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Abstract: The first aim of this paper was to determine the variability in the signal characteristics and
psychoacoustic data of canister-type vacuum cleaners. Fifteen vacuum cleaners with different sound
power levels, provided by the manufacturers, were selected as test units to calculate their acoustic
and psychoacoustic parameters. The selection of the devices was based on an even distribution of
the reported sound power levels. The investigated variability in the acoustic and psychoacoustic
parameters on different vacuum cleaners was discussed to derive the common characteristics of
canister-type vacuum cleaner noise. The derived common characteristics were compared with the
those in the available literature on the noise generation mechanisms of vacuum cleaners. Based on
these characteristics, prototypical vacuum cleaner noise was defined. The second aim of this paper
was to understand the annoyance perception of vacuum cleaner noise. Annoyance assessments were
obtained from two sets of listening experiments. The first listening experiment was conducted to find
the correlates of annoyance evaluations. Loudness, sharpness and tonal components at lower and
higher frequencies were found to be dominant correlates of vacuum cleaner noise annoyance esti-
mations. In the second listening experiment, a possible interaction between loudness and sharpness
was investigated in different listening test methods. The selected loudness and sharpness values for
this experiment were consistent with the observed ranges in the first part. No significant interaction
between loudness and sharpness was observed, although each separately correlated significantly
positively with annoyance.

Keywords: sound quality; annoyance; perception; psychoacoustics; vacuum cleaner noise; household
appliance noise

1. Introduction

Among other appliances, vacuum cleaner noise is one of the most annoying household
appliance noises in our living environments. For users, vacuum cleaner noise creates an
unpleasant feeling, causes fatigue and even causes anger after long usage. For passive
listeners, vacuum cleaner noise makes it almost impossible to concentrate on a task or to
continue verbal communication. Vacuum cleaner noise in indoor spaces can reach up to
70–80 dB(A), which makes normal speech almost inaudible. Research on vacuum cleaner
noise can be divided into two main categories. The first group of studies focuses on the
noise generation mechanisms of a vacuum cleaner and possible design changes for noise
reduction. In contrast, the second group of studies focuses on the noise annoyance evalu-
ation of vacuum cleaners, trying to understand the dominant correlates and developing
sound quality models. At this point, these two group of studies need to be combined: it
is important to understand how specific noise components affect annoyance in order to
effectively reduce the total annoyance perception.

In their recent publication, Yoshido and Hatta [1] investigated the level of discom-
fort created by vacuum cleaner noise for active and passive listening conditions. Under
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active listening conditions, participants used the vacuum cleaners themselves, whereas
under passive listening conditions, participants listened to recorded noise from the same
vacuum cleaners. The main point of this study was to understand the difference between
robot vacuum cleaners and conventional vacuum cleaners. Under the passive listening
conditions, no distracting task was given to the participants. The results showed that the
levels of uncomfortableness were significantly higher under the passive listening condi-
tions. Kumar et al. [2] focused on experimental assessments of annoyance with noise from
three vacuum cleaners and the correlations between psychoacoustic parameters and annoy-
ance evaluations. Annoyance index values for the three vacuum cleaners were calculated
based on the model suggested by Altinsoy et al. [3]. They pointed out that loudness has
a critical significant effect on vacuum cleaner annoyance. Altinsoy [4] investigated the
main signal characteristics of vacuum cleaners, and no difference was observed between
annoyance ratings from single microphone recordings and artificial head recordings. Addi-
tionally, it was found that loudness, sharpness, roughness, tonality and articulation index
values can be used to model the annoyance ratings of participants. In particular, a free
interview conducted with participants at the end of the listening experiments showed that
most of the subjects claimed vacuum cleaner noise to be highly annoying when it disturbed
communication. From this information, the articulation index values were also included in
the developed model of vacuum cleaner noise annoyance.

Martin et al. [5] compared the operating noise of two vacuum cleaners (with and with-
out silent technology) in different usage scenarios (different floor coverings and different
powers) with regard to the overall user experience (UX). They found that the subjective
ratings depended on both the usage scenario and the vacuum cleaner model. The vacuum
cleaner without noise reduction was rated significantly worse by users than the vacuum
cleaner with noise reduction in UX. Furthermore, the rating of annoyance at low power
consumption was different for different floor coverings.

Companies may be reluctant to invest in better sound quality since it is difficult to
quantify the profit return from a better sounding device. Takada et al. [6] investigated this
issue by measuring the participants’ willingness to purchase a product based on its noise.
They suggested that an improvement in sound quality, especially in conditions where
participants were able to listen to the product noise, increased the commercial value of the
better-sounding device and increased the participants’ willingness to buy the product. In
another study by Takada [7], a similar approach was also applied to vehicle-door-closing
sounds. In addition, two experiments on customer product selection based on acoustic
performance were conducted in the same publication, relating to vacuum cleaners and hair
dryers. All these experiments show that a design addressing product sound sufficiently
increases the willingness to buy that product.

In another study, Ih et al. [8] focused on the annoyance estimations of vacuum cleaners
and derived a prediction model for annoyance. One example of vacuum cleaner noise
was recorded, and some frequency ranges were classified in terms of their importance. By
increasing and decreasing the levels of these defined frequencies and using the orthogonal
array technique, they designed listening tests with the aim of developing an annoyance
index for vacuum cleaners. In addition to annoyance, the effects of defined frequency
bands on the “performance”, “loudness” and “sharpness” of the vacuum cleaners were also
investigated in the listening tests. The study concluded with an artificial neural network
model that was developed for the prediction of vacuum cleaner annoyance. Lyon [9] also
used vacuum cleaners as an example in his work to explain the main stages of product
sound quality analyses. Different components of vacuum cleaner noise were modified, and
a listening test was created using a central composite design, so that a smaller number of
stimuli could be used, rather than a full factorial design. The sounds of vacuum cleaner
components (motor sound, suction fan noise, airflow noise and rotating brush noise) were
changed, and it was found that the acceptability function of vacuum cleaner noise was
dependent mainly on the airflow noise and motor noise components. It was explained
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that an equal reduction of 5 dB in both noise sources was required to obtain an optimally
acceptable design.

In their study, Rukat et al. [10] presented a comparison of the acoustic parameters
of a vacuum cleaner on different surfaces. They performed various measurements of
vacuum cleaners in different arrangements, taking into account that vacuum cleaners can
be classified as devices with extensive sound sources. They found that the noise emitted by
vacuum cleaners depends on the type of surface used and the arrangements of the device
(canister and suction nozzle). They also concluded that it is sufficient to parameterize the
acoustic performance of the device with single values, where it would be more feasible for
the well-being of the end user to report the most unfavorable working conditions.

In addition to perceptual studies, other studies have focused on understanding the
noise generation mechanisms of vacuum cleaners. A detailed acoustic characterization
of a wet-type vacuum cleaner was conducted in the publication by Buratti et al. [11].
They explained that the total emitted noise is the sum of several contributions, such as
aerodynamic noise, and mechanical and electromagnetic components. The mechanical and
electromagnetic components generate rotational discrete tonal noise and the aerodynamic
noise generates broadband noise.

In a series of three publications [12–14], Cudina and Prezelj explained the noise
generation mechanisms of a vacuum cleaner in detail. These highly detailed publications
showed the complexity of the generated noise and its components. The first publication
provided an overview of the noise components that can be found in vacuum cleaner noise
and how the mechanical and electromagnetic portions create tonal and broadband noise
characteristics. Moreover, the consideration of the performance and noise characteristics at
the same time offered insight into the inconsistency between the desired suction power and
the noise level. The second publication of this series focused on the aerodynamic portion of
the noise and the effect of blower geometry on different flow rates. A conclusion was made
that vaned diffusers have more disadvantages than advantages and need to be omitted
to reduce noise. The third and final publication of these series explained structure-borne
noise. The researchers also suggested possible improvements for manufacturers to decrease
structure-borne noise in vacuum cleaners.

Novakovic et al. [15] designed a new centrifugal impeller to improve the noise quality
of vacuum cleaners. The aim was to increase the perceived noise quality and not only to
reduce the overall noise level. The optimization process was based on two different general
noise exposure models. They finalized their propeller design with triangular flow channels.
In listening tests, they found that it was possible to make a user-oriented design change
based on the psychoacoustic findings.

Brungart and Lauchle [16] performed sound power level measurements on a handheld
vacuum cleaner to identify the main components of the noise. After analyzing the noise,
they implemented modifications on the fan casing and the blade distribution, which
changed the blade pass frequency. They evaluated the modifications in terms of their
preference in jury testing, especially considering the magnitude of the tonal components in
the overall noise. Brungart et al. [17] investigated the effect of modifications on fans and
motors on an upright vacuum cleaner in another publication. They found that prominent
tonal noise is created by an interaction between the electric motor cooling fan and the
surrounding gussets and posts. They removed these elements in an alternating fashion
such that the first blade passing frequency of the electric motor cooling fan was eliminated.

Teoh et al. [18] made modifications to a canister vacuum cleaner to reduce its noise.
They pointed out that the noise of a canister vacuum cleaner consists of the blade passing
noise generated by motor and the aerodynamically induced airborne noise. Two different
noise reduction methods were used: the introduction of sound insulation panels made of
porous expanded polypropylene and honeycomb noise filters. After these modifications,
the total noise level was reduced by 7.4 dB(A), with a reduction in suction power of
only 0.93%.
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This study focuses on understanding the general sound characteristics of vacuum
cleaners and their annoyance perception. There are many different brands and types of
vacuum cleaners with different designs in the market. The differences in design result
in differences in noise characteristics: some of the devices are loud, whereas some of
them have higher sharpness values. Some of the devices have distinct tonal components,
whereas some of the designs are free from tonality. Then, the main question is what kind of
canister-type vacuum cleaners should be selected and recorded to investigate, as much as
possible, the variability in noise that can be observed, so that the variability in the market
can be properly represented? What is the generic vacuum cleaner noise, and how much
variability can there be between different models? The goal is to select proper samples from
the market such that these selected samples can represent the variability in noise.

To reach this goal, canister-type vacuum cleaners are selected such that the selected
samples can represent the variability in noise. The main aim in this study is to select
devices such that the selected samples can represent the variability in noise from canister
vacuum cleaners.

First, the basic characteristics of vacuum cleaner noise are provided for the selected
examples. Then, the ranges of calculated psychoacoustic parameters for selected vacuum
cleaners are presented. Variability in the acoustic and psychoacoustic parameters on
different vacuum cleaners is discussed to derive common characteristics of canister-type
vacuum cleaner noise. This variability is then related to the available information on the
noise generation mechanisms of vacuum cleaners in the literature. This observed variability
in noise samples in the market is used to set up listening experiments and their ranges.

Afterward, two sets of listening tests are conducted in this study. The first listening
test is an explanatory test to understand the main correlates of vacuum cleaner annoyance.
Based on the results obtained from this test, a second set of listening tests is conducted
to investigate the possible interaction effect on loudness and sharpness using a factorial
design in different testing methodologies.

2. Stimuli—Signal Characteristics of Vacuum Cleaners
2.1. Selection of Vacuum Cleaners

To obtain an overview of vacuum cleaner noise, 15 vacuum cleaners were selected
from the market and recorded under anechoic conditions. The selection of the vacuum
cleaners was performed using the online portals of the two largest consumer electronics
retail companies in Germany. Robot vacuum cleaners, upright vacuum cleaners, handheld
vacuum cleaners and wet-type vacuum cleaners were not taken into account, and only
canister-type vacuum cleaners were selected for this study. For canister-type vacuum
cleaners, there were 155 vacuum cleaners available on both websites at the time this study
was written [19,20].

For the selection of these vacuum cleaners, the maximum electrical power and sound
power levels according to the manufacturers were taken into account. From the available
models, the sound power levels ranged from 57 to 82 dB(A). The median value of declared
sound power levels was 73.4 dB(A), where the upper and lower quartiles were 78 and
69 dB(A), respectively. The maximum electrical power of the canister-type vacuum cleaners
ranged between 130 and 1700 Watts. The median value of the power was 700 Watt, and the
upper and lower quartiles were 1000 and 400 Watts, respectively. The 130-Watt, 1400-Watt
and 1700-Watt models were outliers. For a comparison with the given range of parameters,
the parameter range of the selected 15 devices are listed in Table 1. The sound power levels
of the 15 selected devices are also given in Table 2. The sound power levels of the selected
devices show a good distribution over the defined market range, and no concentration on a
particular sound power level was observed.

The sound power levels according to the manufacturers are provided for the highest
working mode of the vacuum cleaners, as stated in [21]. The annoyance evaluations within
this study were also conducted using the maximum power mode of the selected devices.
However, it might be important to note that lower suction power modes, although quieter,
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might emit different tonal components depending on the rotational speed of the motor,
which might change the annoyance evaluations. This effect was not taken into account in
this study and might be a topic of further investigation. Especially for lower broadband
levels, the effect of the tonal components on annoyance might be more dominant.

Table 1. Market ranges of vacuum cleaners and the corresponding ranges selected for this study.

Available in the Market Selected

Minimum Maximum Minimum Maximum

Sound Power Level (dB(A)) 57 82 59 82
Maximum Power (Watt) 130 1700 600 1400

Table 2. Sound power levels for the selected vacuum cleaners according to their manufacturers
(in dB(A)).

Device Number Sound Power
Level (dB(A)) Device Number Sound Power

Level (dB(A)) Device Number Sound Power
Level (dB(A))

1 71 6 79 11 63
2 71 7 82 12 79
3 70 8 66 13 59
4 61 9 74 14 72
5 80 10 77 15 68

2.2. Recordings

The selected vacuum cleaners were recorded in a fully anechoic environment. There
are two main working conditions of a vacuum cleaner: the first one is on hard flooring
and the second one is on carpet. Since carpet might affect noise emission, both conditions
were taken into account in this study. Vacuum cleaners were positioned directly on a
reflective, heavy surface or on a carpet placed on top of this surface. Single microphone
recordings were obtained by placing the microphone directly in front of the vacuum cleaner
at a distance of 0.75 m and a height of 1.5 m. For the recordings, the vacuum cleaners were
positioned on top of the reflective plane, as stated in the standard, for determination of the
airborne acoustical noise of vacuum cleaners [21] (Figure 1).
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Figure 1. Positioning of the vacuum cleaner, as described in [21].

2.3. Signal Characteristics

Vacuum cleaner sounds are usually characterized by band noise with tonal compo-
nents [12]. Figures 2 and 3 show the FFTs and spectrograms of all recorded vacuum cleaners
on hard flooring, respectively. Figure 2 was plotted with 1/24 octave smoothing so that
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the differences between different vacuum cleaner recordings are easier to observe. For
hard flooring, considering the threshold of hearing, the overall frequency range of vacuum
cleaner noise is from 70 Hz up to 10 kHz. In most cases, there is a tonal component at
100 Hz, with different intensities for different brands and types. Usually, at approximately
500 Hz and 5000 Hz, vacuum cleaner noise reaches its maximum A-weighted level. On
top of the 100 Hz tone, there are usually other tonal components observed with respect to
vacuum cleaner sounds. At approximately 500–750 Hz, a single tone component exists for
some vacuum cleaners, and some other tonal components are present in the 3000–5000 Hz
range. Additionally, for some models, it is possible to observe tones at approximately
10 kHz. Finally, the variation in the levels between 500 Hz and 10 kHz can be up to 15 dB.
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Figure 2. FFTs of all 15 vacuum cleaner noise for hard flooring case (1/24 octave intensity averaging
smoothing, A-weighted; spectrum size: 4096).
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Vacuum cleaner sound is stationary. It can be seen in Figure 3 that all of the example
vacuum cleaner sounds show no significant fluctuation over time. Tonal components (for
example, approximately 500 Hz for the ninth vacuum cleaner) stay constant as the device
keeps running.

The range of acoustic parameters for the 15 selected vacuum cleaner sounds for the
hard flooring and carpet cases are given in Table 3. The loudness values were calculated
according to the ISO 532-1 standard [22]. The DIN 45631 [23] and ISO 532-2 [24] stan-
dards were omitted in this paper since, for broadband noises such as vacuum cleaners,
the three standards delivered similar values. The sharpness values were calculated ac-
cording to the publications of Aures and Bismarck, as well as the German Standard DIN
45692 [25–27]. It is important to note that the results from these different models differ
in one important aspect: the Bismarck and DIN 45692 models do not take into account
the influence of intensity of the signal on sharpness perception; hence, these models are
usually used for sounds with similar loudness values. The Aures model, on the other
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hand, takes into account the influence of loudness of the signal on sharpness perception.
However, one of the focuses of this paper is to investigate the possible interaction between
loudness and sharpness. Hence, these three different sharpness models were taken into
account since they have different methods of including the effect of loudness on sharpness
perception. Eventually, three different sharpness values were calculated: the first one is
Aures sharpness, with the loudness values calculated according to ISO 532-1; the second
one is the Bismarck sharpness, with the loudness values calculated according to ISO 532-1;
and the last one is DIN 45692 sharpness, with the loudness values calculated according to
DIN 45631. Finally, single value tonality values were calculated based on the publications
of Aures and Terhard [25,28] and on the hearing model of Sottek [29]. Both models have
a psychoacoustic basis, but there are also clear differences. The Aures model starts from
Zwicker loudness and extracts the tonal components from a FFT spectrum. The degree
of tonality is calculated based on the ratio of tonal to non-tonal loudness as a function of
time. Spectral information is not included in this model [30]. On the other hand, the Sottek
model includes a hearing model approach in which the signal is first filtered through the
outer and middle ear filtering and the partial loudness of tonal to non-tonal content in
critical bands is calculated to determine the tonal loudness. In addition, recent studies
have found [31–38] that the perception of tonal content is frequency-dependent, so the
final decision on the strength of the tonal content takes into account the frequency of the
tone. Additionally, the distribution of the aforementioned psychoacoustical parameters
over 15 vacuum cleaners can be found in Figures 4–6. From the calculated values, it can be
observed that the variations over loudness and sharpness show a fine distribution over the
defined range. The tonality values also show a degree of distribution for tuHMS values
between 0 and 1.3, with one outlier with strong tonality.

Table 3. Calculated minimum and maximum acoustic and psychoacoustic measures among different
vacuum cleaners for the hard flooring and carpet cases.

Case Parameter Min Max Unit

Hard Flooring

Level 64.3 76.7 dB
A-weighted level 61.4 76.4 dB(A)
Loudness (ISO 532) 15.5 38.5 sone
Sharpness (DIN 45631 and ISO 532 + Aures) 2.82 4.5 acum
Sharpness (DIN 45692 − DIN 45631) 1.76 2.15 acum
Sharpness (DIN 45631 and ISO 532 + Bismarck) 1.62 1.95 acum
Tonality (Aures) 0.0505 0.2470 tu
Tonality (Hearing Model) 0.06 2.51 tuHMS

Carpet

Level 59.7 76.1 dB
A-weighted level 52.1 75.4 dB(A)
Loudness (ISO 532) 8.6 36.4 sone
Sharpness (DIN 45631 and ISO 532 + Aures) 2.47 4.43 acum
Sharpness (DIN 45692 − DIN 45631) 1.63 2.15 acum
Sharpness (DIN 45631 and ISO 532 + Bismarck) 1.5 1.97 acum
Tonality (Aures) 0.0598 0.3230 tu
Tonality (Hearing Model) 0.05 1.95 tuHMS

The frequency content of the emitted noise strongly depends on the positioning of
the vacuum cleaner (hard flooring or carpet). Since it absorbs some of the emitted energy
in the mid- to high-frequency range, the carpet condition changes the noise. To illustrate
this effect, Figure 7 shows the spectra of all recorded vacuum cleaners with and without a
carpet. The left panel shows the spectra for the recordings without a carpet, and the right
panel shows those with a carpet. The figure colors were intentionally kept in greyscale so
that the differences between the hard flooring and carpet cases could be easily compared.
In this figure, it can be seen that the levels can be lowered by up to 10 dB in the regions
above 500 Hz. This shows that the variation in the recordings and stimuli pool can be
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even broader if the carpet case and the hard flooring case are used simultaneously for
listening experiments.
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Figure 7. Frequency content of every vacuum cleaner recorded: (a) hard flooring; (b) carpet (A-
weighted, spectrum size: 4096).

Considering the aforementioned observations, typical vacuum cleaner noise can be
described and visualized as in Figure 8. The A-weighted level increases up to 500 Hz;
then, a slight decrease is observed up to the 5 kHz range. From the 5 kHz range, a steep
decrease in the overall A-weighted level can be observed. There are different ranges
of these broadband noise characteristics for different vacuum cleaners, as shown by the
dotted lines in Figure 8. In addition to these frequencies, a 100 Hz tone is observed for
almost all vacuum cleaners. The intensity of this tonal component also varies between
different models. Finally, above 500 Hz, tonal components can be observed in various
vacuum cleaners, and their frequency, number and intensity change between different
brands/models.
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Figure 8. Average vacuum cleaner noise and possible variations. The dotted lines show the variation
between different brands and models. Possible tones were also represented (for spectrum size: 4096).

Furthermore, in addition to the single value tonality calculations based on the Aures
model, tonal components were calculated based on DIN 45681 [39] and the hearing model
of Sottek [29]. The calculated tones where the penalty values are equal to or greater than
2 dB, for both the hard flooring and carpet cases, are given in Figures 9 and 10. It can
be seen that the penalty values calculated for 100 Hz tones are higher for DIN 45681;
however, since the hearing model tonality includes the frequency-dependent perceptual
characteristics of tonal components, the calculated tonality values for higher frequencies
dominate in Figure 10. For both figures, tonal content was divided into three main regions
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shown in different colors: blue color represent the tonality around 100 Hz (Tonality LOW),
orange color represent the tonality around 200–800 (Tonality MID) and lastly, yellow color
represent the tonality around 1000–10,000 Hz (Tonality HIGH).
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Figure 9. Calculated tonal components of which the penalty value is more than 2 dB according
to DIN 45681, for both the hard flooring and carpet cases. These components are grouped into
LOW–MID–HIGH regions.
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Figure 10. Calculated specific tonality based on hearing model of Sottek, for both the hard flooring
and carpet cases. Calculated values are grouped into LOW–MID–HIGH regions.

3. Listening Test 1

The first listening test was conducted to understand the main correlates of annoyance
due to vacuum cleaner noise. Participants were asked to rate their perceived annoyance on
a rating scale with verbal anchors in the form of a slider. Twenty-one people participated in
the listening test, which was conducted in a soundproof audiometric booth. The listening
test was performed with both original and synthesized recordings. These additional
vacuum cleaner samples were created to increase the variation in the data. The correlation
between psychoacoustical parameters and the annoyance estimations was calculated at the
end of the listening test.

3.1. Stimuli, Subjects and Test Method

For the first listening test, in addition to the original recordings, new synthesized
recordings were obtained by parameterizing the main signal characteristics to increase the
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variability in the data. Finally, 92 stationary 5 s stimuli were obtained from 15 different
vacuum cleaners. The following methods were used to modify the original signals and to
obtain new stimuli for the listening tests:

- Original stimulus (hard flooring and carpet conditions);
- Recording of only the housing of the vacuum cleaners (without brushes or the suc-

tion hose);
- Increasing/decreasing the overall level;
- Filtering out the dominant tonal components (depending on the frequency of the

existing tonal component);
- Low-pass filtering at 2 kHz and 4 kHz to increase the variability in the bass–treble ratio.

These new stimuli were created to increase the possible variation and coverage. Al-
though the vacuum cleaner selection was carried out with justification (using maximum
electrical power and sound power levels as descriptors), it is still a sample and might
not fully represent every vacuum cleaner in the market. With these additional stimuli,
we aimed to cover any other vacuum cleaner in the market not directly included in the
first selection and any possible future developments that might be introduced in vacuum
cleaner design with technological developments.

An example signal manipulation is shown in Figure 11: The original signal was found
to have tonal components at 200 Hz, 300 Hz and 500 Hz. In the second step, the 200 and
300 Hz components were taken out, and in another step, the 500 Hz component was taken
out. Afterwards, the overall signal levels were changed by +6 dB, −6 dB and −12 dB.
Other signals were also manipulated in this way to obtain more variation in the data. The
calculated acoustical and psychoacoustical parameters and the standard deviations after
the signal manipulations are shown in Table 4.
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Figure 11. Synthesizing new stimuli: one example case, from left to right: original case, bandstop
200 Hz and 300 Hz, bandstop 500 Hz, 6 dB increase, 6 dB decrease, and 12 dB decrease (spectrum
size: 4096).

Twenty-one subjects participated in the test, which was conducted in a soundproof
audiometric booth. Eight participants were female, and thirteen participants were male.
The age of the participants ranged from 23 to 63 years, with a mean of 37.7 and a standard
deviation of 12.7. None of the participants reported having a known hearing problem, rather
than age-related hearing loss. The overall variability in the loudness, sharpness and tonality
values were assessed before the test, and 20 stimuli were selected for training. The training
stimuli were selected to contain a representative range of sound levels and loudness,
sharpness and tonality values. All subjects voluntarily participated in the experiment. At
the beginning of the test, participants were informed about the contents of the test (vacuum
cleaner noise assessments) and the test procedure. The training session and the test session
were described. Participants were told that they had to familiarize themselves with the
training session information for the real test. The graphical user interface was explained to
the participants together in the experiment room. The first signal playback was conducted
together with the participant to ensure that the sound reproduction system was working
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properly and that the participants were comfortable with the signals and the headphones.
For the listening experiment, a slider scale was used, where the participants were asked
to evaluate the annoyance of the sounds (“How do you evaluate the annoyance?”) on a
quasi-continuous scale (from 0 to 100 with a step size of 1) with equidistant neighboring
categories (not at all, slightly, moderately, very or extremely) (Figure 12). Stimuli were
played in a randomized order for each participant.

Table 4. Calculated minimum and maximum acoustic and psychoacoustic measures, as well as
standard deviations after modification of the stimuli.

Parameter Min Max STD Unit

Level 44.1 76.7 6.1 dB
A-weighted level 40.1 76.4 7.7 dB(A)
Loudness (ISO 532) 3.3 38.5 8.5 sone
Sharpness (ISO 532 + Aures) 1.54 4.49 0.65 acum
Sharpness (DIN 45692 − DIN 45631) 1.16 3.27 0.28 acum
Sharpness (ISO 532 + Bismarck) 1.12 2.93 0.24 acum
Tonality (Aures) 0.0433 0.3230 0.0536 tu
Tonality (Hearing Model) 0.04 2.51 0.42 tuHMS
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3.2. Results

The distributions of the mean annoyance evaluations showed that the participants
used most of the available surface range for the evaluations. For the first listening test, the
minimum and maximum of the mean annoyance evaluations were 5.6 and 96.7, respectively,
and the mean average annoyance estimations and the median average annoyance estima-
tions were 49.3 and 52.1, respectively. The quartiles of this distribution were 69.2 and 37.8.

The correlations between the calculated parameters and annoyance estimations can be
found in Table 5. The sample size in these calculations was large, with 92 stimuli. Since the
significance test for the correlation also depends on the sample size, it was possible to obtain
significant or highly significant correlation values, even though the calculated correlation
coefficient was only 0.25. At this point, it is important to focus on the interpretation of
strong or weak correlations in correlation coefficients. Weak but significant correlations are
not meaningful from a psychoacoustic point of view, as this effect is rather small but could
be demonstrated due to the large sample.

The first explanatory investigations show that overall levels (dB(A) values, as well
as loudness) play a crucial role in annoyance estimations (correlation 0.966 for dB(A) and
0.963 for loudness), which is consistent with many other publications on sound quality,
as well as the cited publications for vacuum cleaners. The effect of sharpness was also
found to be large with high significance. It is important to note that the correlations
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change significantly depending on the applied sharpness calculation method. Sharpness
calculations based on the method of Aures show higher correlations (0.763 with ISO
532-1 loudness calculations) than the model of Bismarck (0.261 with ISO 532-1 loudness
calculations) and DIN 45692 (0.261 with DIN 45631 loudness calculations). This result is
rather expected, since the Aures sharpness model includes the effect of loudness variations
in comparison with the Bismarck model and the DIN 45692 standard. This effect can be
described as a possible multicollinearity between these two parameters.

Table 5. Correlations between annoyance estimations and psychoacoustic parameters.
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Annoyance 1 0.966 ** 0.963 ** 0.763 ** 0.257 * 0.261 * −0.140 0.439 **
dB(A) 1 0.962 ** 0.689 ** 0.148 0.149 −0.187 0.408 **
Loudness (ISO) 1 0.778 ** 0.244 * 0.245 * −0.056 0.493 **
Sharpness (ISO + Aures) 1 0.794 ** 0.793 ** −0.86 0.439 **
Sharpness (ISO + Bismarck) 1 0.999 * −0.105 0.157
Sharpness (DIN) 1 −0.096 0.157
Tonality (Aures) 1 0.512 **
Tonality (HMS) 1

* Correlation is significant at the 0.05 level (2-tailed) ** Correlation is significant at the 0.01 level (2-tailed).

Finally, single value tonality calculations based on the model of Aures model were not
correlated with mean annoyance evaluations (−0.140), whereas the calculations based on
the hearing model have significant moderate correlations with mean annoyance evaluations
(0.439). On the other hand, there is also an almost equally high correlation between the
loudness of the stimuli and the single value tonality calculations based on the hearing
model (0.493). The effects of overall loudness of the signals on tonality perception, as well
as the frequency-dependent characteristics of tonality perception, are already included
within the hearing model of tonality [37]. The expert panel of listeners usually complained
about the noise samples after the experiment when there was a dominant salient tonal
component. Almost every participant mentioned this tonality problem, although the cal-
culated correlation was moderate. This phenomenon can be better explained in Figure 13.
Correlation looks for a linear relationship between the input and output parameters; how-
ever, the tonality calculations show a usual stepwise behavior. Some of the stimuli have
no or almost negligible tonality, while some of the stimuli have higher tonal components.
In particular, the right panel of Figure 13 shows that, whenever a stimulus has a strong
tonality based on the hearing model, the mean annoyance evaluations for this stimulus
was usually 80 or above.

Since it is known from the recent literature that the effect of single tones in annoyance
depends on the frequency of the tone (see, for example, References [34,36,37]), another
method was used to calculate the correlations between the tonality and annoyance es-
timations. The tonal components in the vacuum cleaner noise are mainly clustered in
three distinctive regions. These regions can be seen in Figures 9 and 10. The first region
includes the tones at approximately 100 Hz, the second region includes the tones between
200 Hz and 1000 Hz, and the last region includes the tones above 1000 Hz. These three re-
gions were defined as Tonality LOW, Tonality MID and Tonality HIGH. Tonality values
were calculated for these defined frequency ranges based on DIN 45681 [39] and the hearing
model of Sottek [29], and if more than one tonal component was present in these ranges,
the maximum tonal penalty value was calculated.

The correlation values were calculated for the newly defined single values and were
presented in Table 6. For readability reasons, redundant or repetitive parameters were
removed from Table 5. Here, it can be seen that, based on hearing model tonality, the low-
frequency region (100 Hz) and the high-frequency region (over 1000 Hz) show moderate
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correlation between mean annoyance evaluations. Similar observations cannot be made
for the DIN 45681 tonality calculations for the low, mid and high regions. Finally, similar
investigations can also be found in Figure 14, where the stimuli with higher tonality values
in the low and high ranges (hearing model) tend to have higher mean annoyance ratings
(lower left and lower right panel of this figure).
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Table 6. Correlations between annoyance estimations and selected psychoacoustic parameters with
defined tonality regions.

Pearson Correlation—Listening Test 1 (Tonality)
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Annoyance 1 0.963 ** 0.763 ** −0.200 −0.260 * 0.249 * 0.354 ** 0.225 * 0.454 **
Loudness (ISO) 1 0.778 ** −0.133 −0.155 0.247 * 0.386 ** 0.324 ** 0.469 **
Sharpness (ISO + Aures) 1 −0.091 0.031 0.046 0.272 ** 0.247 * 0.439 **
Tonality LOW (DIN) 1 0.349 ** −0.019 0.692 ** 0.321 ** 0.018
Tonality MID (DIN) 1 −0.238 0.184 0.696 0.034
Tonality HIGH (DIN) 1 0.342 ** 0.047 0.572 **
Tonality LOW (HMS) 1 0.543 ** 0.539 **
Tonality MID (HMS) 1 0.322 **
Tonality HIGH (HMS) 1

* Correlation is significant at the 0.05 level (2-tailed) ** Correlation is significant at the 0.01 level (2-tailed).

Ultimately, it was found that the annoyance estimations of vacuum cleaners depend
mainly on the overall loudness of the signal, the degree of higher frequencies (hence
sharpness), and the possible tonal components at lower and higher frequencies, mainly
above 1 kHz based on the hearing model tonality. The same conclusion cannot be drawn
from the use of DIN 45681. The effect of higher frequencies seems to be stronger than that
of the low-frequency 100 Hz tone, which is also partly consistent with the results in [8],
where the participants responded to the change in level up to 600 Hz with an increase
in performance and loudness perception, while this change had no effect on annoyance
perception. However, in this listening experiment, low-frequency tonality was moderately
correlated with annoyance, although it was only valid for one tonality model.
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4. Listening Test 2 (Comparison of Different Test Methods and Loudness vs. Sharpness
Factorial Design)

The second listening test was performed to investigate the possible interaction be-
tween loudness and sharpness. Stimuli were generated in the form of a factorial design,
with selected loudness and sharpness values. One sample of vacuum cleaner noise without
tonal components was selected, and its loudness and sharpness values were systematically
changed by filtering. Four different sub-tests were conducted to investigate this possible
interaction. In addition, three different experimental methods were used in these sub-
tests to investigate the possible bias due to the experimental method. Nine participants
were asked to rate annoyance of the vacuum cleaner noise signals in these three experi-
ment methods. Finally, the results from the different test methodologies were compared
and a repeated measures ANOVA was conducted to investigate the possible loudness
sharpness interaction.

4.1. Stimuli, Subjects and Test Methods

Listening test 1 showed that loudness and sharpness have a significant effect on annoy-
ance perception. However, it was not clear from this experiment if there was an interaction
effect between these two parameters, i.e., higher-frequency content might influence the an-
noyance estimations as a function of the overall loudness of the stimulus. Multicollinearity
is an important problem in statistical modeling that could lead to redundant input param-
eters in developed quality models. Moreover, the mathematical definitions of loudness
and sharpness have a strong correlation from a purely acoustical point of view [40]. These
two facts are particularly critical in sound quality evaluations of vacuum cleaners, where
the loudness and sharpness play important roles. First, it can be interpreted from verbal
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descriptions of the participants that, when the stimuli are louder, the stimuli with stronger
high-frequency content are perceived as more annoying. However, we know from the
definition that an increase in higher frequencies increases loudness as well as sharpness
but at a different rate of change. For this reason, it is necessary to investigate whether there
is an interaction effect between these two parameters.

To analyze this possible interaction effect, a series of listening tests was designed, in
each of which the loudness and sharpness values were varied in the context of a factorial
design. Listening test 2 was divided into four parts. Part 1 included a slider scale experiment
with a 3 × 3 factorial experiment design for loudness and sharpness. Part 2 included a
magnitude estimation test with a similar 3 × 3 factorial design. Part 3 of the listening
test had the same 3 × 3 factorial design, but this time, a random access method was used.
In Part 4, the factorial design was changed to 5 × 3 for loudness and sharpness, and the
random access method was used.

Moreover, in addition to the possible loudness–sharpness interaction effect, this section
also compares the different test methods to discuss the advantages and shortcomings in
factorial design experiments. Mainly, for Parts 1, 2 and 3, the slider scale, magnitude
estimation and random access methods were applied for the same stimuli under the same
reproduction conditions. Finally, in Part 4, the variability in the loudness was extended in
both directions so that the possible interaction effects can also be observable in the quieter
and louder stimuli.

For Parts 1, 2 and 3, a 3 × 3 factorial design was used for the loudness and sharpness
values. For Part 4, a 5 × 3 factorial experimental design was used for loudness and
sharpness values. The only difference in Part 4 was that the maximum and minimum
values of the loudness values were extended. The values used for each factorial design
can be found in Table 7. Here, stimuli 4–12 were used for the 3 × 3 design (numbers
with an asterisk), and stimuli 1, 2, 3, 13, 14 and 15 were added for the 5 × 3 design. The
loudness values, calculated according to the standard ISO 532-1 [22], were selected to be
approximately 16 sone, 20 sone and 25 sone for the 3 × 3 design. These values were selected
such that they are in the limits measured for each vacuum cleaner given in Table 3. For
the 5 × 3 factorial design, the loudness values were extended to 13, 16, 20, 25 and 30 sone.
Meanwhile, the sharpness values, calculated according to the calculation method of Aures
([25] with [22]), were selected as 2.4, 2.9 and 3.3 acum.

To obtain vacuum cleaner noise with different sharpness values, a parametric IIR
low-pass filter was applied to a selected vacuum cleaner recording. The cutoff frequency of
the low-pass filter was set to 4000 Hz. Around this particular frequency, vacuum cleaner
noise decreases, and this decrease is different for different vacuum cleaners. Three different
parametric low-pass filters with three different Q values were used, so the slope of each line
in the FFT was different. Therefore, it was possible to obtain vacuum cleaner noise with
different high-frequency components and thus different sharpness values. Since changing
the high-frequency content affects the overall loudness of the sound, the overall level is
slightly shifted for each filter case. As a result, the same loudness values are obtained.
One example is shown in Figure 15. Here, three stimuli have the same loudness but
different sharpness values.

To generate the stimuli in this listening experiment, one original stimulus was taken
as the basis. This original sound was selected such that the signal had no tonal components,
a loudness of 20 sone (ISO 532-1) and a sharpness of 3.13 acum (Aures). Both loudness
and sharpness values lie in the middle of the observed loudness and sharpness ranges.
Intentionally, a stimulus without a tonal component was selected to eliminate any possible
bias originating from the tonal component in this listening experiment.

Three different test methodologies were compared for factorial design experiments 1,
2 and 3 (Figure 16). For these three experiments, the slider scale, magnitude estimation and
random access methods were used. The slider scale experiment (Figure 16, part a) used a
quasi-continuous rating slider with verbal anchors (from 0 to 100 with a step size of 1) with
equidistant neighboring categories (not at all, slightly, moderately, very or extremely), as in
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listening test 1. Participants used this slider to rate the annoyance of the given stimuli. The
appearance of the stimuli was randomized for each participant, and participants were not
allowed to navigate back and to change their evaluations for previous stimuli.

Table 7. The 5 × 3 and 3 × 3 factorial designs (loudness vs. sharpness).

The 5 × 3 and 3 × 3 Factorial Designs on Loudness and Sharpness

Stimulus # Experiment Design Loudness (sone) Sharpness (acum)
1 5 × 3 13.1 2.4
2 5 × 3 13.3 2.97
3 5 × 3 13.4 3.47

4 3 × 3 & 5 × 3 16.4 2.42
5 3 × 3 & 5 × 3 16.2 2.9
6 3 × 3 & 5 × 3 16 3.34
7 3 × 3 & 5 × 3 20.8 2.48
8 3 × 3 & 5 × 3 20.2 2.87
9 3 × 3 & 5 × 3 20 3.34
10 3 × 3 & 5 × 3 25 2.57
11 3 × 3 & 5 × 3 25 2.93
12 3 × 3 & 5 × 3 25 3.34

13 5 × 3 30 2.65
14 5 × 3 30 2.91
15 5 × 3 30 3.29
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In the magnitude estimation experiments (Figure 16, part b), an anchor stimulus and a
defined annoyance value for that particular anchor stimulus were used. Participants were
then asked to rate the annoyance of a particular stimulus relative to the anchor stimulus.
The reference value for annoyance was set to 100 for the anchor stimulus. Participants
could listen to the two given sounds as many times as necessary and they gave their ratings
by entering a number in the free space below the play button. The order of the stimuli was
also random, as in the slider scale experiment. This random order was different for each
participant, and participants could not go back and change their ratings.

Lastly, the random access method (Figure 16, part c) used a user interface where all of
the stimuli were presented to the participant simultaneously. At any time, the participant
could click the play buttons in any order to listen the stimuli, could compare them in pairs
and could change their previously established response. They could drag and drop the
playback icons to the field, which contained the same verbal anchors as in slider scale
experiment. The position of the playback icon (i.e., stimulus) on the y-axis was taken as the
rating of a participant.
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The main difference between the random access method and the slider scale method
is that, in the random access method, participants can always replay all stimuli, can
change their decisions and have a better sense of control over their evaluations. However,
the number of stimuli in such experiments is rather limited. Firstly, the user interface
does not have enough space for an unlimited number of playback icons, and secondly,
participants reported that, as the number of stimuli increased, it became more difficult
to make a decision. When the “evaluation field” was filled (when a participant moved
all the playback icons to their correct locations), participants clicked “evaluate” to submit
the results.

Similar to listening test 1, the question was “How do you evaluate the annoyance?”,
and participants were given the categories “not at all”, “slightly”, “moderately”, “very”
or “extremely”. For the magnitude estimation test, the question was changed to “How do
you evaluate the annoyance of signal A, compared to the signal B?” For the magnitude
estimation procedure, stimulus 1 (lowest loudness and sharpness values) was used as the
anchor stimulus.

Part 1 used a slider scale evaluation, Part 2 used a magnitude estimation, and Parts 3 and
4 used the random access method. Nine subjects participated in all parts of the experiment.
The experiments were conducted in a soundproof audiometric booth. Three participants
were female, and six participants were male. The age of the participants ranged from 25 to
38 years, with a mean of 31.6 and a standard deviation of 3.9. None of the participants
reported having a known hearing problem. In each of these experiments, participants were
given instructions similar to those in listening test 1.
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4.2. Results

The results of Parts 1, 2 and 3 can be seen together in Figure 17. For Part 1 and Part
3, the average annoyance evaluations and standard deviations were calculated from the
individual ratings of participants. The results of Part 2 are shown on a second axis in
the same graph. The main reason for this visualization was because the evaluations from
a magnitude estimation are ratio-scaled quantities. The evaluations of each participant
were linearized by taking the log10 of each value. Since the first stimulus was an anchor
stimulus with a reference value of 100, participants evaluated this signal as 100, which
was shown in a linearized way as the number “2” in this figure. Similarly, if a participant
rated a stimulus as “200” (two times more annoying than the anchor stimulus), this was
represented approximately as 2.30 on this graph.
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Figure 17. Results of Parts 1, 2 and 3 with the same stimuli and three different testing methods
(slider scale, magnitude estimation and random access method, respectively). Results of Part 1 and
Part 3 were gathered by calculating the arithmetic mean values of the results, as well as standard
deviations. For Part 2, on the other hand, since the magnitude estimation test provides ratio-scaled
data, results are linearized by taking the log10 of the values and given in the second y-axis. Averages
and standard deviations were calculated after the linearization.

A similar trend was observed between the three different methodologies, whereas the
‘drops’ between the different loudness levels (stimuli 3 to 4 and stimuli 6 to 7) were more
obvious in the magnitude estimation. The slider scale and the random access methods
had similar trends. These evaluation methods used the same scale and eventually showed
similar standard deviations. In both cases, participants had a limited response scale, where
they had to provide answers between the predefined numbers (i.e., 0–100), which reflect
the categorizations with verbal anchors. Depending on the number of stimuli used for a
listening experiment in annoyance evaluations, both methods can be used interchangeably.
However, for an experiment with a large number of stimuli, the random access method can
be disadvantageous for a participant, since it might be overwhelming to place many sound
samples on the evaluation surface at the same time. From a similar perspective, access to
all stimuli encourages a participant to play back every possible pair, which might lead the
multiple-stimulus evaluation method to become a pairwise evaluation method. In contrast,
in the slide scale method, where participants evaluated a single stimulus in each round,
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they usually reported that they were not sure at the beginning of the test, so they wanted to
change their previous evaluations depending on the newly available stimulus. The slider
scale method does not provide participants an opportunity to go “back” and “correct” their
response. However, with a proper training session and randomization of the order of the
stimuli for each participant, we can eliminate this possible bias, which we call “beginning
bias”. Eventually, for the case with nine stimuli, both methods showed similar tendencies.

However, a magnitude estimation has its own advantages and disadvantages. The
main disadvantage of using a magnitude estimation in annoyance evaluations is the
question itself. The main feedback from the participants was that they could not estimate
“what was two/three times more/less annoying”. These estimations are more suitable for
evaluating better scalable quantities, for example, “two times longer” or “three times larger
surface area”. For a line with a given length, participants can better “estimate” the length of
a second line; however, the same approach is not always clear for participants of annoyance
evaluations. The second disadvantage can be seen in the selection of the anchor stimulus.
Here, stimulus 1, which had the lowest loudness and sharpness values, was selected as the
anchor stimulus. Each comparison that depends on this particular stimulus can generate
different biases [41]. However, a more detailed investigation of every possible pairwise
comparison of the data can be provided using a magnitude estimation. For example, a
comparison of pairs 1–3 and 1–4 showed that participants could tolerate a louder tone
(stimulus 4) better than a stimulus with the same loudness but relatively high sharpness
(stimulus 3). However, the standard deviation of stimulus 3 makes this inference relatively
difficult. In contrast, it was not possible to state a similar trend between stimuli 3 and 4 for
Part 1 and Part 3.

The individual results for each part are shown in Figures 18–21. In these four figures,
the annoyance estimations of each loudness level and sharpness level are averaged over the
number of subjects, and the error bars represent the 95% confidence intervals. In all four re-
sults, curves representing the different sharpness levels were almost parallel to each other,
indicating no interaction between these two quantities. The rate of change of annoyance
with changing sharpness was not different at each loudness level. In addition, a repeated
measures ANOVA was performed for all tests. There was a separate statistically significant
effect of loudness for all parts. The same significant effect was observed for sharpness.
However, the interaction effect between loudness and sharpness was not significant in all
cases. The results of the repeated measures ANOVA can be found in Table 8.
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Finally, a comparison between Part 3 and Part 4 is shown in Figure 22. The three pan-
els of this figure show the three sharpness levels used in both experiments. Part 4 has
five loudness levels, whereas Part 3 has three loudness levels. In each panel of this figure,
it can be seen that the slopes are almost the same in both experiments. This means that
changing the loudness at each sharpness level results in an equal change in annoyance
for both experiments. In the right panel, it is possible to see that the absolute annoyance
evaluations for Part 3 are higher than those for Part 4. It appears that the participants scaled
their evaluations for the maximum loudness and sharpness levels to fit within the given
evaluation space (from 0 to 100).
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Table 8. Results of the repeated measures ANOVA for loudness, sharpness and loudness–
sharpness interaction.

Part Loudness Sharpness Loudness × Sharpness

1 F(1.15, 9.37) = 44.73
p < 0.001, partial η2 = 0.85

F(2, 16) = 11.46
p < 0.001, partial η2 = 0.59

F(4, 32) = 2.13
p = 0.100, partial η2 = 0.21

2 F(1.15, 9.18) = 46.26
p < 0.001, partial η2 = 0.86

F(1.14, 9.13) = 20.15
p < 0.001, partial η2 = 0.72

F(1.88, 15) = 1.27
p = 0.308, partial η2 = 0.14

3 F(2, 16) = 36.05
p < 0.001, partial η2 = 0.82

F(1.2, 9.57) = 16.32
p = 0.002, partial η2 = 0.67

F(4, 32) = 1.36
p = 0.270, partial η2 = 0.15

4 F(1.31, 10.47) = 53.77
p < 0.001, partial η2 = 0.87

F(1.13, 9) = 24.56
p < 0.001, partial η2 = 0.75

F(8, 64) = 1.92
p = 0.072, partial η2 = 0.19
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5. Summary and Discussion

This study included a wide range of vacuum cleaner recordings selected from the mar-
ket in a controlled manner. In particular, the sound power levels of the devices according
to the manufacturers show a fine distribution among the observed ranges in the market,
and the distribution is not stacked or concentrated on specific dB(A) values.

The recordings showed the variability in acoustic and psychoacoustic parameters
and their ranges among the selected devices. Based on this observed variability, it was
possible to derive the common characteristics of canister-type vacuum cleaner noise. These
common characteristics were then compared with those in the literature on vacuum cleaner
noise generation mechanisms. The observed variability was comparable with those in the
literature. The measured ranges can be considered the limits of acoustic and psychoacoustic
values available in the market. Ultimately, it was possible to define prototypical vacuum
cleaner noise. This prototypical vacuum cleaner noise provided insight into the possible
level ranges: frequency content and tonal content (i.e., frequency and intensity, respectively).
Any reader working on vacuum cleaner noise can compare a measurement with the
defined ranges in this study to verify that the limits defined in this study are adequate at
representing the entire vacuum cleaner population. If new values emerge, either due to a
new sampling method (e.g., selection of different vacuum cleaners) or a new technological
advancement (e.g., decreasing levels), then it is possible to extend and improve this study
to a more inclusionary approach between the vacuum cleaner noise annoyance studies
available in the literature. In that manner, it should be possible to obtain reproducible
results between different research groups working on the sound quality of vacuum cleaners.
Furthermore, the definition of prototypical vacuum cleaner noise can help future studies
make parametric modifications of the defined noise and investigate the influence of salient
noise characteristics on annoyance ratings.

Recording condition is a static condition of a vacuum cleaner that must be taken
into account because normal working conditions can change its emitted sound. However,
this effect is rather random, and due to this complexity, it is not possible to generate a
comparison baseline for different vacuum cleaners.

Prototypical vacuum cleaner noise can be explained as follows: vacuum cleaner
noise is quasi-stationary and has an increasing A-weighted level of about 500 Hz, where
the highest level is mostly reached. In this range, most vacuum cleaners have a tone
of approximately at 100 Hz, which varies in amplitude depending on the device. At
frequencies higher than 500 Hz, A-weighted vacuum cleaner noise tends to decrease, with
the range changing depending on whether hard flooring or carpet is used. After 5 kHz,
the rate of decrease in the A-weighted levels usually increases. The noise levels reach a
value below a threshold of about 10 kHz. In this defined range, different vacuum cleaners
show different levels, although the main structure remains essentially the same. Among
the defined frequency ranges and their intensities, vacuum cleaners have many tonal
components lying in different frequencies. However, it can be roughly categorized that
the tones are concentrated in three regions: the first region is around 100 Hz, the second
region is approximately 200–800 Hz, and the last region is approximately 1000–10,000 Hz.
These values are calculated based on the tonality standard DIN 45681 [39] and the hearing
model of Sottek [29]. Additionally, the ranges of the psychoacoustical metrics calculated in
this study are given in Table 3, so any further study of vacuum cleaner sound quality can
verify the reliability of these values, based on whether a new recording’s values are inside
or outside of these defined ranges, keeping the recording conditions in mind.

In the second part of this study, the main correlates of the annoyance evaluations of
vacuum cleaner noise were obtained in two listening tests. The first listening test included
original and modified vacuum cleaner noise samples. The main correlates of the annoyance
evaluations were found in this listening experiment. The second listening experiment was
divided into four parts, and each part was designed in a full factorial experiment (between
loudness and sharpness) with different experimental methods and ranges. The possible
interaction between loudness and sharpness was investigated in these experiments.
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The first listening test showed that the overall loudness, sharpness and especially tonal
components at lower and higher frequencies play crucial roles in annoyance perception. The
correlations between these three parameters and annoyance were found to be significant.
The coefficients for the three correlations were found to be 0.963 for loudness, 0.763 for
sharpness, 0.354 for tonality at low frequencies and 0.454 for tonality at high frequencies.

However, there is a relatively strong correlation between loudness and sharpness
(0.778) and a moderate correlation between loudness and hearing model tonality (0.493).
Although there is a strong correlation between loudness and sharpness, which might hint at
a degree of multi-collinearity, sharpness was taken into account due to two reasons: Firstly,
based on the range of differences with high frequencies, observed in Figure 8, it makes
sense to include sharpness as a parameter due to the variation. It is possible to have the
same loudness values and different sharpness values. Secondly, the broadband noise-like
nature of vacuum cleaner sounds changes its color significantly by changing the high-
frequency content. An expert listening to the recordings can directly relate the mentioned
characteristics: different vacuum cleaners have different band-noise characteristics with
different amounts of high-frequency content. Moreover, changing the high-frequency
content of vacuum cleaner noise is achievable by applying sound-absorbing materials at
the air exit and other slits, as observable in some of the “low noise” vacuum cleaners on the
market. Eventually, variation in the sharpness can be achieved by means of noise reduction
techniques, as mentioned in different pieces of literature referred to in this study.

In the first three parts of the second experiment (Part 1, Part 2 and Part 3), a 3 × 3 fac-
torial design was used in different experimental methods, and the significance of the
loudness–sharpness interaction was tested using a repeated measures ANOVA. In the last
part, the loudness range was extended in the 5 × 3 factorial design experiments so that the
investigated range of loudness was close to the range observed from market research and
the interaction could be investigated in louder and quieter stimuli. For all four parts, no
significant interaction between loudness and sharpness was found.

In Parts 1, 2 and 3, three different experimental methods were compared with each
other using the same stimuli, same subjects and same playback conditions. The inves-
tigated methods were slider scale (Part 1), magnitude estimation (Part 2) and random
access (Part 3). As expected, the slider scale and random access methods showed quite
high similarity, whereas the magnitude estimation method showed clear distinctions for
loudness level changes, although statistical significance was not observed when the entire
database was considered.

This different behavior from the magnitude estimation test can be the reason for the
logarithmic bias [41] since the stimulus with the lowest loudness and sharpness values
was used as the anchor stimulus. In future studies, this effect could be further investigated
using another anchor stimulus, such as the other extreme of the stimulus pool (the loudest
and sharpest stimulus) or a stimulus right in the middle. In addition, after the magnitude
estimation tests, participants usually commented that evaluations such as “two times more
annoying” were rather complicated for them, compared with using the available scale with
verbal anchors.

The results found in this study are similar to those of the cited studies on this
topic [2,4,8]. It was found that loudness and sharpness were strongly correlated with
annoyance. In addition to these two terms, high correlations were found between rough-
ness and fluctuation strength, and ratings of annoyance in the cited studies. Furthermore,
tone-to-noise ratio was strongly correlated with the annoyance ratings. However, the
cited studies do not include the correlations among the input parameters, so it is difficult
to say whether the reported high correlations have direct psychoacoustic significance or
whether the dominant effect of loudness is reflected in other input parameters due to multi-
collinearity. Apart from that, a direct comparison with the other cited papers is not possible
because they differ in content and methodology. Yoshida’s [1] work is a special case for
a listening attitude (active and passive listening), and since they have used only upright
cordless vacuum cleaners, a direct comparison was not feasible. Additionally, Lyon [9] used
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a different approach, where the variation in signal characteristics was obtained via real
mechanical modification of the device. Hence, the results were given based on these me-
chanical modifications but were not dependent on the psychoacoustic parameters. Hence,
a direct comparison was not possible.

Finally, it is important to point out the potential limitations of this study: Although
the selection of vacuum cleaners using maximum power and sound power levels was
justified, each sampling is inherently subject to error. As with any other study of sound
quality, a different selection of stimuli could lead to different results in the correlations.
However, this limitation was minimized by including additional synthetic stimuli. Sound
recordings were made under anechoic conditions. It is reasonable to assume that the actual
auditory effect might be different if the same devices were operated under normal room
conditions. However, room acoustic conditions are completely arbitrary and cannot be
a reasonable basis for comparing different devices. The correlations obtained in the first
listening test are only valid for the applied test method. As can be seen from the results
of listening experiment 2, different test methods can also lead to different results. Finally,
the significance and effect size obtained in listening experiment 2 could be different in an
experiment with more participants.

As future work, the effect of tonality should also be investigated in a factorial design,
allowing for a full-factorial design between all the major correlates of annoyance found
in listening test 1. However, this could involve many input parameters with many levels,
resulting in too many stimuli, which is not feasible for use in a single experiment. There,
an experiment method should be defined that allows for separate experiments and their
combined evaluations with as little biases or errors as possible.
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