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Abstract: The sound insulation of the façade and its elements is a very important characteristic, as
it largely determines the degree of sound protection of the building’s interior from external noise
sources. This feature, therefore, has a great influence on the acoustic comfort and health of the
occupants. For this reason, it is very important that the way in which the sound insulation of the
façade is quantified and represented corresponds to the way it is perceived. Although there have
long been regulations describing how it should be measured and expressed through Single-Number
Quantities (SNQs), there is much scientific debate about the appropriateness of current standardised
methods for expressing sound insulation, in terms of whether they accurately represent human-
perceived comfort. In this regard, much of the debate centres on the frequency range to be considered
when expressing sound insulation, with no consensus as to whether the low-frequency bands (i.e., 50,
63, and 80 Hz) should be used for the calculation of façade sound insulation SNQs. In order to
contribute to this knowledge, we conducted a listening test using a Two-Alternative Choice (2-AC)
protocol on a sample of 100 participants to test whether participants’ annoyance with urban noise
changed significantly with variations in window sound insulation only in the low-frequency range.
The results of the experiment, analysed using Thurstonian models, showed that the influence of low
frequencies is limited for the sound insulation of the tested window façade elements and urban-type
noise of aircraft and mixed urban traffic at low speeds and only becomes relevant when the sound
insulation of the elements is exceptionally low in the low-frequency range.

Keywords: sound insulation; low frequency; listening test; discrimination; perception

1. Introduction

The sound insulation of building construction elements has a direct impact on the
spectral sound levels transmitted from the outside into a given enclosure separated from
other enclosures or from the outside by walls or other types of structural partitions.

Being such an important characteristic, regulations have been developed over the years
to describe how to measure it accurately [1–3]. In addition, SNQ calculation standards have
been developed [4], to describe the sound insulation of elements by a single number, taking
into account the spectral behaviour of the sound insulation and which can be adapted to
different types of incident noise.

Specifically, these SNQs are used both in the development of new construction projects
and in the evaluation of the quality of built elements, both in situ and in the laboratory.
As reviewed in [5,6], many different SNQs have been defined over the years, taking into
account different calculation methods and specific spectral adaptation terms for different
types of incident noise, as well as considering different frequency ranges for the calculation.
The purpose of all these variations has been to try to represent, by means of a single value,
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the spectral behaviour of the sound insulation as accurately as possible, in order to be able
to faithfully represent the sound protection provided by the construction elements to the
occupants and users of the buildings. However, many studies [7–15] have been carried
out to assess the representativeness of existing SNQs on the subjective perception of the
sound insulation provided by building elements and have shown that there is much room
for improvement.

While some research [15–20] has tried to shed light on this fact by proposing im-
provements to the calculation methods and reference curves in order to obtain new SNQs
that are more representative of subjective perception, the current scientific debate is still
mainly focused on the frequency range to be used to accurately describe sound insula-
tion. Currently, it is considered in standards that sound insulation should preferably be
measured with a spectral resolution of 1/3 octave, with the most-common measurement
ranges being between 100 and 3150 Hz and the extended version from 100 to 5000 Hz.
However, some studies [9,11,21,22] argue that, at least for some types of incident noise,
the low-frequency range (i.e., the 1/3 octave bands of 50, 63, and 80 Hz) is also crucial for
the correct and perceptually robust definition of sound insulation, also considering that,
as reviewed in [23], health studies have shown a negative correlation of low-frequency
sounds with quality of life and health. Nevertheless, the inclusion of this range remains
controversial, as the standardised measurement method for these low-frequency bands is
more time-consuming and complex and presents certain unknowns when dealing with
specific measurement scenarios [24]. In addition, the measurement uncertainty for these
low-frequency bands is significantly higher than for the rest of the range [25]. Further-
more, several perceptual studies [7–11,13–15,26] have questioned the overall usefulness of
including the low-frequency range to obtain perceptually robust SNQs.

In the specific case of the sound insulation of façades, as mentioned in [22], there are
not too many studies to date. Among the most-relevant are [15,20,22,27]. In [15,27], it was
found that, in general, for different types of urban noise, using the currently standardised
SNQs, starting at 100 Hz is sufficient to obtain a good expression of the sound insulation
in perceptual terms. Similar results were obtained in [22], specifically for different types
of urban traffic at different speeds. In the latter study, it was observed that, sometimes, a
characterisation from 50 Hz might be more appropriate, but that, in general, it would be
sufficient to calculate standardised SNQs from 100 Hz. Finally, a study [20], based on the
perceptual data obtained in [22], showed that, by using new optimised reference curves
for the calculation of SNQs, characterisations from 50 Hz could obtain results even more
correlated with perception than those currently standardised from 100 Hz.

In response to the results of some of these perceptual investigations, the work by [21]
hypothesised the weak validity of the results of some studies to determine the relevance
of the low frequency, since, among other reasons, they were not fully and independently
focused on the low-frequency range.

Based on this discussion, the present research aimed to evaluate the relevance of
the low-frequency range of sound insulation to the perception of annoyance. While this
influence is also relevant for airborne and impact sound insulation, the present investigation
focused on the influence on the perception of the low-frequency range of sound insulation
of façade elements (i.e., windows) for urban-type incident noise, which usually contains
relevant energetic components at low frequencies. To this end, the present study focused
exclusively on the variation of sound insulation in the low-frequency range.

In order to carry out this research, a listening test following a 2-AC protocol was
administered to a sample of 100 participants. In this test, participants made 36 comparisons
of two stimuli and, for each comparison, reported which of the two stimuli was the most-
annoying, if they could perceive a difference. The two stimuli in each trial consisted of
the same urban sound sample attenuated by two different filters corresponding to Sound
Reduction Indices (SRIs) with differences in the 1/3 octave bands of 50, 63, and 80 Hz and
no differences at higher frequencies. The listening test was repeated for two different sound
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samples, one with aircraft overflight noise and the other with mixed urban traffic noise at
low speeds.

To assess whether participants were able to discriminate the stimuli in a meaningful
way, due to the varying low-frequency attenuation, Thurstonian models [28], their per-
ceptual distance metric d′, and their p-value significance were used, as in some previous
studies by the authors [15,29].

Furthermore, a Chi-squared (χ2) test [30] was performed to assess whether, for the
same comparisons, the participants’ judgements differed significantly depending on whether
the sound sample used to construct the stimuli was that of aircraft noise or urban traf-
fic noise.

The remainder of this article is structured as follows: Section 2 presents the methodol-
ogy used to carry out the research and all the details of preparing, designing, conducting,
and analysing the listening test. Section 3 reports the discrimination perceived by the partic-
ipants in the comparisons for both the aircraft and the urban traffic sound samples. It also
shows the significance of the variation in the perceptual judgements of each comparison as
a function of the base sound sample. Section 4 provides a critical discussion of the main
research findings, focusing mainly on the relevance of low-frequency sound insulation to
annoyance perception. Section 5 summarises the main conclusions of the research.

2. Materials and Methods
2.1. Listening Test Protocol

An attribute-related 2-AC difference testing protocol, as shown in Figure 1, was
followed. In each trial or comparison of the test, the participants were presented with
two sound stimuli (i.e., Stimulus A and Stimulus B), one after the other. After listening to
both, the participants had to state which stimuli, “A” or “B”, was more annoying (i.e., the
attribute evaluated was “annoyance”), being able to mark “No Difference” when no clear
difference was perceived.

Figure 1. Screenshot of the listening test interface used by the participants during the experiment.

In this experiment, as will be explained in more detail in Section 2.2, participants
compared nine stimuli, resulting from filtering an urban-type sound sample by nine SRIs
(i.e., W1 to W9) with sound insulation variations in the 50, 63, and 80 Hz frequency
bands. This led to a total number of 36 (i.e., W1–W2, W1–W3, ..., W8–W9) comparisons.
The participants performed this experiment for two different sound samples, named S1 and
S2. Therefore, the total number of judgements made by each participant was 72. As can be
seen, participants only performed each comparison once for each sound sample, with no
multiple replications of the comparisons. This is because the ISO 5945:2005 standard [31],
and many other references, such as [32,33], explicitly discourage the use of replications for
this kind of protocol, if the sample of participants is sufficient, as in our case.

Difference testing, as previously used in [13–15], was chosen instead of scale
testing [7,9,11,22,34], since its adequacy for perceptual assessments in the field of sound
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insulation has been recently highlighted [29,35]. Furthermore, sources of bias are often
easy to control in difference testing protocols, which are also free of well-known biases
in testing with scales such as the non-linearity of scales bias [36] and the bias towards
central ratings [37,38]. In particular, the 2-AC was chosen since the two-alternative forced
choice (2-AFC) test is considered to be the attribute-related difference testing protocol with
the greatest operational power [39] and its non-forced version (2-AC) prevents some bias
derived from not allowing participants to state that no difference is perceived [40–42].

The protocol was delivered to the participants by means of the DiTAA toolbox for
Matlab® [43], which guides them to follow the protocol in an orderly manner, but allowing
them to proceed at their own pace, to minimise fatigue and ensure maximum engage-
ment [43]. This toolbox also guarantees that the data have statistical independence by
presenting the comparisons, and the stimuli in each of them, randomly for each participant.

2.2. Synthesis of the Listening Test Stimuli

Figure 2 depicts, in three steps, the process followed for the construction of the listening
test stimuli:

1. Two short-duration urban-type binaural sound samples were selected, from out-
door recordings;

2. These sound samples were processed using filters that mimicked the response pro-
vided by nine SRIs obtained in the range [50–5000] Hz, with differing attenuation in
the bands of 50, 63, and 80 Hz;

3. The previously filtered signals were additionally processed using a filter with the
inverse frequency response of the headphones used during the test, to mitigate the
possible influence of the frequency response of the playback device on the assessments.

Figure 2. Schematic illustrating the process followed for the synthesis of the stimuli used during the
listening test.

In this way, 18 binaural audio samples were obtained (i.e., 9 stimuli for each urban-type
sound sample), which mimicked the sensation of listening to the urban noises attenuated
by the sound insulation of the nine different construction elements. Although in a real-life
scenario, the acoustics and background noise of the receiving room could affect the percep-
tion, these factors were not considered in the present research. Since no background noise
and room characteristics are standardised for this kind of test, the experimenters would
have to select them, and this could potentially lead to additional biases and unknowns in
the test. Moreover, adding this feature would change the purpose of the study, not only
focusing on the perception of sound insulation variations, but also on room characteristics.
Consequently, for each sound sample, the only difference between the nine stimuli was
their spectral content due to the SRI used. In any case, in Section 4, comments will be made
on how these characteristics could affect the results of the perceptual judgements, if they
had been taken into account.

The filtering process was carried out using high-order finite impulse response (FIR)
filters to accurately replicate the attenuation provided by each SRI, whose spectral infor-
mation was detailed in 1/3 octaves. The filtering was performed with a bidirectional
zero-phase Matlab® filter, to prevent the modification of the phase of the original sound
samples in any way.
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2.2.1. Selection of the Sound Samples

Considering the purpose of the study, it was important to select representative excerpts
of urban-type sounds to be the outdoor sound samples (i.e., Step 1 in Figure 2).

For this purpose, urban sound recording campaigns were carried out in the city of
Madrid, including two types of recordings:

• Fifteen-minute recordings in 13 locations in the city of Madrid, where the main
source of noise was mixed traffic (i.e., light, heavy, and motorcycles) with different
proportions of vehicle types and road speeds. In some of these locations, several
recording sessions were conducted in different weeks.

• One-hour recordings of aircraft overflights in the vicinity of the Adolfo Suárez Madrid-
Barajas airport, on different days. These measurements were carried out in two
different urban environments without road traffic and where the main source of noise
was aircraft noise.

All of these recordings were taken on days with no adverse weather conditions (i.e.,
no excessive winds or rain). The recording device was a high-precision B&K Pulse data
acquisition device, managed through the Sonoscout® v. 2.0.443 software. This device was
connected to a B&K Type 4100-D Dummy Head. The recording format was WAV with a
32 bit resolution and a sampling rate of 96 kHz. More details of the recording methodology
and equipment can be found in [44].

From these recordings, a selection of representative excerpts of different urban situa-
tions (i.e., traffic at different speeds, pedestrian noise, aircraft noise, etc.) was conducted.
This process, which is briefly described below, can be found in schematic format in a
previous publication [44]:

1. For each recording location, the averages of the main psychoacoustic indicators [45]
(i.e., loudness, sharpness, roughness and fluctuation strength) were computed for
the whole recordings. If a recording location was measured in several sessions,
the average was then calculated from the averages of each individual recording.

2. Each recording was then divided into small fragments. For the traffic environments,
10 s segments were chosen. For the aircraft environments, we manually extracted
each individual aircraft event recorded.

3. The same psychoacoustic indicators were calculated from all of these short excerpts.
4. An automatic selection process was then used to find the fragments with all their

psychoacoustic indicators close to those of the complete recordings, within a small
range of variability.

5. Although this process may sometimes return only one fragment, often, a small group
of samples met the criteria for each location. The final decision on which fragment
to use was made by critical listening, avoiding fragments with abrupt beginnings or
ends and large fluctuations in level.

Because this robust selection process was based on statistical criteria and highly
perceptual psychoacoustic indicators, it provided final sound samples that can be consid-
ered good and representative proxies for the usual behaviour of the environments and
emitters evaluated.

From the representative fragments, those belonging to low-speed mixed vehicle noise
and aircraft overflight were selected. These types of urban noise are among those that
normally have the highest prominence of low frequencies and are also relatively frequent.
The spectra of the two sound samples are shown in Figure 3, where S1 and S2 refer to the
aircraft fragment and the urban traffic excerpt, respectively.

S1 consists of the overflight of a single commercial aircraft at a low altitude of about
1.5 km above the ground, with the recording location about 3 km in a straight line from the
end of the runway. The height above ground level was determined during the recording by
the B&K Webtrak online monitoring system. This software also provided the aircraft model,
which, for this excerpt, belonged to the most-common family of aircraft in [46]. Indeed,
the shape of S1’s spectrum is very similar to that of this family [46], albeit at a slightly
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higher overall level. This, together with the fact that the location was so close to the airport
and that the aircraft was in initial climb, made this sample a representative overflight in a
high-aircraft-noise environment.

The Dummy Head was placed with its back to the nearest façade and at a distance of
at least two meters from it. The overflight took place in front of the Dummy Head at the
height described.

Regarding S2, this was a fragment of a low-speed urban traffic (i.e., recorded on a
street with a 50 km/h speed limit), consisting of a passing car and the sound of a motorcycle
and a delivery van. Its spectra resembled the average of those presented for light urban
traffic noises at different speeds in [22], especially at low frequencies. At the location where
S2 was recorded, the Dummy Head was with its back to the nearest façade and parallel to
the road. The distance from the façade to the back of the Dummy Head was about 2.5 m,
with the road in front of the Dummy Head at about 1 m.

The short duration of both sound samples (i.e., 10 s) is important in comparative
approaches to reduce the effect that amplitude modulation [35] might have on perception.
It is important to note that participants should perceptually evaluate the entirety of the
stimuli and not just their beginning or end [22].

Figure 3 shows that both sound samples had very similar band levels (BLs) for the
1/3 octave bands of 50, 63, and 80 Hz (i.e., a difference of 0.7 dB at 50 Hz, 1 dB at 63 Hz,
and a negligible difference at 80 Hz), but very different spectral behaviour for the rest. This
spectral similarity in the low frequencies was very convenient for the experiment, as it may
allow assessing whether the spectral relationship between the low-frequency bands and the
adjacent ones in the usual measurement range (i.e., 100–5000 Hz) may have an influence on
the perception of low frequencies.

Figure 3. Band levels for the 1/3 octave frequency bands in the range [50–5000] Hz of the two sound
samples employed. S1—aircraft (blue). S2—urban traffic (red).

2.2.2. Determination of the SRIs

The determination of the SRIs used to filter the sound samples and construct the test
stimuli was based on a statistical study of façade elements commonly used in European
construction in recent decades. As the window is usually the worst sound-insulating ele-
ment in the façade, only window element measurements were considered in this statistical
study. Although façades can consist of several elements, such as several windows and the
solid wall, we decided to use SRIs from measurements of individual window elements
only, in order to avoid the peculiarities of each construction design.

Finally, the SRIs in the range of [50–5000] Hz of 31 elements were collected. These
SRIs were obtained from laboratory measurements, following the procedures of ISO 10140-
2:2021 [3] and the requirements of the ISO 10140 series of standards regarding transmission
chambers, as well as the dimensions and mounting of the tested element. Although many
of the SRIs were derived from our own measurements, some were also obtained from
building component catalogues and simulation software.
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Figure 4 shows the SRIs of each element, as well as the mean and standard deviation of
all of them, to allow a visual assessment of the dispersion of the data. However, for the sake
of brevity and clarity, Figure 4 does not include legends, nor are tabulated values given,
as these SRIs were only used for the statistical study. However, a detailed description of
the elements and their Rw is given in Table A1 of Appendix A.

In this sense, since our study focused only on the assessment of low frequencies,
the final SRIs used to filter the sound samples did not belong directly to any of the reported
spectral curves, but were constructed according to the next statistical procedure:

• The 31 SRIs mentioned were used to calculate the mean and standard deviation of the
original dataset (Figure 4), in the range between 50 Hz and 5000 Hz.

• Using a Monte Carlo approach, 1000 simulated SRIs were obtained, which laid within
two standard deviations of the original data (i.e., covering 95% of its variability) for
all frequency bands in the range [50–5000] Hz.

• From these 1000 simulated SRIs, nine were selected: six at random and the other three
corresponding to the upper and lower bounds of the Monte Carlo simulations and the
mean SRI.

• The nine finally constructed SRIs had the values of the nine selected SRIs for the
frequencies of 50, 63, and 80 Hz, all with the same attenuation (i.e., the values of the
average, as shown in Figure 4) from 100 Hz up to 5 kHz. Figure 5 shows the final
SRIs, whose specific values, for the low-frequency bands, are given in Table 1. It was
considered that the experimenter’s bias was minimal in this process, as the SRIs were
chosen randomly, except for the extreme and mean cases.

Figure 4. SRIs of the 31 window elements and their mean and standard deviation.

Figure 5. Final SRIs employed to construct the filters with which the sound samples were attenuated.
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These final SRIs were used to construct the filters that attenuated the sound samples,
to synthesise the listening test stimuli.

Table 1. R - Sound Reduction Index of W1 to W9 in the 1/3 octave bands of 50, 63, and 80 Hz.

Freq. R - Sound Reduction Index (dB)

(Hz) W1 W2 W3 W4 W5 W6 W7 W8 W9

50 26.3 15.0 37.6 21.3 29.8 24.8 25.0 31.3 17.7
63 25.6 14.7 36.5 23.2 26.9 26.9 34.1 21.8 25.0
80 22.8 14.7 30.9 19.3 29.2 19.4 18.4 29.8 16.6

100

Values in each 1/3 octave band equal for W1 to W9; see Figure 5 for further details
.
.
.

5000

It is worth noting that, below the 50 Hz band and above the 5000 Hz band, all the
filters applied the same attenuation to the sound samples. These attenuations were those
of the mean SRI in the 50 Hz and 5000 Hz bands, respectively. This procedure avoids the
potentially drastic action of band-passing the sound samples in the [50–5000] Hz range.
In this way, the energy of the sound samples in the remaining frequencies was not excluded,
but it was ensured that all stimuli heard during the test, for each sound sample, had the
same energy in the frequencies outside the [50–5000] Hz range.

As can be seen from Figure 5 and Table 1, these final SRIs covered a good range of
variability in the low-frequency bands, in line with the dispersion of the original data,
and although they may not correspond to specific cases, they were considered to provide a
detailed perceptual assessment of the effect that variability in the sound insulation over
the range of the original data may have on annoyance. In fact, the low-frequency shape of
the W4 to W9 elements, with its peaks and valleys, followed the same trend as some of the
measurements in the original dataset, as well as those of some of the glazing and window
elements presented in [22]. W2 and W3 can be considered as extremes of performance
within the range of the original dataset.

2.3. Analysis Methods
2.3.1. Assessment of Discrimination and Perceptual Distance between SRIs

For each pairwise comparison, preference counts were obtained. These represent
the total number of participants who, for a given annoyance comparison between two
stimuli “A” and “B”, chose each of the three possible answers “A”, “B”, or “No Difference”.
From these, discrimination and perceptual distance scores were computed using a specific
Thurstonian model fitted for the 2-AC protocol [33,47]. Thurstonian models assume that the
intensity of a given attribute of a stimulus can be represented as a probability distribution
of the neural input [28]. Therefore, in a trial where two stimuli are compared, a continuous
measure of the perceptual difference can be derived from the distance between the two
probability distributions. This distance, measured in standard deviations, is known as d′.
In this sense, d′ represents how large the perceptual difference between the stimuli is.

Although the size of the difference (i.e., d′ in Thurstonian models) is considered to
be the most-relevant metric in difference testing [48], it is important to perform signifi-
cance tests to ensure robustly that participants were not simply guessing [48] in a given
comparison. Significance tests can be derived from the results of the Thurstonian analysis.
The p-value obtained from these tests for all comparisons allowed us to check whether par-
ticipants actually perceived a clear difference between the stimuli. A threshold of 0.05 was
chosen for the p-value (i.e., p-value < 0.05), which allowed ensuring a robust perceptual
discrimination at a 95% confidence level. Below 0.05, the lower the p-value, the greater
the robustness is.
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The calculation of the d′ metric and associated p-value was performed using the R v.
4.0.5 package sensR v. 1.5-1 [49].

2.3.2. Dependence of Preference and Perceptual Distance on the Sound Sample

An independence test was performed to assess whether, for the same comparison,
the particular sound sample (i.e., S1 or S2) used during the listening test resulted in a
significant change in low-frequency discrimination.

This analysis was considered relevant because S1 and S2 had similar energy contri-
butions in the low-frequency bands, but were very different at higher frequencies and
also had different temporal structures. Furthermore, also because the susceptibility of the
participants to find certain frequencies more annoying for one or the other type of noise
may also be different.

This test of independence could be performed on the listening test data at two different
analysis stages: (1) directly on the preference counts, which are discrete and categorical
quantities, or (2) on the already-computed d′ metrics and their standard errors, which are
continuous numerical quantities.

The most-appropriate independence test for the two metrics differs, precisely because
one metric is categorical (preference counts) and the other is numerical (the value of d′).
Probably the best-known independence test, the Student’s t-test, is appropriate when the
input data are numerical and continuous [50], whereas the Chi-squared (χ2) test is more
appropriate for discrete and categorical data [30].

Since the calculation of d′ already involves a transformation of the data obtained
during the listening test, it was decided to perform the test of independence directly on the
preference counts, and considering that the number of observations was large enough [30],
a Chi-squared test was used.

The calculation of the Chi-squared test was performed in Python®, with the help of the
Statistics package (scipy). No correction for multiple comparisons (e.g., Holm, Bonferroni,
etc.) was applied as only two conditions (i.e., S1 counts vs. S2 counts) were compared.

3. Experimental Setup and Procedure
3.1. Environment

The listening test was carried out simultaneously in two different facilities in order to
gather as many participants as possible. The first of these was a Demvox Eco100 soundproof
booth (Figure 6a) located at the Escuela Técnica Superior de Arquitectura of the Universidad
Politécnica de Madrid (UPM). The second (Figure 6b) was the anechoic chamber at the
Escuela Politécnica Superior of the Universidad Carlos III de Madrid (UC3M).

Although there were two test facilities, their characteristics were very similar. Both
venues were very quiet and had extremely low reverberation times. In fact, in the
[50–5000] Hz frequency range, the background noise in both rooms was generally below
the ISO 389-7:2019 [51] hearing threshold, with some bands very slightly above it.

(a) UPM (b) UC3M
Figure 6. Listening test facilities.
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In addition to their acoustics, the lighting and colour of the wall coverings in both
rooms were neither excessive nor obtrusive, creating a rather neutral visual experience.

3.2. Hardware and Calibration

Participants’ responses should focus solely on their assessment of the quality or
qualities being evaluated, i.e., their perception of annoyance associated with variations in
low-frequency attenuation. For this to be the case, it is important that the playback system
faithfully reproduces the designed signals.

Given that the stimuli were binaural, the simplest way to reproduce them faithfully
was through headphones. In particular, two identical pairs (i.e., one for each evaluation
room) of Sennheiser HD-650 open circumaural headphones were used. These had been used
for approximately the same number of hours prior to the experiment, so their performance
was very similar. This model of headphone was chosen because of its standard wide spectral
flatness and also because of its openness, which minimises the likelihood of significant
variations in the low-frequency range due to the effect of spectral leakage as a result of
head fit [52]. The only drawback to using this type of open headphone is that the test
room must be extremely quiet. As mentioned above, this condition was met due to the low
background noise of both test enclosures.

These headphones were connected to a computer running the DiTAA toolbox [43]
via two similar audio interfaces (i.e., an RME Fireface UFX interface at UPM and an RME
Fireface UFX-II interface at UC3M) connected to two similar headphone amplifiers (i.e.,
RANE HC6S at UPM and ART Headamp 6 Pro at UC3M).

Both systems were calibrated with a sinusoidal signal of 1000 Hz and 94 dB, recorded
with the same binaural recording system and configuration used for the outdoor recordings.
The headphones were attached to the Dummy Head, and the described sound was played.
The volume presented in the headphones was adjusted until the level measured by the
Dummy Head reached 94 dB. Given that the test stimuli had been processed to correct for the
headphone effect, as described in Section 2.2, calibration with a single frequency tone was
considered sufficient. In this way, the levels heard by the participants during the test, at the
frequencies of interest, were very similar to those they would hear in a very silent dwelling
protected from the outside by structural elements with SRIs, such as those used in the test.

To further minimise the noise generated by the electronic equipment used in the test
(e.g., computers, audio interfaces, headphone amplifiers, etc.), all this equipment was placed
outside the test rooms. These included only the aforementioned headphones, a screen, and
a mouse to operate the test computer, which was located outside the test environment.

3.3. Participants

Participants from a variety of backgrounds and professions were recruited by word
of mouth. While some had participated in other perceptual studies in the past, most were
naïve to listening tests and the specific subject of the research. The participants were not
aware of the purpose of the study before it was carried out.

In total, the judgements of 100 participants were used to extract and analyse the results
of the experiment. Of these 100 participants, 46 were female and 54 were male. The extreme
ages of the participants were 15 and 75 years.

The test was completed by 69 participants at UPM and 31 participants at UC3M. In
Section 4, the results are pooled, taking into account the assessments of all 100 participants.
However, a preliminary analysis was carried out to ensure that the results were not signifi-
cantly different in the two settings. This test, which is not shown in the manuscript for ease
of reading, reported that there were no significant differences in the judgements derived
from the evaluation location, as was expected at the design stage of the experiment.

3.4. Procedure

The following steps were taken in the experimental procedure:

1. Each assessor was received in the test environment on a pre-arranged day and time.
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2. The test environment was then shown to the participant, who was then asked to fill in a
short questionnaire about his/her age, gender, and professional background. This also
helped the assessors become visually and aurally accustomed to the test environment.

3. The participant was given a document describing the test, its protocol, its stages, and
other details. This was done to avoid excessive interaction between the experimenter
and assessor.

4. A short training session of two comparisons was then carried out in accordance with
the test protocol using dummy samples.

5. The test began once the training had been completed without incident and there were
no more doubts.

4. Results
4.1. Discrimination and Perceptual Distance between SRIs

The results of perceived discrimination and preference are presented in Table 2,
in terms of the measure of perceptual distance, d′. In addition, the standard error (SE) of
d′ is given for each comparison, as well as the significance of the perceptual difference
through the p-value. For the sake of simplicity and clarity, Table 2 only shows the results for
those comparisons where the differences between stimuli were significant for both sound
samples. The complete Table A2, with data for all comparisons, is shown in Appendix B.

Since the protocol used was intended not only to quantify the perceptual distance
between the pairs of stimuli, but also to indicate which was more annoying (i.e., the pref-
erence), the d′ were intended to indicate not only the perceptual distance between the
stimuli, but also the direction of the choice. Thus, negative values of d′ indicate that the first
stimulus in a comparison was chosen as the most-annoying. Conversely, positive values of
d′ show that the second stimulus was perceived as more-annoying. The perceived distance
between the stimuli is the absolute value of d′.

As can be seen in Table 2, the difference in annoyance between the stimuli was significant
for both sound samples in 14 of the 36 comparisons made. Inspection of the p-values in
Table 2 shows that the judgements of the assessors were very robust. For these 14 comparisons
and for both the S1 and S2 sound samples, it can be concluded that the participants perceived
a clear difference between the stimuli and were, therefore, able to make a robust judgement
about which stimulus was more-annoying. Although the p-values marked with a star are
the most-robust (i.e., p-value ≤ 0.0001), all p-values in Table 2 are below the threshold of
p-value ≤ 0.05. For the rest of the comparisons in Table A2, cases where p-value > 0.05 mean
that participants could not perceive a clear difference between the stimuli.

Interestingly, of the only 14 comparisons where participants perceived a clear and
robust difference, 8 were comparisons of W2 against all others. This SRI, as shown in
Figure 5, is the one with the lowest attenuations in the 50, 63, and 80 Hz bands. Furthermore,
looking at the direction of the term d′, it can be seen that on, all these occasions, the stimulus
filtered by W2 was chosen as the most-annoying. This fact is indeed relevant, as it shows
that participants were able to perceive and identify the worst SRI (i.e., W2) when it was
compared to the others.

Most of the remaining comparisons in Table 2 (i.e., W1–W9, W3–W9, W5–W9, and
W8–W9) for which the p-value was significant for both sound samples are mainly related
to those comparing W9 with the rest. With the exception of the aforementioned W2, W9
had the lowest SRI values for the 50 and 83 Hz bands.

Some other interesting results can be extracted by analysing Table 2, together with the
graphs shown in Figure 7a,b below.

As can be seen in Figure 7a, the difference in low-frequency sound insulation between
the SRI of W1 (i.e., average sound insulation) and those of W2 (minimum insulation)
and W3 (maximum insulation) is the same and large, averaging 10.1 dB. In Table 2, it
can be seen that the W1–W2 comparison produced a significant perceptual change in the
participants for both sound samples, with W2 being perceived as more-annoying. However,
the W1–W3 comparison does not appear in the table because the participants did not
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perceive significant differences between W1 and W3 for either sound sample. In fact, it can
be seen from Table A2 that the difference for the W1–W3 comparison was not significant
for either sound sample. Therefore, it seems that the perception of annoyance does not only
depend on the absolute difference in sound insulation, but also on its direction, as expected.

Table 2. d′(SE) and p-values for the comparisons with significant perceptual differences for both
sound samples.

d′(SE) a p-Value b

Comparison S1 S2 S1 S2

W1–W2 0.92 (0.19) 1.03 (0.19) ? ?
W1–W9 0.61 (0.18) 0.34 (0.17) ∗ ∗ ∗ ∗
W2–W3 −1.02 (0.19) −0.73 (0.18) ? ?
W2–W4 −0.90 (0.19) −0.83 (0.18) ? ?
W2–W5 −0.77 (0.18) −0.85 (0.18) ? ?
W2–W6 −0.57 (0.18) −0.81 (0.18) ∗∗ ?
W2–W7 −1.15 (0.21) −0.73 (0.18) ? ?
W2–W8 −0.44 (0.17) −0.72 (0.18) ∗ ?
W2–W9 −0.46 (0.18) −0.68 (0.18) ∗∗ ∗ ∗ ∗
W3–W7 0.53 (0.18) 0.49 (0.18) ∗∗ ∗∗
W3–W9 0.86 (0.18) 0.76 (0.18) ? ?
W4–W5 −0.68 (0.17) −0.49 (0.18) ? ∗∗
W5–W9 0.50 (0.18) 0.42 (0.17) ∗∗ ∗
W8–W9 0.42 (0.17) 0.36 (0.17) ∗ ∗

a Considering the 2-AC protocol, the absolute values of d′ represent the perceptual distance and the sign its
direction Negative signs indicate greater annoyance with the first item, while positive signs indicate the opposite.
b For the sake of simplicity, p-values are presented as follows: 0.01 < p-value≤ 0.05 (∗); 0.001 < p-value ≤ 0.01 (∗∗);
0.0001 < p-value ≤ 0.001 (∗ ∗ ∗); p-value ≤ 0.0001 (?).

(a) W1, W2 and W3 (b) W1, W4 and W5
Figure 7. SRIs of different cases. Incremental (+) and decremental (−) values of sound insulation in
50, 63, and 80 Hz, in dB, between the cases connected by arrows.

Finally, the perceptual characteristics of the W4–W5 comparison, which remains to be
mentioned from Table 2, were analysed in conjunction with Figure 7b. As can be seen from
the figure, W5 represents an average improvement of 7.4 dB over W4 in the low-frequency
range. Although this increase is smaller on average than that observed between W1 and W3
in Figure 7a, this difference between W4 and W5 does in fact lead to a significant perceptual
difference in terms of annoyance for the participants.

Considering all comparisons, the results seem to indicate that participants were mostly
able to perceive a clear difference between stimuli only in those comparisons where one
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of the cases matched with SRIs worse or much worse than the average sound insulation.
Therefore, except in somewhat extreme situations, low-frequency variations in sound
insulation were generally not detected by the participants.

4.2. Effect of Sound Samples on the Perceptual Judgements

The participants performed the same experiment twice, once for each of the sound
samples S1 and S2. As mentioned in Section 2.2, they had similar energy in low frequencies,
but very different spectral content in the upper bands adjacent to the low frequencies.
For this reason, it seems interesting to evaluate whether these differences led to a different
perception at low frequencies by the participants.

The results of the Chi-squared (χ2) test enabled determining whether, for the same
comparison, but different sound samples, the number of participants selecting “A”, “B”,
and “No Difference” varied significantly.

Given the large number of comparisons (i.e., 36) and to simplify the presentation of
the results, these are shown in Figure 8 as a bar chart rather than in tabular form.

Figure 8 shows the p-value of the Chi-squared (χ2) test for each of the 36 comparisons
(i.e., W1–W2, ..., W8–W9), the p-value considering all comparisons together (“pooled”
in Figure 8), as well as the significance threshold, which was set at the usual p-value < 0.05.

As can be seen from the pooled data, with a p-value = 0.89, it appears that participants
did not perceive the same comparisons significantly differently depending on the sound
sample used. Although this was partly to be expected given the similar spectral content of
S1 and S2 at low frequencies, it allowed us to verify that, in general, the temporal structure
of these two sounds and their different behaviour at upper adjacent frequencies did not
cause major changes in the judgements.

There were only two cases, W1–W4 (Figure 9a) and W2–W7 (Figure 9b), where the
p-value was less than 0.05, slightly below and above p-value = 0.02, respectively.

The low-frequency difference between W1 and W4 was small, about 3.6 dB on average,
as can be seen from Figure 9a. Looking further at Table A2, we can see that, for this
comparison, d′ was very low in absolute value (i.e., close to 0) and that the p-value was not
significant for either sound sample in the W1–W4 comparison, meaning that participants
were not able to perceptually distinguish between W1 and W4 for either S1 or S2. It is likely
that the significant changes in participants’ judgements between S1 and S2 found by the
Chi-squared test for this comparison (see Figure 8) were not related to a real perceptual
change, but rather to participants’ guessing, indistinctly marking one or the other stimulus
as more-annoying in the face of a difference in sound insulation that did not evoke a
significant perceptual change in them.

Figure 8. p-values of the Chi-squared (χ2) test, for each comparison and combined (pooled). Signifi-
cance threshold p-value < 0.05 (red line). Non-significant Chi-squared differences (blue). Significant
Chi-squared differences (red). Pooled Chi-squared difference, non-significant (yellow).
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For the case W2–W7 (Figure 9b), the scenario was different. In this case, the difference
in sound insulation at low frequencies between W2 and W7 was about 11.0 dB on average,
with a large difference of 19.4 dB in the 63 Hz band. In fact, Table 2 shows large d′ values and
extremely low p-values for both S1 and S2. However, these d′ values were very different,
being (based on the Chi-squared analysis) significantly higher for S1 than for S2. The higher
spectral content of S1 at frequencies adjacent to the low frequencies (e.g., 100 Hz, 125 Hz,
etc.) could make the strong attenuation of the 63 Hz band of W7 relative to W2 more
noticeable to the ear for the S1 sound sample than for S2.

(a) W1 and W4. (b) W2 and W7.
Figure 9. SRIs of different elements.

5. Discussion
5.1. Overall Discrimination of the Low Frequencies

This study made it possible to assess whether a sample of assessors was able to detect
differences between stimuli that differed only in their low-frequency spectral content,
by simulating the attenuation caused by different elements with the same SRIs in the range
between 100 and 5000 Hz, but different for the 50, 63, and 80 Hz bands. If the participants
perceived a significant difference, the study was also used to quantify this difference.
The experiment was repeated for two different urban sound samples, relating to urban
mixed traffic noise and aircraft overflight noise, using highly representative samples.

This evaluation showed that participants were generally unable to discriminate be-
tween stimuli consisting of the same sound sample, but with different energy at low
frequencies, due to variations in sound insulation within the range expected for window
façade elements typical of European construction in recent decades. This can be seen from
the fact that, in only 14 of the 36 comparisons that were carried out, did the participants
perceive a significant difference between the stimuli for the two sound samples that were
used. In the remaining comparisons, in view of Table A2, participants were unable to distin-
guish clearly between the stimuli for at least one of the two sound samples, and usually for
both. Moreover, the comparisons in which they were able to perceive significant differences
were mainly those in which the sound samples were filtered with the SRIs of W2 and W9
and compared with the rest. These two SRIs, especially W2, were examples of very low
attenuation at low frequencies. Although both were within the expected sound insulation
values for windows, they were cases of poor acoustic performance in view of the statistical
study carried out on window elements of façades.

The results of this research, which focused exclusively on the study of low frequencies,
were in line with research in the same field. In this sense, it was found that, as concluded
in [15,22,27], in general, the sound insulation of façade elements is not particularly relevant
at low frequencies, since usually no significant differences are perceived by assessors with
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attenuation changes in this range. Therefore, for sound insulation characterisations using
the currently standardised SNQs, ranges from 100 Hz could be used as a good compromise.

This does not detract from the fact that, for some particularly poor, but still statistically
possible, sound insulation conditions (such as those of W2 and W9 in the current study),
changes in the low frequencies may be detectable and, therefore, relevant, and better SNQs
could be computed that also take these cases into account. In this sense, it was considered
that research similar to [20] should be carried out, taking into account more types of
urban noise and sound insulation cases, in order to define robust reference curves starting
from 50 Hz that allow the calculation of perceptually better SNQs than those currently
standardised. In this way, these new SNQs could take into account, in addition to the
more-general sound insulation behaviour of façades, specific scenarios such as poor, but
statistically possible sound insulation in the 50, 63, and 80 Hz bands.

5.2. Influence of the Sound Sample

In this research, the perception of low-frequency variations in sound insulation was
evaluated for two different urban sound samples whose characteristics belong to common
cases of urban noise. In particular, an overflight of a commercial aircraft (S1), belonging to
the most-common family of aircraft in Europe, and a highly representative sample of mixed
urban traffic noise at low speeds (S2), which was considered to render well the overall
traffic soundscape in cities, were used.

Interestingly, these two sound samples had very similar spectral behaviour and band
levels for the 50, 63, and 80 Hz bands, so no significant perceptual changes between the
low frequency detectability of one sound sample and the other would be expected.

Nevertheless, a statistical analysis was carried out to determine whether other factors
could cause a significant change in the discrimination of the low frequencies, such as the
different temporal structure of the sound samples, the susceptibility of the listeners to
different types of sound (i.e., traffic vs. aircraft), or the energetic content in the upper
adjacent bands to the low-frequency range.

In general, the results showed that these factors had no significant effect on the ability
to detect changes in the low frequencies and the perception of annoyance, with the similar
energy content of both sound samples at low frequencies being the most-relevant factor.
This fact showed, as expected, that the low-frequency energy of the sound incident on the
façades seems to be more relevant to the annoyance that these frequencies can cause in
humans than the susceptibility to a specific type of sound or its temporal evolution.

In view of this result, it is to be expected that, for other types of urban noise that are less
frequent, but have a higher low-frequency content, such as heavy traffic noise, construction
work, or alarms, the detection of these frequencies and their impact on annoyance may
be higher. This fact has already been highlighted in previous research [22], where it was
shown that low frequencies can be relevant for the characterisation of sound insulation in
heavy-traffic-noise conditions.

It is, therefore, considered necessary to carry out further similar research with different
types of urban noise in order to adequately characterise the influence of low frequency for
as many realistic cases as possible.

5.3. Influence of the Experimental Design

This study was conducted using open headphones (i.e., without attenuation) in very
quiet environments. The background noise in these test rooms was below or very close to
the hearing threshold in all bands of interest. It is, therefore, believed that the low-frequency
discrimination results may be similar to those expected in real-life situations with very
low background noise, for example in homes at night. However, for other background
noise conditions (e.g., typical residential background noise in the day-time period), it
would be expected that some of the comparisons in which participants were able to detect
low-frequency differences would not result in a noticeable difference due to background
noise masking.
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Furthermore, the test stimuli were constructed only by filtering the sound samples
with filters simulating different sound insulation attenuations. Therefore, the possible
influence of the receiving room on the low frequencies and their detectability was not taken
into account. It is to be expected that the detection and annoyance of low frequencies
will vary with the type of receiving room and the position of the listener. This may be
particularly relevant in some scenarios, such as bedrooms. In bedrooms, the bed is some-
times placed close to the corners, where the modal behaviour enhances low frequencies.
If this enhancement is added to possible situations with low background noise, such as a
resting at night scenario, the detectability and influence of low frequencies could be greater,
increasing annoyance.

Finally, it should be noted that both the sound samples and the SRIs used to attenuate
them were selected based on statistical analysis to reduce bias as much as possible and to
select particularly representative cases. However, this does not change the fact that other
research with the same purpose may result in different sound samples for the same types of
noise and other representative SRIs with slightly different acoustic characteristics. In these
situations, the detection of low frequencies may vary.

6. Conclusions and Future Lines of Research

The research assessed, by means of a listening test, the detectability and annoyance of
low-frequency variations in the sound insulation of façade window elements, within the
expected range of variation based on a statistical study of window elements commonly
used in European construction. This evaluation allowed conclusions to be derived for two
urban noise samples, related to the noise of a commercial aircraft overflight and mixed
urban traffic at low speeds.

It was observed that, in general, the detectability of variations at low frequencies
and the change in perceived annoyance were limited for the sound samples used and for
low-frequency sound insulation variations in the range predicted for window elements.

It was observed, however, that, for situations with poor sound insulation, low-
frequency variations in sound insulation may be clearly detectable and elicit a change
in perceived annoyance.

These results suggested that expressing the façade sound insulation in the case of
windows by SNQs calculated from 100 Hz would be sufficient in most situations, as the
discrimination of low frequencies was limited. However, given the detectability of low-
frequency changes and the increased annoyance observed with poor sound insulation
conditions, further similar experiments using other plausible types of sound samples and
variations in sound insulation are strongly recommended. The data obtained from this and
further research could be used to provide new and better reference curves for the calculation
of perceptually relevant SNQs, starting at 50 Hz. These could be representative not only
of the most-common scenarios, but also of special cases within the range of variation in
façade sound insulation and expected outdoor noise levels.

In this sense, the future lines of this research by these authors include further per-
ceptual evaluation, with other conditions and factors, to increase the dataset of annotated
perceptual judgements. It is hoped that, with the results of past, current, and future re-
search, these authors can soon apply robust machine and deep learning techniques to draw
further conclusions.
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Appendix A. Detailed Description of the Window Elements Used for the
Statistical Study

Table A1 presents the main characteristics of the window elements whose SRIs were
used for the statistical analysis. This table includes data about the window, such as the
frame material, the opening arrangement, or the presence of a shutter box, as well as
details about the glazing used, such as whether it was single or multi-pane and the glass
thicknesses. Finally, the Rw of each element is also given. The SRIs from the laboratory
measurements of these elements are the thin lines shown for reference in Figure 4, along
with the mean and standard deviation.

Table A1. Rw and overall description of the features and glazing of each of the window elements
used for the statistical study.

Element Rw Glazing Window Description

E1 33 4/12 Air/4 PVC window Kömerling Eurodur 1 leaf vertical and horizon-
tal casement

E2 34 4/12 Air/4 PVC window Kömerling Eurodur 1 leaf vertical and horizon-
tal casement

E3 29 4 Traditional aluminium window horizontal sliding 2-wing
E4 35 4/12 Air /10 Traditional aluminium horizontal casement window 2-leaf
E5 28 4/12 Air/10 Traditional aluminium vertical casement
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Table A1. Cont.

Element Rw Glazing Window Description

E6 36 8/14 Air/8 Wooden window SIA “Eiger”, 2-leaf casement window

E7 33 4/12 Air/4 PVC window Rehau Euro 70 with roller shutter box, horizon-
tal 2-leaf casement

E8 31 4/16 Air/4 Traditional aluminium window, 2-leaf casement window
E9 34 4/16 Air/4 Standard PVC window horizontal casement window 2-leaf
E10 36 4/16 Air/6 Standard PVC window horizontal casement window 2-leaf

E11 36 4/12 Air/8 PVC window Rehau Euro 70 with roller shutter box, horizon-
tal 2-leaf casement

E12 32 4/16 Air/4 Traditional wooden window, 2-leaf casement window
E13 36 4/14 Air/8 Wooden window Wenger Holzfenster Eiger
E14 26 4 Traditional aluminium vertical casement

E15 35 4/12 Air/33.1 PVC window Rehau Euro 70 with roller shutter box, horizon-
tal 2-leaf casement (retracted shutter)

E16 36 4/ 12 Air/33.1 PVC window Rehau Euro 70 with roller shutter box, horizon-
tal 2-leaf casement (extended shutter blind)

E17 27 4/16 Air/4 Traditional aluminium vertical casement
E18 32 4/12 Air/4 PVC window Kömerling Premiline horizontal sliding 2-wing

E19 37 8/12 Air/8 PVC window Rehau Euro 70 with roller shutter box, vertical
and horizontal 2- leaf casement

E20 38 4/16 Air /10 Standard PVC window horizontal casement window 2-leaf

E21 37 4/ 12 Air/44.1 PVC window Rehau Euro 70 with roller shutter box, horizon-
tal 2-leaf casement (retracted shutter)

E22 36 4/ 12 Air/44.1 PVC window Rehau Euro 70 with roller shutter box, horizon-
tal 2-leaf casement (extended shutter blind)

E23 43 44.2/16 Air/10 Standard PVC window horizontal casement window 2-leaf
E24 36 4/16 Air/8 Aluminium window horizontal sliding 2-wing

E25 35 4/12 Air/4 PVC window Kömerling Eurodur 2-leaf vertical and horizon-
tal casement

E26 28 4/12 Air/4 PVC window Kömerling SF3 horizontal sliding 2-wing

E27 34 4/12 Air/4 PVC window Kömerling Eurodur 1-leaf vertical and horizon-
tal casement

E28 31 4/12 Air/4 PVC window Rehau Euro 70 with roller shutter box, horizon-
tal 2-leaf casement

E29 36 8/12 Air/4 PVC window Rehau Euro 70 with roller shutter box, horizon-
tal 2-leaf casement

E30 34 4/16 Ar/44.1 PVC window Rehau Euro 70 with roller shutter box, horizon-
tal 2-leaf casement

E31 33 4/12 Air/33.1 PVC window Rehau Euro 70 with roller shutter box, horizon-
tal 2-leaf casement

Appendix B. Perceptual Difference in All Comparisons

This Appendix presents the d′ values, their standard error (SE), as well as the sig-
nificance of the difference, through the p-value, for each of the comparisons made by the
participants, for both the S1 and S2 sound samples. In this sense, Table A2 can be under-
stood as a complete version of Table 2, including not only the comparisons where the result
was significant for both sound samples, but rather all the comparisons made.



Buildings 2023, 13, 2561 19 of 21

Table A2. d′(SE) and p-values for each of the comparisons performed by the participants during the
test. Results presented for both sound samples (i.e., S1—aircraft; S2—urban traffic).

d′(SE) a p-Value b

Comparison S1 S2 S1 S2

W1–W2 0.92 (0.19) 1.03 (0.19) ? ?
W1–W3 −0.33 (0.17) −0.07 (0.17) - -
W1–W4 −0.05 (0.17) 0.13 (0.16) - -
W1–W5 0.07 (0.17) 0.13 (0.17) - -
W1–W6 −0.18 (0.17) 0.09 (0.17) - -
W1–W7 0.53 (0.18) 0.29 (0.17) ∗∗ -
W1–W8 −0.22 (0.17) −0.18 (0.17) - -
W1–W9 0.61 (0.18) 0.34 (0.17) ∗ ∗ ∗ ∗
W2–W3 −1.02 (0.19) −0.73 (0.18) ? ?
W2–W4 −0.90 (0.19) −0.83 (0.18) ? ?
W2–W5 −0.77 (0.18) −0.85 (0.18) ? ?
W2–W6 −0.57 (0.18) −0.81 (0.18) ∗∗ ?
W2–W7 −1.15 (0.21) −0.73 (0.18) ? ?
W2–W8 −0.44 (0.17) −0.72 (0.18) ∗ ?
W2–W9 −0.46 (0.18) −0.68 (0.18) ∗∗ ∗ ∗ ∗
W3–W4 0.27 (0.18) 0.34 (0.17) - ∗
W3–W5 0.37 (0.17) 0.18 (0.17) ∗ -
W3–W6 0.33 (0.17) 0.57 (0.18) - ∗∗
W3–W7 0.53 (0.18) 0.49 (0.18) ∗∗ ∗∗
W3–W8 0.07 (0.17) 0.25 (0.17) - -
W3–W9 0.86 (0.18) 0.76 (0.18) ? ?
W4–W5 −0.68 (0.17) −0.49 (0.18) ? ∗∗
W4–W6 −0.22 (0.17) −0.29 (0.17) - -
W4–W7 −0.05 (0.17) −0.23 (0.17) - -
W4–W8 −0.35 (0.17) −0.23 (0.17) ∗ -
W4–W9 0.29 (0.17) −0.14 (0.17) - -
W5–W6 −0.02 (0.17) 0.47 (0.17) - ∗∗
W5–W7 0.07 (0.17) 0.50 (0.17) - ∗∗
W5–W8 0.02 (0.17) 0.20 (0.17) - -
W5–W9 0.50 (0.18) 0.42 (0.17) ∗∗ ∗
W6–W7 0.16 (0.17) −0.18 (0.17) - -
W6–W8 −0.50 (0.18) −0.30 (0.17) ∗∗ -
W6–W9 0.21 (0.17) 0.36 (0.17) - ∗
W7–W8 0.22 (0.17) −0.07 (0.17) - -
W7–W9 0.22 (0.17) 0.07 (0.17) - -
W8–W9 0.42 (0.17) 0.36 (0.17) ∗ ∗

a Considering the 2-AC preference task, absolute values of d′ represent the perceptual distance and the sign of
the difference the direction. Negative signs indicate more annoyance for the first item, the opposite for positive
signs. b For the sake of simplicity, p-values are shown as follows: p-value > 0.05 (-); 0.01 < p-value ≤ 0.05 (∗);
0.001 < p-value ≤ 0.01 (∗∗); 0.0001 < p-value ≤ 0.001 (∗ ∗ ∗); p-value ≤ 0.0001 (?).
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