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ABSTRACT

This paper investigates the problem of noise-induced annoyance
level evaluation, and proposes a novel annoyance measurement met-
ric for more efficient and accurate evaluation of annoyance level
of different types of noises. Results from a large-scale subjective
listening test using 90 different noise clips and 96 subjects show
that the proposed method can produce more consistent and reliable
annoyance ratings than the widely adopted ISO method. Based on
the subjective test results, we further develop an objective noise
annoyance level measurement model based on the selected psychoa-
coustic features extracted from the noise samples. Our evaluation
results show that the objective model produces satisfactory predic-
tion accuracy on noise annoyance level.

Index Terms— annoyance measurement, multiple regression,
subjective listening tests, annoyance modeling

1. INTRODUCTION

Urban noise pollution is a major concern worldwide as a cost of
rapid economic growth and development. Among health effects
from noises, annoyance is one of the most salient effects on hu-
mans [1]. Although there are more and more smart cities are using
IoT with large scale WSN (Wireless Sensor Networks) to provide
ubiquitous sensing and measuring urban noise environments, most
of the existing systems only provide limited information about the
environment noises such as averaged sound pressure level, which in
many cases only provides a poor measurement on impacts of noise
to human. Therefore, there is an emerging need to assess the quality
of the urban environment by exploring the relationship between
urban noise exposure and annoyance [2, 3].

From methodology point of view, there are two kinds of noise-
induced annoyance evaluation approaches. One approach is via so-
cial surveys, where questionnaires or interviews are conducted in
situ by asking people who have been exposed to the noise environ-
ment for a long time to respond their experienced annoyance [4].
The other approach focuses more on short-term effect of noise and
the annoyance level information of noise is collected via subjective
jury tests where subjects report their perceived annoyances of short-
term noise exposures under a controlled laboratory environment (e.g.
an anechoic room) [5].

In either annoyance evaluation methods, the degree of noise an-
noyance is usually quantified using two indices, namely, a 5-point
verbal rating scale (not at all/slightly/moderately/very/extremely) [6]
and a 11-point numerical rating scale (0-to-10 with even distribu-
tion) [4]. However, as pointed out in previous studies [7, 8]), there

lacks a systematic mechanism for the listener to associate either ver-
bal rating scale or numerical rating scale with their perceived level
of annoyance of the listening test samples, which possibly generates
confusion between ratings. Also, the new psychological evidence [9]
shows that human prefers to compare candidate with benchmark
rather than assess with numerical scores.

In this research, we investigate the subjective jury test based
annoyance evaluation approach. A new annoyance measurement
metric is used in the jury test and its advantages are demonstrated
through results analysis. The new metric introduces a reference
stimulus with adjustable sound level as a benchmark, and the noise
annoyance is evaluated by comparison between the reference and
noise, and rated by numerical adjusted level value. The subjective
jury test results show the new metric outperforms the traditional
method with more consistent and reliable annoyance ratings.

In practical IoT applications such as urban noise monitoring or
environment sensing, it is preferable to have a objective psychoa-
coustic annoyance (PA) model such that the noise monitoring sys-
tem can compute the annoyance of environment noise directly from
captured audio signal. For example, the well-known dose-response
curve in [10] relates the overall noise annoyance to noise exposure if
the noise exposure information (like day-night average sound level
Ldn) is available. More sophisticated PA models for noise annoy-
ance level prediction based on psycho-acoustical features of noise
stimuli such as loudness, roughness and sharpness were also devel-
oped in [5, 11, 12, 13, 14, 15]. In this paper, we follow the idea and
proposes a PA model for typical urban noises based on results from
the large-scale listening tests using multiple regression and dimen-
sion reduction.

The rest of the paper is organized as follows. The new annoy-
ance measurement method is firstly proposed in Section 2. Then cor-
responding subjective jury tests are detailed in Section 3. PA mod-
eling is then discussed in Section 4. Lastly, Section 5 concludes the
paper.

2. NEW NOISE-INDUCED ANNOYANCE METRIC

Although there is considerable diversity of opinions on how subjec-
tive annoyance should be measured, existing methods can be typ-
ically categorized into either absolute rating scale (verbal or nu-
meric) based method, or discrimination scale (e.g. rank rating) based
method. Pros and cons of these existing methods are summarized in
Table 1.

To overcome those respective limitations, a novel noise annoy-
ance measurement method was proposed in our previous work [17,
18]. The fundamental idea of the method is to introduce a refer-



Table 1. Comparison of Existing Annoyance Metrics
Annoyance metric Pros Cons

absolute rating scale absolute index convenient confusion between scales
(e.g. [6, 4]) for analysis and model and less accuracy

discrimination scale less ambiguous for no quantitative index
(e.g. [7, 16]) untrained subjects and time consuming

ence stimulus with adjustable sound level (in dB) as a benchmark
for noise annoyance assessment. During a subjective jury test, the
subject firstly experiences short-term noise exposure from a sound
pair: the reference stimulus and the target noise. Next, the subject is
required to adjust sound level of the reference stimulus to reduce the
annoyance difference until the final sound pair brings the same or
similar sensation to the subject, or the adjusted sound level reaches
its range limits. In the end, the final bipolar value of sound level
adjustment on the reference stimulus is recorded as an annoyance
index to reflect the annoyance degree of the target noise.

In the proposed method, the difference of annoyance between
the reference stimulus and the target noise is not evaluated. Instead,
the sound level adjustment is recorded. This overcomes the scales
confusion in the absolute rating scale method and no quantitative
issue in the discrimination scale method. The proposed method the-
oretically combines the merits of both two types of existing annoy-
ance measurement methods to ease the listening test process and pro-
duces less ambiguous results.

Clearly, the effectiveness of the method will by and large deter-
mined by the reference stimulus being used in the jury test. Ideally,
the reference stimulus should possess the following properties:

• It should be a reproducible synthetic signal for the method to
be practically applicable to different labs

• The reference noise should hold a monotonic increasing re-
lationship between its sound level (in dB) and subjective an-
noyance response.

• The reference noise should be complex and contains “rich”
psychoacoustic features that are commonly recognized as an-
noyance contributors of noise.

Under the above designing guidelines, we construct a reference
stimulus signal as

s(n) =

k∑
i=1

ωi · ζi(n)

where ωi denotes weighting, k is the number of synthetic signals,
and ζi are synthetic signals with very different psychoacoustic char-
acters. For different application scenarios, the number (k) and the
types of synthetic signal are varied. For our urban noise evaluation
approach, we choose the five unique synthetic signals as given in
Table 2 which cover the rich psychoacoustic features for evaluation.

By varying the weighting ωi, the constructed signal s(n)
presents different annoyance level over different sound levels. In
our approach, we choose the ωi set as given in Table 2 to generate
the reference stimulus, where its annoyance level versus sound level
performance is presented in Fig. 1 (note that herein, the adjust sound
of 0 dB corresponds to a sound level of 60dB). Obviously, this gen-
erated signal fulfills the requirement of reference stimulus properties
as listed above. In the following, this generated signal is used as the
reference stimulus for our proposed subjective jury test.
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Fig. 1. Annoyance curve of reference stimulus

3. SUBJECTIVE NOISE ANNOYANCE LEVEL
EVALUATION EXPERIMENTS

The above proposed annoyance measurement method was used in
a large-scale urban noise evaluation experiments for formal assess-
ment of annoyance level of common urban noises. For comparison,
the widely adopted ISO 11-point annoyance measurement method is
also applied in the evaluation experiments as a benchmark method.

3.1. Noise Recording

We first collected 128 typical urban noises samples at different tim-
ing and locations in Singapore for the evaluation experiments. The
samples are recorded in mono, with 44.1K Hz sampling rate and 16
bit resolution using Tascam DR-100 recorder and Neuman micro-
phone. These samples are representative of typical Singapore urban
noise types, such as highway noise, metro noise, construction noise
and communication noise. Most samples have a duration of 3-5 min-
utes.

3.2. Noise Stimuli preparation

In general subjective jury test, the testing stimuli are typically rec-
ommended less than 15 seconds to avoid possible masking or mem-
ory errors [19]. Thus, it is necessary to extract short noise stim-
uli clips from the raw recording samples. To this end, we divided
each recording sample into a few 10-second segments based on an
event detection algorithm. After that, we calculated different multi-
ple psychoacoustic features of each segment, and selected represen-
tative segments based on feature distributions. The resulting short
segments are further filtered using subjective evaluation to ensure
the content diversity and balance of noise stimuli number with each
urban noise type.



Table 2. Synthetic signals and their weighting factors
index ωi signal

1 2 board band noise
2 1 sine tone at 1kHz (tonality)
3 1 sine tone modulated with envelope variation at 70 Hz (roughness)
4 1 sine tone with modulation frequency at 4 Hz (fluctuation strength)
5 2 narrowband noise centered at 5kHz (sharpness)

Finally, total 90 noise clips, with duration of 10 seconds each,
are selected and used as noise stimuli for the large-scale subjective
jury test.

3.3. Experimental Setting and Procedure

A total of 96 subjects are invited to conduct the subjective jury test.
They include 36 males and 60 females, with age of 20 to 60, having
a wide range of socioeconomic backgrounds (e.g. education level,
residential area). They are paid for their successful participation.

To trade-off the expected quantity and quality of the test results,
both noise stimuli and subjects are randomly and equally divided
into 3 batches (i.e. 30 noise stimulus per subject and 32 subjects per
noise stimuli). It turned out that with this division, the average time
consumption of each test session is ideally controlled less than 45
minutes. Other detailed experiment setting and procedure descrip-
tions are similar to [17].

3.4. Experiment Results Analysis

Following the above experiment procedures, two groups of an-
noyance ratings are obtained from all the 90 noise stimuli. Post-
screening is further applied on the raw results so that more reliable
results can be obtained by omitting some outliers judgments from a
particular subject. In this study, the Box-and-Whisker technique is
used and about 15% subjects from the raw results are discarded by
this rejection process.

The remaining valid data are normalized to [0, 10] to further
analyze their statistical means and confidence intervals (CIs) at 95%
CI. For clarity, we name the rating results using the proposed method
as Group 1, and results using the ISO 11-point annoyance measure-
ment method Group 2. The analysis of their means shows that the
overall mean annoyance ratings from Group 1 is similar that from
Group 2. However, almost all CIs of Group 1 are distinctively nar-
rower than corresponding that of Group 2. In Fig. 2, the results of
30 noise stimuli from one batch are illustrated for clarity. The av-
erage CI of all 90 noise stimuli is 0.942 for Group 1, and 1.329 for
Group 2. More than 30% reduction of CI shows that the proposed
method can provide less ambiguous results, that is, more consistent
annoyance rating with less variation.

Furthermore, the above raw rating results are re-sampled to a
subset with randomly sampled results with less number of subjects.
Such a subset is further statistically re-analyzed. To reduce the sam-
pling bias, such a procedure is repeated with 10 iterations. The fi-
nal averaged CIs are compared in Table 3. It shows that, with the
same number of subjects, the proposed method presents narrow av-
erage CI than that of the ISO method. And the proposed method can
use 12 subjects to achieve similar average CI whereas ISO method
may need 20 subjects. Less subjects are needed with the proposed
method for a subjective jury test to produce comparable annoyance
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Fig. 2. Comparison of annoyance level evaluation between the pro-
posed method and ISO method.

rating results which means it is easier to obtain statistically signifi-
cant listening test results by using the proposed method.

Table 3. Comparison of CIs with different number of subjectsXXXXXXXXXmethod
# subject 20 16 12 8

Proposed 1.184 1.433 1.686 2.460
ISO method 1.700 2.042 2.344 5.396

4. OBJECTIVE NOISE ANNOYANCE LEVEL MODELING

In urban noise monitoring, most existing systems only report sound
pressure level of the recorded noise, which are insufficient since it is
well-known that sound pressure level does not provide a full picture
of the human perceptual quality of a sound. Thus, it would be good
for an objective predictive model to deploy not only sound pressure
level information but also other sound psychoacoustic features that
incur annoyance to human perception. And this model can be in-
tegrated into noise monitoring systems to provide more actionable
information on the environment under monitoring. To this end, we
develop a multiple regression based model to predict the annoyance
level based on psychoacoustic features extracted from noise samples
based on the data from our subjective jury test.

4.1. Psychoacoustic Feature Extraction

In our model, we use five psychoacoustic features including loud-
ness, RMS (root-mean-square) energy, roughness, brightness and



tonality. All of them are frequently used as sound quality met-
rics [20]. Except for loudness, each of the other four features is ex-
tended to 7 parameters including its mean, standard deviation, max-
imum, minimum, 1st quartile, 3rd quartile and median over the du-
ration of the testing sequence in order to capture both the mean and
statistical dynamics of the given psychoacoustic features of the test-
ing sequence. For loudness, we calculate Zwicker’s Loudness [21]
that is standardized and generally used for time-varying sound
signals. Three parameters, N5 (used for environmental sounds),
maximum(Nmax) and mean(Nmean) are extracted [14, 22, 11].
Therefore, the psychoacoustic features used in our model have
3 + 4× 7 = 31 dimensions in total.

Table 4. Predictive feature set
Psychoacoustic features Dimension

loudness 3
RMS energy 7
Roughness 7
Brightness 7
Tonality 7

4.2. Regression Modeling

To deal with the potential multicollinearity problem (i.e., with very
high variance inflation factors) of the selected prediction parameters,
we use several dimension reduction methods including stepwise se-
lection [12, 23, 24], PCA (Principle Component Analysis) [25, 26],
LASSO (Least Absolute Shrinkage and Selection Operation, penal-
izing the sum of absolute regression coefficients) [27] and PLS (Par-
tial Least Square, fitted with the orthogonal scores algorithm) [28].
The regression model is then trained by splitting the dataset ran-
domly into a training dataset (with 72 objects) and a test dataset (with
18 objects). The goodness-of-fit of regression model is evaluated us-
ing 4 performance tests: df (degree of freedom), mean square error
(MSE), Pearson’s product-moment correlation and Spearman’s rank
correlation.

The obtained prediction performances are listed in Table 5. It
can be seen that PLS based model achieves the best performance in
terms of fitting the annoyance rating to the subjective test results.
The performance of LASSO based model is slight worse than that
of the PLS based model. The prediction results by PLS on the test
dataset (with 18 objects) are visualized in Fig. 3. The overall pre-
diction results are reasonably good which shows the possibility for
evaluating annoyance ratings of urban noises by using only objec-
tive parameters at low complexity, with the primary advantage of
avoiding time-consuming subjective jury listening test.

Table 5. Comparison of prediction performances on test set
Method df MSE Pearson Spearman
stepwise 16 7.312 0.930 0.932

PCA 3 16.428 0.860 0.837
LASSO 7 3.857 0.964 0.934

PLS 3 2.886 0.967 0.953
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Fig. 3. Prediction results using PLS regression method.

5. CONCLUSIONS

In this paper, we describe a new annoyance measurement method
based on pair-wise comparison and artificial generated reference
noise signal. The effectiveness of the proposed method is validated
using a large scale subjective test with 90 testing stimuli extracted
from a database of common urban noise recorded in Singapore, and
96 subjects. To apply the listening test results in practical applica-
tions such as environment sensing or urban noise control, we further
develop a objective noise annoyance level model based on multiple
regression with selected psychoacoustic features extracted from the
audio signal and dimension reduction. Evaluation results shows
that the developed objective model achieves satisfactory prediction
performance with regarding to subjective annoyance level scores.
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