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Indoor noise can greatly affect the health and comfort of users, so the significance of the right assessment of
the compliance with the requirements is obvious. But noise level testing is carried out using different methods,
which may not ensure consistency in assessments

The paper presents the influence of test methods on measurement results determined based on an analysis
of inter-laboratory comparative studies. The analyses presented in the paper apply to an equivalent sound
pressure level determined for a permanent source of sound — an air-conditioning device. The test methods were
characterised according to their precision. In order to compare them, their compatibility was analysed based
on the methodology described in the literature, alongside a single-factor analysis of variance. It was determined
that there were no grounds for rejecting the hypothesis about lack of statistical differences between the results
obtained via different methods. Each of the methods is characterised by different precision, so consequently
the same result obtained with each method carries a different risk in regards to noise assessment.

The reason for taking up this kind of research was the decision of the Polish Technical Committee in 2018
about introducing new acoustic requirements in Poland concerning the admissible indoor sound pressure levels.
It was decided to implement new international methods of testing indoor sound pressure levels emanating from
the service equipment in the building. It was necessary to show the differences between the current method

Vol. 46, No. 3, pp. 547-559 (2021), doi: 10.24425/a0a.2021.138147

and its new counterparts.
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1. Introduction

The measurement of noise emitted by service equip-
ment in a building is an acoustic requirement world-
wide. This applies to the noise emanating from dif-
ferent pieces of service equipment, including heating
and cooling devices, sanitary systems, mechanical ven-
tilation systems, lifts, chutes, pumps, garage doors and
other auxiliary devices, with the noise penetrating into
the rooms both in residential and public buildings.

The real value of the noise is of stochastic char-
acter, and can be interpreted as a system randomly
changing over time and in the function of space. Such
a physical value is difficult to apply to any assessment
so a number of indicators were defined, including e.g.:

® Lpcq, A — weighted equivalent continuous sound
pressure level in dB,

medium, provided that the article is properly cited, the use is non-commercial, and no modifications or adaptations are made.

® Lceq, C — weighted equivalent continuous sound
pressure level in dB,
® L AS max, maximum A — weighted equivalent con-
tinuous sound pressure level with time weighting
“S” in dB,
® LAF max, maximum A — weighted equivalent con-
tinuous sound pressure level with time weighting
“F” in dB,
which can be compared with specific criteria (ISO-
16032, 2004).

The conformity assessment of compliance with the
criteria always entails a risk of committing an error
while making a decision. Type I error involves accept-
ing the sound pressure level as non-compliant when it
does fulfil the requirements. Type II error involves ac-
cepting the sound pressure level which does not fulfil
the requirements. Type I errors are usually related to
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an increase in the costs due to raising the parameter
subject to the assessment (noise reduction in the ref-
erence case). Type II error may affect user safety.

There is also a risk of the general type III error
(TrzrioT, 2015) related to asking a wrong question
(wrong zero hypothesis) which can cause both of the
above-mentioned types of effects. For noise tests, it
can be e.g. a wrong test method or wrong test con-
ditions.

The role of uncertainty in the estimation of the risk
concerning conformity assessment was discussed in de-
tail in JCGM (JCGM 106:2012, 2012). Depending on
the method of considering the uncertainty when deter-
mining the acceptance limits based on the tolerance
limits, we deal with the rules of guarded acceptance,
simple acceptance and guarded rejection. If the techni-
cal specifications do not indicate the acceptance prin-
ciple, the most convenient and most common method
is simple acceptance involving a risk division between
the customer and the supplier, and establishing the ac-
ceptance limit equal to the tolerance limit. If the prob-
ability density function (pdf) assigned to uncertainty
is known, risk can be estimated for the specific distri-
bution based on probability, if the result is compliant
or not compliant with the criterion value.

In the case of noise measurements, issues of mea-
surement uncertainty, pdf shape and the risk assess-
ment are not fully and uniformly solved. The most
serious doubts concern the assumption about nor-
mal distribution of the noise measurement results.
There are papers (e.g. BATKO, STEPIEN, 2014; PRZY-
SUCHA et al., 2015), which discuss the variability of
the noise in the outdoor environment and the need to
use different uncertainty estimation procedures other
than those commonly used by laboratories (JCGM
100:2008, 2008).

Due to doubts as to the shape of the pdf, it is also
questionable to use the k = 2 coverage factor, assum-
ing approximately 95% coverage probability. There-
fore, the authors of this article use rather standard
uncertainties as comparable quantities.

For the measurement of noise, depending on the
character of the sample, the accurate value of the equi-
valent sound pressure level can vary significantly from
the approximate value, which can lead to incorrect es-
timation of the uncertainty of the noise indicators. The
results of the measurements carried out with different
methods may also vary. This poses the risk of inco-
herent assessments of compliance with the criteria, de-
pending on the method, measurement laboratory or
uncertainty of the measurement results.

The notion of uncertainty can be understood in dif-
ferent ways, even in reference to well-defined measure-
ments (WALKER et al., 2003). Also, the evaluation of
the results of comparative studies can be carried out
in various ways (FLORES et al., 2018; JAGAN, FORBES,
2019; MOLENAAR et al., 2018).

The issue of the noise measurement uncertainty can
follow a multi-level approach. If we take into account
the difference between measurement and testing, re-
sulting from the definition in the documents of Joint
Committee for Guides in Metrology (JCGM) (JCGM
200:2012 (2008)) and European co-operation for Ac-
creditation (EA) (EA-4/16 G:2003), it can be con-
cluded that the measurement of point (in time and
space) “real value” of the sound pressure meets the
definition of measurement. Determining the values of
the indicators mentioned above using the test proce-
dures contained in various standards should be con-
sidered a test, as according to EA: “a test result typi-
cally depends on the method and on the specific pro-
cedure used to determine the characteristic...” and “In
general, different test methods may yield different re-
sults...”. Measurement methods of noise emitted by ser-
vice equipment in a building differ in sampling, number
of measurements, location of measurement points, etc.
The sampling method can be of particular importance
as sound pressure varies over time and space.

When estimating the uncertainty of defined above
point measurement of the sound pressure, the uncer-
tainty constituents are taken into consideration, result-
ing from calibration, adjustments and corrections of
the equipment used and the variability related to the
repeatability of the measurements (SEDDEQ, MEDHAT,
2011), usually expressed as a standard deviation for n-
measurements. Of course, it is physically impossible to
determine the repeatability of a point measurement,
because there is only one such measurement. There-
fore, an approximation must be applied using measure-
ment results obtained with stable sound sources. Such
a standard deviation does not express the repeatabil-
ity of the measurement sensu stricto, because it also
includes the variability of the sound source.

The uncertainty resulting from variability in the
reproducibility conditions represents another uncer-
tainty level. It results to a great extent from the mea-
surement model, in particular from the number of fac-
tors affecting the result, which are beyond the model
limits (they are not controlled). For the sound pressure
measurement, the variance can be further increased by
the variability of the “real” value in time.

A different kind of reasoning applies when estimat-
ing the uncertainty of test results. As already men-
tioned, the noise measurement can be considered as
a test (as defined in EA-4/16) consisting of a num-
ber of sound pressure measurements. Their number,
place of measurement, time of measurement, etc. are
defined by the test model. (Later in the article, due to
the common use, the authors will use the term “mea-
surement” to refer to noise).

Besides the variability aspect of the “real” noise
value one should also take into consideration aspects of
uncertainty related to e.g. the background noise or re-
verberation. Quite high variabilities are related to the
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Fig. 1. Illustration of relationships concerning the variability of the results and methods compatibility.

definition of the measured value of noise resulting from
the measurement model (method). The definition con-
sists of such statements as: “the measurement time for
a specified noise should be between 3 and 5 minutes”
or “the measurements shall be performed for three cy-
cles”, and also a method of converting the measurement
results into the output values. Such differences in the
definition of the measured value result in different test
results when performed with different methods. A mea-
surement model which ignores many important factors
which can affect the result, generates high variability
of the results, especially in reproducibility conditions
(WALKER et al., 2003). The results obtained via dif-
ferent methods and models vary despite the fact that
they apply to the same “real” value (Fig. 1). In the
case of noise, this is related e.g. to a different sampling
method in space and time.

The differences in the measurements carried out by
different laboratories as part of the noise tests can ap-
ply to e.g. the microphone location, the selection of
measurement time, sampling duration and other influ-
ences, which are not defined precisely enough as part
of the model (PREZELJ, MUROVEC, 2017).

Separating the variability due to the reproducibility
of tests within one method from the variability due to
the use of different methods is difficult, especially since
other components of uncertainty are also involved.

The comparison of the test methods is in prac-
tice limited to two aspects: comparability and consis-
tency. According to JCGM 200:2012 (2008), metrologi-
cal comparability is the comparability of measurement
results, for quantities of a given kind, that are metro-

logically traceable to the same reference. If the compa-
rability condition is met, compatibility can be inferred,
determining the conditions that have to be met in or-
der to consider the methods as compatible.

FEach method is characterised by specific arrange-
ments concerning the equipment used, the sampling
method (for noise measurements: time and place), the
number of measurements, the method of converting
the measurement results into the final result, and non-
controllable factors, namely factors which were not
precisely determined in the model and may cause vari-
abilities taking the form of differences between the re-
sults under repeatability conditions. When measure-
ments are carried out by different laboratories, i.e.
under reproducibility conditions, the differences are
usually bigger (standard deviation of reproducibility).
The minimisation of variability under repeatability
and reproducibility conditions should be ensured as
part of the measurement method validation, and com-
pleted by the organisations which develop the method.
Accredited laboratories should have in place the proce-
dures to monitor the quality of their results. This way,
the risk of inaccurate assessments is minimised. One
of the methods to monitor the repeatability and repro-
ducibility of the results is to organise inter-laboratory
comparisons. They are among the key activities aimed
at confirming the measurements performed by the
laboratories. They also play a major role in the de-
velopment and validation of the measurement and test
methods, the estimation of the levels of repeatabili-
ty, the reproducibility or uncertainty of the test re-
sults, the characterisation of the test method, the as-
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signment of values to the reference materials or the de-
termination of the comparability of different methods
in reference to the specific measured value (CZICHOS
et al., 2011).

The paper deals with the issue of the influence of
the measurement method of the noise from indoor ser-
vice equipment in the building on the measurement
results based on inter-laboratory comparative studies.
Previous inter-laboratory studies mentioned in the lite-
rature were mainly devoted to the measurements of
sound insulation (BERARDI, 2012; POZZER et al., 2019;
SCAMONI et al., 2009; SCROSATI et al., 2015) or sound
absorption (SCROSATI et al., 2020). Only a handful of
authors have dealt with the issue of comparative stud-
ies related to the measurement of noise generated by
the service equipment in buildings. SEDDEQ and MED-
HAT (2011) analysed inter-laboratory studies carried
out by five laboratories for the assessment of mea-
surement uncertainty, repeatability and reproducibil-
ity. D1 BELLA et al. (2013) and SEDDEQ and MEDHAT
(2011) described tests carried out using three methods:
ISO 16032, ISO 10052 and UNI 11367 with nine par-
ticipants. They emphasised that the procedure of the
corner position selection for assessing the noise emit-
ted by a water system described in ISO 16032 can be
the cause of the discrepancy between the results, be-
cause it causes differences in the measurement point
selection by different laboratories. The authors deter-
mined the repeatability and reproducibility resulting
from the conducted comparisons and, in the conclu-
sions, they indicated the need for further analysis of
the accuracy of the survey methods (like ISO 10052),
which contrary to the engineering method (ISO 16032)
can reduce the duration of the measurements and re-
sults processing considerably.

This paper presents the results of inter-laboratory
studies performed with the participation of twelve
laboratories. The studies were carried out according to
three test standards: the test standard currently valid
in Poland (PN-B-02156, 1987), which can be classified
as a survey method, and two international standards
(ISO-10052, 2004, ISO-16032, 2004). The test results
were used for the assessment of variability under re-
producibility conditions and for the assessment of the
compatibility of the applied test methods. Issues re-
lated to the risk of committing an error while making
decisions concerning the assessment of the compliance
of the results with the noise requirements were also
evaluated.

The main purpose of the study was to assess the
variability of the results, which can be attributed to the
tests carried out in reproducibility conditions, and the
variability resulting from the application of different
measurement methods. The issue was important for
testing the possibility of using survey methods (like
ISO 10052), which are less time-consuming than engi-
neering methods (ISO 16032).

2. Standard noise measurements
in protected rooms

The Polish standard dating back to the 1980s is still
obligatory in Poland in reference to noise measurement
(PN-B-02156, 1987). The standard was established for
different measurements and building techniques. Po-
lish Technical Committee and polish authorities made
a decision to update the requirements concerning noise
because they do not correspond either to modern con-
struction standards or to contemporary measurement
methods, included in the international standards effec-
tive in Poland.

Two European standards (ISO-10052, 2004; ISO-
16032, 2004) concerning the measurement of noise
penetrating indoors from service equipment installed
permanently in buildings, such as heating and cool-
ing devices, sanitary systems, mechanical ventilation
systems, lifts, rubbish chutes, pumps, garage doors
and other auxiliary equipment should replace the Po-
lish standard (PN-B-02156, 1987) in accordance with
which the noise measurements were carried out.

A simplified method of noise measurement given in
ISO-10052 (2004) is actually similar to the measure-
ment method according to the standard effective in
Poland (PN-B-02156, 1987). According to PN, only the
A-weighted mean sound pressure level Lay, for a speci-
fied noise or the maximum sound pressure level L max
(with time weighting “S”) for a noise with unspecified
levels are measured indoors. The essential differences
in measurement method procedure are summarised in
Table 1.

The methods differ in the way they determine the
final measurement result. According to PN-B-02156
(1987), a correction resulting from the influence of the
background sound (from 0 to -3 dB, depending on
the difference between the noise level and the back-
ground sound pressure level) should be subtracted
from the measurement result (the highest), and for
non-furnished rooms a correction resulting from the
influence of the sound absorption of the room should
also be subtracted. For the assessment of a specific
noise, a level not equivalent to the device’s working cy-
cle (as in European standards) should be determined
for a time section equal to half an hour at night and
eight hours in the day, including any possible breaks in
the device’s operation. According to the Polish stan-
dard, the sound pressure level can be assessed only
when the difference between the measured A-weighted
sound pressure level and the level of the background
sound is greater than 3 dB. According to ISO stan-
dards, if the difference is less than 6 dB, it should only
be recorded in the report.

The noise measurement method according to ISO-
16032 (2004) is considered to be more accurate than
the method according to ISO-10052 (2004). This
method is very time-consuming. Tests are carried out
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Table 1. Basic differences between the sound level measurement methods specified in presented test methods.

requirements 2) Only two persons operating
the sound analyser can stay
in the room during the mea-
surement.

3) Any noise sources have to be
turned off in the test room.

4) Only the equipment and ob-
jects which are the part of
the test room equipment can
remain in the room.

PN-87/B-02156 ISO 10052:2004 ISO 16032:2004
Frequency 63-8000 Hz 125-2000 Hz 31.5/63-8000 Hz
range
1) The doors and windows|Carry out the measurements|Carry out the measurements with
should be closed during|with closed doors and win-|closed doors and windows. The per-
the measurement. If air ex-|dows and open roller shutters. |[son doing the measurements should
change is required through stay outside the room.
the openings, the measure-
ments should be carried out
with open doors and win-
General dows.

and location

No less than 3, located as follows: | Two set positions: Three set positions:
e at the height of 1.2+ 0.1 m, | 1) Close to a visible corner,| 1) One in the corner of the room,
e 1 m above the service equip- with the hardest acoustic established based on the highest
Number ment, surface. value of the C-weighted sound
e 1.5 m from the windows, 2) In the diffusion field of pressure level, 0.5 m away from

of measurement| ® 0-5m from the operator. the room. the W.alls and. abo.ve the floor.
points (see Fig. 2a) Each point at least 1.5 m from 2) Two in the diffusion field of the
the noise source. room.
(see Fig. 2b) Minimum distance:

1) Between points 1 and 2, and 2
and 3 should be 1.5 m.
2) Between points 2 and 3 should
be 0.75 m.
Height above the floor: 0.5-1.5 m.
(see Figs 2¢ and 2d)

Measurement tion) for an unspecified noise |cycles.

should be selected so that it cov-
ers all changes in the sound level
characteristic of the situation or
noise source.

The measurement time for a spec-
ified noise should be between 3
and 5 min.

time

It should be assumed depending|The measurement time in each|A single measurement time should
on the character of the noise and |point should correspond to|correspond to at least one working cy-
it can be shorter than the assess-|at least one working cycle of|cle of the device. The number of the
ment duration. the device. The measurements | measurements should comply with
The measurement time (dura-|shall be performed for three|the methodology given in the stan-

dard.

for a higher number of measurement cycles, and the re-
verberation time in the room under assessment is also
measured, while the A- or C-weighted sound pressure
levels determined as the final result based on the re-
sults of measurements in octave bandwidths may vary
for a limited frequency range (63-8000 Hz) from the

values determined with a simplified method. Still, the
method helps to determine noise occurrence and its
onerousness, even for noise with very low A-weighted
sound pressure levels (2025 dB), which cannot be as-
sessed with single-number indicators and have very
small differences between the noise and background
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Fig. 2. Location of the measurement points characteris-
tic of each of the presented test methods: a) PN-B-02156,

b) ISO 10052, c¢) and d) ISO 16032 (the point with the
highest L¢ is marked in Fig. 2¢).

sound. It is also possible to determine the character
of the noise (e.g. tonal or low-frequency) and to indi-
cate the most onerous constituents.

3. Statistical methods used in the analysis
of the results

The majority of statistical analyses referring to ran-
dom dispersion of the test results use an assumption
that random variable has a normal distribution. The
literature data concerning outdoor noise reveal that
long-term noise indicators do not have a normal dis-
tribution (BATKO, STEPIEN, 2014; PRZYSUCHA et al.,
2020; WszOLEK, 2006). Conversely, it must be ac-
cepted that the random variable distribution in the
presented cases is related to the special character of
the traffic noise variability. In studies of indoor noise,
the variability of the sound pressure level in time is
much lower than for traffic noise. The conditions in this
study ensured that the noise was coming from a re-
latively stable source (noise established according to
PN-B-02151-02, 1987) in reference to the sources typi-
cal of outdoor traffic noise. The variability of the “real”
sound pressure level is then lower and the other varia-
bilities related to the measurement uncertainty, e.g.
from the equipment, repeatability and reproducibility
due to factors beyond the measurement model limits
will start to play a greater role than in outdoor noise

measurements. It can be roughly assumed that a com-
bination of several pdfs can finally render a distribu-
tion similar to the normal one pursuant to the central
limit theorem. Despite the fact that the determination
of the results distributions was not the purpose of this
paper, they were checked for normal distribution with
a Shapiro-Wilk test, which is characterised by a rela-
tively high power.

In order to detect a single deviating value in a data
set obtained by the laboratories using the same test
method, a Grubbs test was carried out. The values of
the reproducibility standard deviations were obtained
according to the methodology presented in ISO 5725-2
(1994).

The recommended assessment methods of the re-
sults obtained by each laboratory as part of the inter-
laboratory studies (ISO 13528, 2015) can be divided
into three groups. The first includes comparisons in
which the result value is the assigned value and its un-
certainty is known to the organisers from other sources
(e.g. when the sample includes certified reference ma-
terials). The second group covers tests in which the as-
signed value is determined based on the measurement
results from reference laboratories with better mea-
surement capabilities. The third includes a situation
in which the results from all comparison participants
are used to determine the assigned value. In the case of
the presented comparisons, we clearly lack knowledge
about the assigned value, and reference laboratories.
All participating laboratories are accredited and their
equipment complies with the requirements so there are
no grounds to discriminate for or against any of them.
In this case, the determination of the assigned value
should cover many laboratories. With twelve partic-
ipating laboratories the parameters used for the as-
sessment based on the assigned value and its uncer-
tainty, determined by the participants’ results, can be
of low reliability and may render false positive results
(ISO 13528, 2015; SZEWCZAK, BONDARZEWSKI, 2016).
Greater certainty can be ensured by employing robust
statistics to determine the estimators of data location
and data scale for the assigned value. The following
statistics were used in this paper: MED; is median
of the results for the i method as a scale estimator
for the ¢ method, and oymap; is median absolute de-
viation for the ¢ method as a scale estimator for the
i method (DASZYKOWSKI et al., 2007). The results in
each method were also assessed using the algorithm A
with iterated scale (ISO 13528, 2015).

The measurements performed by all laboratories as
part of all methods apply to the same physical value:
sound pressure level. They were carried out in each
laboratory with the same its own equipment (metro-
logically traceable to the same reference) so the meth-
ods used in the presented tests were considered to have
met the condition of comparability of the measurement
results.
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The authors applied the concept of metrological
compatibility presented by KACKER et al. (2010) to
a situation in which different methods are used for
measuring the same measurands (KESSEL et al., 2011).

For the results of tests obtained with different 4 and
j methods to be regarded as compatible, the following
condition has to be met for every pair of results:

|zi — @]

Crimay) =2l (1)
a
where

a* = \/u2 (zi) +u? (z5) = 2r (s, xj)u(z;))u(z;)

and x;, z; are results of measurement’s obtained by
¢ and j methods, with their standard uncertainties;
u(z;)u(x;) are standard uncertainty for 4, j method;
r(x;,x;) is symbol of correlation coefficient R(X;, X;)
between the variables X; and X; represented by results
x;, xj; K is resolution. k = 2 is typically assumed for
normal distribution of the results and a consequent
confidence level of ca. 0.05

The variables X; and X; can be considered as
uncorrelated. The measurements were made indepen-
dently for each method. The results obtained with the
method ¢ were not taken into account in the measu-
rements with the method j. The selection of measure-
ment points was made again at each test. Equation (1)
takes the following approximate form:

C(z—xj) = i = ] < K. (2)

(e + ()

The standard uncertainty w(z) of the results ob-
tained with a given method has many components. In
further considerations on the compatibility of test re-
sults obtained with different methods, some simplifica-
tions regarding the value of standard uncertainty can
be accepted. Usually, the greatest role in the uncer-
tainty value of the tests performed by different labora-
tories is played by the dispersion of results due to re-
producibility conditions, expressed as the reproducibi-
lity standard deviation. In the discussed tests, the
uncertainty component resulting from reproducibility
was for example over 10 times greater than the com-
ponent resulting from the measurement uncertainty
of the devices used. The differences in the test re-
sults obtained with different methods reflect the dif-
ferences between the methods regarding the influences
under the control of the method. The differences in
the uncertainty component due to the reproducibility
conditions illustrate the differences between the meth-
ods regarding the influences beyond the control of the
method, so taking only this predominant component
into account when comparing test methods may be
justified. Equation (2) can then be converted to the
form:

|zi — a4

C(aim2)) = =2 <, (3)
Shi T STj

where sg;, sr; are standard deviations of the
reproducibility for ¢ and for 7 method.

Reducing the value of the real standard uncertainty
to one component increases the value of ({(z; - ;)
hence it is more difficult to meet the condition
C (l‘i - LL’j) < K.

The estimators of data location (like mean or me-
dian) and of data scale (like standard deviation or
median absolute deviation) used in the assessment
have mathematically the same value, regardless of pdf.
Only on the stage of the confidence level determina-
tion and the related coverage factor, does the charac-
ter of the distribution begin to play a role, and that
is why the criterion value k was not assumed in this
paper.

With regards to a fairly limited number of results,
in order to evaluate the compatibility of the methods,
the robust estimators of data location and scale were
also taken into consideration. Hence, the equation be-
comes:

C(yi—vyj) = iyl <K, (4)
s2 + sgj
where y;, y; are location estimators which are MED;;
MED; is median of the results obtained by all laborato-
ries for the 7 and j method; s.;, s¢; are scale estimators
which are onmaDpi; omaDp; is median absolute deviation
for the 7 and j method.

An analysis of the influence of the factors on the
measurement results can be performed by means of the
methods of the analysis of variance (ANOVA). Their
application depends on the conditions concerning nor-
mal distribution, independence of the tests and equali-
ty of the variance in the tests. ANOVA should be then
preceded e.g. with a Shapiro-Wilk test and a Levene
test (NIST/SEMATECH, 2013), as performed in this
paper.

The selection of the measurement points by the lab-
oratory can be among the factors affecting the results.
The influence of the organiser’s indication of the mea-
surement points on the results was evaluated in the ex-
periment, for which a single-factor analysis of variance
was also used.

4. Experimental work

The noise measurements were carried out in an
office of ca. 47 m? floor area (a conference room) in
a multi-storey building. The air-conditioning system
installed in the room was the subject of the tests. The
noise was emitted by an air-handling unit (50 kW)
and ice-water generator installed on the roof of the
building.
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Fig. 3. View of the office where the tests were carried out.

Fig. 4. View of the air-conditioning outlet.

Each research laboratory taking part in the com-
parative studies carried out four stages of tests sum-
marised in Table 2. The measurements were re-
peated three times. Each laboratory was measuring the
A-weighted sound pressure level:

e Lan according to PN-87/B-02156, or
® Lpcqr according to PN-EN ISO 10052 and PN-EN
ISO 16032.

Table 2. Description of the testing cycle divided into four
measurement stages.

Method Measurements According to

The sound pressure level is
measured three times accord-
1 ing to laboratory practice.|pN_EN 1SO 10052
Note: the positions are deter-
mined independently for each
measurement.

The sound pressure level pa-
rameter is measured three

2 times at the points indicated PN-EN 15010052
by the organiser.
The sound pressure level pa-

3 rameter is measured accord- PN-87/B-02156

ing to the standard, in com-

4 pliance with laboratory prac-| pNLEN 1SO 16032
tice.

Stages 1 and 2 were intended to assess variabil-
ity due to the selection of the measurement points.
In order to achieve this goal, it was important to fol-
low the test organiser’s instructions. Stages 3 and 4
were the actual inter-laboratory studies meant for the
assessment of the expertise of each measurement team,
the correct implementation of the test methods and
analyses of the influence of the test method on the ob-
tained results of indoor sound pressure level.

Table 3 presents the results obtained by each labo-
ratory.

Table 3. Summary of the sound pressure level measurement
results obtained by laboratories using four test methods.

Laboratory Method 1| Method 2 ‘ Method 3 ‘Method 4
Lacq [dB]

Lab 1 38.80 39.13 36.10 38.90
Lab 2 38.90 40.47 40.90 40.90
Lab 3 37.07 36.77 33.50 30.70**
Lab 4 36.50 36.27 36.40 36.90
Lab 5 38.55 38.30 38.00 36.72
Lab 6 4147 | 39.93 40.70 39.10
Lab 7 37.00 36.33 35.80 38.81
Lab 8 36.60 36.20 37.70 35.70
Lab 9 37.58 37.30 36.40 35.80
Lab 10 37.53 37.20 41.50* -
Lab 11 39.46 39.17 36.50 -
Lab 12 - 42.40* | 35.00 -

Mea(r; Eah‘e 38.13 38.29 37.38 37.06

* Warning signal according to criteria referring to para-
meter z (Eq. (8)).
** Action signal according to criteria referring to parame-
ter z (Eq. (8)).

5. Results and discussion

The Shapiro-Wilk test of normality was carried out
for the given methods to confirm or reject the hypoth-
esis about the normal distribution of the results. The
test results are summarised in Table 4.

Table 4. The Shapiro-Wilk test results (“+” means that

W > Wy, (there are no grounds to reject the hypothesis

on normal distribution); “~” means that W < Wy, (the

hypothesis about normal distribution can be rejected); W is

value of the Shapiro-Wilk statistics; Wy, is critical value of
the distribution for a = 0.05).

Measurement method Shapiro-Wilk test result
at the confidence level a = 0.05
Method 1
Method 2 +
Method 3 +
Method 4, final result +
63 Hz -
125 Hz -
250 Hz +
500 Hz -
1000 Hz +
2000 Hz +
4000 Hz +
8000 Hz +
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The results of the Shapiro-Wilk test proved that
there were no grounds to reject the hypothesis on the
normal distribution of the results of sound pressure
level Lpcq obtained with each of the methods 1-4.
Only the results for the frequency values of 63, 125 and
500 Hz did not confirm the zero hypothesis. Further
deliberations did not include using the tests for the
results in each bandwidth in method 4.

The Grubbs test, applied to the results shown in
Table 3 in order to detect a single deviating value, did
not reveal any deviating values.

The values of the statistics were determined for
each method: MED; is median of the results for the
1 method, and opap; is median absolute deviation for
the ¢ method. Using the A-weighted iterative algorithm
(ISO 13528, 2015), the values of the location estima-
tor of the results, x*, and scale estimator s*, for each
method results were determined. The results are sum-
marised in Table 5. In order to assess the convergence
of the results obtained by the tests participants for
each method, a typical factor-based criterion was ap-
plied, but using robust location and scale estimators
obtained according to algorithm A:

_zig - 2]
k=,

54

zi (5)
where z; 1 is result obtained with the 7 method by the
k participant; x; is location estimator for the ¢ method;
s! is scale estimator for the ¢ method.

The typical criteria referring to parameter z, used
in inter-laboratory studies, include:

e 2 < 2.0 — results of laboratory acceptable,
e 2.0 < z < 3.0 — warning signal for laboratory,
e 2 >3 — action signal for laboratory.

The criteria above result from the assumption of
normal distribution of the population of the results.
Warning signals (*) and action signals (**) are marked
in Table 3 for illustrative purposes.

The standard deviations of repeatability s, and re-
producibility s were estimated for methods 1, 2 and 4
in each bandwidth (ISO 5725-2, 1994), taking into ac-
count the series of three results for each laboratory.
Single results were obtained in method 3 and in refer-
ence to the final result of method 4, while the standard
deviation for a set of single results from all laboratories
was adopted as a standard deviation of reproducibi-
lity. Table 5 shows the results for repeatability and
reproducibility and the coefficient of variation for each
method.

The results obtained with methods 1 and 2 reveal a
lower value of the reproducibility variance than those
obtained with methods 3 and 4. The measurement un-
certainty level of the values of the repeatability stan-
dard deviation for method 1 result from equipment un-
certainty (the typical value of the standard uncertainty
assigned to testing equipment amounts to ca. 0.2 dB
according to the authors’ experience).

Table 6 summarises the repeatability and repro-
ducibility standard deviations for each bandwidth
(method 4).

The character of repeatability and reproducibility
depends on the frequency, which can be observed in

Table 5. Statistical parameters obtained for the value of the equivalent sound pressure level Laeq
for each test method.

, Method 1 | Method 2 | Method 3 | Method 4
Estimator
[dB]
MED; — median 37.58 37.80 36.45 36.90
oMaD; — median absolute deviation 1.45 2.10 2.00 2.83
x; — location estimator for ¢ method, (algorithm A) 37.98 38.17 37.02 37.38
s; — scale estimator for ¢ method (algorithm A) 1.32 1.95 2.05 2.55
sri — repeatability standard deviation 0.20 0.73 - -
sri — reproducibility standard deviation 1.53 2.06 2.49 2.94
Coefficient of variation sg;/x; 4.0% 4.3% 5.6% 9.0%

Table 6. Repeatability and reproducibility of the sound pressure measurements
for each bandwidth obtained with method 4.

Frequency [Hz|

63 | 125 [ 250 | 500 | 1000 | 2000 | 4000 | 8000

Scale estimator [dB]

sr (z4) repeatability standard deviation 4.46

1.72 1 1.27 1096 | 2.12 | 1.62 | 294 | 2.81

4.85

sr(x4) reproducibility standard deviation

2.85 1262|285 | 329 | 3.27 | 433 | 3.86

Scale estimator %]

Coefficient of variation sr(x4)/z4

[ 9.04 [ 6.45 [ 6.72 [ 8.13 | 10.16 | 13.44 | 24.76 | 25.09
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Fig. 5. Relationship of the repeatability (s,) and reproducibility (sg) standard deviation and frequency. For comparison,

the figure also includes the values of R — reproducibility standard deviation for each bandwidth presented in the literature

(SEDDEQ, MEDHAT, 2011). Dashed lines plot the trend lines for the best matching s.(f) and sg(f) results. They are the
square curves.

the studies carried out by the authors of this pa-
per, and does not fully correspond to the observations
presented by SEDDEQ and MEDHAT (2011), Fig. 5.
With five laboratories using the same test method,
Seddeq and Medhat obtained higher values of the
reproducibility standard deviation. The trend of the
changes depending on the frequency also seems dif-
ferent. The best matching (the highest value of Pear-
son’s coefficient of correlation amounting to 0.81 for
sy and 0.74 for sp) was achieved for the trend line
with the square polynomial equation and the mini-
mum in the 500-1000 Hz area. The results presented
by SEDDEQ and MEDHAT (2011) did not reveal such
a trend.

In order to assess the influence of the method for
testing indoor noise from service equipment in build-
ings, the analyses of the test method compatibility
were carried out using formulas (3) and (4). The results
of the methods compatibility assessment are shown be-
low. The values of ¢ for each method pair are given in
the cells.

All methods rendered compatible results at the
level of threshold x « 1, according to the definition
given in the literature (KACKER et al., 2010), both
when the standard mean of the results (Eq. (3)) and
robust statistics (Eq. (4)) were used for the assessment.

The results of the Levene test and single-factor
analysis of variance are shown in Table 8. The Levene

Table 7. Assessment of the compatibility of the methods.

Type of statistics Method | Method 2 | Method 3 | Method 4
¢ (zi —z;) (Eq. (3)) Method 1 0.07 0.29 0.32
C(Y;-Y;) (Bq. (4)) 0.09 0.46 0.21
¢ (zi —z;) (Eq. (3)) Method 2 0.34 0.36
C(Y:-Y;) (Eq. (4)) 0.47 0.26
C(Yi-Y) (Ea. (4) 0.13

Table 8. Results of the Levene test (NIST/SEMATECH, 2013) and single-factor ANOVA (Microsoft Excel 2013 /Data

Analysis ToolPack). W — value of Levene statistics, F' — value of F-statistics in ANOVA test, Fj, (a, k-1, N -k) — critical

value of F-statistics at the level of significance o, k-1 and N — k degrees of freedom, k¥ — number of groups, N — total
number of measurements taken into account.

Considered results

Levene test Single-factor ANOVA

Methods 1-4

W =1.22 < Fy,, (0.05, 3, 40)

F =0.73 < Fy, (0.05, 3, 40)

Methods 1-4 with rejected results considered
as warning signals and action signals

W = 1.76 < F}, (0.05, 3, 36)

F =0.66 < Fy, (0.05, 3, 36)

Methods 1-2

W =2.79 < F, (0.05, 1, 21)

F =0.05 < F, (0.05, 1, 21)

Methods 1-2 with rejected results considered
as warning signals and action signals

W =4.06 < Fy, (0.05, 1, 19)

F=0.04 < F, (0.05, 1, 19)




E. Nowicka, E. Szewczak — Indoor Sound Pressure Level From Service Equipment in Buildings. . . 557

test for all series of results presented in Table 3 and
for methods 1 and 2, revealed that the hypothesis as-
suming that the variances are homogeneous cannot be
rejected. A single-factor ANOVA revealed that a hy-
pothesis about lack of test method influence on the
obtained results cannot be rejected.

Taking into account the fact that too high variances
inside groups may result in type II errors, both in the
Levene test and in the ANOVA, tests were also carried
out for data rejecting the results considered as warn-
ing signals and action signals. In this case, the results
also confirmed that the hypothesis about lack of test
method influence cannot be rejected.

The compatibility of the results obtained with all
four methods shows that all seem adequate for the as-
sessment. Still, each method has a different level of
precision. Consequently, the same result obtained with
each method poses a different risk of making a wrong
decision in relation to noise assessment. If a working as-
sumption is made, according to the previous analysis,
that the results dispersions are characterised by a nor-
mal distribution, the probability of wrong assessment
can be estimated based on the knowledge concerning
uncertainty. The value of 40 dB was adopted as the
upper limit (7,) in the analyses, which is the maxi-
mum acceptable sound pressure level value in offices
according to the requirements (PN-B-02151-02, 1987).

The results of the analyses revealed that the me-
thods were compatible, which means that they ren-
der statistically equivalent results but the specificity
of each method affects the assessment risk level, as
shown in Table 9. Each method is characterised by dif-
ferent precision, so the same result obtained with each
method can pose a different risk of making a wrong
decision related to noise assessment.

Table 9. Probability values of right assessment p. and
wrong assessment p,, based on the results shown in

Table 3.
Method TSL};“ De De
1 1.22 0.89 | 0.11
2 1.04 0.85 | 0.15
3 1.05 0.85 | 0.15
4 1.00 0.84 | 0.16

The differences between methods related to the risk
of incorrect evaluation can be better illustrated if we
hypothetically assume that all laboratories obtained
the same result (in this case 38 dB was assumed), as
shown in Table 10.

The selection of the measurement point can con-
tribute to the variability of the test result. The sound
pressure level in the chosen point is determined mainly
by the noise source. However, it shall be noted, that the
sound pressure level is influenced also by reverberation
time and background noise.

Table 10. Probability values of the right assessment p. and

wrong assessment p., based on the same sample sound pres-

sure level result of x = 38 dB assumed for all methods and
sri values presented in Table 5.

Method TSU—R;I,:U:38dB Pe | Pe
1 1.31 0.90|0.10
2 1.22 0.89(0.11
3 0.80 0.7910.21
4 0.68 0.75]0.25

In method 1, the participant chose the measure-
ment points himself, in method 2 (according to the
same standard), the organizer set the measurement
points. It turns out that this does not cause a sig-
nificant change both in the result and in the coeffi-
cient of variation. In method 4, the researcher selects
two points, and in method 3 three points in the dif-
fusion field. The precision of these methods varies sig-
nificantly, which also affects variability and the risk of
wrong assessment.

Based on the estimated precision of the methods,
ISO 16032 (method 4) turned out to be the one with
the lowest precision under relatively stable noise con-
ditions. The coefficient of variation for this method
amounted to 9% in the inter-laboratory experiment.
Consequently, it entails a greater risk of sound pressure
level assessment. The coefficients for other methods
ranged from 4 to 5.6%. It seems that it might be related
to the procedure of the measurement points selection.

One should take into account that this experiment
was carried out in conditions of relative stability of
measurand in time and space. High variability of noise
in time and space (different points in the room) could
demonstrate that method 4 is more relevant, as it pro-
vides measurements for a greater number of points and
in all bandwidths. On the other hand, the large coeffi-
cient of variation based on the reproducibility standard
deviation indicates that the method still has too many
influences beyond the control such as the procedure of
selecting the measurement points which allows differ-
ent interpretations by laboratories.

The survey method defines quite precisely the lo-
cation of the measurement points: close to a visible
corner with a hardest acoustic surface and in the diffu-
sion field of the room, but not closer than 1.5 m from
the noise source. Even if the description is not very
clear and precise, in fact most measuring teams has
chosen similar locations during the measuring process.
It might influence the lower variation of the test re-
sults. The engineering method is much more difficult
and require larger amount of measuring points. The
measuring points selection method seems to be more
accurate, but in fact, measuring teams had a tendency
to choose different points in the diffuse field. It might
cause the higher variation of the test results. Further
studies on the subject will be carried out.
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6. Summary and conclusions

The paper presents the results of noise tests ob-
tained by twelve laboratories with the use of four tests
methods including survey methods (like ISO 10052),
and engineering methods (ISO 16032). Statistical ana-
lyses of the results were carried out, including: Shapiro-
Wilk test of normality, analysis of reproducibility va-
riance for all methods, assessment of compatibility of
the methods, Levene test of homogeneity of variances
and ANOVA analysis concerning influence of the test
method on the obtained results of indoor noise.

The results of the Shapiro-Wilk test proved that
there were no grounds to reject the hypothesis on the
normal distribution of the sound pressure level Lacq
results obtained with each of the four methods. The
assumption regarding the normality of distributions al-
lowed for the evaluation of the laboratories results us-
ing the modified “z” parameter (standard score). The
test showed that the criteria for an interlaboratory
comparison were met. Two results differed from the
others at the warning signal level.

All methods rendered compatible results at the
level of threshold x <« 1, according to the definition
given in the literature.

The results of Levene’s test showed that the homo-
geneity of variance hypothesis could not be rejected.
A single-factor ANOVA revealed that a hypothesis
about lack of test method influence on the obtained
results cannot be rejected.

The compatibility of the results obtained with all
four methods shows that all seem adequate for the as-
sessment. But based on the estimated precision of the
methods, ISO 16032 (method 4) turned out to be
the one with the lowest precision under relatively sta-
ble noise conditions. The coefficient of variation for
this method amounted to 9% in the inter-laboratory
experiment. Consequently, it entails a greater risk of
noise assessment. The coefficients for other methods
ranged from 4 to 5.6%. This is most probably related
to the procedure of location of the measurement point.
Further studies on the subject will be carried out.
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