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Abstract The possibility of using the bootstrap method to determine the sound power level for the survey 
method was presented in this paper. Minimum values of the bootstrap algorithm input parameters have 
been determined for the estimation of sound power level. Two independent simulation experiments have 
been performed for that purpose. The first experiment served to determine the impact of the original 
random sample size, and the second to determine the impact of a number of the bootstrap replications on 
the accuracy of estimation of sound power level. The inference has been carried out based on the results of 
non-parametric statistical tests at significance level α = 0.05. The statistical analysis has shown that the 
minimum size of the original random sample n used to estimate the value of sound power level should be 4 
elements for the survey method. The minimum number of bootstrap replications necessary for the 
estimation of sound power level should be B = 5100. The study on the usefulness and effectiveness of the 
bootstrap method in the determination of sound power level in real-life situation was carried out with the 
use of data representing actual results. The data used to illustrate the proposed solutions and carry out the 
analysis were the results of sound power levels of reference sound power source B&K 4205 were used.  
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1. Introduction 

Sound power level is one of the main parameters that describe noise source. This parameter is commonly 
used in acoustics, among other things, to model the distribution of equivalent A-weighted sound pressure 
level in the environment [1, 2] and to noise hazard assessment in the working environment as well as for 
comparison itself between machines and devices of a certain type [3, 4]. Therefore, the exact value of sound 
power level is very important. The exact value of this parameter is determined based on the precision 
method for anechoic or hemi-anechoic rooms according to ISO 3745:2012 [5]. In the in-situ conditions use 
of the precision method to determine of sound power level it is not possible. Therefore the industrial 
conditions survey method according to ISO 3746:2010 [6] is used to determine this parameter. 

In accordance with the above, it seems to be necessary to implement solutions of non-parametric 
statistics to increase the accuracy of determining the sound power level of industrial devices in in-situ 
conditions. These techniques are based on non-parametric statistical methods, allowing to determine the 
distribution of a random variable without any information on belonging or not to any specific class of 
distributions and with a limited sample size. 

The analysis of papers published in recent years indicates a growing recognition among researchers for 
the bootstrap resampling method. It is used with success in point [7, 8] and interval estimation [9, 10] of 
the noise indicator's expected value and uncertainty [11, 12], as well as in planning the measurement 
strategies [13, 14]. It is often used in statistical analysis of sound measurement results [15, 16]. 

For these reasons mentioned above, particular attention was paid to the possibility of using the 
bootstrap resampling method to determine the sound power level of noise sources. A discussion of the 
algorithm, together with an example illustrating its functioning, will be presented further in this paper. The 
study on the usefulness and effectiveness of the bootstrap method to determination of sound power level 
in real-life situation was carried out with the use of data representing actual results. 
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2. Bootstrap method 

Consider an observed random sample ( )1 2, , , nx x x= x  from an unknown probability distribution F with 
an intent to estimate a parameter of interest ( )t Fθ =  on the basis of x. For this purpose, let an estimate

( )ˆ sθ = x  from x be calculated. 
The bootstrap method was introduced in 1979 by B. Efron [17] as a computer-based method for 

estimating the standard error of θ̂ . The bootstrap estimate of standard error requires no theoretical 
calculations and is available no matter how mathematically complicated the estimator ( )ˆ sθ = x  may be. 

Bootstrap methods depend on the concept of a bootstrap sample. Let F̂  be the empirical distribution, 
assigning probability 1/n to each of the observed values , 1, 2, ,ix i n= 

. A bootstrap sample is defined as 

a random sample of size n drawn from F̂ , say ( )b b b
1 2, , , nx x x=bx   [18], 

 ( )b b b
1 2

ˆ , , , .nF x x x→   (1) 

The symbol “b” indicates that xb is not the actual data set x, but rather a resampled version of x. 
A symbolic expression (1) can be also verbalised as follows: the bootstrap data points b b b

1 2, , , nx x x  are 
a random sample of size n drawn with replacement from the population of n objects ( )1 2, , , nx x x . The 

bootstrap data set ( )b b b
1 2, , , nx x x  consists of elements of the original data set ( )1 2, , , nx x x . 

Corresponding to a bootstrap data set xb is a bootstrap replication of θ̂  

 ( )ˆ .b sθ → bx  (2) 

The quantity ( )s bx  is the result of applying to xb the same function s(•) as this applied to x. 

2.1. Point estimation of bootstrap distribution parameters 

Point estimation of an unknown distribution parameter θ of the examined variable is based on assuming 
that the estimator value of this parameter at the given sample is its estimation. By applying the Monte Carlo 
method to the bootstrap, a bootstrap sample B is generated. The bootstrap samples are generated from the 
original data set (analysed sample). Each bootstrap sample has n elements generated by sampling with 
replacement n times from the analysed sample. Bootstrap replications 1̂

ˆ ˆ, , , ,b Bθ θ θ   are obtained by 
calculating the value of the statistics s(x) on each bootstrap sample. The mean of these values can be 
assumed to be an assessment of parameter θ. Thus, the assessment of parameter θ can be expressed as [18] 

 B
1

1 ˆ .
B

b
iB

θ θ
=

= ∑  (3) 

The bootstrap estimate of the standard error is the standard deviation of the bootstrap replications [18]: 

 ( )2

B B
1

1 ˆˆ .
1

B

b
b

s
B

θ θ
=

= −
− ∑  (4) 

Further, the bootstrap estimate of bias Bb̂  based on the B replications is defined by 

 B B
ˆ ˆ,b θ θ= −  (5) 

where Bθ  is a bootstrap estimate of parameter θ, and θ̂  is an estimate of parameter θ. The value of θ̂  may 

be calculated from the original sample x or may differ from ( )ˆ sθ = x , e.g. it is determined from the 

population [18]. Note that both Bŝ  and Bb̂  can be calculated from the same set of bootstrap replications. 
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3. Research material 

The study on the usefulness and effectiveness of the bootstrap method to determination of sound power 
level in real-life situation was carried out with the use of data representing actual results. The data used to 
illustrate the proposed solutions and carry out the analyses were the sound power level results of a B&K 
4205 reference sound power source were used.  

The sound power source B&K 4205 is a calibrated sound source whose output can be varied 
continuously between 40 and approximately 100 dB re 1 pW [19]. This is equivalent to a sound pressure 
level of 92 dB for wide-band noise, at a distance of 1 m from the B&K 4205, over a reflecting plane assuming 
a perfect hemispherical radiation pattern. The output can be wide-band pink noise in the frequency range 
from 100 Hz to 10 kHz, or octave-band filtered noise by using one of seven built-in octave band-pass filters 
[19]. The B&K 4205 consists of two separate units: the generator, containing all the controls, filters, battery 
pack, amplifiers and meter, and sound source HP 1001. The sound source HP 1001 contains two 
loudspeakers and their crossover units. A woofer loudspeaker is used for the 125 Hz, 250 Hz, 500 Hz and 1 
kHz octave bands and a dome tweeter for the 2 kHz, 4 kHz and 8 kHz octave bands [19]. The sound power 
output of HP 1001 is controlled by an attenuator with a 40 dB range in steps of 10 dB and also by 
a continuously variable potentiometer. 

The sound power level of this source has been determined using survey methods based on 
measurements of sound pressure. Measurements of sound pressure were made with the SVAN 959 
equipped with SV-type preamps and a 1/2-inch free-field 40AN microphone from G.R.A.S. The results of the 
background noise corrected A-weighted sound pressure levels (LAeq) recorded at each measurement point 
which have been used to determine the sound power level of the source are presented in Fig. 1. These data 
constituted the examined populations of size K = 8. 

 
Figure 1. The A-weighted sound pressure level recorded in measurement points. 

The survey method for determining the sound power level was based on ISO 3746:2010 [6]. The 
measurements were made on the paved parking. The K = 8 measurement points were located on 
a hemispherical measurement surface with a radius of r = 2 m over a reflecting plane according to Table B.1 
in Annex B of ISO 3746:2010. At a distance of 25 m from the measuring surface there were no sound 
reflecting surfaces. The measurement results were recorded under the following meteorological conditions: 
relative humidity: RH = 81 %, temperature: t = 1.0 °C = 274.15 K, static pressure: ps = 102.2 kPa, wind speed: 
v = 0.5–1 m/s, wind direction: N. 

The value of sound power level for survey method LWAsu was determined based on an equation from ISO 
3746:2010 [6] supplemented with the correction factors C1 and C2 from ISO 3745:2012 [5]: 

 [ ]WAsu p 1A 2A 1 2
0

10lg dBSL L K K C C
S

 
= − − + + + 

 
, (6) 

where p 62.0L = dB is the surface A-weighted sound pressure level in dB, K1A = 0.1 dB is the background 
noise correction in dB as specified in equation (15) of ISO 3746:2010, K2A = 0.0 dB is the environmental 
correction factor in dB according to Annex A or section 4 of ISO 3746:2010, 22S rπ=  is the area of the 
hemispherical measurement surface in m2, S0 = 1 m2, C1 = –0.3 dB is the reference quantity correction,  
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C2 = –0.5 dB is the acoustics radiation impedance correction. The correction factors C1 and C2 were used to 
be able to directly compare the LWAsu with the sound power level of this source determined by the precision 
method (LWApr = 72.0 dB). 

The obtained value of sound power level under reference meteorological conditions in accordance with 
(6) is LWAsu = (75.1±3.3) dB with coverage factor k = 2. The expanded uncertainty has been determined in 
accordance with the methodology described in Section 9 and Annex D of ISO 3746:2010 taking into account 
the uncertainty of the correction factors C1 and C2. 

4. Simulation experiments, results and discussion 

Two simulation experiments have been conducted to specify the minimum size of the bootstrap algorithm 
input parameters, i.e. original sample size n, and the number of bootstrap replications B in order to 
determine the expected values of the sound power level with the required accuracy. 

4.1. Experiment #1 

The first experiment served to determine the impact of original random sample size n on the estimation 
accuracy of sound power level, as shown in Fig. 2. For that reason, 1000 random samples with sizes n = 2, 
3, …, K were drawn from the examined population. The original random sample size n simulates the number 
of measurement points based on which the sound power level is determined. In order to eliminate the 
impact of the number of bootstrap replications B on the estimation result of the sound power level expected 
value, the reconstruction of probability distributions was performed based on the same number of 
replications B for each sample of size n. The distributions were determined based on B = 10000 replications, 
thus receiving 1000 bootstrap probability distributions with 10000 elements for each original sample size 
n. Each distribution was used to determine the bootstrap estimate of the expected value of sound power 
level. The result was 1000-element probability distributions of sound power level which were subjected to 
further statistical analysis. 

 
Figure 2. Schematic diagram of Experiment #1. 

First, the Kruskal-Wallis non-parametric test has been performed at the significance level α = 0.05 to 
check if there are statistically significant differences in estimated sound power level for various original 
sample sizes. The test gave the probability value of p = 2.46∙10-13. This value is much less than the assumed 
level of significance which proves the existence of statistically significant differences in values of estimated 
parameter. The Tukey-Kramer multiple comparison test at the level of significance α = 0.05 was conducted 
in order to find out between which groups there are differences. The results of the Tukey-Kramer test 
indicate the original random sample size n based on which the estimated expected values of sound power 
level are statistically different at the assumed level of significance. The statistical analysis (see Fig. 3) has 
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shown that the minimum size of the original sample n used to estimate sound power level should be n = 4 
for the survey method. 

 
Figure 3. Results of the Tukey-Kramer test. 

Analysed the bootstrap estimate of bias of the sound power level expected value as a function of 
a random sample of size n defined as 

 ( ) [ ]B WAsu WAsu WApr dB ,b L L L= −  (7) 

where WAsuL  is the mean value of the bootstrap estimator of the expected value of the sound power level 
determined from a random sample of size n, WAprL is the sound power level of the source determined by a 
precision method. 

The values of this parameter fall into ranges from 2.95 dB to 3.00 dB (Table 1). In contrast, the difference 
between the value of the sound power level determined by the precision method and the survey method is 
equal to 3.1 dB. The bias of the bootstrap estimator determined for different sample sizes n is on average 
0.13 dB lower than the 3.1 dB. This means that the sound power level values obtained using the bootstrap 
method are more accurate than the sound power level determined using the survey method based on the 
results from the eight measurement points. 

Table 1. The bias of the bootstrap estimator of the sound power level expected value  
for different sizes n of the original random samples. 

 original sample size n 
 2 3 4 5 6 7 8 

( )B WAsub L  [dB] 2.95 2.99 2.98 3.00 2.95 2.97 2.96 
 

The dispersion of obtained results was also analysed by determining the 95% confidence intervals using 
the percentiles of the bootstrap distribution for each probability distribution obtained using the original 
random sample of size n. The 95% interval width IW95% was defined as  

 [ ]95% 97.5 2.5 dB ,IW p p= −  (8) 

where p2.5 and p97.5 are the 2.5th and 97.5th empirical percentiles of the bootstrap distribution of sound 
power level. 

Interval widths obtained for the survey method fall into ranges from 0.06 dB to 8.51 dB for the original 
random sample of size n = 8 and n = 2, respectively. The results clearly show that the dispersion decreases 
when the size of the original random sample increases. 

4.2. Experiment #2 

This experiment was similar to the first experiment. One thousand original samples each were randomly 
drawn from the examined population for each analysed size from 2 to K elements. Then, based on these 
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original samples generated were B bootstrap samples from the interval from 100 to 10000 with an 
increment of 100, as presented in Fig. 5. Thus, were obtained 1000-element LWA probability distributions 
for each analysed number of bootstrap replications in each set which were then further statistically 
processed. 

 
Figure 5. Schematic diagram of Experiment #2. 

Similarly, firstly Kruskal-Wallis test was performed for each dataset at the level of significance α = 0.05 
to check if there were statistically significant differences in estimated sound power level depending on the 
number of bootstrap replications B. The probability values in all analysed sets were higher than the 
assumed level of significance α, they were in the 0.06 to 0.90 range. The results clearly show that in all 
analysed sets the estimates of expected value of sound power level are not statistically different regardless 
of the number of bootstrap replications which was used to determine them. 

The convergence of the bootstrap algorithm towards the expected value of sound power level has been 
also analysed in the function of the number of bootstrap replications based on the mean value of cumulative 
sums of bootstrap estimates MCSE,j described by the equation 

 [ ]CSE, B,
1

1 dB ,
j

j j
i

M
j

θ
=

= ∑  (9) 

for j = 1, 2, …, N, where N is the sample size (N = 100), and B,jθ is a bootstrap estimate of the expected value 
of sound power level. The number of bootstrap replications at which the algorithm has stabilized, for both 
expected value and 95%IW , is presented in Table 2. The analysis of values included in Table 2 indicates that 
the number of bootstrap replications B at which the algorithm has been considered stable was different 
depending on the size of the original random sample on which the estimation was based. The results do not 
show any trend which could indicate any relationship between the required number of bootstrap 
replications B depending on the size of the original random sample to stabilize the algorithm. These are 
random values which depend on the structure of the examined population. The number of bootstrap 
replications B at which the algorithm was stable is from 600 to 5000 for the analysed method. 
 
 
 
 
 



 

7 of 9 

Vibrations in Physical Systems, 2023, 34(2), 2023210 DOI: 10.21008/j.0860-6897.2023.2.10 

Table 2. Stability of bootstrap algorithm for estimation expected value and IW95% of LWAsu. 

  
minimum number of bootstrap replications B 

original sample size n 
2 3 4 5 6 7 8 

expected value 2800 4000 5000 1700 1800 2000 600 
IW95% 3900 5100 3300 3800 3300 3000 3000 

 

Table 3. Expected value of IW95% of LWAsu. 

 original sample size n 
 2 3 4 5 6 7 8 

IW95% [dB] 8.5 6.8 5.8 5.0 4.4 1.7 0.1 
 

The next parameter analysed for each dataset was 95%IW of LWAsu in the function of the number of 
bootstrap replications. The 95%IW  was defined identically as in Experiment #1 based on Eq. (8). The results 
do not show any trend which could indicate any relationship between 95%IW  of LWAsu and the number of 
bootstrap replications. The 95% interval widths oscillate around some set values, that is expected values of 

95%IW  of LWAsu which are included in Table 3. These values are from 0.1 dB to 8.5 dB. The analysis of values 
in Table 3 indicates that the 95%IW  is inversely proportional to the size of the original random sample based 
on which the sound power level was estimated. 

The convergence of the bootstrap algorithm towards the expected value of 95% interval widths of sound 
power level has been analysed in the function of the number of bootstrap replications (Table 2) based on 
the mean value of cumulative sums of 95% interval widths 

 [ ]CSIW, 95%,
1

1 dB ,
j

j j
i

M IW
j =

= ∑  (9) 

for j = 1, 2, …, N, where N is the sample size (N = 100), and 95%, jIW  is a 95% interval width of LWAsu determined 
based on Eq. (8). Similarly to the algorithm convergence towards the expected value of LWAsu, there is no 
trend which could indicate any relationship between the required number of bootstrap replications B 
depending on the size of the original random sample in order to stabilise the algorithm. The number of 
bootstrap replications at which the algorithm has been stabilized ranges from 3000 to 5100 for this method. 

Based on the presented results of algorithm convergence, it was concluded that the minimum number 
of bootstrap replications for estimation of the expected value and 95% interval widths of sound power level 
should be B = 5100 to ensure an adequate algorithm convergence and consequently a satisfactory accuracy 
of estimated statistics. 

5. Conclusions 

The paper determines the minimum size of the bootstrap algorithm parameters (size of the original random 
sample and the number of bootstrap replications) necessary to estimate the expected value and the 95% 
confidence interval with the required accuracy for the survey method of determining sound power level. To 
this end, two independent simulation experiments were conducted. Experiment #1 served to determine the 
size of the original random sample, and Experiment #2 was used to determine the impact of the number of 
bootstrap replications on the estimation accuracy of sound power level and its 95% confidence interval. 

The statistical analysis was carried out on the basis of the Kruskal-Wallis test. Next, multiple comparison 
procedures were used for pairwise comparisons between the means using a non-parametric Tukey-Kramer 
test at significance level α = 0.05. 

The statistical analysis of the Experiment #1 results showed that the minimum size of the original 
random sample n used to estimate the values of sound power level should be 4 elements for the survey 
method. The sound power level values obtained using the bootstrap method are more accurate (on average 
by 0.13 dB) than the sound power level determined using the survey method based on the results from the 
eight measurement points. 

The estimates of sound power level do not have a statistically significant difference regardless of the 
number of bootstrap replications B based on which they were determined. The minimum number of 
bootstrap replications necessary to estimate the expected value and 95% confidence interval of sound 
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power level should be B = 5100 to ensure an adequate algorithm convergence and consequently 
a satisfactory accuracy of estimated statistics. 

The results of both experiments indicate that 95% interval width decreases as the original random 
sample grows, thus proving the very good stability of the bootstrap algorithm and confirming that this 
approach can be successfully used to estimate not only sound power level but also other acoustic 
parameters. 

The numerical experiment results presented in this paper refer only to one sound source. The minimum 
size of the bootstrap algorithm input parameters can be different for other sound sources. Therefore the 
minimum size of these parameters used for the determination of the sound power level of each other source 
must be adapted according to the characteristics of this source, because the proposed methodology may be 
applied to other types of noise sources. 

Acknowledgements 

This study was funded by AGH University of Science and Technology (project number 16.16.130.942). 

Additional information 

The author declares no competing financial interests and that all material taken from other sources 
(including their own published works) is clearly cited and that appropriate permits are obtained. 

References 

1. D. S. Cho, S. Mun; Determination of the sound power levels emitted by various vehicles using a novel 
testing method; Appl. Acoust., 2008, 69(3), 185–195; DOI: 10.1016/j.apacoust.2006.08.012 

2. S. E. Keith, K. Feder, S. A. Voicescu, V. Soukhovtsev, A. Denning, J. Tsang, N. Broner, W. Richarz, F. van 
den Berg; Wind turbine sound power measurements; J. Acoust. Soc. Am., 2016, 139(3), 1431–1435; 
DOI: 10.1121/1.4942405 

3. A. Saarinen; Declared noise emission values of machinery and equipment based on determination of 
the combined standard deviation; Appl. Acoust., 1999, 57(1), 1–15;  
DOI: 10.1016/S0003-682X(98)00042-5 

4. M. D. Fernandez, M. Recuero, J. M. Blas; Definition of a labelling code for the noise emitted by 
machines; Appl. Acoust., 2008, 69(2), 141–146; DOI: 10.1016/j.apacoust.2007.04.009 

5. ISO 3745:2012; Acoustics – Determination of sound power levels and sound energy levels of noise 
sources using sound pressure – Precision methods for anechoic rooms and hemi-anechoic rooms, 
2012 

6. ISO 3746:2010; Acoustics – Determination of sound power levels and sound energy levels of noise 
sources using sound pressure – Survey method using an enveloping measurement surface over a 
reflecting plane, 2010 

7. W. Batko, B. Stępień; Application of the bootstrap estimator for uncertainty analysis of the long-term 
noise indicators; Acta Phys. Pol. A, 2010, 118(1), 11–16; DOI: 10.12693/APhysPolA.118.11 

8. W. Batko, B. Stępień; Type A standard uncertainty of long-term noise indicators; Arch. Acoust., 2014, 
39(1), 25–36; DOI: 10.2478/aoa-2014-0004 

9. B. Stępień; Bootstrap confidence intervals for noise indicators; Acta Acust united Ac, 2016, 102(2), 
389–397; DOI: 10.3813/AAA.918955 

10. B. Stępień; Comparison of selected methods of the confidence intervals for long-term noise indicators; 
Acta Acust united Ac, 2017, 103(2), 339–348, DOI: 10.3813/AAA.919062 

11. F. A. Farrelly, G. Brambilla; Determination of uncertainty in environmental noise measurements by 
bootstrap method; J. Sound Vibr., 2003, 268(1), 167–175; DOI: 10.1016/S0022-460X(03)00195-0 

12. M. Mateus, J. A. D. Carrilho, M. C. G. da Silva; Assessing the influence of the sampling strategy on the 
uncertainty of environmental noise measurements through the bootstrap method; Appl. Acoust., 
2015, 89, 159–165; DOI: 10.1016/j.apacoust.2014.09.021 

13. C. Liguori, A. Ruggiero, D. Russo, P. Sommella; Innovative bootstrap approach for the estimation of 
minimum measurement time interval in road traffic noise evaluation; Measurement, 2017, 98,  
237–242; DOI: 10.1016/j.measurement.2016.12.008 

14. C. Liguori, A. Ruggiero, D. Russo, P. Sommella; Estimation of the minimum measurement time interval 
in acoustic noise; Appl. Acoust., 2017, 127, 126–132; DOI: 10.1016/j.apacoust.2017.05.032 



 

9 of 9 

Vibrations in Physical Systems, 2023, 34(2), 2023210 DOI: 10.21008/j.0860-6897.2023.2.10 

15. G. Brambilla, V. Gallo, G. Zambon; Prediction of accuracy of temporal sampling applied to non-urban 
road traffic noise; J Pollut Eff Cont, 2015, 3(3), 147; DOI: 10.4172/2375-4397.1000147 

16. J. Vos; Estimating parameter values in a model for rating shooting sounds from field survey data;  
J. Acoust. Soc. Am., 2017, 141(2), 864–877; DOI: 10.1121/1.4976215 

17. B. Efron; Bootstrap methods: another look at the jackknife; Ann. Stat., 1979, 7(1), 1–26 
18. B. Efron, R. J. Tibshirani; An introduction to the bootstrap; Chapman & Hall/CRC: New York, USA, 1993 
19. Sound power source – type 4205. Product data; https://www.bksv.com/media/doc/bp0264.pdf 

(accessed on 2023.04.04) 
 
© 2023 by the Authors. Licensee Poznan University of Technology (Poznan, Poland). This article is an open 
access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) 
license (http://creativecommons.org/licenses/by/4.0/). 


	Acknowledgements
	Additional information
	References

