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Abstract 
Sound quality has become an important factor in gaining market advantage especially in 
household appliances. In the present study; the sound quality of different washing machines 
are determined by constructing a mathematical model through the relationship between 
objective and subjective aspects of sound quality. This relationship is then extended to 
include the key design parameters. Eight different washing machine models are selected and 
psycho-acoustic metrics are determined using sound quality software. This data is then 
processed by principal components analysis and reduced to a fewer number of variables 
which still can describe the quality of the sound. Meanwhile, a jury test is conducted with 
twelve jurors to determine the subjective ratings of the sounds. Then the objective metrics 
are correlated with the subjective jury tests by linear regression technique to obtain a 
mathematical model. Graphical methods are used to demonstrate suitable characteristics of 
sounds that correspond to working stages such as “water intake”, “washing” and “spin 
extraction” as perceived by the jurors. Finally, the effect of a key design parameter on the 
sound quality is investigated by using dampers with different characteristics on the same 
washing machine. The recorded sound samples are processed by our mathematical model 
to obtain the influence of design modifications on the subjective and objective parameters of 
sound. 
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1 Introduction 
Sound quality is “a descriptor of the adequacy of the sound attached to a product” as defined 
by Blauert and Jekosch [1]. The aim of a sound quality study is to obtain the information 
about the human perception of a specific sound, by performing series of numerical 
calculations on the recording of that sound. In order to achieve this, subjective and objective 
tests are made, and a mathematical model is derived to represent the correlation between 
objective and subjective properties of the sound. Sound quality metrics are calculated in 
order to represent the subjective properties of a specific sound. Out of these metrics, 
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“loudness” defined by Zwicker is standardized [2]. The standardization for the others is still in 
progress. The listening tests performed to obtain the properties relevant to the human 
perception of a sound are called “jury tests” or “listening tests”. In the sound quality study 
performed by Sobhi [3] on the washing machine motors and hairdryers, the subjective sound 
quality metrics and objective jury tests are correlated with each other by the help of linear 
regression and a mathematical model is obtained. Altınsoy, Kanca and Belek [4] developed 
an annoyance index for dry and wet vacuum cleaners by correlating the objective and 
subjective tests by linear regression. Lyon [5] obtained acoustical sensory profiles from an 
expert jury test by using the descriptors of sound, used principal components analysis to 
reduce the dimensions of the acoustical sensory profiles and correlated these results with 
sound quality metrics, and made a linear transformation between the sound quality rating by 
the consumer jury and the acoustical sensory profiles in order to obtain the sound quality 
mathematical model. In their sound quality study on hairdryers, Türkdoğru and Belek [6,7] 
used principal components analysis and neural networks to obtain a sound quality 
mathematical model. In the sound quality study performed by Bowen [8] on field 
maintenance equipment, metrics profile is obtained by principal components analysis and 
then regressed with the subjective tests. 
 
The objectives of the present study on washing machines is to obtain a mathematical model 
that will be used to predict the sound quality of the washing machines in “water intake”, 
“washing” and “spin extraction” operation phases. The study consists of four stages; in the 
first stage the sound recordings are made and the objective metrics are calculated, in the 
second stage jury tests are made and the subjective data is evaluated, in the third stage the 
objective and subjective data are regressed to obtain a mathematical model. Finally, effects 
of a design parameter, the “amount of damping” on the sound quality are investigated. 

2 Sound quality metrics 
Eight different washing machines are selected for the test and labeled as A to H. The 
machines are loaded with standard clothes and the “60o cotton” washing program is used. 
The binaural sound recordings are made during the full washing cycle by using B&K 4100 
Head & Torso Simulator and B&K Pulse Multichannel Analyzer in a chamber with similar 
acoustic properties like a bathroom. Out of these binaural recordings, samples of 5 second 
duration that represent the corresponding phases are transferred to B&K Sound Quality (SQ) 
software for the evaluation of the metrics. 
 

 
Figure 1 – Frequency attenuate function. 
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In the SQ software, the sound that belongs to the spin extraction phase of machine C is 
analyzed and it is noted that there is a dominant pure tone in 4.3 kHz. An additional edited 
sound “I” is created by attenuating this component  by the “frequency attenuate” function of 
the SQ software as seen in Figure 1.  
 
The calculated metrics are: Zwicker Loudness; Fluctuation Strength; Roughness; Tone-to-
noise Ratio; Prominance Ratio; Statistical Loudness (N1, N2, N3, mean); Statistical 
Instantaneous Loudness (N1, N2, N3, mean); Zwicker Sharpness (N1, N2, N3, mean); Aures 
Sharpness (N1, N2, N3, mean), where N1=1%, N2=50%, N3=99%. 
 

 
Figure 2 – Metrics correlation matrix (Pearson, R). 

Molegro Data Modeller software is used to calculate the correlation matrix. The correlation 
matrix of the calculated 21 metrics (including the statistical figures) for the spin extraction 
phase are shown in Figure 2. The dark color boxes represent the higher correlations. The 
dark rectangular block in the middle represents the metrics related to loudness, and the one 
in the bottom right hand side represents the metrics related to sharpness. With the help of 
this figure, it is possible to reduce the number of metrics to be used by taking into account 
only one representative metric from each of the group of metrics with high correlation. In the 
scope of the present study loudness, roughness, sharpness and fluctuation strength will be 
used as primary metrics. 

3 Listening tests 

3.1 Methodology 
The listening tests are performed by using two different methods. For water intake, washing 
and spin extraction phases, “semantic differential” method is used. However, for the spin 
extraction phase “paired comparison” method is also used as this phase plays a dominant 
role in the overall assessment of washing machine sound quality. 

3.1.1 Paired comparison test 
The paired comparison method involves sequentially listening the sound samples in pairs 
and rating the most preferred one in the pair. If there are n sounds, there are n(n-1)/2 pairs. 
There are total of 9 sound samples for the spin extraction phase (recordings of 8 machines 
and 1 edited sound). 9(9-1)/2=36 pairs are judged by the jury. 
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3.1.2 Semantic differential test 
In semantic differential test, the juror is asked to judge a specific attribute of the sound using 
a rating scale. The lowest rating of the scale is the lowest perceived magnitude of the 
attribute, and highest rating is the highest perceived magnitude. The descriptors of sound 
that can match with the attributes of each working stage of the washing machine are listed in 
Table 1.  

Table 1 – Sound descriptors for three phases. 
Water Intake Washing Spin Extraction 

Loud Loud Loud 
Sharp Sharp Sharp 

Rustling Buzzing Trembling 
Booming Pulsating Booming 
Hissing Bubbly Pulsating 
Bassy Orderly Fluctuating 
Orderly Booming Tonal 

Fluctuating Squeaking Deep 
Deep Fluctuating Orderly 
Soft Soft Bassy 

 
Additionally, 3 more attributes “pleasant”, “efficient”, “quality level” and “preference level” are 
added to the above list of descriptors. A seven point scale which is numbered from -3 to +3 is 
used for the jury rating. The descriptions of the numbers are; “extremely = ±3”, “very = ±2”, “a 
little = ±1” and “uncertain = 0”. The semantic opposite descriptors that appear in the tests are 
used for evaluating the reliability of the jurors.  

3.1.3 Equipment used 
Listening tests are performed using BOSE Quiet Comfort 2 active noise cancellation 
headphones and a laptop computer with sound card. The B&K Psychoacoustic Test Bench 
software is used for the ordered playback of the sounds. 

3.2 Paired comparison test results 
The results of the paired comparison test, performed with spin extraction sounds is shown in 
Figure 3 together with the standard deviations. 
 

 
Figure 3 – Paired comparison test, machine ID vs. preference level. 
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The most preferred spin extraction sound is “I”, which is the edited version of sound “C”. This 
shows that the attenuation of the high frequency pure tone component in the sound improved 
the preference level at around 20%. The spin extraction sound of machine “G” is the least 
preferred sound. 

3.3 Semantic differential test results 
The correlation matrix of the semantic differential tests gives us the linear relationship 
between the sound descriptors rated by our jury. For the spin extraction phase, the descriptor 
correlation matrix is shown in Figure 4.  
 

 
Figure 4 – Semantic differential test, descriptor correlation matrix for spin extraction phase 

(Pearson, R). 

It can be seen that some descriptor pairs have high positive and negative correlations and 
some have very low correlations. Trembling-pulsating-fluctuating, orderly-efficient-preferable-
pleasant groups are in positive correlation within each other. Orderly is in negative 
correlation with the trembling and fluctuating. 
 

 
Figure 5 – Semantic differential test, descriptor correlation matrix for water intake phase 

(Pearson, R). 

Figure 5 shows the correlation matrix for the water intake phase. The descriptor groups that 
have high correlation are: Sharp-hissing-rustling and soft-efficient-preferable-pleasant. The 
sharp, rustling, booming and hissing properties of the sound are in negative correlation with 
the preference level. The correlation matrix for washing phase shown in Figure 6 indicates 
that buzzing and sharp; pulsating and fluctuating are in high positive correlation, whereas 
booming and soft; buzzing and pleasant are in negative correlation. 
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Figure 6 – Semantic differential test, descriptor correlation matrix for washing phase 

(Pearson, R). 

By the help of the above correlation matrices, the descriptors are refined. The descriptor 
groups with high correlation are represented with a single descriptor in order to simplify the 
model. In future studies, the simplified set of descriptors can be used to shorten the listening 
tests. 
 

3.3.1 Semantic differential test, preference results 
Figure 7 shows the preference levels of the sounds from three phases. Water intake sound 
of machine “D” is the most preferred one, whereas “F” and “G” are the least preferred. In 
washing phase, “D” and “G” are the ones that are preferred more than the others that have 
approximately the same preference levels.  

 

 
Figure 7 – Semantic differential test, preference level. 

Spin extraction semantic differential test results are congruent with the paired comparison 
test results. The preference level rating results of the two methods are demonstrated 
together in Figure 8. 
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Figure 8 – Preference level; semantic differential test vs. paired comparison test. 

4 Evaluating objective and subjective test results 

4.1 Principal components analysis 

4.1.1 Calculating the principal components 
The principal components analysis is performed for all three working phases. For the 
calculations, the semantic differential test results are used for water intake and washing 
phases, paired comparison test results are used for spin extraction phase. Mean centered 
and unit variance metrics matrix is called Xm, jury test results matrix is called Xj. For the spin 
extraction phase, 4 metrics are used, 8 descriptors are present in the jury tests for 9 sound 
samples. So, Xm is (9x4) and Xj is (9x8) sized matrices. 
 
The covariance matrix of X (nxm) is defined as shown in equation (1). 

( ) / 1n= −TS X X  (1) 

As X is a mean centered matrix with unit variance, S is the correlation matrix of X. The 
eigenvalue equation can be written as, 

i i iλ=SU U    , i=1,2,…,p (2) 

where, Ui is eigenvectors and λi is the eigenvalues of the covariance matrix. Ui eigenvectors 
are called coefficients vectors of the principal components. Each orthogonal Ui eigenvectors 
are the linear combinations of the original variables and contain information on how the 
variables relate to each other. Then each measurement is projected on an individual axis, 
where the variance of this variable is the maximum among all possible choices of the axis. 
The new variables are called z-scores (3). 
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.i i i=z X U    , i=1,2,…,p (3) 

z-scores are the linear combinations of the original variables of X refined by Ui. As the sum 
of the variances of the first few principal components is able to represent the reliable 
percentage of the total variance of the original data, it is not necessary to use all the principal 
components. 
 
In order to demonstrate the calculation of the principal components (PC) for the spin 
extraction phase, the metrics and jury test eigenvectors Um and Ui can be calculated as 
shown in the columns of Table 2 and Table 3, where the rows are the variables (metrics and 
descriptors). 

Table 2 – Metrics coefficients matrix Um. 
 PC 1 PC 2 PC 3 PC 4 

Loudness 0.49 -0.51 0.52 0.48 
Roughness 0.42 0.63 -0.30 0.58 

Fluctuation Strength 0.58 0.36 0.37 -0.63 
Sharpness -0.49 0.46 0.70 0.22 

 

Table 3 – Jury test coefficients matrix Uj. 
  PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 

Loud 0.39 -0.14 0.48 -0.12 0.60 -0.03 -0.45 0.15 
Sharp 0.23 0.58 0.38 -0.13 -0.47 0.12 -0.01 0.46 

Booming 0.41 -0.06 0.43 0.14 -0.28 0.00 0.17 -0.72 
Pulsating 0.41 0.11 -0.18 0.04 0.39 0.41 0.66 0.13 

Fluctuating 0.37 0.24 -0.55 -0.13 -0.08 0.35 -0.54 -0.26 
Deep 0.30 -0.50 -0.08 0.62 -0.31 0.13 -0.13 0.37 

Orderly -0.38 -0.28 0.29 -0.20 -0.08 0.80 -0.07 -0.05 
Bassy 0.30 -0.49 -0.12 -0.71 -0.28 -0.17 0.15 0.14 

 
 
Using equation (3), the z-scores can be calculated as shown in Table 4 and Table 5. The 
columns are the principal components, rows are the samples (machine IDs). 
 

Table 4 – Metrics z-score matrix Zm. 
  PC 1 PC 2 PC 3 PC 4 

A -0.84 2.46 0.57 0.19 
B -0.54 -1.60 0.33 0.58 
C -0.43 -0.20 -0.35 0.10 
D -0.69 -0.32 -0.29 -0.29 
E 0.12 -0.84 1.02 -0.36 
F -0.43 -0.98 -0.33 -0.15 
G 3.77 0.32 0.05 0.04 
H -1.09 0.63 0.01 -0.14 
I 0.13 0.52 -1.02 0.03 
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Table 5 – Jury test z-score matrix Zj. 
 PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 

A -2.82 0.83 0.51 -0.35 0.26 -0.11 -0.02 0.05 
B 1.74 -1.19 1.27 -0.25 -0.16 0.05 0.03 -0.03 
C -0.93 -1.03 0.20 0.42 -0.10 0.19 -0.02 0.07 
D 1.81 1.38 -0.45 -0.21 0.05 0.34 -0.07 -0.02 
E 2.06 -0.78 0.08 0.36 0.36 -0.13 -0.04 -0.03 
F 0.10 -0.66 -0.76 -0.11 0.11 0.07 0.15 0.01 
G 3.09 1.77 -0.17 0.06 -0.21 -0.26 0.01 0.03 
H -3.61 1.53 0.15 0.28 -0.13 0.00 0.03 -0.06 
I -1.44 -1.87 -0.84 -0.21 -0.18 -0.15 -0.07 -0.02 

 

4.1.2 Biplot diagrams 
 
The MATLAB bi-plot command is used to visually demonstrate the contributions of the 
metrics to the principal components, together with the z-scores of the test data. Each two 
dimensional graph is a projection of the z-scores to the two of the principal components 
coefficient vectors. Spin extraction phase bi-plot diagram plotted with first and third principal 
components of the metrics is shown in Figure 9. Each axis represents the principal 
components (PC). The blue lines in the graph represent the projections of the principal 
component coefficients of the metrics (Um vectors), red dots represent the z-scores of each 
sound. 
 

 
 

Figure 9 – Metrics biplot diagram for spin extraction phase. 

The PC1 has positive contributions from the loudness, fluctuation strength and roughness 
metrics. The least preferred spin extraction sound “G” seen on the right hand side of the 
graph, having the highest value of PC1. 
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Fluc. Str.

Roughness
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Figure 10 – Jury test bi-plot diagram for spin extraction phase. 

Figure 10 shows the bi-plot diagram generated from the jury test results. Again, sound “G” 
has the maximum values with regard to the projections of sharpness, fluctuation, pulsation, 
booming and loudness. It can be seen that “bassy” and “deep” descriptors which have similar 
meanings coincide with each other on the graph. The sound “I” with the highest preference 
level, located on the opposite side of sound “G”, having highest values in projection with 
order and low values in projection with sharp, fluctuating, pulsating, booming and loud. 

4.2 Linear regression 
In order to be able to predict the human perception of sound only by calculating the metrics, 
it is necessary to obtain a transformation matrix between the objective and subjective tests. 
In the present study, this is done by linear regression. In equation (4), Y vector represents 
the preference level results from the jury tests, X matrix represents the metrics matrix. 

=Y XB  (4) 

The least squares solution for the transformation matrix B, is shown below in equation (5). 

= T -1 TB [X X] X Y  (5) 

If the metrics matrix is multiplied with the transformation matrix gathered from the above 
equation, the predicted preference level vector called Tt is obtained. 

Tt = XB (6) 

Tt = -0.732 X1 + 0.543  X2 – 0.609  X3 – 0.132  X4 (7) 

Figure 11 shows the original preference level results from the jury test plotted versus the 
predicted preference level. The correlation coefficient is R2 = 0.93. 
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Figure 11 – Original reference rate vs. predicted preference level. 

4.3 Investigating the effects of damping on sound quality 
Once the SQ mathematical model is developed, it is possible to predict the effects of design 
changes on sound quality. In the present study, two type of dampers with different damping 
characteristics are used on the same washing machine and sound recordings are made in 
the spin extraction phase. The sound quality metrics for the two tests are shown in Table 6. 
 

Table 6 – Metrics calculated for spin extraction phase  
with two different dampers AB & AK. 

  AB AK 
Loudness 22.00 18.80 
Roughness 0.50 0.46 
Fluctuation Strength 0.96 1.00 
Sharpness 1.53 1.60 

 
It can be seen from the above table that the AB damper has higher loudness and roughness 
values as opposed to lower fluctuation strength and sharpness values. 
 
For the prediction of the preference level of these two sounds the developed SQ 
mathematical model in equation (7) is applied with the above calculated metrics and the 
preference level is calculated as -0.82 for AB and -0.88 for AK dampers. Since the metric 
differences balance each other, there is no significant difference between the two predicted 
overall preference levels. 

5 Conclusions 
The mathematical model derived from the linear regression between the objective and 
subjective tests are shown to be reliable for making prediction for human perception of 
washing machine sounds. The bi-plot graphs of the principal components generated by 
MATLAB software is a useful tool to visually demonstrate the contributions of the metrics and 
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the descriptors of sound to the preference level of the sound. This tool can be used to 
determine the necessary design modifications in order to reach the target sound of a product 
in the sound quality cycle. Damping is an important design parameter in washing machines. 
Different dampers have different force transmission characteristics, so they have different 
effects on the sound quality metrics, especially in the spin extraction phase. Future sound 
quality tests involving dampers with different characteristics will help the designers to 
improve the sound quality of the washing machines. 
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