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Abstract
The sounds of the washing machines are one of the most complicated household product
sounds. They are instationary and contains different operating stages which cause totally
different sounds. These aspects make the psychophysical evaluation and the modelling of the
overall washing machine sound quality very difficult. Washing and spin are two main
operational stages. Particularly spin sounds are loud and highly instationary with various sound
events. The aim of this study to predict the sound quality perception of front-loading washing
machines using artificial neural networks. Therefore a listening test was conducted, in which the
participants evaluated the pleasantness/annoyance of the washing machine sounds. Then the
psychoacoustical and signal features of the sounds were analysed. The link between the
listening test results and analysis results were realized using artificial neural networks (ANNs).
Finally the model which is based on the ANNs was verified using test stimuli. The results of the
study was compared with the models from our previous studies.
Keywords: Household appliance, sound label, quality, design, neural networks.
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A Sound Quality Model for Washing Machine Sounds
Based on Artificial Neural Network
1 Introduction
In recent years, various research studies were conducted taking into account the increasing
importance of the sound quality of household appliances [1, 2, 3, 4, 5, 6, 7]. Particularly the
annoying household appliance sounds cause the degradation of the life quality. Therefore a
knowledge on the signal properties and psychoacoustical parameters which are important for
the perceived annoyance is very helpful for the manufacturers. Studies on the household
appliances show that loudness, sharpness, roughness and tonality are very useful to describe
the perceived annoyance [3, 5]. Most of the existing sound quality indexes for household
appliances are based on the regression model which considers the multiple linear regression
between the subjective evaluation results and the psychoacoustical properties [1…7]. Well
known methodology from the machine learning and cognitive science, artificial neural networks
(ANNs) opens up new opportunities for the sound labelling. Main advantage of the artificial
neural networks in comparison to traditional regression based sound indexes is that ANNs have
the capability of learning and pattern recognition. Therefore some researchers applied the ANN
to estimate the sound quality judgments and model the sound quality evaluation process in
recent years [8, 9, 10, 11, 12, 13, 14]. Most of these investigations concentrated on the
application of the ANN on the vehicle sound quality prediction [8, 9, 10, 13, 14]. Simulation
results deliver in most cases very well correlation with the subjective judgments.
The aim of this study is to develop a sound quality model which is based on artificial neural
network for washing machine sounds. In our recent study [15] we conducted perceptual
evaluation tests for washing machine sounds and analysed the psychoacoustical parameters.
Using the knowledge and results from our previous study, we developed an ANN model for
washing machine sounds. First we will summarise the content of our recent study and then we
will introduce the developed ANN model.

2 Listening Test – Annoyance Evaluation of Washing
Machine Sounds
The conducted listening test and the annoyance evaluation results were reported in [15]. 9 front
loaded washing machines were recorded for the investigation. The maximum rotation speed of
the machines was 1200 rpm. Characteristic time sequences from various operating conditions
were selected as stimuli for the listening test. The selected stimuli contains water, pump, friction
and spin noises. Average duration of the stimuli was 5 sec. Additionally, the original recorded
sounds (selected stimuli) were modified in frequency and time domain using various digital
filters.
Twenty subjects participated in the listening experiments. The ages of eight men and twelve
women participants varied between twenty-two and sixty-one years. All participants were naïve
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without any acoustical knowledge. They evaluated the annoyance of the stimuli on a quasicontinuous scale using a slider. This scale consists of verbal markers not at all, slightly,
moderately, very, and extremely. The length of the slider was 100 mm with a resolution of 1 mm
(100: extremely annoying, 0: not annoying). The listening test contained a training. In this
training session, different stimuli combinations from the experiment was presented to the
participants to give information about the stimuli variance.
The results of the listening experiment showed that the perceptual annoyance ratings of the
washing machine sounds vary strongly. There is a significant difference between the water
sounds which cause much more less annoyance and spinning sounds. It was also observed
that the pump noises should be taken into account regarding the perceived annoyance.
The results of the conducted evaluation experiment and signal/psychoacoustical analysis show
that loudness, sharpness, roughness and tonality are most important psychoacoustical
parameters in regard to the perceived annoyance of the washing machine sounds. Particularly
the spin cycle is very loud and annoying, loudness is very important parameter for the
perception of the washing machine sounds. Sharpness takes into account the perceived
annoyance of the high frequency components, which are very dominant in some spin
sequences, of the washing machine sounds. The roughness and the tonality provide a good
overview on the resulted annoyance of the modulated and tonal sound components.

3 Development of an Annoyance Estimation Model Based
on Artificial Neural Network
The artificial neural network, which was developed in this study, is a two-layer feed-forward
neural network.

Figure 1: Structure of the developed ANN
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As activation functions in hidden layers, sigmoid functions were applied. The number of hidden
neurons was 5. As training algorithm, the Bayesian Regularization method was used. The
performance estimation is based on the Mean Squared Error. Above mentioned four
psychoacoustical properties, loudness, sharpness, roughness and tonality, were used as inputs
(Figure 1).
Annoyance ratings of the 26 stimuli is presented in a box plot in Figure 2. Median values are
shown in red and mean values are the mid points of the represented boxes. Edge of the boxes
are the 25th and 75th percentiles of the population, and extreme data points (outliers) are
plotted individually as red plus signs.

Figure 2: Annoyance ratings of the washing machine sounds
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Neural networks should be trained with as many different data sets possible. That would
increase the flexibility of a neural network to estimate data points lying outside of the main trend
of the overall data set. In this example, two neural network training algorithm is obtained. In the
first example, neural network is trained by 17 data set among 26. Remaining parts are used as
the validation for the stimuli. Selection of the 17 data set is randomized, such that at each
training, different data sets are selected to obtain best neural network performance in terms of
mean squared errors and regression values. The tailored neural network is then used for
estimating the whole data sets available and comparison with the subjective estimations are
presented. In the second phase, data points lying out of the main trend in terms of the
annoyance estimations, which can be called as “extreme values” (in this case 3., 5., 11., 15., 21.
and 25. stimuli) , are excluded from training set, and remaining 20 stimuli value are used for
training the neural network. In this trial, the main aim is to understand, if the neural network is
capable of mimicking “out of bounds” estimations rather than normal, usual, linear trend data
set. In other words, neural network is trained only with normal data sets and expected to imitate
even anormal values to some degree. It should be noted that, the criteria for the exclusion of the
extreme stimuli was the annoyance ratings in this study. However, different divisions can also
be possible in terms of the input values, i.e. calculated psychoacoustical values of the stimuli
such as sharpness and tonality.

Figure 3: Results obtained from ANN compared to subjective annoyance ratings
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The performance of the first neural network was slightly better than second neural network.
Particularly, second neural network cannot deliver good results for the stimuli 11. or 15.

4 Conclusions
In this study, a 4-input 1-output artificial neural network system was developed to model the
perceived annoyance of the washing machine sounds. The ANN is based on the perceptual
evaluation experiment results. Psychoacoustical properties, which are loudness, sharpness,
roughness and tonality are the inputs of the ANN. The results of the ANNs show high
correlations with the subjective ratings. Two different training algorithm, such as random
selected data set and extreme value out, were applied to develop the ANN. The results show
that the random selected data strategy deliver better results.
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