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ABSTRACT
Product sound quality has been at the forefront of acous-
tics, and vacuum cleaner sounds, mostly recorded in sta-
tionary working conditions, have been commonly studied
in the literature. However, the beginning and end of the
vacuum cleaner’s working cycle generate non-stationary,
spectro-temporally modulated sound, which differs from
the sound emitted in stationary working conditions. In the
present manuscript, we report a listening experiment us-
ing a set of vacuum cleaner sounds recorded in stationary
and while in its single-working-cycle conditions: Record-
ing started from the moment when the vacuum cleaner
is turned on, continued while it is in stationary mode
for 10 seconds, and ended when the emitted sound has
fully decayed after turning the device off. The station-
ary and single-working-cycle conditions were evaluated in
a listening experiment concerning their overall perceived
quality. The overall perceived quality ratings for both con-
ditions were analyzed with the psychoacoustic parame-
ters. The results showed that while participants’ ratings
for efficiency and functionality attributes correlated sig-
nificantly with tonality and sharpness values in stationary
mode, the same attributes’ ratings correlated significantly
with roughness and fluctuation strength values in single-
working-cycle condition.
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1. INTRODUCTION

Among household appliances, vacuum cleaners are one
of the noisiest products and form one of the most pow-
erful noise sources in every household. Therefore, prod-
uct manufacturers focused on reducing noise levels pro-
duced by the suction units. However, they reached a point
where further noise level reduction is hard to achieve or
at least not financially feasible [1]. On the other hand,
researchers investigated the perceptual aspects of vacuum
cleaner sounds and showed that the sound power levels of
the products are not sufficient to characterize the users’
perception of the product sound (e.g., [2–4]). Further-
more, while two different products might generate simi-
lar noise levels, perceived disturbances might be different
since investigations on the perception of vacuum cleaner
sounds showed that loudness, sharpness, and roughness
play an essential role in the annoyance and quality judg-
ments (e.g., [5,6]). Therefore, reducing the perceived dis-
turbance from the product is possible while keeping the
noise levels the same.

Determining the perceived disturbance, annoyance, or
overall quality of product sounds, is done via listening
tests using perceptual attributes extracted via sensory pro-
filing (for a review, see [7]). Listeners then evaluate these
perceptual attributes. Standard methods are the seman-
tic differential technique [8], and multidimensional scal-
ing [9]. Typically, a 7-point Likert scale is used for grad-
ing each perceptual attribute [9]. The results of the listen-
ing tests are evaluated together with acoustic metrics. In
the last two decades, psychoacoustic metrics [10] were in-
cluded in the analysis stage due to the standardization of
some of the metrics (e.g., [11, 12]) and commercial soft-
ware packages providing tools for psychoacoustic anal-
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ysis. Researchers proposed models for determining and
predicting the products’ sound quality using psychoacous-
tic metrics such as loudness, roughness, sharpness, fluctu-
ation strength, and tonality (e.g., [2, 3, 5]). The combi-
nation of listening tests with psychoacoustic analysis was
used in different application fields, such as the automo-
tive industry [13], kitchen appliance industry [14], envi-
ronmental noise studies [15], and vacuum cleaner indus-
try [1–3, 6, 16].

Researchers investigating the acoustical and psychoa-
coustical indicators of perceptual attributes studied vac-
uum cleaner sounds in great detail. The effect of mea-
surement setup was investigated by comparing binaural
and monaural measurements [5]; new models for suction
unit design were evaluated with listening tests, as well
as psychoacoustic metrics [17, 18]; quality ratings were
statistically predicted from perceptual attribute scores us-
ing loudness-matched vacuum cleaners [6]. Most of
the known studies focused on the stationary operation
mode of vacuum cleaners (e.g., [2, 6]), where a station-
ary noise is emitted. Very few used the single-working-
cycle (SWC) sound as a stimulus in the listening tests [19].
In the present paper, we follow up on the methodolo-
gies of the existing literature and introduce a compari-
son between the stationary and SWC operation modes of
loudness-matched, single-microphone recordings of seven
bagged canister-type vacuum cleaners using the seman-
tic differential technique. We aim to understand which
segments of the sound stimuli play a role in participants’
decisions while rating statistically significant perceptual
attributes. We use psychoacoustic metrics to guide us
through our understanding of vacuum cleaners’ acoustical
and underlying mechanical components that impact par-
ticipants’ perceptions.

The manuscript is structured as follows: Sec. 2 de-
scribes the experimental setup, including recording and
experimental procedure; Sec. 3 presents the results and
psychoacoustic analysis; Sec. 4 discusses the experimen-
tal results and Sec. 5 finalizes the manuscript with con-
cluding remarks.

2. EXPERIMENT

2.1 Participants

Twenty-one subjects (age range: 25-48) participated in the
listening experiment performed at a sound-isolating booth
at the Sorama office. Participants reported normal hearing
and normal vision during the intake. All participants were

volunteering Sorama employees.

2.2 Stimuli

Sound recordings of seven vacuum cleaners were recorded
in the semi-anechoic chamber at the Sorama acoustic lab-
oratory. Each vacuum cleaner (VC) was placed on the
floor, and the CAM64 (can be reached at https://
sorama.eu/products/cam64) was placed at 165
cm height, angled towards the VC on the floor at a dis-
tance of 150 cm from the VC. The hose was attached and
positioned along one side of the chamber. The VCs op-
erated at maximum power. Sound recordings were con-
ducted with Sorama Portal (can be found at https:
//sorama.eu/products/sorama-portal).

The recording procedure began with one of the re-
sponsible researchers starting the recording outside the
chamber and the second researcher turning on the VC by
pressing the on-off button. After approximately 10 sec-
onds, the researcher in the chamber pressed the on-off but-
ton again, and the recording stopped after the VC sound
completely decayed.

Three recordings were conducted per VC, and the one
with the stationary section closest to 10 seconds long was
chosen for each VC. The chosen VC sound was cut be-
tween three and a half and nine and a half seconds. A
linear ramp-shaped fade-in and fade-out of 50 ms was
applied to the cut section’s beginning and end. The re-
sulting segment of the recording was labeled as the sta-
tionary mode, which contains the stationary section of
the emitted sound. For each VC, two sound stimuli were
prepared for the experiment: A 6-second long stationary
sound cut from the recording and a 20-25 second-long
non-stationary sound representing an SWC of the VC (see
Fig. 1). In total, seven stationary and seven SWC mode
stimuli were prepared for one experimental session. All
sounds were loudness matched using N5, calculated using
Zwicker’s time-varying loudness method [11], where the
loudness difference between the stimuli was a maximum
of 0.5 Sones, centered around 28 sones. The sound pres-
sure levels corresponding to the matched loudness range
between 65-75 dB (A).

2.3 Apparatus

The experiment was run on a Dell laptop using Python
(3.9). All sound stimuli were prepared in MATLAB
at a 44.1-kHz sampling rate to a resolution of 16 bits
and played out diotically using a PC soundcard (Stein-
berg UR22C). The participants were placed in a sound-
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Figure 1. Spectrogram showing the recording of one
of the VCs. The time selection denoted in the spec-
trogram represents the stationary mode stimulus of
the same VC cut from the SWC recording.

isolating booth at Sorama, and Beyer-Dynamic DT 770
Pro (250 Ohm) headphones were used for playback. The
average sound level of the stimuli was calibrated to 65 -
75 dB(A) SPL (see previous section). A computer screen
was connected to the laptop.

2.4 Procedure

A single trial began after participants clicked the GUI’s
start button. In each trial, on the top of the page, there
was a play button that participants clicked on to listen to
the stimulus. Below were 6-word pairs, presented as a 7-
point Likert scale, and a 10-point overall perceived qual-
ity (OPQ) scale was presented at the bottom of the screen.
Participants had to rate each word pair and the OPQ scale
to go to the subsequent trial. There were no time con-
straints for the trial, and they could listen to the sound as
often as they wanted. After all of the word pairs and the
OPQ scale were rated, a “Next” button appeared on the
bottom right side of the GUI. Participants did not have the

option to navigate to the previous trial after clicking on
the next button.

The semantic differentials are the ones that corre-
sponded to the highest proportion of variance among
15 word pairs in the study of Hülsmeier and col-
leagues [6]: weak-powerful, inefficient-efficient, broken-
functional, rough-smooth, annoying-pleasant, and not
howling-howling.

Seven stationary and seven SWC sounds were pre-
sented in two different blocks to all participants. The pre-
sentation order of blocks and the stimuli within each block
were randomized. Each block began with seven training
trials, where each VC sound was presented once before
the experimental block began. Each stimulus was pre-
sented two times during the experimental block. One ex-
perimental session took approximately 35-40 mins.

3. RESULTS (N = 21)

The perceived quality ratings for each VC in both modes
are presented in Fig. 2. It can be observed that partici-
pants rated the stationary stimuli differently than spectro-
temporally complex SWC mode stimuli. While VC G was
rated with the highest quality rating when listened to in
stationary mode (M = 65.95 %, SD = 18.35 %), VC C was
rated highest by participants when presented in the SWC
mode (M = 69.76 %, SD = 15.69 %). Similarly, the lowest
ratings were given to VCs D (M = 46.66 %, SD = 22.38
%) and F (M = 48.09 %, SD = 19.03 %) in stationary and
SWC modes, respectively.

The two-way repeated measures ANOVA showed that
the effect of sound on the OPQ rating was highly sig-
nificant both in stationary mode (F (6, 120) = 6.08; p
< 0.05) and in SWC mode (F (6, 120) = 6.9742; p
< 0.05). The OPQ ratings for the same VCs in two con-
ditions were compared by paired t-tests using the Bonfer-
roni correction for seven pairs. The t-tests revealed that
the ratings given for VC D (M = 46.68 % SD = 22.38 %
in stationary, M = 55.95 %, SD = 20.01 % in SWC mode)
and VC F (M = 54.28 % SD = 17.96 % in stationary, M
= 48.09 %, SD = 19.03 % in SWC mode) differed signifi-
cantly between stationary and SWC conditions (p < 0.05).
We will focus on the sounds of these two VCs throughout
the rest of the manuscript to investigate the perceptual dif-
ferences between the two conditions.

To understand which differences between two condi-
tions played a role in participants’ decisions on quality,
perceptual attributes were analyzed. The procedure for
the analysis began with analyzing the impact of sound
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Figure 2. The average OPQ ratings are presented as
percentages for both operation modes of seven VCs.
The error bars show the SEM.

on participants’ ratings by two-way repeated measures
ANOVA for each perceptual attribute, and the percep-
tual attributes that did not yield significant interaction (p
> 0.05) were discarded. For stationary mode, all the
perceptual attributes yielded a significant effect of sound
on participants’ ratings: weak-powerful (F (6, 120) =
2.36; p < 0.05), inefficient-efficient (F (6, 120) = 5.47;
p < 0.001) broken-functional (F (6, 120) = 8.30; p
< 0.001), rough-smooth (F (6, 120) = 6.23; p <
0.001), annoying-pleasant (F (6, 120) = 32.40; p <
0.001), and not howling-howling (F (6, 120) = 7.95;
p < 0.001). For single working cycle mode, all per-
ceptual attributes except the weak-powerful attribute re-
vealed a significant effect of sound on participants’ rat-
ings: inefficient-efficient (F (6, 120) = 3.83; p < 0.01),
broken-functional (F (6, 120) = 5.58; p < 0.001), rough-
smooth (F (6, 120) = 7.52; p < 0.001), annoying-
pleasant (F (6, 120) = 22.30; p < 0.001) and not
howling-howling (F (6, 120) = 3.83; p < 0.01).

Second, stationary and SWC stimuli of the VCs D and
F were compared with paired t-tests for each statistically
significant perceptual attribute. The t-tests revealed sig-
nificant differences for the ratings of weak-powerful (p <
0.01), broken-functional (p < 0.001), annoying-pleasant
(p < 0.05), and not howling-howling (p < 0.001) at-
tributes given for VC D in stationary and SWC conditions.
For VC F, t-tests revealed significant differences for the
ratings of inefficient-efficient (p < 0.05) and not howling-
howling (p < 0.05) attributes. Additionally, Pearson cor-

relations between the selected perceptual attributes were
calculated for relating each attribute’s rating to the OPQ
ratings and are given in Tab. 1.

Third, the differences between the stationary and
SWC mode stimuli were determined: The segment until
the sound reached the stationary status, which contained
the sound generated by the on/off switch and the spectro-
temporal change until the stationary section, is labeled as
the ascent section; The switch sound at the end followed
by the decay due after the VCs were turned off is labeled
as the descent section. Psychoacoustic metrics of fluctu-
ation strength (FS), tonality (T), loudness (N), sharpness
(S), and roughness (R) were calculated for the stationary
mode stimuli and each section of the SWC condition. T
and R values are based on the models published in ECMA-
418 [12]. FS values are based on the FS model developed
for Sorama Portal. N values are based on Zwicker’s time-
varying loudness model [11], and S values are calculated
using Zwicker’s time-varying specific loudness values.

The statistical descriptors, mean, RMS, max, per-
centile 90, and percentile 95, were calculated for each
psychoacoustic metric. The Pearson correlation between
each statistical descriptive of every psychoacoustic metric
for stationary mode and each section of the SWC condi-
tion was calculated for perceptual attributes that yielded
a significant difference between ratings given for station-
ary and SWC conditions of the VC D and F. The metrics
yielding significant correlations were used to investigate
participants’ association between perceptual attributes and
the sound segments in the discussion section. The correla-
tion values between perceptual attributes’ ratings and the
relevant metric values for stationary and the SWC mode
stimuli are given in Tab. 2.

4. DISCUSSION

Seven VCs were recorded in a semi-anechoic chamber to
use in a listening experiment that utilized a semantic dif-
ferential technique for determining perceptual attributes
that were found relevant in OPQ. Two sets of stimuli, sta-
tionary and SWC conditions of seven VCs, were presented
to 21 participants in the experiment. Results showed that
participants rated stationary and SWC mode stimuli dif-
ferently in OPQ and in perceptual attributes, indicating
that participants focused on different acoustical properties
of the sounds in the two conditions.

In the following subsections, we investigate the shift
in participants’ focus between the two modes by exam-
ing the differences between VCs D and F on a percep-
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Table 1. List of Pearson’s correlation and corresponding p-values for the selected perceptual attributes and the
OPQ ratings.

Perceptual attribute Pearson’s r (stationary) Pearson’s r (SWC)
Weak - powerful r = 0.53, p < 0.001 r = 0.57, p < 0.001

Inefficient - efficient r = 0.73, p < 0.001 r = 0.67, p < 0.001

Broken - functional r = 0.66, p < 0.001 r = 0.64, p < 0.001

Annoying - pleasant r = 0.53, p < 0.001 r = 0.46, p < 0.001

Not howling - howling r = −0.10, p > 0.05 r = 0.05, p > 0.05

Table 2. The ascent, descent, and stationary segments report the correlation values between the perceptual
ratings collected in SWC conditions and the metric values calculated over the three sections of the SWC stimuli.

Perceptual attribute Section Metric 1 Metric 2
Inefficient - efficient Stationary mode T (95%, r = −0.77) S (mean, r = −0.90)

Ascent N (max, r = 0.79) R (mean, r = −0.88)

Broken - functional Stationary mode T (95%, r = −0.77) S (90%, r = −0.86)
Ascent FS (max, r = −0.79) N (max, r = 0.82)

Annoying - pleasant Stationary mode S (mean, r = −0.99)
Ascent R (max, r = −0.82)
Descent N (max, r = 0.88)

Stationary segment S (RMS, r = −0.89)

Not howling - howling Ascent T (mean, r = 0.79)
Descent T (RMS, r = 0.85)

tual attribute basis. For each section, we calculated the
psychoacoustic metrics over the time selection of the cor-
responding section and identified the ones that yielded a
significant correlation with at least one of the statistically
relevant perceptual attributes. We analyze the data of the
metrics as well as the recorded sounds of the VCs D and F
to determine the parts of the stimuli that contribute to the
participants’ judgment on perceptual attribute ratings.

4.1 Weak - powerful

None of the psychoacoustic metrics revealed a significant
correlation with the weak-powerful attribute, hereafter the
power attribute, even though the sound significantly im-
pacted the attribute’s ratings. We do not have an explana-
tion for the lack of a relationship between the metrics and
the attribute.

However, the literature showed that perceptual at-
tributes of power, powerful-powerless, and loudness,
loud-soft, were rated similarly in jury tests [2, 20], and N
values correlated significantly with perceived quality and
other attributes’ ratings, such as annoyance. In the present
study, we matched the loudness of the VC recordings for
the experiment. If participants related the perceptual at-
tribute of power with N, as they related it to the percep-
tual attribute of loudness in literature, loudness matching
might strip the perception of power from the experimen-
tal stimuli. A new experiment should be conducted to
assess the impact of N on the weak-powerful word pair
by comparing loudness-matched and loudness-unmatched
VC sounds to verify or discard our hypothesis on the sub-
ject.
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4.2 Inefficient - efficient

The sound had a significant impact on the inefficient-
efficient attribute, hereafter efficiency attribute, in both
stationary and SWC condition stimuli. Psychoacoustic
metrics T and S correlated significantly with the efficiency
attribute’s ratings collected in stationary mode. The sig-
nificant negative correlation between efficiency ratings
and T suggests that the perception of a tonal component
within the wide-band stationary and noisy VC stimulus
was perceived as a cue for inefficiency. The significant
correlation between the efficiency attribute and S indicates
that participants focused on spectral cues during the sta-
tionary sections of the VC sounds. The two metrics cor-
related significantly with sound quality ratings in the lit-
erature that used stationary sections of the VC sounds and
were used as the basis of regression models (e.g., [2, 6]).

Figure 3. The ascent section of the VC D recording
is presented in the upper plot with the pressing and
releasing moments of the switch denoted. The R, FS,
and N values are presented at the bottom.

On the other hand, the efficiency ratings collected in
SWC conditions and the psychoacoustic values of max-
imum N and the average R calculated over the ascent
section correlated significantly. The positive correlation
with maximum N reveals that matching the N5 of a non-
stationary sound, such as SWC stimulus, does not com-
pletely eliminate perceptual cues: The maximum loudness
values were regarded as indicators of efficiency (see Fig-
ures 3 and 4).

R increased briefly after the on/off switches of the
VCs were pressed, followed by a second increase coincid-

ing with the switch being released (see Figures 3 and 4).
The significant correlation between efficiency and R, to-
gether with the time domain observation, suggests that the
sound of switching the VCs on/off created an impression
on participants, even though the perceived roughness is
evoked for a very short period of time. It should be noted
that some authors used R values as a parameter in their
quality models for VCs in the literature (e.g., [3,5]), while
others only used T and S in their models [6].

Figure 4. The upper plot shows the ascent section
of the VC F recording where the pressing and releas-
ing moments of the switch are denoted with vertical
straight lines. The bottom plot presents the R, FS,
and N values.

4.3 Broken - Functional

Similar to efficiency ratings, the sound had a significant
effect on the broken-functional ratings, hereafter function-
ality attribute, in both working modes. The functionality
ratings given in stationary mode correlated significantly
with T and S. Similar to our observation for the efficiency
attribute, the significance of T and S metrics is in line with
sound quality literature reporting findings of experiments
that used stationary VC sounds as stimuli (e.g., [5]).

For the ascent section, the maximum of FS and N cor-
related significantly with the functionality ratings. The FS
values did not change and were always zero in station-
ary mode when observed as time series. FS values only
increased above zero at ascent and descent sections after
the on/off switches were released (see Figures 3 and 4),
indicating that the flow rate’s increase from zero to maxi-
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mum generated slow spectro-temporal modulations (< 20
Hz) and participants related those with the functionality
attribute. The significant correlation between FS and the
functionality attribute was shown in the literature for the
operation stability of VCs’ suction units when tested in
different flow rates [18]. The significance of the max-
imum N suggests that participants relied on the highest
loudness reached at the end of the ascent section for the
SWC stimuli as they did for the efficiency attribute.

4.4 Annoying - pleasant

The annoying-pleasant ratings, hereafter pleasantness at-
tribute, given for stationary mode stimuli negatively cor-
related with S values, which aligns with the literature [3].
It should be noted that the absolute correlation value be-
tween the average S and the pleasantness attribute for the
stationary mode condition is the highest among all the
metrics correlated for both modes and every section.

The strong relation between the S and the pleasant-
ness was also observed when the SWC condition data
were analyzed. The S values calculated for the stationary
segment of the SWC mode stimuli, identical to the sta-
tionary mode stimuli except for duration, yielded signifi-
cant correlations with pleasantness ratings given in SWC
conditions.

Similar to the efficiency ratings in the ascent section,
the R and the pleasantness ratings resulted in a significant
negative correlation. The role of maximum R in pleasant-
ness supports our previous observation that participants
took the sounds generated by pressing and releasing the
switch into account when rating perceptual attributes.

The maximum N correlated significantly with pleas-
antness when calculated over the descent section. The
maximum N in the descent section was reached after the
on/off switch was pressed to turn the VCs off. It should
be noted that the maximum loudness reached when turn-
ing the VCs off is higher than when the VCs were turned
on: The sound of turning the VCs off was audible while
the VCs were operational and generating loud noise.

4.5 Not howling - howling

The perceptual attribute of not howling-howling, hereafter
howling attribute, did not result in a significant correlation
between ratings given, neither in stationary mode condi-
tion nor in SWC conditions when calculated over the sta-
tionary segment. The howling attribute yielded a signifi-
cant positive correlation with T values for ascent and de-
scent sections. The lack of significant correlation between

the stationary part of the VC sounds, and the howling at-
tribute makes the howling attribute the only one solely re-
lated to the ascent and descent sections of the VC stimuli.

5. CONCLUSION

The current study showed that when the vacuum cleaner
sounds were presented in single-working-cycle condi-
tions, participants’ perceptions of efficiency and function-
ality were related to the sound they heard when the vac-
uum cleaners were turned on and immediately afterward.
The relationship could be traced with roughness and fluc-
tuation strength values in the time domain for the effi-
ciency and functionality ratings, respectively, for the as-
cent section. We could conclude that the design of the
switches and the shape of the increasing function of the
flow rate contribute to the perceptions of efficiency and
functionality of the vacuum cleaners, and these attributes’
ratings are significantly correlated with overall perceived
quality ratings.

The pleasantness attribute was explained by sharpness
for both conditions. Additionally, the roughness resulting
from the switch sound in the ascent section and the maxi-
mum loudness resulting from the switch sound in the de-
scent section correlated highly with the pleasantness rat-
ings, supporting the importance of the sound design of the
switches.

The current investigation showed that participants re-
lated the tonality of the VCs to the howling attribute dur-
ing the ascent and the descent sections but not during the
stationary parts. When considered together with the non-
significant correlation between the howling attribute and
overall perceived quality ratings, tonality values resulting
from the increase and the decrease of the motor speed and
the flow rate of the suction unit do not play a role in overall
perceived quality.

The significant correlations between maximum loud-
ness values and different sections of the single-working-
cycle condition revealed a limitation that resulted from the
difficulty of reducing the impact of loudness on listening
experiments when the stimuli are not stationary: The time
for the vacuum cleaner to reach its maximum power after
being turned on and fully decaying after being turned off
is different for each brand used in the study. Hence, loud-
ness matching using an averaging method, such as N5, by
applying linear gain was not sufficient to filter out the im-
pact of loudness on perception.

Lastly, the low number of participants and the small
differences in overall perceived quality ratings for the vac-
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uum cleaners D and F in two conditions present them-
selves as the second limitation of the study. Even the t-
tests revealed a statistical difference, the effect sizes are
rather low. A follow-up experiment could clarify the ade-
quacy of the results.
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