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Training centers have known a rapid expansion in recent years in many countries. Some of these centers
appear to be a source a complaints from the neighbourhood because their activity generates impulsive
sound. If one sets aside noise from firearms, there is relatively little empirical data on annoyance from
impulsive sound. It is therefore relevant to investigate subjective annoyance from impulsive sound
produced by training centers and to assess how it relates to the various metrics and penalty schemes that
are available in the literature, including ISO/PAS 1996-3:2022. Based on weight-drop events that were
recorded for the purpose of this study, a listening test with 33 participants was conducted. Subjective
annoyance ratings according to ISO 15666:2021 were mapped to the corresponding acoustic descriptors for
each sound. Not surprisingly, our findings indicate that annoyance ratings for weight drop events are most
correlated with sound pressure level metrics. In comparison, the onset rate, sound emergence, and sound
pressure level difference are weak descriptors that only explain a minor part of the variance. Non-redundant
descriptors can still be combined with a sound pressure level metric to improve the agreement with
subjective annoyance.

1 Introduction

Training centers have known a rapid expansion in recent years in many countries. In the case of Norway, official statisics
estimate that 2.5 million people practiced strength training somewhat regularly in 2024, almost 400000 more than in 2021
[1]. Training centers appear to be a source a complaints from the neighbourhood because their activity generates impulsive
sound.

Many national regulations acknowledge that impulsive sound is more annoying than steady sound. The most common
approach is to add a penalty to the metric that quantifies the sound pressure level or to lower the limit value [2]. The
penalty approach is the one described in international standardization [3] where the penalty on the measured quantity or
the reduction of the noise limit value ranges between 0 and 9 dB. Depending on the regulations, the adjustment can be in
discrete steps based on qualitative considerations. It can also be continuous, based on additional metrics like the onset
rate [4, 5]. Another approach is to use a metric that does not average out rapid fluctuations in sound pressure level like
Lypmax or the impulse sound pressure level instead of Ly, [2]. In a similar way, specific metrics can be required when
estimating the sound emergence in the presence of impulsive sound [6,7].

According to [2], accounting for impulsive sound is mostly considered in the case of industrial noise. Provisions for
impulsive noise can also be found for construction noise, noise from firearms and explosions. While sound from firearms
can be produced caused by leisure activities, the latter appear to be less represented in the body of regulations, guidelines
that take impulsive noise into account explicitly.



Several listening tests featuring impulsive sounds collected in the field have been described in the literature. They reflect
the focus of legislation on non-leisure activities [8, 9, 10, 11] except for firearms [12]. Synthetic impulses generated by
applying a time window on broadband noise have also served as the basis for listening tests [13]. In the wake of other
works, this study highlights the role of the spectral distribution in annoyance. Almost all the published listening tests
focused on the merits of noise-level-based metrics. To our knowledge, [9] is the only to have included sound emergence
among the metrics compared to human perception.

This brief overview of the literature on annoyance from impulsive sounds highlights the need for more knowledge on
impulsive sounds from leisure activities, and to little-studied metrics. The remainder of this paper is dedicated to the
investigation of the correlation between subjective annoyance ratings obtained during a listening test and various metrics
for impulsive sound generated by weight drops in the vicinity of training centers.

The structure of this paper is as follows. Section 2 describes the elementary and composite metrics used to rate annoyance
from impulsive noise. Section 3 outlines the design and implementation of the listening test about annoyance from weight

drop sounds. Section 4 presents the results of the listening test. Section 5 interprets the findings and discusses the
limitations of our work. Section 6 concludes this paper.

2 Metrics and penalties
In the following, we will use different noise metrics. While some of them are well known like Lyq, Lap(t) OF Lypmaxs

some other deserve to be defined here. These metrics are used independently or combined to build rating levels.
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Figure 1: Onset rate and level difference of a sample impulse.

2.1 Sound emergence and level difference

When impulsive sound is recorded, one can quantify the change in sound level by computing the so-called level difference
D, =L, — L,, as defined in [4, 5] where L, at instant t; is the sound pressure level at the onset of the impulse and L, at
instant t, the local maximum. Both L; and L, are based on L, (t) (See Figure 1).

Alternatively, sound emergence e = L, — L, Where L, is the total sound pressure level in the presence of the source
to be assessed — here the impulsive sound - and L, is the residual sound pressure level [3, 6]. A national standard
specifies Lyeq 100ms @S the elementary metric to assess Lyoe and Lyqg [7].

2.2 Onset rate

Another way of approaching the change in sound level is to complete the onset rate R,,,,, as the approximate derivative of
Lyp(t). This derivative is defined as a finite difference between t, and t, (See Figure 1). R, is expressed in dB/s. In
practice, only gradients larger than 10 dB/s are considered.

2.3 Penalties

Two standards defined the prominence P, [4,5].



P; = 310819 Ron1o + 2logy D,
That is used to compute the penalty K;

= 0, P<5
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Recent results indicate that the Nordtest method underestimates the penalty K in indoor contexts, while it overestimates
it outdoors [15]. Therefore, a modified formula for computing prominence has been proposed when computing the
prominence:
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The adjusted penalty K, can then be computing by substituting P, for P; in the formula for K.

3 Materials and methods

3.1 Recording sessions

Three recording campaigns were conducted to obtain a set of representative impulsive noise events from weight training
activities. Measurements took in Trondheim, in two training centers in September and October 2025 run by NTNU’s
Student Welfare Organisation (SIT). They took place either very early in the morning (05:00 to 06:30) or very late in the
evening (22:30-0:00), to minimize interference due to other gym-goers. The soundscape consisted mainly of ventilation
noise. The L,,, of background noise did not exceed 30 dB during the measurement.

Controled drops of dumbbells (20, 30, 40 kg), barbells (40, 60, 80, 100 kg), kettlebells(12, 24, 28, 32 kg), and of cable
machine stacks (5, 10, 15 kg) were recorded. All dumbbells, kettlebells, and barbells were dropped above knee height at
around 68 cm. The stacks from the cable machine were dropped from approximately 15 cm each time. For each weight,
three and eight repetitions were performed for each condition. All repetitions were performed by the same operator to
maintain consistency between events.

Pressure-calibrated impulsive sounds were recorded in PCM format (24 bits@48 kHz) with 2 class-I Norsonic (Tranby,
Norway), type Nor150 sound level meters equipped with a %2” microphone (Norsonic, Nor1209+Nor11225) either in the
training room or in a room located above. A Bruel & Kjar (Nerum, Denmark) type 4231 class-I calibrator (94 dB, 1
kHz) was used. The drift between the begiinning and the end of each session never exceeded 0.2 dB.

3.2 Pre-processing

For each type of weight and for each type of room where a recording was available, the clearest and most representative
repetition was selected for further processing to be used in the listening test. Each chosen impulse then had its amplitude
scaled in MATLAB to match the three predefined maximum sound pressure levels that were to be tested,
Lyrmax €150,70,90} dB. After scaling of the impulses was completed, each impulse was imported in a sound editor to
generate a stimulus with several repetitions of the base impulse to yield a wav-file. The processs led to small deviations
of the target duration of 20 s, depending on impulse length. To ensure a consistent background noise among the weight
drop impulses, pink noise with L,.,=30 dB was added to each file, giving us a uniform background noise for all of these
impulses. The parameters R,,, and D, were extracted. As the L,p,,qand the background noise are fixed, the results yield
consistent values for D, in 20, 40, and 60 dB across files. In contrast, R,,,, varied from 126 dB/s to 2237 dB/s. The impulses
selected for the actual listening test were chosen to represent a broad range of R,,and D;, as well as the diversity of the
weight types. In the listening test, priority was given to the recordings made in the room located above the training room.

For the sake of comparison, synthetic pulses were also generated as amplitude-modulated white noise, according to the
procedure described in [14] with the same requirements as above.



3.3 Listening test protocol and setup

The listening tests were conducted at the Auralization lab (AuralLab) at NTNU in Trondheim. In this roomn the walls
were treated with absorbers and diffusers, resulting in a dry acoustic environment. Only minimal noise from the hallway
was audible when people passed. The A-weighted background noise level in the room was below 24 dB. Playback was
handled through a Roland type Studio-capture 1610 audio interface connected to Beyerdynamic type DT 770 closed
circumaural headphones. Headphones pressure calibration (94 dB@1kHz) was performed using a B&K type 4151
artificial ear. The calibration was further tested against using a 30 dB pink noise signal.

The listening test was conducted in October 2025. This experiment was approved by SIKT (the Norwegian Agency for
Shared Services in Education and Research) with reference number 6196657661. One participant at a time completed the
procedure. At the start, each participant received an information and consent form, which provided details about the
purpose and structure of the test. The test administrator then left the room. Only participants with self-reported normal
hearing could take the test. A total of 33 participants completed the listening test. Most were NTNU students. The group
consisted of 17 male and 16 female participants, with ages ranging between 21 and 36. The listening test was administered
via a computer interface that was described elsewhere [16]. This interface did neither process nor alter the sound in any
way, but provided an environment for randomized playback and annoyance rating according to ISO 15666 [17]. The
participants were assigned the following task:”Imagine that you are at home, trying to sleep in your bed. You have a
window open, and you hear the sound in the room. How disturbing or annoying would you find the impulsive sound on
a scale from 0 to 10? 0 is not annoying at all, and 10 is extremely annoying.”

Each sound clip lasted between 18 and 23 seconds. In total, 71 sound samples were presented in a pseudorandom order.
This included eight reference sounds consisting of white noise at sound pressure levels between 49 and 70 dB, in 3 dB
steps. These reference sounds were evenly distributed among the test samples, while the remaining sound clips were
ordered randomly. After completing the listening test, participants were given the opportunity to write a short comment
on which type of impulse they found most annoying and why.

4 Results

The mean annoyance for each relevant predictor, namely Ry, Dy, Lypmax, €, and Ly, is presented as box plots in Figure
2 . Each plot shows the distribution of mean annoyance across binned values of the respective predictor.
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Figure 2: Mean annoyance for the weight drop impulses shown as a function of binned predictor values.

The relationship between annoyance and various rating levels is shown in Figure . Specifically, annoyance is plotted
against the unadjusted equivalent level L4, the ISO/Nordtest rated level Ly, r = Lyoq + Kj, and an adjusted rated level

based on the revised penalty formulation.

4.1 Subjective ratings and single-parameter models

Simple linear regressions were computed between annoyance and Lypymqx, Laeq, and e (See Figure 3). While L g4, and
Lyeq yield similar results with high coefficients of determination, Lypyqy features the highest values for R*. Sound
emergence e correlates quite well with annoyance from weight drops, although with a lower R? than in the case of Lyeq-
Moreover, the degree of the correlation does present large variations between one type of stimuli and the other when the
independent variable is Loq0r Lypmqay- This is in stark contrast with the behaviour of e as an independent variable (See

Figure 3, right).
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Figure 3: Linear regression of mean annoyance versus L ,qand versus e, shown with scattered data. For each data series, the ribhon
delineates the 95% confidence interval.



4.2 Multilinear regression

This section presents the results of multiple linear regression (MLR) models developed to predict mean annoyance based
more than one independent variable. The possible independent variables were Lapmax» Laeqs Ron @and D, . For synthetic
pulses, the best model was found to combine Lyppq,and R,,. For weight drops it was L,,qand R,,. When computing the
multiple regression on impulses from weight drops and synthetic impulses simultaneously the best model was found to
combine Lygqx, Ron and D, (See Figure 4).
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Figure 4: Observed versus predicted mean annoyance for the combined dataset (weigh drops and synthetic impulses) using the best
model from the multilinear regression.

4.3 Subjective ratings and prominence ratings

The relationship between annoyance and various rating levels is shown in Figure 5.

Mean Annoyance vs LAeq Mean Annoyance vs Rating Level (LAeq + K_I) Mean Annoyance vs New Rating Level (LAeq + K_n)

—— Weights: y = 0.16x +-3.94, R? = 0.94 g || Weihis:y =0.14x +-4.49,R? =095 — Weights: y = 0.16x +-6.74,R? =095
Synthetic: y = 012« + -2.55, R = 0.89 Synthetic: y = 0.13x + 4.01, R? = 0.97 ° Synthetic: y = 0.15x + -5.17, R = 0.97
—— Combined: y = 0.14x +-3.08, R? = 0.8 —— Combined: y = 0.14x + 4.28, R? =095 —— Combined: y = 0.16x + -5.49, R = 0.95

)
@

Mean Annoyance
Mean Annoyance
Mean Annoyance

40 50

60 70 80 40 50 60 70 80 90 50 60 70
LAeq (dB) Rating Level (dB) New Rating Level (dB)

Figure 5: Mean annoyance plotted against L., and the rating levels introduced in Section 2.3.

5 Discussion

5.1 Independent variables

Overall, our results provide additional evidence that annoyance is primarily explained by the level-based predictors
Lypmaxand Lyeq, though notable nuances exist across impulse groups and predictors. This additional evidence is brought
for impulsive sound from weight drops. The other possible metrics appear to be sensitive to the type of signal to be rated.
Indeed, both the level difference D, and the related sound emergence e perform reasonably well in predicting annoyance



from weight drops, although Lpmqxand Ly.qwork better. However, they fail to predict annoyance from synthetic pulses.
Onset rate is moderately correlated with annoyance in the case of weight drops, whereas it does not show any correlation
in the case of synthetic pulses.

5.2 Multi-parameter models

Based on our results, multiparameter models involving R,,, or Dy in addition to Lyeq OF Lspmay perform better than the
single-predictor regressions, although only modestly. The increase in R? is small across all models, due to the sheer
dominance of Lyppqay OF Lyeq, When it comes to explaing the variance. These multiparameter modes do show a moderate

reduction in RMSE.

5.3 Prominence ratings

For weight-drop impulses, the penalty trends appear to be less consistent than for synthetic impulses. K; is applied more
evenly across all impulses, giving relatively higher penalties at low L, compared to the synthetic set. This likely arises
from stronger correlations between Dy, R, and L., in the weight dataset.. K, shows slightly higher deviation between
the two datasets as intensity increases.

6 Conclusion

We investigated the relationship between perceived short-term annoyance from impulsive sound due to weight drops
recorded at training gyms and a set of quantifiable acoustic metrics. A listening test was conducted with 33 participants
who each rated the short-term annoyance of a subset of impulsive sounds. The results indicate that the level-based metrics
Lypmax and Lyeqare by far the most dominant and consistent predictors of perceived annoyance for this type of impulsive
sound. This is in agreement with the existing body of knowledge on annoyance from impulsive sound in general.

While e showed strong correlation on annoyance from weight drops, the coefficient of determination of the regression
was lower than for the level-based metrics above. Therefore the added value of a metric requiring two measurements of
sound level instead of one is debatable. Moreover, the correlation between e and annoyance seems to be quite sensitive
to the type of impulsive sound, whereas the Lypyq, and Lygqcorrelate quite well with annoyance for both weight drops
and synthetic impulses.

The analysis and evaluation of the different penalty schemes reveal both strengths and limitations. The rating levels Ly,¢
computed using K; and K,, respectively, both capture short-term annoyance better than L,.4alone. However, although the
adjusted penalty K, better captured annoyance, underestimated penalty for high L.
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