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Abstract — Air-to-water heat pumps are increasingly replacing traditional heating systems because of
their environmental and energy benefits. However, noise emitted by their fans and compressors can cause
complaints, even when regulatory limits are met. In this study, two listening experiments were conducted
to examine heat pump noise by quantifying it as level penalties for equivalent loudness and preference. The
study investigates how the preference-equivalent level differs from the loudness-equivalent level compared
to a reference stimulus, and which psychoacoustic parameters best model the resulting level adjustments.
Recordings from two heat pumps were auralised into a suburban residential setting and adjusted to an
initial level of 60 dB(A). A two-alternative forced-choice (2-AFC) method with a 1-up-1-down rule is used
to determine the point of subjective equality (PSE) for loudness and preference. Statistical analyses show
significant differences between loudness-equivalent and preference-equivalent levels for eight of twelve stim-
uli. The median values further indicate that achieving equal preference relative to the reference generally
requires lower sound pressure levels than achieving equal loudness, with the magnitude of this level offset
varying across stimuli. Combining the results with psychoacoustic parameter analyses, two models based on
linear regression were developed. This linear approach was chosen to ensure straightforward interpretabil-
ity and robustness for the given stimulus set. Perceived loudness can be modelled by the psychoacoustic
parameter loudness, while preference is best modelled by a linear combination of sharpness and roughness.
These findings emphasise the need for perceptual metrics beyond A-weighted sound pressure levels when
evaluating and optimising heat pump noise.
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1 Introduction spectral analyses and standardised testing procedures to
adequately assess tonal and low-frequency components.
Furthermore, when considering the operation of air-to-
water heat pumps with regard to high-efficiency and low-
noise emissions, there is a conflict between energy-efficient
operating states and operating states with reduced noise
emissions [4]. However, within the IEA HPT Annex
51 Task 4 [2], Vering et al. [4] demonstrated that

a simultaneous optimisation of both energy efficiency

In 2023, 356000 heat pumps were sold in Germany,
90% of which are air-to-water heat pumps [1]. The acous-
tic characteristics of air-to-water heat pumps can have
an influence on their acceptance and, therefore, on the
widespread use of this technology. The fan(s) and com-
pressor are the dominant sources of noise [2]. However,
the sound immission, i.e. the sound pressure level and its

acoustic characteristics at the receiver, depends on the
installation situation of the components, the installation
location of the heat pump, and its operating state.

In a comprehensive review of air-to-water heat pump
noise in residential settings, Langerova et al. [3] criti-
cised current evaluation practices for primarily relying
on single-value metrics such as the A-weighted sound
power level. They emphasised the importance of detailed
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and acoustic performance is possible. Building on this
approach, Schmidt and Miiller [5] developed an acousti-
cally improved heat pump demonstrator by selecting low-
noise components and focusing on the reduction of sound
emissions under realistic operating conditions.

Several studies have examined heat pump noise and
explored how psychoacoustic parameters can be used to
describe or model its perceptual impact. Kasess et al. [6]
conducted an annoyance rating study on heat pump
noise and investigated direction dependency. They found
a strong effect of direction on the rated annoyance,
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which could be explained by the directivity of the noise
of their heat pump. Yet, they noted that this pro-
nounced direction dependence was likely due to the prox-
imity of the microphones to the heat pump. Conse-
quently, the overall annoyance of the heat pump was
not assessed, as the measurements were limited in their
distance from the heat pump. In addition to the direc-
tional analysis, Kasess et al. evaluated how well acous-
tical and psychoacoustical parameters could explain the
annoyance ratings. Their regression analysis showed that
A-weighted level and loudness accounted for most of the
variance, while the inclusion of sharpness and rough-
ness increased the explained variance only to a smaller
degree. Acun et al. [7] conducted a listening experiment
to assess human responses to air-source heat pump noise
under different operating conditions, source distances,
and background noise levels. Their analysis examined how
subjective responses varied with operating cycles, audibil-
ity over background noise, and changes in psychoacoustic
parameters. Across all conditions, annoyance was posi-
tively correlated with loudness, tonality, and roughness,
while sharpness showed a weak negative correlation. Feld-
mann [8] conducted listening experiments to investigate
the sound quality of ventilation units and heat pumps,
applying psychometric methods such as semantic differ-
entials, rating scales, and paired comparisons. Her results
showed that loudness, tonality, roughness, and sharp-
ness significantly influence the subjective evaluations that
form the basis for her sound quality model. Neverthe-
less, her analysis focused solely on the fan component,
excluding other relevant sound sources of the heat pump
unit.

Instead of applying a rating-scale method, as is com-
monly done in similar studies, the present work employs
the Point of Subjective Equality (PSE) method. Orig-
inating from classical psychophysics [9], the PSE aims
to determine the point at which a stimulus on a phys-
ical scale is psychologically equivalent to another stim-
ulus on the same scale by taking one of the stimuli as
the reference. It yields a physically interpretable mea-
sure that is sensitive to even small perceptual deviations.
By using sound pressure level as the varying parameter,
the resulting PSE values can be interpreted as equivalent
level penalties in decibels (dB) assigned to stimuli based
on their sound characteristics. The PSE method is partic-
ularly suitable for evaluating heat pump noise because it
provides precise, level-based perceptual equivalences and
avoids biases inherent to rating-scale methods.

Topken et al. [10] conducted a study using the PSE
method in which they determined loudness and prefer-
ence judgements of multi-tone sounds. They showed that
a decrease in level reduces not only the perceived loudness
but also the preference of a multi-tone sound. Further-
more, it was shown that additional level reductions were
necessary to get from equal loudness to equal preference.
To6pken and van de Par [11] used the PSE method further
to build a model for predicting the preference-equivalent
level for fan noise. Claafien et al. [12] expanded upon the
existing research by exploring different reference sound

pressure levels to refine the models for fan noise. The best
models from both studies are based on spectral weighted
specific loudness parameters, which were introduced by
To6pken and van de Par [13]. Models based on sharpness
were also investigated, but they have not proven to be as
successful. Other established psychoacoustic parameters,
like tonality or roughness, were not considered as model
parameters. Topken and van de Par [13] also showed that
fan noise can be categorised into distinct groups even
when they are presented at the same sound pressure level.

Yet, rather than focusing solely on fan noise, the
research presented here investigates the comprehensive
sound profile of heat pump units. This broader focus
is essential because fan-only approaches can not cap-
ture the perceptual impact of the full acoustic emission.
This enables examining whether, and to what extent, the
findings align with those reported for fan noise.

Previous studies either recorded sound stimuli in
climate chambers [6] or did not specify the record-
ing method. Alternatively, field measurements of oper-
ating heat pumps are performed in residential areas,
such as in the work by Sangsinsorn and Nienborg [14].
They highlighted the importance of considering realis-
tic environmental conditions when evaluating the acous-
tic impact of heat pumps. Therefore, the investigated
sounds in this study were recorded from air-to-water
heat pumps in a hemi-anechoic chamber and afterwards
auralised. Auralisation refers to the generation of an
audible representation of an acoustic scenario based on
simulated sound propagation and signal processing [15].
This approach provides stimuli that incorporate real-
istic propagation effects while maintaining full experi-
mental control, thereby enabling ecologically relevant yet
reproducible listening conditions.

The study presented in this paper investigates the per-
ceptual evaluation of air-to-water heat pump noise using
binaural auralisations of measured recordings embedded
in a realistic suburban backyard scenario. Two listening
experiments were conducted to examine how adjustments
in sound pressure level influence perceived loudness and
preference relative to a reference stimulus. To ensure that
the evaluation in the listening experiments of the study
presented in this paper was not influenced by initial level
differences between the heat pump stimuli, they were first
adjusted to the same A-weighted sound pressure level.
During the listening experiments, the level of the stimuli
was then adaptively varied to find the PSEs for loudness
and preference, following the method used in previously
mentioned studies [10-12]. To allow comparison with pre-
vious studies, preference can be considered to be nega-
tively linked to short-term annoyance. Short-term annoy-
ance refers to annoyance assessed in listening experi-
ments and, following the recent discussion by Lotinga and
Torija [16], should not be equated with long-term annoy-
ance assessed in observational social survey settings. In
addition to the perceptual data, psychoacoustic parame-
ters were analysed to explore their potential for describ-
ing the observed loudness and preference judgements. The
study is guided by two research questions:
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(1) How do the preference-equivalent levels differ from
the loudness-equivalent levels across a diverse set of
stimuli from heat pumps, and to what extent is this
difference consistent or stimulus-dependent?

(2) Which psychoacoustic parameters or combinations
thereof best model the level adjustments derived from
the PSEs for loudness and preference?

2 Method

2.1 Measurements

The outdoor units of two monobloc air-to-water heat
pumps were installed in hemi-anechoic chambers. The
first heat pump (Mitsubishi Electric PUZ-WM112YAA)
was selected as a representative model commonly used in
German single-family homes and available on the open
market at the time of purchase. The second heat pump
was developed as an acoustically improved air-to-water
heat pump demonstrator [5]. The installation of the
first heat pump took place at the Institute for Hearing
Technology and Acoustics, RWTH Aachen University,
Aachen, Germany, while the second was at Viessmann
Holding International ~GmbH, Allendorf (Eder),
Germany. For the first heat pump, additional details
on the measurements are provided in a corresponding
technical report [17]. In brief, the outdoor unit was
installed in a hemi-anechoic chamber (V =~ 300m3,
fq = 100 Hz) and recorded using a 1/2" low-noise micro-
phone (G.R.A.S. 40HL) positioned at a radial distance of
3m from the centre of the heat pump in the direction of
the front, with an angle of 30° to the frontal centre. The
room temperature in the chamber varied between 3°C
and 11°C during the measurement, allowing the heat
pump to operate in different operating states, namely
high-power heating, maximum capacity (winter mode),
and defrost. In addition, the horizontal directivity of the
heat pump was measured using 12 Sennheiser KE 4-211-2
microphones positioned in 30° steps around the device
at a height of 0.58 m and a distance of 1.86m from its
centre, corresponding to the mid-height of the outdoor
unit. The recordings and directivity measurements were
conducted in a similar manner for the second heat pump
at Viessmann Holding International GmbH, Allendorf
(Eder), Germany.

2.2 Auralisation

Especially in psychoacoustic studies, where the focus
is on the investigation of sound perception, auralisation
is a tool for creating plausible acoustic scenarios in a
controlled laboratory experiment [15]. To contextualise
the anechoic recordings of the heat pumps in a realistic
setting, sound propagation within a backyard scenario
was simulated using the ray-based simulation software
RAVEN [18, 19], which has been validated with respect
to the sound propagation simulation in the scope of

other projects in the past [20-22]. The propagation of
the recorded heat pump noise was binaurally auralised,
accounting for the directivity of the heat pump and the
interaction of the sound with the surrounding environ-
ment. The directivitiy of the first heat pump were com-
puted from the measured directivity data of the respective
heat pump, which was processed from the multi-channel
heat pump recordings [17], and is provided in the supple-
mentary materials in openDAFF format. The 3D model
of the scene, shown in Figure 1 left, represents a typical
suburban residential setting. The heat pump, marked by
the blue square, is positioned at the back of the neighbour-
ing house in front of a wooden fence. The red dot indicates
the receiver’s position on the terrace, facing the heat pump
with a slight head rotation to the right, resulting in a more
dominant sound incidence at the left ear. A top-view geom-
etry specifies the source-receiver distance of 13.1m with
an additional lateral displacement of 0.4m, cf. Figure 1
right. The environmental and material properties used for
the sound-propagation simulation were as follows: a tem-
perature of 20 °C, a relative humidity of 50%, an air pres-
sure of 101 325 Pa, and mean absorption coefficients of « =
0.045 for concrete, « = 0.308 for grass, and o = 0.100
for the wooden fence. The used absorption and scatter-
ing data, along with plots, are available in the supplemen-
tary materials. The 3D model was developed using software
SketchUp 2016 and is included as .skp files as well as in the
open, ASCII-based .obj format.

2.3 Stimuli

Six recordings from each heat pump were chosen to
represent their operational range with respect to psychoa-
coustic metrics. The six stimuli of the first heat pump
will be indicated by capital letters A through F. The
mapping between stimuli and the corresponding record-
ing numbers in [17] is as follows: A - 22, B - 25, C - 1,
D -9, E - 11, F - 13. The measured sound power levels
of these recordings ranged between 60.4 and 69.0dB(A),
and the rotational frequency of the fan ranged from
495 to 753 rpm. All recordings except number 25 (later
referred to as stimulus B) represent the operating state
high-power heating, whereas recording 25 corresponds to
maximum capacity, which is reflected in its increased
sound power level and rotational frequency. The signals
of the second heat pump, recorded at Viessmann Hold-
ing International GmbH, will be indicated by lowercase
letters a through f. Matching letters between the two
datasets does not indicate a correspondence in psychoa-
coustics or operating states between them. All stimuli
represent real-world operating states of the respec-
tive heat pump. Fan and compressor sounds were not
recorded separately. The heat pumps were treated as sin-
gle acoustic sources, and the recordings capture their
complete operational noise as it occurred naturally.
Consequently, the recordings may contain additional
housing-related sounds (e.g., light rattling), which are
not separately controllable. Different operating states
characterise the audible differences between the stimuli.
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Figure 1. 3D model (left) and top view (right) of the scene used for the auralisation. The blue square marks the position of
the source, the heat pump. The red dot marks the position of the receiver. The top-view geometry specifies the source-receiver
distance of 13.1 m with an additional lateral displacement of 0.4 m.

The sound pressure levels of the recorded heat pump stim-
uli A to F are between 42.8 and 53.2dB(A), and of the
stimuli a to f between 28.3 and 38.7 dB(A), measured at a
distance of 3 m. To establish comparable conditions across
stimuli, they were set to an initial sound pressure level of
60 dB(A). This level was selected to ensure that all char-
acteristic features and perceptual differences between the
heat pump stimuli were clearly audible. The heat pump
stimuli A to F, set at an equal level of 60dB(A), are
available in the supplementary material. Each heat pump
stimulus, also referred to as test stimulus in the follow-
ing, was compared to a reference stimulus. This reference
stimulus was generated by filtering white noise to approx-
imate the specific loudness of the measurement recordings
from stimuli A to F, acknowledging that an exact match
was not achievable. Figure 2 left shows the specific loud-
ness as a function of critical band rate for the reference
stimulus and the measurement recordings, prior to aural-
isation and the equalisation. The right panels depict the
specific loudness of the stimuli as prepared for the lis-
tening experiments, after auralisation and equalisation
to 60dB(A). The top panel shows the stimuli from the
first heat pump (A-F) compared to the reference stim-
ulus, which was fixed at 60dB(A) during the listening
experiments. Similarly, the bottom panel displays the
stimuli from the second heat pump (a—f) alongside the
reference stimulus. The reference stimulus is also given
as supplementary material, both before and after the
auralisation.

2.4 Listening experiments

Two independent listening experiments were con-
ducted, spaced six months apart. The first experiment
included stimuli labelled A to F, while the second used
stimuli labelled a to f, lowercase letters. These experi-
ments aimed to quantify differences in perceived loudness
and preference as equivalent sound pressure levels using
an adaptive measurement method to determine the PSE.
The methodology is a 2-AFC with a 1-up-1-down rule.
A sketch of the procedure can be seen in Figure 3. The

underlying assumption is that a decreasing level reduces
the perceived loudness and increase the preference of a
sound.

Prior to the experiment, participants were informed
that the sounds originated from an air-to-water heat
pump, but no additional contextual information about
the simulated environment was provided. In each
trial, the participants listened to one of the test stim-
uli and the reference stimulus, and were asked either to
select the louder stimulus or the one they preferred by
answering the question Which sound is louder? or Which
sound do you prefer?. Each stimulus lasted 3.5s, with a
0.5s pause between the two stimuli. The stimuli could be
replayed within a trial without limitation. In both listen-
ing experiments, half of the participants began with the
loudness question, while the other half started with the
preference question. Each participant completed all test
stimuli for one question type before proceeding to the
other. The sequence of presenting the test stimulus first
or second was randomised for each trial, and the overall
order of stimuli was counterbalanced across participants.
At the start of the listening experiment, the test stimuli
and the reference stimulus were set to a sound pressure
level of 60dB(A). While the reference stimulus consis-
tently remained at 60 dB(A), the sound pressure level of
the test stimulus varied, increasing or decreasing based
on the response of the participant to the question asked.
If the participant changed their loudness or preference
judgement (e.g., they initially perceived the test stimu-
lus as louder but then judged the reference stimulus as
louder after adaptation), this marked a reversal point in
the adaptive track. After each upper reversal point, the
step size of the level adjustment was halved, starting from
6dB to 3dB, continuing until a minimum step size of
1.5dB was reached. Each stimulus block concluded after
eight reversal points, and the next block began with the
next test stimulus. The resulting (PSE) level was calcu-
lated as the mean value of the last four reversal points.
This level, at which the test stimulus is perceived as
equally loud Ligug or as equally preferred Lp.er as the
reference stimulus, is referred to as the PSE. If a par-
ticipant required more than 25 trials, the block ended,
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Figure 2. Specific loudness N’ as a function of critical band rate z: The left plot shows the measurement recordings A to F
along with the reference stimulus, while the right plot depicts the stimuli used in the listening experiments after being auralised
and equalised to 60 dB(A). The top panel on the right displays the stimuli from the first heat pump (A-F), whereas the bottom
panel shows the stimuli from the second heat pump (a—f), each compared with the auralised reference, also at 60 dB(A). Depicted

are the values for the left ear.

and the listening experiment proceeded with the next
test stimulus. The block also concluded if the test stimu-
lus level dropped below 30 dB(A) or exceeded 80 dB(A).
The experiments were implemented in MATLAB App
Designer and conducted in one of the listening booths
at the Institute for Hearing Technology and Acoustics,
RWTH Aachen University, Aachen, Germany. The stim-
uli were calibrated by measuring the sound pressure level
at the ear canal entrance of the ITA Artificial Head [23]
using the ITA toolbox in MATLAB [24]. The stimuli were
presented using Sennheiser HD 650 headphones and each
experiment lasted an average of 50 min.

In the first listening experiment, data from one block
of one participant in the loudness task and from three
blocks of another participant in the preference task were
excluded from the evaluation. One exclusion was due
to a self-reported judging error, and the other occurred
because the participant reached below the minimum level
of 30dB(A). Consequently, data from all 20 participants
(12 female, 8 male) were included in the analysis, with
the exception of the specific blocks mentioned above.
All participants were confirmed as normal-hearing using
audiometry and ranged in age from 20 to 34 years (mean:
25 years).

In the second listening experiment, data from two par-
ticipants in the loudness task and from one participant
in the preference task were not collected due to technical
issues. Thus, data from all 24 participants (10 female,
14 male) were included in the analysis, excluding the
missing data. All participants were confirmed as normal-
hearing via audiometry and were aged between 22 and
34 years (mean: 25 years).

3 Results

3.1 Psychoacoustic parameters

Before looking at the results of the listening exper-
iments, the evaluation of psychoacoustic parameters is
presented. The values for loudness IV, sharpness .S, rough-
ness R, and tonality T for the left ear, the dominant ear,
of the twelve test stimuli and the reference stimulus were
calculated using ArtemiS SUITE 13.1. The psychoacous-
tic parameters were calculated based on the initial stim-
uli, which were adjusted to an equal A-weighted sound
pressure level of 60dB(A), and are shown in Figure 4.
The loudness N in sones was calculated using the stan-
dard ISO 532-1 [25] and is plotted on the top-left panel.
Stimulus F has the lowest loudness at 12.1sone, while
the reference stimulus has the highest value at 15.2 sone.
The top-right panel shows the sharpness S in acum, cal-
culated according to DIN 45692 [26]. For stimuli A to E,
the sharpness varies by a maximum of 0.08 acum and thus
might be perceived as equally sharp, considering reported
JND values of 0.08acum [27]. Stimulus F exhibits the
highest sharpness value at 1.81 acum. Stimuli a to ¢ range
from 1.49 to 1.54 acum, while the sharpness for stimuli d
to f increases progressively, reaching up to 1.76 acum. The
reference stimulus has a sharpness of 1.6 acum. The lower-
left panel shows the roughness R in asper, calculated
according to ECMA-418-2 (1st edition) [28]. The values
range from 0.03 to 0.31 asper, with the reference stimulus
having the lowest roughness. According to ECMA-418-
2 (1st edition) [28], the perceptual threshold for promi-
nent roughness is approximately 0.2 asper. Therefore, it is
likely that only stimuli A, E, e, and f would be perceived



6 L. Stiirenburg et al.: Acta Acustica 2026, 10, 20

M Which sound is louder?

1
I
|
¢ ‘
I )
n B ,  remained at

i 60dB(A), test !
i stimulus level !

,,,,,,,,,,,,,
reference |
stimulus |

]

X6 | varied based on !
‘ | response !
P

.

LTest n
O m = |
[= B Ry = A~ il FPO
o o =]
Trials

I=T=T=T======== 1
v | replay withina |
,  trial without |
1
1

limitation

‘ Which sound do you prefer?

I
1
1 the sequence of |

| presenting the |
“ B »»»»»»» J test stimulus !
i first or second !
| was randomised !

X6 1
‘ | for each trial !
L -

|
after each upper |
reversal point, |

step size was halved =

o i o ® =n |
D_I_.JJ,_\_._L

[T ! =] = pref

1 the result level is the =T

| -

1 mean of the last four ; | __---"

! . 1 —

! reversal points I TG

Figure 3. Sketch of the procedure for the listening experi-
ments. For each test stimulus, the 2-AFC method is combined
with a 1-up-1-down rule.

as slightly (if at all) rough. Tonality T also varies sub-
stantially between the stimuli, as shown in the lower-right
panel. It was calculated according to ECMA-74 (17th edi-
tion) [29] and ECMA-418-2 (1st edition) [28]. Stimulus B
exhibits the lowest tonality at 0.11 tugng, while stimulus
f has the highest value at 0.73 tugyms. It is worth not-
ing that even for the reference stimulus, which is filtered
white noise and in principle neither rough nor tonal, the
roughness and tonality values are greater than zero. The
spectrally weighted specific loudness parameters V|, and
Niatio, introduced by Tépken and van de Par [13] for PSE
prediction of fan noise, were also calculated. N repre-
sents the ratio of specific loudness from 0 to 2.5 Bark
relative to the total loudness N of the stimulus, while
Niatio reflects the ratio of specific loudness in the range
from 2 to 5 Bark to that in the range from 10 to 24 Bark.
However, these parameters did not provide meaningful
differentiation due to rather small variations among the

stimuli. The observed ranges were 0.32 to 0.56 for Nyati0
and 0.05 and 0.11 for Njgy.

3.2 Point of subjective equality

The resulting PSEs for loudness Ljo,q and preference
Lpres for all test stimuli can be seen in the left part
of Figure 5. The median values and interquartile ranges
across all participants are given. The dashed horizontal
line indicates the fixed level of the reference stimulus
at 60dB(A). Examining the median values, increasing
the level was necessary for nearly all stimuli to achieve
equal loudness, while for equal preference, the level was
decreased for eight of the twelve test stimuli by the partic-
ipants. The interquartile ranges are smaller for the loud-
ness PSEs than for the preference PSEs. For the sta-
tistical analysis, linear mixed-effects models were used
to account for repeated measurements within partici-
pants and occasional missing observations. To quantify
the differences between Lioug and Lpyes within a stim-
ulus, a linear mixed-effects model with Task, Stimulus,
and their interaction as fixed effects with a random
intercept for Participant was fitted across all observa-
tions. As twelve stimulus-specific tests were performed,
p-values were adjusted for multiple comparisons using the
Holm procedure. Significant differences (Holm-corrected
p < 0.05) between Ligug and Lypyes were found for stimuli
A, B, C,E, F, d, e, and f, whereas no significant task dif-
ferences were observed for stimuli D, a, b, and c¢. To assess
whether the stimuli differed overall, linear mixed-effects
models were fitted separately for the loudness and prefer-
ence tasks. The models revealed significant main effects
of Stimulus for both loudness (F(11,182.04) = 10.56,p <
10~14) and preference (F(11,182.82) = 9.04,p < 10~'2),
showing overall differences in PSE levels across stim-
uli. Post-hoc pairwise comparisons between stimuli were
conducted as linear contrasts of the fitted mixed-effects
model, and p-values were adjusted for multiple compar-
isons using the Holm procedure. For loudness, signifi-
cant pairwise differences (Holm-corrected p < 0.05) were
observed for stimulus F with all stimuli except B and c.
Further for stimulus B with E, d, e, and f, as well as for e
with ¢, and for f with A, C, D, a, b, and c. For preference,
significant pairwise differences (Holm-corrected p < 0.05)
were observed for stimuli B and D with f, and for stimuli
a, b, and ¢ with stimuli d, e, and f. Although significant
effects were observed only for a subset of pairwise com-
parisons, the full set of descriptive median PSE values
across all stimuli was retained for subsequent analyses.
The relationship between A Lyt and A Ligug can be seen
in the right part of Figure 5. A Liouq is the median rela-
tive level adjustment of the test stimulus required to be
perceived as equally loud as the 60 dB(A) reference stimu-
lus. A Lyt refers to the median relative level adjustment
required for the test stimulus to be perceived as equally
preferred as the reference stimulus. They are calculated
by subtracting the level of the reference stimulus from the
PSEs.
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in violet squares) and the reference stimulus (red triangle). Depicted are the values for the left ear. The values are calculated

for the initial sound pressure level of 60 dB(A).
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Figure 5. Left: median levels for equal loudness Lioua (filled) and equal preference Ly,er (open) with interquartiles as errorbars
for each stimulus across participants. The reference level of 60 dB(A) is indicated as dashed horizontal line. Right: relationship
between the median level adjustment for equal preference A Lprer and the median level adjustment for equal loudness A Liouq.

The median values for each stimulus across all partic-
ipants are shown. Positive values indicate that the level
of the test stimulus had to be increased to be perceived
as equally loud or equally preferred compared to the ref-
erence stimulus. Conversely, negative values indicate that
the level of the test stimulus had to be decreased to be
perceived as equally loud or equally preferred compared
to the reference stimulus. A Lig.q is positive for all stim-
uli, except two (e and f), but A Lpes is only positive
for four stimuli (B, D, b, and c¢). The stimuli F and f
have the biggest difference between A Lio,q and A Lp,ef
with 6.8 and 7.0dB. The smallest difference between

A Ligyq and A Lyer can be found for stimuli b and D with
0.6 dB. The level adjustments to reach equal loudness are
between —0.6 and 3.7dB, and for equal preference, they
are between —7.5 and 1.1dB. For all stimuli, A Lpef is
lower than A Ljo.q. Regarding research question 1, the
statistical analyses indicate that, for eight of twelve stim-
uli, the loudness-equivalent levels differ significantly from
the preference-equivalent levels. Considering the median
values, the preference-equivalent levels are consistently
lower than the loudness-equivalent levels across all stim-
uli. Between-stimulus comparison reveal significant dif-
ferences for only a subset. In particular, stimulus F,
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Table 1. The loudness difference between the initial loud-
ness of the test stimuli subtracted from the loudness of the
reference stimulus is labelled as A Nipit. A Nyesult,loud and
A Nresult,pref Tepresent the differences between the loud-
ness of the PSE levels, Lioyq and Lpyer, and the loudness
of the reference stimulus.

Stimulus A Ninit A Nresult,loud A Nresult,pref
[sone] [sone] [sone]
A 1.8 0.8 2.5
B 1.6 —-0.6 0.6
C 0.8 -0.2 2.2
D 1.1 0.0 0.6
E 1.2 0.5 3.5
F 3.1 0.6 5.4
a 0.8 -0.3 0.8
b 1.0 -0.1 0.5
c 1.2 -0.3 0.9
d 1.0 0.6 3.9
e 1.1 1.5 5.1
f 1.1 1.6 6.8

characterised by a high Lj,uq, and stimulus f, charac-
terised by a low Lypet, differ significantly from most of
the other stimuli.

When evaluating the loudness differences between the
test stimuli and the reference stimulus before (ANipit)
and after (A Nyesult,loud) the PSE Liguq determination (see
Tab. 1), it becomes evident that the initial loudness dif-
ferences are greater than or equal to the loudness JND
(0.8 sone [30]). At their resulting levels, the loudness dif-
ferences A Nyesult,loud fall within or below the JND thresh-
old for most stimuli, except for stimuli e and f. These
two stimuli were the only ones rated as louder than the
reference stimulus in the experiment (indicated by a nega-
tive A Ljouq ), resulting in an even greater loudness differ-
ence. In Table 1, the A Nyeguit,pret, the loudness difference
after the PSE Lp.s determination, shows that the value
is smaller or equal to A Ny for only five stimuli. For all
stimuli A Nyesule,pret €xceeds A Nyesult,loud- Only stimuli
D and b were rated similarly within the JND range. The
substantial deviations from 0.5 up to 6.8 sone indicate
that there are additional factors influencing the prefer-
ence besides the psychoacoustic loudness. This descriptive
pattern provides first indications related to research ques-
tion 2, as the level adjustments required to reach equal
loudness correspond well to the underlying loudness dif-
ferences, whereas the level adjustments required to reach
equal preference do not show such a correspondence.

4 Model

To examine whether the level penalties derived from
the listening experiments can be described by psychoa-
coustic parameters, linear and multiple linear regression
analyses were conducted. Linear regression was chosen
due to its straightforward interpretability and its suit-
ability for small datasets, such as the limited number
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Figure 6. The level adjustment for equal loudness A Lioud
in dB plotted against loudness N in sone. The linear regression
fit is shown with the grey dashed line.

Table 2. Linear regression models and their statistical
evaluation based on the psychoacoustic parameter loud-
ness N for the level adjustment A Lj,,q and the level
adjustment A Lp,cf. Given are R?, F-test and p-value of
the linear regression.

Model R? F-test p-value
A Liouwa =20.2 —1.4N  0.588 14.2 0.0036
A Lpresr = —4.6 +0.2N  0.002 0.0 0.8790

of test stimuli in this study. This approach allows for
a direct evaluation of how individual or combined psy-
choacoustic parameters relate to the level adjustments of
loudness and preference. The loudness N, calculated in
sone, effectively captures the perceived loudness differ-
ence, which was measured in the experiments as the PSE
level Ligug. A linear regression showing the relationship
between A Liy,q and the psychoacoustic parameter loud-
ness IV is depicted with the grey dashed line in Figure 6.
The negative slope of the linear regression shows that
lower initial loudness values resulted in higher positive
level adjustments for the loudness PSEs. The statistical
analysis shows that this linear regression is significant
(p < 0.05), compare the first row in Table 2, and therefore
A Liouq can be represented by the psychoacoustic param-
eter loudness. The preference judgements A Ly can not
be explained by the psychoacoustic parameter loudness NV
using linear regression, as indicated by the statistics in the
second row of Table 2. With an R? value of 0.002 and a
p-value of 0.88, loudness is not a suitable parameter for
modelling A Lpyef. Therefore, it is worthwhile to examine
whether other psychoacoustic parameters better account
for the observed data.

Sharpness, tonality, and roughness show promising
results for modelling the preference PSE. A Lt is plot-
ted against sharpness S (Fig. 7), tonality T (Fig. 8),
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Figure 7. The level adjustment for equal preference A Lpyer
in dB plotted against sharpness S in acum. The linear
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Figure 8. The level adjustment for equal preference A Lpyef
in dB plotted against tonality 7" in tupms. The linear regres-
sion fit is shown with the grey dashed line.

and roughness R (Fig. 9). Linear regressions were per-
formed for each psychoacoustic parameter, and the result-
ing regression lines are shown in the figures as grey dashed
lines. For all three psychoacoustic parameters, the rela-
tionship to the level adjustments required to reach equal
preference A Ly,ef is negative. Stimuli with higher sharp-
ness, tonality, and roughness values needed to be reduced
more in level to be perceived as equally preferred as
the reference stimulus, resulting in negative A Lo val-
ues. Conversely, stimuli with low sharpness, tonality, and
roughness values required less level reduction, or in some
cases even a level increase, to be perceived as equally
preferred as the reference stimulus. The statistical out-
comes of these regressions are summarised in Table 3,
with the first three rows presenting the results for the
individual parameters. The regressions for sharpness and
tonality are both statistically significant (p < 0.05), while
the regression for roughness is not statistically signifi-
cant (p > 0.05). The last three rows of Table 3 present
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Figure 9. The level adjustment for equal preference A Lprer

in dB plotted against roughness R in asper. The linear
regression fit is shown with the grey dashed line.

the results of multiple linear regressions combining the
following psychoacoustic parameter pairs: sharpness and
tonality, tonality and roughness, sharpness and rough-
ness. Multiple linear regression was employed to assess
whether combinations of psychoacoustic parameters pro-
vide a more accurate explanation of the preference judge-
ments compared to individual predictors. All three mod-
els are statistically significant (p < 0.05). With the
model combining sharpness and roughness yielding the
best fit, with an R? of 0.8 and a p-value of below 0.001.
Figure 10 shows a 3D-plot of the relationships between
A Lypet, sharpness S and roughness R. The more negative
the A Lpef values, the higher the sharpness and rough-
ness values, indicating that stimuli with high sharpness
and roughness values were less preferred at their initial
level compared to the reference stimulus. Stimuli with
lower sharpness and roughness values resulted in positive
A Lpyet values, indicating that they were more preferred
than the reference stimulus at the initial level before the
adaptive adjustment.

5 Discussion

The results of this study reveal that heat pump noises
with an equal A-weighted sound pressure level are not
perceived to be equally loud or equally preferred. This
finding aligns with the results of the study by T6épken and
van de Par [11], who similarly investigated fan noise. The
applied experimental approach of adjusting the sound
pressure level allows for identifying even small perceptual
differences and is therefore often considered superior to
direct scaling methods. Although the stimuli originated
from just two heat pumps, variations in their operat-
ing led to distinguishable perceptual impressions, indi-
cating that even changes within the same device can
affect perception, particularly when assessed relative to
a reference. Despite all stimuli being initially presented
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Table 3. Statistic evaluation of six different (multiple) linear regression models based on the psychoacoustic parameters
sharpness, tonality and roughness for the preference-equivalent level A Lyer. Given are R?, F-test and p-value of the

linear regression.

Psychoacoustic parameters Model R? F-test p-value
Sharpness A Lper =17.6 —12.6 S 0.539 11.7 0.0066
Tonality ALpet =28—-10.6T 0.561 12.8  0.0050
Roughness ALpet =12-177TR 0.311 4.5  0.0597
Sharpness & Tonality ALpes =11.8-7.05—-6.5T 0.641 8.0 0.0100
Tonality & Roughness ALper =32—-90T—-63R 0.589 6.4 0.0184
Sharpness & Roughness A Lper =196 —12.15 - 16.4R  0.803 18.3 0.0007

at the same A-weighted sound pressure level, the eval-

uated data from the listening experiments reveal that * Data points

loudness and preference judgements for heat pump noise 29, I MR e il ons anes

can differ noticeably. This shows that the A-weighted — 04 * %

level by itself does not comprehensively account for per- g o

ceptual differences. This critique aligns with Langerova 5 -2 L

et al. [3], who questioned the validity of A-weighted met- f 4 M.

rics for characterising the acoustic impact of heat pumps 4

and called for more differentiated evaluation approaches. 5 AL =196-12.1.5-164 R =03

The change in sound pressure level required to achieve T “02

equal preference differs systematically from that required s 1.6 \»0 .

to achieve equal loudness: across all stimuli, the median of S [acum] 1.8 " R [asper]

the preference-equivalent level Ly,c¢ lies below the median
of the loudness-equivalent level Ljouq, and only for two
stimuli, the difference between Liouq and Lypes is close
to the level JND for broad-band noise (0.5dB [31]). This
aligns with the general observation that perceptual char-
acteristics such as tonality, sharpness, and roughness can
influence preference beyond what loudness-based metrics
alone capture (see e.g. [32, 33]). Further support for this
descriptive pattern is provided by model-based stimulus-
specific task contrasts, which were significant for eight
out of twelve stimuli.

Claaflen et al. [12] reported at 60 dB(A) reference level
that for unpleasant fan noise L.f is about 4dB lower
than Ljo.q, while for pleasant fan noise the difference
was negligible. In our data, stimuli F, e, and f show
greater differences, up to 7dB. In contrast, stimuli B,
D, a, b, and c show differences between Liouq and Lypref
of only 0.6 or 1.1 dB. When considering the psychoacous-
tic parameters sharpness, roughness, and tonality, alto-
gether, these latter stimuli show the lowest values com-
pared to the other stimuli, suggesting an association with
more pleasant heat pump noise. In contrast, stimuli F, e,
and f exhibit higher parameter values, pointing towards
less pleasant heat pump noise.

The loudness evaluation by the participants aligns
with the calculated psychoacoustical loudness N in sone,
see Figure 6. A linear regression model based solely on
loudness is statistically significant (p < 0.05). After eval-
uating various linear regression models based on the psy-
choacoustic parameters loudness, sharpness, tonality, and
roughness, the multiple linear regression model based on
sharpness and roughness provided the best explanation of
the preference evaluations, see Table 3. The parameters

Figure 10. The level adjustment for equal preference A Lprer
in dB plotted against sharpness S in acum and roughness R
in asper.

sharpness and tonality can adequately explain the pref-
erence judgements on their own; however, their combina-
tion in a multiple linear regression increases the p-value
to 0.01, which remains statistically significant but has
been outperformed by the model that used the parame-
ters sharpness and roughness. The superior performance
of the latter model is likely because it accounts for both
spectral and temporal dimensions of the stimuli. Even
though the absolute roughness values were relatively low,
the model fit suggests that subtle temporal characteristics
were a relevant factor in the preference evaluations that
could not be captured by tonality or sharpness. These
results address both research questions of this study.
Regarding research question 1, a descriptive inspection
of the median values shows that Lyc¢ is lower than Liouqg
for all stimuli. Supporting this descriptive trend, the sta-
tistical analyses indicate significant differences between
loudness-equivalent and preference-equivalent levels for
eight of the twelve stimuli. Overall, this suggests that,
for most stimuli, equal preference relative to the refer-
ence is achieved at lower sound pressure levels than equal
loudness, while the offset magnitude varies across stim-
uli. Regarding research question 2, the level penalties
for both loudness and preference, given as A Ljo,q and
A Lpret, can be described using regression models based
on psychoacoustic parameters. A linear regression model
with

AL =202—-14N (1)
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can explain the found level penalty for loudness by using
the psychoacoustic loudness N [25]. The level penalty
derived from the preference judgements of the heat pump
stimuli can be expressed most successfully by a multiple
linear regression model incorporating the psychoacoustic
parameters sharpness S [26] and roughness R [28], while
excluding tonality T' [28, 29] and loudness N:

ALpes = 19.6 —12.15 — 16.4 R. (2)

To maintain simplicity, no more than two psychoacoustic
parameters were used in the multiple linear regression
models. Although tonality showed the highest R? and
lowest p-value as a standalone descriptor, combining it
with roughness or sharpness weakened the model perfor-
mance — lower R? and higher p-value compared to the
model using sharpness and roughness. As tonal sounds
are rated as more annoying at higher frequencies than
at lower frequencies [34], the high-frequency tonalities in
heat pump noise perceived as less preferred are presum-
ably also encompassed by sharpness. This does not lessen
the importance of tonality as a perceptual attribute of
these stimuli.

Given the limited number of stimuli, the regression
models presented here should be regarded as initial indi-
cations rather than conclusive predictive frameworks. In
future research, the models need to be tested with a
larger dataset that covers a broader range of heat pump
noise and participant responses. An open question is
whether real heat pump noise are necessary for this pur-
pose, or whether synthetically generated stimuli with sys-
tematically varied psychoacoustic parameters could be
equally suitable for investigating preference and loudness
judgements. Furthermore, future studies could incorpo-
rate environmental background noise to examine con-
textual influences on preference. Acun et al. [7] have
shown that low ambient background levels were associ-
ated with higher perceived annoyance, suggesting that
masking effects may influence the perceptual evaluation
of heat pump noise. Furthermore, Claaflen et al. [12]
enhanced the work of Tépken and van de Par [11] by
incorporating the level of the reference stimulus into their
models. They found larger level penalties at lower sound
pressure levels of 45 dB(A) when comparing fan noise to
a reference sound, while at higher levels of 75 dB(A) the
penalties remain similar to those at 60 dB(A). It remains
to be determined how these findings transfer to heat
pump noise.

6 Conclusions

In this study, A Ljoud, the relative level adjustments
of the loudness-equivalent level, and A Ly,ef, the relative
level adjustments of the preference-equivalent level, were
determined for heat pump noise in listening experiments
against a filtered white noise reference. The PSE method
was used to evaluate auralised stimuli from record-

ings of two heat pumps, initially adjusted to the same
A-weighted sound pressure level, to determine the extent
of differences in perceived loudness and preference, and
how they can be modelled. In summary, the findings pro-
vide clear answers to both research questions. Regarding
research question 1, the results indicate that, for most
stimuli, a lower sound pressure level is required to achieve
equal preference than to achieve equal loudness relative
to the reference. Supporting this overall tendency, the
model-based analyses reveal significant task differences
for eight of the twelve stimuli, while the offset magnitude
between Liguq and Lyer varies across stimuli. Regarding
research question 2, the level penalties derived from both
loudness and preference judgements can be described
using linear regression models based on psychoacous-
tic parameters, with loudness explaining the loudness-
equivalent levels and the combination of sharpness and
roughness providing the best model for the preference-
equivalent levels. This study, therefore, indicates that the
perceived loudness and preference can not be assessed
simply through sound pressure level measurements when
analysing heat pump noise. The found level penalty
models for loudness and preference should be usable
for time-invariant heat pump noise at around 60dB(A),
independent of the heat pump or their operating
state. Furthermore, since the stimuli were laboratory
measurements that were auralised to represent real-world
conditions, the model should work best for in-situ mea-
surements of heat pump noise with low background
sound. Although the models are statistically significant,
the sample size of heat pump noise was limited to twelve,
and the number of heat pumps was limited to two. Fur-
thermore, sound pressure levels besides 60dB(A) were
not regarded in this study. Future work should there-
fore extend the sample size, look into varying sound pres-
sure levels, and validate the models with stimuli from
additional heat pump units.
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