objective measure of color fidelity
that seems promising for future color-characterization of shadings.

3.2.4. Perceived colors of the outdoors

Questions about the color naturalness of the exterior (see Fig. 4a) and
about the color recognition of moving cars (see Fig. 4b) led to significant
differences between the fabrics. Overall, the fabric B7 resulted in the

a) The environment and the elements outside the window look natural
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Fig. 4. Subjective responses pertaining to two agreement questions for the following statements: a) the color naturalness of the elements located outside the
windows, and b) the recognition of color of the moving cars on the street, for the fabrics fully down on a 7-point agreement scale. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. a) Scatterplot of sun positions on azimuth-altitude axes, b) scatterplot of measured vs. image-derived vertical illuminances for different visual scenes, and c)
boxplot overlaid with a scatterplot for the maximum luminance derived from the HDR images displayed in logarithmic scale.

Table 6
Maximum luminance derived from the HDR images.

Maximum luminance derived from the
HDR images (cd/m?)

Sample size

Neotal®  Nppr”  Mean Median SD
Fabric Bl 25 22 2555697 2344900 1'386'680
(sessions B2 25 24 4665'113 4'815'100 2'272'804
1-4) G2 28 26 5423493 5208900 2/911'372
B7 30 27 32'325'544 33115000 14'390'987
Sessions 4 24 22 10'996'295 4'815'100 15'052'435
5 24 22 11'756'720 5'244'700 16'295'543

? Participant sample size after weather check.

b We discarded additonal data points due to errors with our HDR camera.
Since the maximum luminance is derived from HDR images, the corresponding
values in this table refer to this sample.

best color evaluation, followed by B2 and B1, and G2 resulted in the
lowest color evaluation, which is in line with the objective color fidelity
results. We however note that the spread of answers is more contrasted
between B7 and G2 for the question on the color recognition of moving

cars, which we can attribute to the constrained observation time
embedded in this question (cars moving more or less quickly) as well as
to reflections (cars’ texture being commonly glossy).

3.3. Glare assessment for fabric shading completely lowered

This section reports the range of maximum luminance seen by the
subjects, discomfort glare predicted by models, and associated subjec-
tive responses for each type of fabric for the experimental sessions when
the fabrics were lowered entirely.

3.3.1. Visual conditions

The study was conducted under stable sunny sky conditions with the
sun in the FOV of the participants. The angle between the main viewing
direction and the sun was between 13° and 47° and the sun intensity
varied depending on the time of day and clarity of the sky. The resulting
variable daylight conditions and the fabrics led to different light con-
ditions experienced by the users in the room. Fig. 5a displays the sun
position, and Fig. 5¢c shows the maximum luminance derived from the
HDR images (in log 10 cd/m2) for each type of fabric as boxplots. We
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Fig. 6. Boxplots of Vertical illuminance (Ev) measured by the hand-held illuminance sensor (a), DGP derived from the HDR image (b), and DGI derived from the HDR

image (c) reported for each type of fabric.
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Table 7
Descriptive statistics values for Ev, DGP, and DGI by fabric and sessions & group of sessions.
Ev (lux) DGP DGI
Mean Median SD Mean Median SD Mean Median SD
Fabric (sessions 1-4) Bl 718 730 209 0.36 0.37 0.04 24.0 24.2 2.5
B2 1062 1050 224 0.38 0.39 0.04 24.9 25.1 2.5
G2 1526 1655 517 0.39 0.39 0.05 24.7 24.8 2.9
B7 3575 3760 1076 0.54 0.54 0.08 28.3 28.4 2.2
Sessions 4 1782 1285 1329 0.41 0.38 0.08 25.16 24.36 2.59
3170 2220 2545 0.43 0.40 0.12 25.45 25.41 2.55
Group of sessions 1-4 1801 1130 1306 0.42 0.40 0.09 25.59 25.57 3.03
4-5 2476 1810 2127 0.42 0.39 0.10 25.30 25.21 2.54
a) Subjective responses by type of fabric
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Fig. 7. a) Proportion of responses to the question “How would you describe the level of glare in your field of view?” on the Osterhaus and Bailey glare scale by fabrics

(sessions 1-4), and b) by session for sessions 4 and 5.

utilized the logarithmic scale because it more adequately represents
human perception and better shows the difference between B1, B2, and
G2, which are considerably lower than B7. The maximum luminance
levels derived for B7 are, on average, 5 to 11 times higher than the other
fabrics. The observed difference between the mean maximum luminance
of B2 and G2 is about twice that of B1 (1.83 between B2 and B1 and 2.12
between G2 and B1) (see Table 6).

Fig. 5b shows a scatterplot of vertical illuminance values derived
from the HDR images compared to those measured with the handheld
illuminance meter fixed right next to the camera. The results show
almost perfect adequacy between the two values, which indicates good
reliability of the HDR images. Fig. 6a shows boxplots of the vertical
illuminance measured at eye level with the illuminance meter for each
type of fabric on a logarithmic scale. We used the vertical illuminance to
describe ambient lighting conditions because the values recorded on the
desk were sensitive to the partial shading of objects (e.g., computer
screen) and facade elements (e.g., mullions) resulting from the positions
of the sun on the desk. The values were below 500 lux for a few instances
(four for B1 and one for B2 and G2), despite the curtain opening on the
Northside of the room to allow more light in the space.

3.3.2. Predicted discomfort due to glare

Fig. 5d Fig. 5e and f respectively show the range vertical illuminance,
DGP, and DGI for the different fabrics, and Table 7 provides additional
statistical values on the same metrics and scenario. Although the vertical
illuminance is not among the best practices for describing glare, it is
interesting to observe how the respective values spread out with respect
to DGP and CGI for the different fabric types. Overall, the glare
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conditions show a wide range of overlap across fabrics and few outliers.
The outliers present still valid data in terms of stable weather condition —
the low values are caused by low sun positions and therefore low in-
tensities due to athmospheric filtering of the direct solar radiation and
acute angles between the sun and the fabric plane during the early
morning sessions. For Ev, we observe an incremental increase of the
value with the fabrics (B1<B2<G2<B7) while DGP and DGI show a
different pattern, with B1, B2, and G2 being rated same range and B7
being substantially higher (B1~B2~G2<B7). The equivalence of B1, B2,
and G2 is most visible with DGI.

3.3.3. Users’ perception

Fig. 7a shows the proportion of responses for daylight glare on the
Osterhaus and Bailey glare scale by fabrics. As expected, B7 is the least
protective in terms of glare. Across our experimental conditions, glare
was perceived as “disturbing” or “intolerable” by 50% of participants for
this fabric against 4-8% for the other fabrics. If we compare these results
with the predicted glare, we see that the predictions of DGP and DGI
reasonably follows with the response pattern of participants for whom
fabrics B1, B2, and G2 are equivalent in terms of the disturbance caused.

3.4. Glare assessment for free control over fabric position

Exposure sessions 4 and 5 involved the same type of fabric, but
session 5 was different in that the participants were free to choose the
position of the fabric. The sample size is equal for sessions 4 and 5
because we only kept the sessions for which the weather was stable
during both sessions. We could keep 24 sessions which cover the
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Fig. 8. a) Boxplots of Vertical illuminance (Ev) measured by the hand-held illuminance sensor (a), DGP derived from the HDR image (b), and DGI derived from the

HDR image (c) reported for sessions 4 and 5 separately.

following fabric sample sizes: ng; = 6, ngy = 6, ngz = 7, and ngy = 5.

Eighteen of the 24 participants raised the roller blind in session 5.
When raised, the height between the edge of the window sill and the
bottom line of the blind was on average 25 cm (median 21 c¢m, min. 4
cm, max. 94 cm, sd 22 cm), resulting in an average 10° vertical opening
angle of the blind, seen from the participants position. Six of the seven
participants lifted the fabric when it was G2, five of the six lifted it when
it was B1, and three of the five raised it when it was B7. Although the
sample size per type of fabric is too small to draw any conclusions, we
note that the less visually clear tissues tended to be lifted proportionally
more often.

3.4.1. Visual conditions

The maximum luminance values derived from the HDR images
across sessions 4 and 5 are reported in Table 6. Although similar be-
tween the two sessions (the slight increase is due to the increasing
irradiance of the sun in the morning session, which was dominant), we
note that the vertical illuminance was 1.8 times higher (on average)
during session 5 (see Table 7 and Fig. 8). Opening the blinds directly
impacts the vertical illuminance, but depending on the height at which it
is raised, the maximum luminance will not be affected as long as the
blind still covers the sun disk. Thus, these observations indicate a ten-
dency to open the blinds but still maintain protection from the sun disk.

a) Session 5 only
Motivation to raise the blind (18/24)
More light in the room{ I
Be able to see outside / better view out{ NI
More light on my desk{ N
| liked to have a change{ NN
More light on my screen{ Il
(free text) Feeling more hot and comfortable{ Il
(free text) (unclear comment)| Il
Motivations NOT to raise the blind (6/24)
(free text) Too bright/ Too much light{ NN
(free text) It was well set / didn't bother me{ N
(free text) It would have took my focus off{ Il
(free text) | got used to this set up{ M
01234567 8 9101112131415

Count

3.4.2. Predicted discomfort due to glare

Fig. 8 respectively show the range of vertical illuminance (a), DGP
(b), and DGI (c) for sessions 4 and 5. Although Ev shows substantial
differences between the two sessions, DGP and DGI increase only
slightly between the sessions (see Table 7). This observation reveals the
difference between a metric based solely on saturation (Ev) and metrics
that involve a contrast term in their equation (DGP, DGI) and are
therefore able to counteract the increase in saturation with a reduction
in contrast for comparable glare between sessions.

3.4.3. Users’ perception

The amount of participants reporting glare for each condition is
displayed in Fig. 7b. We noted that only two participants reported
“disturbing” glare for session 4 and that these participants were the only
ones also to report “disturbing” glare in session 5. The number of par-
ticipants reporting “noticeable” glare in session 4 increased to 16 re-
ported in session 5, suggesting a slight increase in glare perception
between sessions 4 and 5. The subjective responses somewhat echo the
models’ prediction using a contrast term (DGP and DGI), both of which
show a slight increase in glare (median DGP going from 0.38 to 0.40 and
median DGI from 24.36 to 25.41, see Table 7). We concluded that
changes in fabric height did not increase perceived discomfort and that
participants’ subjective responses remained in agreement with the
models, suggesting that control over fabric height did not alter their
subjective judgment.

b) Session 4 and 5
Wish to change shading blind -session 4

No: | am comfortable

No: even though slightly uncomfortable

Yes: freely roll up/down the fabric

Yes: change the fabric

Yes: change the type of shading device

(no preference)

Wish to change shading blind -session 5
No: | am comfortable

No: even though slightly uncomfortable
Yes: freely roll up/down the fabric

Yes: change the fabric

Yes: change the type of shading device
(no preference)

[
I

_—

|

=

01234567 8910111213

Count

Fig. 9. a) Motivations behind blinds actions/inactions indicated during the survey of session 5, and b) Responses to the question: “Assume you have to work all day
from this space, would you like any changes to the shading configuration?” for sessions 4 and 5.
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3.5. Shading configuration preference

3.5.1. Motivations to operate the blinds

Participants were asked to indicate their motivation for controlling
or not controlling the blinds based on suggested answers and free text
fields (see Fig. 9a). The primary reasons for raising the blinds were
“more light in the room” (15/18 participants) and “be able to see
outside/better view out” (14/18). Some participants also indicated that
they wanted more light on their desks (5/18) and/or wished for a
change (5/18). Additional answers based on free text fields showed that
one participant wanted a warmer space. Reported reasons for not raising
the blinds indicate that participants found the conditions too bright (3/
6) and/or that the conditions were good and did not bother them (2/6).
One person stated that the view out (car passing) could bring them out of
focus. Finally, one person indicated having gotten used to it and thus
preferring to keep it that way.

The average vertical opening angle of 10° of the blind from the
part’cipants’ FOV to the outside allowed a view of the ground and
landscape layers (as assumed to be important according to the literature
[23]) but not of the sky, which may seem logical given the sunlight
conditions tested. Glare perception was not affected because the in-
crease in saturation was offset by the decrease in contrast between the
glare source and ambient levels. The small change in height therefore
provided benefits in terms of views to the exterior and light levels,
without being negatively impacted by discomfort due to glare.

3.5.2. Effect of users’ control on blind preference

We compared the results of the ‘wish for change’ question (consid-
ered to reflect participants’ preference) between sessions 4 and 5. The
results are reported in Fig. 9b. In total, 20 out of 24 participants were
willing to keep the shading configuration of session 5 compared to the
15 participants during session 4. Two participants in session 5 wished to
further control the height of the fabric (we only allowed them to change
the height at the beginning of the exposure). These results suggest that
offering control over users’ fabric can effectively address acceptability
with their visual conditions.

4. Discussion
4.1. Glare, daylight levels and view out

While the subjective responses for sessions 1-4 are unequivocal in
terms of the glare protection provided by B1, B2, G2 compared to B7

when the sun is in the center of the FOV, annual assessments would be
necessary to bring conclusive statements on the effect of the different

Position index
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6.5
55
4.5
35
25
15
0

Fig. 10. Sun positions seen from the participant’s FOV overlaid with the Guth
position index, which is used in glare models.
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types of fabrics over time. Indeed, participants always had the sun right
in the center of the FOV resulting in a low position index (mean = 3.6,
median = 3.7, sd = 1) (see Fig. 10), which correlates with higher glare
prediction. As shown in a study based on electrochromic glazing using a
similar experimental set-up [68], the change in position index from 2.5
to 6.2 (on average) between two similar facade scenarios was accom-
panied by a shift in glare perception from 54% to 21% on the binary
glare scale (still considering stable sunny weather). Since building oc-
cupants are not accustomed to rotating their desks throughout the day to
follow the sun’s path, the naturally changing position of the sun over a
day would likely make a significant difference in the overall (temporal)
glare disturbance for B7. Further, the weather screening was oriented to
provide ideal sunlight conditions, which is not necessarily representa-
tive of all geographical regions.

Evalglare bases its glare evaluation by distinguishing the glare source
from the rest of one’s FOV according to a threshold value of 50’000 cd/
m?. This method works well when the glare source is clearly above that
threshold and the other areas of the image are clearly below that
threshold, which is the case of most glare configurations. However, in
the case of glare from the sun seen though a fabric shading, the sunlight
tends to propagate along the material through internal reflections
leading to a continuity of luminance values around 50’000 cd/m? While
we kept this default threshold for our analysis, we note the uncertainty
provided by the component of the method, and the need to refine peak
extraction thresholds in future research.

Previous literature had highlighted the presence of a possible
‘forgiveness factor’ for discomfort glare in the case where occupants are
provided with a satisfactory view to the outside [46,47,69]. Considering
the DGP value was rather constant between sessions 4 and 5, we could
not observe this forgiveness effect, that should otherwise have resulted
in a lower glare perception by the subjects in session 5. Our experiment,
however, was actually not designed to emphasize such a forgiveness
effect: sessions 4 and 5 were not randomized, and the fabric remained
the same, allowing participants to remain on the same subjective
assessment of glare. Possible forgiveness mechanisms, by definition
unconscious, therefore could not take place. Conversely, the fact that
neither the subjective responses nor the DGP increased does not neces-
sarily imply the absence of forgiveness.

We only relied on daylight during our experimental sessions and
often had to open the black-out curtain of the Northern side and/or the
side door to increase the illuminance in the space. Despite this action, we
sometimes could not meet our target of 300 lux for B1 and B2. Although
this study did not focus on illuminance per se, it is important to note that
fabrics with low OF and 1, could not provide the desired illuminance
levels when fully down despite the clear sky conditions. At the same
time, B7 and G2 allowed for substantially more daylight penetration into
the room. The EN14501:2021 daylight utilization class categorizes B1
and B2 as 0 (very little effect) and G2, and B7 as 1 (little effect) in terms
of their effect on visual comfort. However, this classification is only
based on the diffuse-hemispherical visual transmittance, which would
correspond to a diffuse sky condition. The standard utilizes the diffuse
transmittance to reflect the “global” ability to transmit light for all an-
gles of incidence (hereby accounting for different sun positions, since
fabrics have a strong angular dependance). While the resulting classes
applied to our fabric properly reflect the gap between B1/B2 and G2/B7,
the test conditions are still too remote to adequately comment on this
classification.

Achieving the desired desk-level illuminance in an office can obvi-
ously also be done through the use of artificial lighting. Yet, in order not
to fall into the paradox of using artificial light when the outdoor light
levels would allow to do without it, the use of darker fabric types with
low OF in buildings with automated blind controls should be accom-
panied by the adoption of control strategies that allow for partial
opening and closing. As observed, even a small opening (15% of total
window area) made a big difference in terms of daylight levels under the
sky conditions of this study. Consideration of a combination of criteria —
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implicating glare, view out and daylight in addition to examining heat
gain — appears to be more meaningful than an operation based solely on
energy concerns. Such an approach would also address the necessary
trade-off recently highlighted in Lee et al. [70] on the importance of
daylight and window views as a contributor to the health and well-being
of building occupants while not losing sight of the implications on en-
ergy efficiency and carbon profile of buildings.

While 8 out of 24 participants chose to partially reopen the fabric
blinds, none of them raised the blinds in a way that direct sun would be
in their FOV. The free control of the blinds allowed us to highlight the
important role of contrast in the perception of the glare. By opening the
blinds, the occupants did not increase their discomfort rating due to
glare despite the substantial increase in illuminance in the space. DGP
and DGI remained at comparable glare levels, as did the respondents’
responses, but Ev increased by a factor of 1.8, making it inadequate in
such conditions where the increase in saturation is offset by the decrease
in contrast.

4.2. Glare and view out classification schemes

The types of fabric tested globally behaved according to the logic “3
against 17, where B1, B2, and G2 led to low visual clarity and high glare
protection, while B7 led to substantially higher visual clarity and lower
glare protection. At the first sight, the class 2 (“moderate effect”)
assigned by the EN14501:2021 [8] to G2 regarding visual contact ap-
pears too optimistic, whereas the class 3 (“good effect™) assigned to B7 a
little too strict. Based on the present findings, we would suggest G2 to be
moved to class 1 ('little effect") and B7 to class 4 (“very good effect”). It
would however be necessary to have more tests involving more fabrics
to establish more general laws regarding the classification according to
the fabrics’ properties. By contrast, the VCI [38] ranked B1 at 0.55, B2 at
0.527, G2 at 0.21, and B7 at 0.75, This ranking is in general agreement
with both the subjective visual clarity votes and the acuity performance
test, however, with the 1VCI overestimating the clarity of the two least
transmissive fabrics (B1 and B2). VCI* was further away than VCI. For
discomfort glare protection, the EN14501:2021 [8] classified B1 as class
4 (“very good effect”), B2 as class 3 (“good effect”), and G2 as class 1
(“little effect™), while the three fabrics showed comparable glare pro-
tection. Our results showed some inconsistencies with the standard’s
classifications for visual contact and glare.

Both the EN14501:2021 classification and the VCI require data on
fabric properties that must be accurate to enable reliable categorization.
We were fortunate to obtain the detailed visual transmittance data from
the manufacturer, which we could confirm and refine by running
additional measures. However, the reported OF was off, and based on
the manufacturer’s data, the VCI would have been far from the current
output (G2 ranked as offering higher clarity than B1, and B2 was not
classifiable as its OF>1,). Overall, we could not find a reliable procedure
for calculating the OF. Yet, the VCI is highly sensitive to OF, and just a
difference of 1% can make a considerable change in VCI. We checked for
the absence of diffraction and equated OF to 71, in the case of opaque
charcoal samples. Before that, we tested a method involving macro
photography and pixel count, but it seemed more error-prone than the
retained method. A reliable method for OF is missing, which constitutes
a clear gap. More generally, having reliable data on OF (0.1% precision)
and 1y (0.001 precision) is an essential condition for the meaningful
application of VCI in the practice.

We assume the inferior performance of VCI* is related to the usage of
Ty,n-n instead of the OF that is used by VCI. While the OF considers only
the undistorted, non-scattered light passing through the material at
normal incidence, Ty . is @ measured quantity that also includes scat-
tered light from the fabric-threads that is visible to the opening of either
the light trap of integrating spheres or of a collimator measuring directly
Ty,n-n. Both measuring methods have typical opening angles of 5°-8°,
which means the measurement includes also partly scattered light. For
the quantification of the view clarity only the undistorted, non-scattered
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light passing through the material at normal incidence is relevant to
reconstruct an image by the eye, the scattered light actually reduces the
seen contrast. For that reason, it is expected that the VCI* in its current
form cannot reliably quantify the clarity through fabrics that scatter the
light (which means all non-black colors). An additional potential reason
of the weaker performance of VCI* is the usage of manufacturer pro-
vided optical data instead of measured data.

Three quarters of the participants chose to partially open the fabric
blinds in session 5. According to the literature on occupant control, the
question of changes in occupant behavior regarding blind operation is
particularly relevant in shared office situations, where interactions with
blinds have been observed to decrease when the number of people gets
larger [71,72]. In addition, the fact that the researcher explicitly told the
participants that they were allowed to control the height of the blinds
according to their preferences may have influenced the participants’
natural behavior, a phenomenon commonly defined as the "Hawthorne
effect" [73]. Nevertheless, the action taken by the participants is the one
that reflects their preferences in their particular setting and as such
should not be overlooked. It is thus important to consider the system’s
operability in both automatic control strategies and future quantifica-
tion measures related to view quality. While quantifying the clarity of a
given fabric makes more sense with closed shades, the procedure for
comprehensively quantifying the quality of a view out should reflect the
operability of shading systems and the fact that even a small change in
the height of the shading system (here from an average viewing angle of
10° at eye height) can strongly change the perception of the connection
to the outside. This result echoes previous observation suggesting that
even a very small window contributes to a feeling of safety by providing
a continuous contact with the outside world [74]. These results can be
also interpreted in a way, that if the control of the height of the fabric
shading is effectively available to the users, then the fabric material
could be chosen mainly according glare requirements— the view pref-
erences could be then fulfilled by giving the height control.

4.3. Color measurements

To our knowledge, there is no established procedure for calculating
the shift in outdoor colors caused by the use of fabrics as a shading
device. We developed our method inspired by Ko et al. [75] through
which coordinates of color samples attached to a board outside were
calculated from images captured with and without the fabric. The cho-
sen procedure developed in this paper used Euclidian distances based on
the CAMO02-UCS color space opens new perspectives for including
objective metrics for color fidelity evaluation in view clarity assessment
of fabrics. Studies have however highlighted the influence of light levels
on color fidelity evaluation and preference [76-79]. Fabric shadings
typically imply different light levels as observed in our experiment (see
Fig. 6a). Although we observed agreement between objective color fi-
delity and subjective impressions of color naturalness, we did not assess
the impact of light levels on perceived color fidelity and suggest future
studies to address this gap.

4.4. Future metric developments

Finally, we believe that future view clarity indices could be devel-
oped based on photographic data and could include context recognition
capability, a. k.a., outdoor view reconstructability [80], which would
allow the comparison of different types of blinds (such as fabrics,
venetian blinds, pattern shading). The operability of the shading devices
is another important point. While the literature agrees on the impor-
tance of occupant control in office spaces, it is surprising that view
clarity quantification scheme do not account for it, leading to a research
gap. Lastly, it would be relevant to devote more attention to the
"Hawthorne effect" in the field of building science and to develop test
procedures that make the very presence of the study to become
unnoticed.
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5. Conclusion

This study focused on glare perception, view out, and blind control
for shading fabrics with low OF and the sun in the FOV. It is based on
human subject experiments and was conducted under stable sunny sky
conditions with the sun close to the central part of the participants’ FOV.
It consisted of five exposure sessions with sessions 1 to 4, where different
types of shading fabrics (roller shades) were installed entirely in random
order; and session 5, where the last tested shading fabric (exposure 4)
was kept for an additional session where control over the height of the
fabric was left to the participants, to allow us to study participants’
control preferences and motivations.

From sessions 1-4, we learned that fabrics with OF = 2.4% cannot
provide an adequate view to the outside, but do provide proper pro-
tection from glare when the sun is in the center of the FOV. A virtually
black (charcoal-colored) fabric of = 6.6% brought 50% discomfort glare
votes (situation considered as “disturbing” or “intolerable”) under our
experimental set-up. Yet, since the sun position and the weather une-
vitably vary over time especially in real-life use, annual and climate-
based studies would be necessary to judge such a fabric’s overall glare
protection efficiency. Fabrics with a nearly black color and with
OF<2.4% drastically reduced daylight levels in the room, and in the
context of our test room, we could not manage to reach 300 lux on the
participant’s desk without opening additional blinds in the room. Our
results also showed some inconsistencies with the EN14501:2021 [8]
classifications for visual contact and glare but higher agreement with the
VCI on view clarity [38]. It is important to note that the VCI over-
estimates the clarity of the two least transmissive fabrics (B1 and B2),
that it is sensitive to its input indices (OF and t,) and that approximate
values may make its application irrelevant. The newly developed VCI
[39] (labelled as VCI* in this study) was not outperforming the VCI.

Three-quarters of the participants decided to partially raise the
blinds in session 5, primarily to increase the brightness in the space and
to have a view to the outside. Discomfort glare assessments showed that
participants did not substantially change their perception between ses-
sions 4 and 5. This result was in line with glare predictions models
involving a contrast term (such as DGP and DGI), where the decrease in
contrast can counteract the increase in the saturation. While the change
in the blind opening was relatively small (15% of the total window area),
it made a large difference in indoor daylight levels and participants’
views out. As such, controlling the automated operable blinds systems
according to the “all or nothing” approach would appear to be a bad
practice, and the view quality indices would gain relevance if they
included the benefit of operability in their quantification schemes.
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