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ABSTRACT

The exposure to noise and its harmful effects on health
have been a subject of scientific consideration for decades.
Over time different psychophysical indicators for charac-
terizing noise have been developed and some, such as the
Zwicker loudness (ISO 532-1:2017), found its way even
into standardization. Nevertheless, it is often challenging
to establish a relationship between single-number (SNQs)
quantities and annoyance ratings. This paper presents sev-
eral trends in research that were found in scientific liter-
ature focusing on studies with a shorter listening test de-
sign, conducted under laboratory conditions. Moreover,
the relation between psychophysical indicators and an-
noyance ratings is investigated. In addition, technical and
practical constraints regarding the design of such experi-
ments are presented.

Keywords: impact noise, single-number quantities, an-
noyance ratings, subjective perception

1. INTRODUCTION

Annoyance of impact noise within buildings can cause
adverse health effects and disagreements between neigh-
bors [1]. Psychoacoustic measures are intended to refer to
the subjective auditory perception of noise quantified by
single-number quantities (SNQs) [2]. These correlate bet-
ter with our perception when spectrum adaptation terms
are applied, taking into account the specific frequency
characteristics of noise.
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Rasmussen and Rindel [3] provided an overview of
the historical development and increasing complexity of
legal sound insulation requirements. They showed that
differences between countries in the SNQs used can be
large, making direct comparison between requirements
difficult. Legal sound insulation requirements are “... thus
representing a cataloguing of concepts rather than a har-
monization”(Ramussen and Rindel [3], 2005).

In addition, there are several problems with relating
subjective annoyance ratings to the developed SNQs, as
they generally do not correlate well with each other. For
example, the standardized SNQs predicted or determined
by measurements do not appear to be appropriate when
applied to timber buildings [4]. This raises questions ac-
cording to different construction types and the relevant
frequency spectra of the various standardized and real im-
pact sound sources. In particular, the omission of low fre-
quencies below 100 Hz in most standards potentially leads
to a misrepresentation of how annoying impact sound is
for people in the built environment [2].

To better understand this aspect, various listening
tests were performed to assess people’s response to im-
pact noise [2]. Because of short auditory memory, in-situ
comparisons within longer time intervals between listen-
ing are neither valid nor reliable. This was highlighted
by Lokki in his study of perceptual preferences for con-
cert halls [5]. Lokki reproduced acoustic environments
of different halls under laboratory conditions and allowed
participants to switch between them. Lokki argues that in-
stantaneous switching between acoustic representations is
essential for a reliable acquisition of subjective responses.
Therefore, this review presents studies that evaluated sub-
jective responses in shorter listening tests under laboratory
conditions.

In 2018, Vardaxis and Bard published a review article
on ”...studies that approach acoustical comfort in living
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spaces by linking acoustical data and subjective responses
in laboratory tests.”(Vardaxis and Bard, 2018). Because
this survey [2] focused on impact sound, it was taken as
a starting point for further examination of studies investi-
gating the relation between annoyance and impact sound
in buildings.

2. METHOD

The databases Scopus, World of Science, and Research-
gate were used to search for appropriate studies and con-
ference proceedings. The keywords used were: impact,
noise, sound, annoyance, buildings, single number quan-
tity. Some literature was subsequently found on basis of
the listed references in [2].

The studies considered conducted listening tests on
subjectively rated impact noise annoyance under labora-
tory conditions. By laboratory conditions it is meant that
the reproduced impact noise was recorded and reproduced
through headphones or loudspeakers in a controlled envi-
ronment. Another requirement for inclusion was that the
studies examined correlations between at least one SNQ
and the measured annoyance ratings.

For a definition of the quoted SNQs, sound qualities,
and spectrum matching terms, please refer to [2] and [6].
The specifics of conducted listening tests and statistical
methods applied in each individual study are not detailed
and the interested reader should refer to the specific study.

3. RELEVANT LITERATURE

After reviewing the databases based on the previously
stated requirements, ten studies were included in the liter-
ature review. The following review focuses on the results
related to the correlation between the SNQs used and the
reported annoyance ratings. The studies are grouped ac-
cording to their focus of investigation.

3.1 Reproduction Condition

Jo and Jeon examined the influence of spatial and visual
cues on ratings of annoyance in a virtual reality environ-
ment [7]. Recordings of a heavy impact noise (rubber
ball) were played back through headphones as (1.) a mono
sound source, (2.) binaurally, with an applied head-related
transfer function (HRTF), (3.) in mono with visual in-
formation via a head-mounted display (HMD), and (4.)
binaurally, with applied HRTF and with visual informa-
tion via HMD [7]. The correlation between LA,Fmax and

annoyance showed that annoyance ratings were signifi-
cantly higher when the noise was reproduced binaurally
or binaurally in combination with visual information via
the HMD (cases 2 and 4) [7]. The allowance limit, mea-
sured in SPL dBA, at which half of the participants could
no longer tolerate the noise, was significantly lower for the
applied HRTF (cases 2 and 4) than for the presentation in
mono (cases 1 and 3) [7]. The study concluded that noise
sensitivity, and thus annoyance, was higher when direc-
tional and visual information was provided [7].

Another study on spatial effects, conducted by Fres-
cura et al., focused on impact sound (walking) on the up-
per floor of wooden residential buildings [8]. The impact
noise was characterized using the magnitude of the in-
teraural cross-correlation function (IACC) and LAFmax.
Impact sound with a higher IACC also had a higher an-
noyance rating [8]. Similar to Jo and Jeon [7], the results
showed that a clearer localization of the impact noise led
to a higher annoyance rating [8].

3.2 Type of Construction

With regard to the comparison of different floor types,
Hongisto investigated the perception of four real impact
sound types (basketball bouncing, chair moving, walking
with shoes, and walking with socks) elicited on six floor
types [9]. The SNQ Ln,W could not rank the six float-
ing floors in the correct order to the four noise types [9].
In particular, walking with socks, a very common impact
sound in the built environment, had no correlation to the
SNQ [9].

Jeong et al. addressed the problem that heavy-weight
impact sources, such as the tapping machine, walking or
rubber ball, have not been subject of scientific research as
often as their lightweight counterparts. Therefore, they
conducted two listening tests on heavy-impact noise in
which seven SNQs were evaluated in regard to their appro-
priateness. The SNQ LiA,Fmax had the highest correla-
tion values. The SNQ LLz , also known as Zwicker Loud-
ness [10], had the lowest correlation value for the impact
noise rubber ball. The study concludes that sound energy-
based SNQs, especially LiA,Fmax have higher correla-
tion values than loudness-based SNQs, such as LLz, N5

or Nmax.

3.3 Impact Sources

The discussion about standardized impact noise sources
such as the tapping machine or the impact ball, and its
suitability to represent realistic sources is an ongoing topic
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[3] [2]. For instance, in [2] results imply that the tap-
ping machine does not represent walking sound as good
the standardized rubber all. Frescura et al. come to the
opposite conclusion that the spectrum of the impact noise
source used for measurements is not relevant and the ISO
tapping machine is a suitable noise source [11]. The dis-
crepancy between conclusions in this regard underline the
importance of further research in this area.

For impact sound that varies in duration, number or
level the study conducted by Kim et al. indicate that SNQs
which take into account the duration and energy level of
the sound source are more explanatory then SNQs which
measure the sound pressure level [12]. Reproduced chil-
dren’s running was used, because it needed to reflect irreg-
ular patterns of impact sound in an actual apartment [12].
The results show that Leq and LAE correlate better with
the annoyance ratings than LiA,Fmax [12].

3.4 New Spectrum Adaptation Terms

A different approach to finding the most appropriate SNQ
for annoyance ratings was taken by Kylliänen et al., who
developed new SNQs for five real impact sounds [13]. The
requirement was that the new SNQs could be composed
as the sum of L′

nW or L′
nT,W and a new spectrum adap-

tation term [13]. Based on the measured reference spectra
of each noise type and a psychoacoustic experiment, new
spectrum adaptation terms were calculated [13]. The re-
sults of the listening test showed that each of the the new
SNQs had a higher correlation with the annoyance ratings
compared to the standardized SNQs from ISO 717-2 [13].

3.5 Low Frequencies

Panosso and Paul made comparisons between objective
and subjective ratings of two impact sounds (tapping ma-
chine and calibrated tire) and two types of floor cov-
ers [14]. One of the SNQs used to evaluate the rat-
ings of impact noise produced by the calibrated tire was
L′
i,Fmax,50−630 [14]. The results of the listening test

showed a higher correlation for L′
i,Fmax,50−630 than for

the standardized SNQ LnT,W . [14].
Also, the new spectrum adaptation for the frequency

range between 50-2500 Hz in the previously mentioned
study of Kylliäinen, had a higher correlation to annoy-
ance in comparison to the standardized SNQs L′

nW and
L′
nT,W [13].

In the above-mentioned work by Jeong et al. [15] us-
ing multiple SNQs, opposite results were found. In addi-
tion to LiAvg,Fmax(63−500), Li,Fmax was also used and

showed a higher correlation with annoyance. [15].
Amiryarahmadi and Kropp developed a virtual de-

sign studio for low-frequency noise analysis [16]. They
conducted a listening test to evaluate heavy-weight im-
pact noise (walking) on different floor designs. They used
L′
nT,w and additionally two spectrum adaptation terms,

namely CI,50−2500 and CI,20−2500 [16]. For about half of
the wooden floors studied, none of these three SNQ vari-
ations could predict the perceived annoyance [16]. They
conclude that the lack of correlation needs further investi-
gation and that the perceptual evaluation of impact sound
is of great importance [16].

3.6 Physiological Aspects

A study conducted by Sang Hee Park et al., which simul-
taniously measured annoyance, heart rate, electrodermal
activity, and respiratory rate in relation to floor impact
noise showed that human hearing is more sensitive than
the aforementioned physiological responses [17]. Partic-
ipants were divided into high and low sensitivity groups
and exposed to the impact noise of footsteps and an im-
pact ball. A correlation to LA,Fmax showed that annoy-
ance increased with increasing SPL. The high sensitivity
group had significantly higher annoyance values than the
low sensitivity group [17].

4. DISCUSSION AND CONCLUSION

The purpose of this literature review was to provide a brief
overview about the research on the prediction of subjec-
tive annoyance using single number quantities, spectrum
adaptation terms, and sound quality descriptors. The field
of research encompasses a wide range of different topics
with overlapping research questions and approaches.

The multiplicity of SNQs and spectrum adaptation
terms used displays the inconsistency mentioned over the
years by Rasmussen and Rindel in 2005 and Rasmussen
in 2022 [3] [6]. The results described regarding the utility
of particular SNQs for a specific research question and/or
procedure are not consistent. In some studies, such as
in [15], standardized SNQs correlate very well with an-
noyance ratings, whereas in others, such as in [9], [13],
and [16], the correlation is limited.

Another topic is the reproduction environment itself.
Using the interaural cross-correlation function to imple-
ment spatial cues makes the reproduced noise more realis-
tic, which consequently leads to more reliable test results.
In addition to playback with headphones, a virtual studio
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as described in [16], are another step towards a higher eco-
logical validity of listening tests under laboratory condi-
tions.

Several studies have examined SNQs with extended
frequency ranges down to 50 Hz and 20 Hz with mixed
results. While in [13] and [14] the inclusion of low fre-
quencies lead to a higher correlation, SNQs without this
inclusion were more effective in [15] and [16].

Overall, the examined investigations expose that fu-
ture research is needed. In this regard, several important
aspects have been identified whose better understanding
would lead to a higher efficiency of SNQs.
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