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Summary

This paper deals with the standard deviation
of reproducibility obtained from multiple Inter-
Laboratory Tests (ILTs), whose average values were
standardized in ISO 12999-1. The reproducibility
obtained in this way is intended to be used for the
declaration of uncertainty in test reports of building
acoustics measurements. Therefore it is necessary
that the declared uncertainty be representative of
all the specimens, or products, that could be tested.
This paper demonstrates that the new standard
deviation orgs, introduced for the first time in ISO
12999-1, leads to an overcoverage with respect to
the desired 95% coverage probability. Moreover,
two other methods are presented, the former based
on a Bayesian analysis and the latter on random
variance and fixed mean, to demonstrate that the
reproducibility standard deviation og, where the
reproducibility variance 012% is the mean value of the
variances of all the ILTs included in ISO 12999-1, is
the natural choice for the declaration of uncertainty.
PACS: 43.55.-n; 06.20.Dk

1 Introduction

When reporting the result of the measurement of a
physical quantity, it is compulsory that some quan-
titative indications of the quality of the result be
given so that those who use it can assess its reliabil-
ity. Without such indications, measurement results
cannot be compared, either with one another or with
reference values given in a specification or standard.

It is therefore necessary, in order to characterize the
quality of the result of a measurement, to evaluate
and to express its uncertainty.

The two dominant current methods for calculat-
ing the uncertainty are the empirical approach, stan-
dardized in ISO 5725 [1], and the modelling ap-
proach, standardized in ISO/IEC Guide 98-3 [2], the
Guide to the expression of uncertainty in measure-
ment (GUM); a good comparison of these methods
and their strengths and weaknesses is offered by Del-
dossi and Zappa [3]. Lyn et al. [4] proved, by a case
study, that the estimate of sampling uncertainty made
using the modelling approach (GUM) resulted to be
six times larger than that found using the empirical
approach (ISO 5725). The difficulty in establishing
reliable estimates for the input variables for the mod-
elling approach is thought to be the main cause of
the discrepancy and the empirical approach to uncer-
tainty estimation was recognized to be generally the
one providing the more reliable estimates. In fact on
one hand, due to the typology of the test samples in
building acoustics measurements, the real value of the
measurand is unknown. On the other hand, the air-
borne sound reduction index is defined via the sound
power incident on and radiated from the test element.
These sound powers cannot be measured directly and
acoustic field quantities like sound pressure or sound
intensity have to be measured instead. They are mea-
sured assuming a perfectly diffuse sound field in the
measuring rooms. This assumption leads to high un-
certainty under the Schroeder frequency, particularly
in the low one-third octave frequency bands (50, 63
and 80 Hz) [5, 6, 7, 8. Moreover, concerning the
single number quantities (SNQs), whose values are
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used to specify legal requirements, for prediction pur-
poses at design stage and, most important, for the
declaration of the performance of building products,
they are calculated from the one-third octave band
measurement results (at least for laboratory measure-
ments). Therefore, it is particularly unclear how to
evaluate the SNQ uncertainty. There are some works
(e.g.[9, 10]) that deal with this issue. In the former
[9], the calculation of the uncertainty of the single
number ratings from third-octave band sound insula-
tion values was investigated. It was pointed out that
the uncertainty found in practice could not be de-
scribed either by a full, positive correlation between
one-third octave bands, or by no correlation. In the
latter case [10], it is suggested to perform individual
measurement uncertainty estimations to not underes-
timate the measurement uncertainty. This approach
implies [10] that each laboratory, where sound insula-
tion measurements are performed, expresses its own
measurement uncertainty even if the method used is
the same, because different laboratories have differ-
ent environments, personnel, equipment, etc. How-
ever, this is not desirable for declaring the perfor-
mance of building products (like the sound reduction
index, the impact sound pressure level, etc.), because
the aim of this declaration is to assess the intrinsic
product performance and its uncertainty regardless of
the laboratory in which the measurements were per-
formed. Moreover, according to current knowledge, it
seems impossible to formulate the models laid down
in GUM for the different quantities in building acous-
tics. Therefore, the concepts of repeatability and re-
producibility stated in ISO 5725 [1] are necessary to
determine the uncertainty of building acoustics mea-
surements, for both one-third octave bands and SNQs.
This is the approach that was followed to write ISO
12999-1 [11] that superseded ISO 140-2 [12]. In fact
the approach of uncertainty declaration for all kind of
measurements in acoustics, at ISO level, is to follow
the principles laid down in GUM; but, if it appears
during the preparation of a standard that sufficient
knowledge is not yet available to fully apply the GUM
while solid information on reproducibility data from
inter-laboratory comparisons is available, this infor-
mation shall be given. A statement shall then be in-
cluded in the main text that the expanded uncertainty
for a coverage probability of 95% shall be given as two
times the standard deviation of reproducibility.

2 Motivation: ISO 12999-1
database limitations and opgg;
introduction

Before explaining the motivation behind this work, it
is necessary to make an important remark: the Greek
letter o indicates an unobservable quantity, whereas s
is used for its sample counterpart. However, when re-
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ferring to ISO 12999-1, o denotes a quantity obtained
from observational data, for notational consistency.
In particular, o is the square root of the average of
the (estimated) reproducibility variances of all ILTs
included in the database of ISO 12999-1.

When writing ISO 12999-1 [11] it was decided to
include the repeatability and reproducibility standard
deviations, o, and o g respectively, with an additional
new standard deviation o ggs neither defined nor used
before, which was introduced for the first time in this
standard. In fact, during the development of ISO
standard 12999-1, it seemed to be desirable to cal-
culate also one-sided upper interval limits, where the
interval contains the standard deviation of the basic
population with a given level of confidence [13].

This new standard deviation, orgs, which already
contains an upper interval limit of 95% confidence
level, is intended to be used [13] as the uncertainty
u that must be multiplied by the coverage factor k
to obtain the expanded uncertainty U when declaring
the acoustic performance of a building product. In
fact, ISO 12999-1 [11] clause 7 states: “7.2 also con-
tains a quantity ogrgs. It is derived from the same
round robins as o but it represents an average of
the upper interval limits for the standard deviations
of reproducibility with a coverage probability of 95%.
In the absence of uncertainty data for specific speci-
mens, e.g. from an inter-laboratory test, these values
shall be used for the declaration of product or system
data”.

In this way, the expanded uncertainty U contains
the 95% confidence bound of an upper one-sided 95%
confidence interval. This causes a coverage inflation,
as shown below. Moreover, for products (i.e. “spec-
imens”) for which a specific inter-laboratory test al-
ready exists, this prescription may be skipped and a
smaller uncertainty declared. This may produce an
unbalanced situation on the market.

The database taken into account when writing ISO
12999-1 includes the results of the Inter-Laboratory
Tests (ILTs) available at that time. They are in-
dicated in Table 1 of [13]. These data correspond
to ILTs under reproducibility conditions and thus
the conclusions of the present study apply to these
types of tests, i.e. laboratory measurements that can
be used for declaration of product performance. In
this database, the minimum number p of laborato-
ries (that is 8 [11]) and the minimum number n of
repetitions per laboratory (that is 5 [11]) are not re-
spected in all the ILTs. In fact, only 11 ILTs out of
27 respect the minimum number of laboratories and
repetitions. Furthermore, the database is made of
27 ILTs that could be assigned to 4 categories: win-
dows, glazing, lime brick/block wall (heavyweight),
wooden/plasterboard partitions (lightweight). Al-
though these four categories are not representative of
all the possible types of specimen, they are the more
frequently tested categories in laboratories. Based on
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two different approaches [6] and [14], it was suggested
that the uncertainty depends on the type of specimen
used (e.g. lightweight/heavyweight walls or floors).
The former is the standard approach in accordance
with ISO 5725 [2]. The latter is an empirical ap-
proach which incorporates advanced analysis of vari-
ance (ANOVA) and a specific model called Gauge Re-
peatability and Reproducibility (GRR). It allows the
components of variance in the measurement system
to be partitioned and provides an estimate of their
contributions [14, 15].

3 Aim and structure

In the light of the previous considerations, two main
questions can be raised: how can the uncertainty of
different types of specimens be calculated from these
ILTs datasets? What are the uncertainty value and
the confidence interval? In the following, it is argued
that all the specimens involved share no common mea-
surement uncertainty; rather, each uncertainty should
be considered as a sample from a population of un-
certainties, reflecting the different types of materials
and of experimental conditions. If so, the uncertainty
itself can be regarded as a random quantity and its
randomness has to be taken into account when an in-
terval is built for a measurand, using the appropriate
coverage factor, besides attaching a point estimate of
the uncertainty to the measurement. To reach this
conclusion, Section 4 introduces the necessary theo-
retical background and shows how the use of ogros
causes over-coverage in the frequentist sense. Two
alternative approaches are therefore proposed in Sec-
tions 5 and 6. Section 5 introduces the uncertainty
on the reproducibility standard deviation ogr using
the Bayesian approach, where all the unknown quan-
tities (both the measurand and opr) are regarded as
random; in other words, the estimate of the repro-
ducibility variance of a single ILT is an estimate of a
random and unobservable value o specific to the ILT
from which it was obtained; as it turns out here, it is
natural to average the estimates of the reproducibil-
ity variances from past ILTs to assess or. In Section
6 it is discussed how the measurand can be regarded
as non-random, whereas o g remains random; in other
words, when the properties of a specific specimen are
measured, the p parameter, i.e. the measurand, rep-
resents a physical property that may be regarded as
fixed, although it is unobservable, and changing very
little among ILTs. This implies a Student’s ¢ sam-
pling distribution of the measurement and a confi-
dence interval with the correct coverage, still built
from a standard uncertainty depending on the average
of the estimates of the reproducibility variances from
past ILTs. From a numerical point of view, when the
data on past ILTs given by [13] are used, this latter
interval is very close to the usual frequentist interval
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based on the sampling Gaussian distribution. Finally,
a comparison between the different approaches to o
is shown in Section 7.

4 Theoretical background

4.1 Confidence intervals around a

measurand

According to ISO 12999-1 [11], Section 8, equation
(3) a measurement y is reported along with its associ-
ated “expanded uncertainty” as y+U, where U = ku,
u represents the “standard uncertainty” and k is the
coverage factor. A confidence level is associated with
the interval y £+ ku. Assuming the measurement has
a Gaussian distribution with mean p (the unknown
value of the measurand), the true confidence level cor-
responds to the nominal one (let us say 1 —~) if k is
such that the following probability statement is true:

Pr(—kgy_“gk):1—7 (1)

u

where Y (capitalized) denotes the random variable
that, when observed, takes the value y. An inversion
of the probability statement gives the confidence in-
terval for the measurand y + ku, which can also be
written as:

y—ku<p<y+ku. (2)

The nominal confidence level corresponds with the
nominal (frequentist) coverage probability, which is
the fraction of confidence intervals, computed from a
large number of hypothetical identical repetitions of
the measurement, that contain the true value of the
measurand. Of course, the true coverage can corre-
spond with the nominal coverage (1 — ) if the re-
lationship between w and the true variance of Y is
known, so that k can be selected accordingly. A com-
monly used value is & = 2, which gives a confidence
of about 95% if u? is the true variance of Y.

If 42 is not the true variance of Y, then the cover-
age is different from its nominal value (95.4%), which
is precisely what happens if orgs; given in Clause 7
of ISO 12999-1 is used for u. The ogrgs value is the
square root of the average of the limits of upper-sided
95% confidence intervals of the reproducibility vari-
ance calculated from several ILTs. The upper limit
from a single ILT has the following expression (see
[13], equation (1)):

p—1
2 SR (3)
Xp—l,(x

where sy is an estimate of the reproducibility error,
p is the number of laboratories taking part in the ILT,
Xp_ 1.0 is the a-level quantile of the y*-distribution
with p degrees of freedom and o = 0.05 when the
upper limits are used to build orgs.

234

235

236

237

238

239

240

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264



266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

Equation (3) is formally identical to the the upper
limit for the standard deviation of a random sample
of size p. However, the sampling scheme of an ILT
is more elaborate and [13] does not provide details
on how the upper limit falls back to the usual form;
therefore in the next section the necessary background
is illustrated.

4.2 Single ILT: probability distribu-
tion of s%

Consider a single ILT with p laboratories and n repe-
titions per laboratory. Then the reproducibility vari-
ance is estimated as

sh=s7 + s, (4)

where s? is the estimate of the between-laboratory
variance; s2 is the estimate of the repeatability vari-
ance, defined as the weighted arithmetic mean of the
within-laboratory sample variances s2; the mean is
taken over all those laboratories takmg part in the
accuracy experiment.

To show the expression of this estimator in a nota-

tion commonly used in statistics, let

p
SSh=n> (7 —9)°
=1

where ¢ is the index of laboratory, j is the index
of repetition, g is the overall mean, g; is the mean of
measurements from the i-th laboratory. SSb is called
the between-laboratories sum of squares and SSw is
called the pooled within-laboratories sum of squares.
Then

SSw = Z(yij —4)? (5)

ij

SSw/(p(n —1))

2

o _ S5b/(p—1) —

s+ s, = "
SSw
o (6)
p(n—1)
SSbh SSw
=——+—
n(p—1)  pn

This expression coincides with that derived in ISO
5725-2[2], Sections from 7.4.5.1 to 7.4.5.5, as equation
(24) (sR] = s2;+ sLJ) for a single frequency (indexed
by j) or a single number quantity (SNQ) when the
number of repetitions in an ILT is constant across
laboratories. If n = 1, then (6) is still applicable
using the latest expression with SSw = 0.

The statistic s% estimates 0% = 0% + o2 unbias-
edly. The two addenda in the latest expression are (af-
ter appropriate scaling) independently x? distributed,
however their sum is not exactly x? distributed, so
that percentiles from the x? distribution should be
used with some care when computing confidence in-
tervals for or. Thanks to the Satterthwaite approx-
imation [16], which permits to estimate the effective
degrees of freedom of a linear combination of inde-
pendent sample variances, it is possible to use a x?2

Scrosati et al., p. 4

distribution for this statistic, with degrees of freedom
given by:

2
55b SSw
%5

= (7)
) ()

Then, approximately,

5%% 2
V—a ~ 8
012% Xv ( )

so that an approximate upper-sided 1 — a confidence
interval for og is given by

<o7 7 sR> 9)

where the indicated percentile leaves an a probability
to its right and 1 —« to its left. Notice that v depends
on the observed values of the sums of squares. If SSw
is much smaller than S.Sb then v ~ p—1, which brings
back to equation (3).

4.3 Multiple ILTs: ISO 12999-1
method and coverage inflation

Now consider multiple independent ILTS indexed by
g, so to obtain a collection of statistics s2 7, With their
approximate degrees of freedom v,. The square root
of the average of the reproducibility variances could
be used as an estimate of the reproducibility error of a
new measurement (see equation (2) in [13]), under the
assumption that there exists a or value that is com-
mon to the ILTs. To obtain a value 3%95, intended
to represent the upper-sided limit of the interval at
95% confidence level of the reproducibility variance,
it is still possible to apply the Satterthwaite approxi-
mation giving an approximate y2 distribution of this
average and produce an upper-sided 95% confidence
interval. A different procedure is proposed in [13] (see
the statement following equation (2) of [13] “This cal-
culation was performed for the best estimation of o
but also for the upper interval limits ogg, 079, 095 and
o97.5"): the individual 95% upper limits of the con-
fidence intervals for 0123 are averaged across the ILTs
and their square root is taken as srgs. The true cov-
erage of this new upper limit is unknown at this point.
Following this procedure, let

10
quﬁ R.q (10)

where ¢ is the index for multiple independent ILT's,
N is the number of ILTs, v, is the degrees of freedom
of the ¢-th ILT and u is spos when o = 0.05. Assume
for example that 4 Zévzl 5%, approximates the true
variance of Y very well and take v, = v for all ¢’s
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for simplicity. In this case, the confidence interval of
equation (2) for the mean p of Y with coverage factor
k = 2 becomes

yt2u=—y+2 [—— x (11)
Xv,a
with an actual confidence given by
%
2 (2, /— | -1 (12)
< xﬁ,a>

where ®() is the cumulative distribution function of
the standard Gaussian distribution. Since v is larger
than Xia for typical a’s in the latter expression for
the confidence value, there can be a considerable in-
flation of the coverage above the nominal 95% usually
associated with the coverage factor k = 2.

Wittstock remarked that the data used in Table I
of [13] for the estimation of 0% were not selected to be
representative of all types of specimens, but that they
were simply the data that were available. Therefore,
it is not possible to claim that the average of the 32R7 ¢S
is a genuine population summary that can be used to
approximate the variance of a new measurement Y.
However, even though it was, this approach inflates
the actual coverage when reporting a measurement
with its “expanded uncertainty” (as seen in the above
example with y £ 2u).

Using the data of Figure 5 and Table I in [13], a
better appreciation of the coverage can be obtained
by plotting it as a function of the true value of o as
it varies across a selected range, that is, by plotting

the pairs
u
(aR,2¢> (2) _ 1) ,
OR

where the coverage factor 2 corresponds to a confi-
dence 1 — v = 95.4% and o belongs to the interval

(13)

[min{sRJ, ...,sp,N},max{sp1,... ,SR,N}} . (14)

With regard to u, besides expression (10), in an at-
tempt to correct the overcoverage, one may also con-
sider the common-sense solution of averaging the es-
timates of the reproducibility variances, which does
not include the inflating factors v,/ X?jq,a, that is

(15)

Plots of the coverage against the true value of an un-
known parameter are commonly used in studies on
the properties of confidence interval, see for example
[17] and [18].

Figure 1 shows the graph of expression (13) with u
from expression (10), as a solid line, and with u from
expression (15), as a dashed line. The horizontal line

Scrosati et al., p. 5

coverage

0.5

I I I I I
0.5 1.0 1.5 2.0 25

true std. dev.

Figure 1: Coverage of confidence interval of equation
(2) for k = 2 and different specifications of the un-
certainty u: as in equation (10) (solid line); as in
equation (15) (dashed line). Each curve crosses the
horizontal dotted line, that is, the nominal coverage
is attained, when op = u

is the nominal coverage, which is obviously attained
when op = u. With the first choice of u, for a large
part of the considered range, there is a considerable
overcoverage. With the second choice of u, the portion
of the range showing overcoverage is reduced, but, as
the reproducibility error deviates from the true one,
the coverage starts to differ from the nominal one and
this effect cannot be corrected, especially when, like in
the present situation, a single measurement y cannot
give any information on the error. Therefore, both
specifications of u are not robust against variations of
OR-

However, if the interval is used to check whether the
measurand p is close enough to a target po (if y + ku
contains pg then the specimen is declared to meet
specifications), then equation (15) is preferable to
equation (10), as the confidence interval built from the
latter does not detect deviations until they are very
large. Let us suppose for example that py—pug = 3 dB,
representing a situation in which the true sound pres-
sure p behind an insulated wall is twice the desired
value po. Then, the probability that ug belongs to the
confidence interval built around a measurement y cen-
tered on p has been plotted against or in Figure 2:
it is quite clear that the interval with the sggs un-
certainty is too much conservative, because the prob-

ability that Y is compatible with pg is large. The
analytical expression of the plotted functions is
2 - -2 -
(I)<U+/~L0 M)_(I)< U+ o N) . (16)
OR OR

5 The Bayesian approach

The assumption that o has the same fixed but un-
observable value for all ILTs can be questioned, in
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prob. of wrong inclusion

true std. dev.

Figure 2: Probability that the confidence interval of
equation (2) with & = 2 wrongly includes a target
value with different uncertainty specifications: as in
equation (10) (solid line); as in equation (15) (dashed
line).

which case the evaluation of the coverage of inter-
vals for every value of o loses its meaning. Instead,
it can be argued that each sg 4 value is an estimate
of a random and unobservable value op , specific to
the ILT from which it was obtained and so, under-
lying the ILTSs, there’s a sample of og 4 values from
a population of reproducibility errors. This frame-
work, in which information on the reproducibility er-
ror from previous ILT's is available, is ideally suited to
a Bayesian approach. All the prior information on the
reproducibility error and on the measurand value can
be summarised by a probability distribution, which is
then updated with the observed measurement to pro-
duce a posterior distribution of the measurand. From
this distribution, a credibility interval for the measur-
and is derived. Underlying this procedure there is the
following hierarchical model

do doO'(Q))

k16 (3. (o) ~ 172

2

o 17
plod ~ N <m0, R> (17)
Co

Y ~ N (p,0%)

where d, 03, co and mg are assigned constants, called
the hyperparameters, N(-,-) is the standard Gaussian
distribution with the mean and the variance parame-
ters as arguments and IG(-,-) is the inverse Gamma
distribution, with the shape and the rate parameters
as arguments (corresponding, after scaling, to an in-
verse chi-squared distribution, in this case). Then it
can be shown [19, 20] that the marginal posterior dis-
tribution of p, after taking the measurement y and
after centering and scaling, is a Student’s ¢ with d;
degrees of freedom, that is,

M= my

Voi/e

~ tq, (18)

Scrosati et al., p. 6

where my = (como +y)/c1, c1 =co+1,dy =dp+ 1
and

€o
of = — {doag + ;(y - mo)Q] (19)
1
From here, a (1 — ) highest posterior density cred-
ibility interval from g is easily derived as

[ 2

o

1

my A4 — ta,1-+/2
&1

where tg, 1_,/2 is the appropriate Student quantile.
The details of this derivation are often presented in
the Bayesian literature parameterising the distribu-
tion of Y with the squared precision rather than the
variance (see for example [19]), but a derivation with
the present parameterisation is provided by [20].

The prior information coming from historical data
can be embedded in the model through the hyperpa-
rameters. Starting with the variance, its expectation
and variance are

(20)

d00'2
E(c%) = —~9 _ dy > 2
(o) (do —2)° 0> o
2y _ 2dog
Var(o%) = do >4

(do —2)%*(do — 4)’

so it is possible to assign (elicit) o2 and dy through
the method of moments, equating the sample mean
and variance of the past data to the theoretical ones,
as follows:

-1

+4,

(22)

where E% is the average of the reproducibility variance
estimates of the N ILTs.

The o3 hyperparameter is related to the location
of the prior distribution of the variance. The mg hy-
perparameter indicates the prior belief of where the
measurand is expected to be located, given the vari-
ance 0%, and ¢y quantifies the strength of this belief:
the larger ¢y the stronger the belief. It can be confus-
ing that O’?{ appears both in the prior distribution of
1 and in the distribution of the measurement, while
it should belong only to the latter. This is just conve-
nient from a mathematical point of view, because in
this way the posterior distribution of u has a closed
form. The ¢y constant can be thought of as the ra-
tio between the variance of the measurement and the
variance of the measurand, where the latter depends
on the variation of the properties of the materials.
Another problem is the assignment of mg. If past
measurements (y1, ..., ym) are available, a reasonable
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guess is their sample average mo = (1/H) Y_, yn, be-
cause E(Y) = mg. On the other hand, if it is still not
possible to make any precise statement on mg and
o, let cg — 0, obtaining an improper noninformative
prior distribution for g with no location and infinite
variance for any value of or. In this case, the credi-
bility interval of equation (20) simplifies to

do — 2 —
y+ (\/ doi1 td1,1—7/2> \/ 5%

where y is the observed measurement, dy is an hyper-
parameter used to parametrise the the inverse Gamma
distribution IG(-,-), tg1-/2 is the (1 — v/2)-level
quantile of t4 (a Student’s ¢ distribution with d de-
grees of freedom) and §% is the average of the repro-
ducibility variance estimates of the N ILTs.

It is possible to notice the strong similarity of this
latter interval and of the interval of the previous sec-
tion y=+2u, when u? is the average of the reproducibil-
ity variances s%’ 4 The only difference is the cover-
age factor, which is not necessarily equal to 2 (but it
could be close if dy is large enough and v = 0.046).
Therefore, the y 4 2u interval has a clear Bayesian
interpretation as a credibility interval in certain con-
ditions. With the data from [13], dy = 5.80 and
tdg,1—~/2 = 2.44 and so the coverage factor is 1.82,
which makes this interval a little less conservative
than the frequentist one. Its coverage and probabil-
ity of wrong inclusion are shown in Figures 3 and 4,
respectively, displaying a behaviour close to the fre-
quentist interval with u as in equation (15).

(23)

coverage

0.5

I I I I I
0.5 1.0 1.5 2.0 2.5

true std. dev.

Figure 3: Figure 1 with coverage of Bayesian interval
added (mixed line)

6 Random variance and fixed
mean
When the properties of a specific specimen are mea-

sured, the p parameter, i.e. the measurand, repre-
sents a physical property which may be regarded as

Scrosati et al., p. 7

prob. of wrong inclusion

true std. dev.

Figure 4: Figure 2 with probability of wrong inclusion
of the Bayesian interval added (mixed line)

fixed, although it is unobservable. It is expected to
change very little among ILTs if the specimen has
been manufactured and installed according to good

specifications. If this is admitted, then, the above
Bayesian model reduces to
do doo? _
U%NIG (20, 020> (doag)azwxdoz
o is fixed (24)
Y ~ N (p,0%)

and it can be shown that the sampling distribution

of a new observation, after centering and scaling, is a

Student’s ¢t with dy degrees of freedom:
Y—p

0o

~ T, (25)

which produces the following confidence interval

[dog — 2 /-
Yy + ( Odotd()71_’7/2> $2R

which incorporates the uncertainty on oz and has the
nominal coverage.

(26)

7 Comparison between the dif-
ferent approaches

The aim of the present work is to find the correct
uncertainty u to be used for the declaration of uncer-
tainty in test reports of building acoustics measure-
ments. Using the data from [13], which correspond to
ILTs under reproducibility conditions, intervals y+ku
with y = 50 (e.g. representing a sound reduction in-
dex of 50 dB) are shown in the following table with
the different specifications of k and u, aiming at the
desired 95.4% coverage. The true coverage of all in-
tervals has been computed using equation (25) as the
sampling distribution, which was assumed to be the
correct one.
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Table 1: Confidence intervals for the different s con-
sidered, with the corresponding coverage factor and
coverage probability

U k interval coverage
SROS 2 (46.02, 53.98)  99.3%
V5% 2 (47.60, 52.40)  95.0%
V3% asin equation (23) (47.81, 52.19)  93.3%
V3% asin equation (26) (47.54, 52.46)  95.4%

In the first and second rows of Table 1, sggs
and \/g are equal to orgs and ogr in ISO 12999-
1 [11],respectively. This table shows that equation
(26) obviously achieves the nominal coverage, because
it was built from the sampling distribution of equa-
tion (25), but also the interval in the second row gets
close to it, whereas the Bayesian interval is slightly
below the target. The first interval, calculated as-
suming u = o Rgs, has a coverage well above the nom-
inal value. Three out of four intervals use u = \/%,
which is an arbitrary choice in the second case but is
formally well justified in the third and in the fourth
case, as shown in Sections 4 and 5 respectively. The
different coverage factors are determined by the dif-
ferent assumptions on the mechanism generating the
data and on what quantities should be considered ran-
dom or fixed. The comparison carried out in Table 1
suggests that information from past ILTs can be used
to assess the uncertainty to be associated with a new
measurement in a rigorous way, indicating what in-
terval exactly achieves the desired 95.4% coverage.
Moreover, according to equation (22), dp is larger
than 4, therefore the coverage factor of equation (26)
is never larger than 2.05 and tends to 2 from above
as dgy increases, which, according to equation (22),
happens when the information on the reproducibility
variance is consistent across past ILTs. This explains
why the expanded uncertainty computed via the op
of ISO 12999-1 and with coverage factor 2 is a good
approximation.

8 Conclusions

The aim of the present work is to answer the question:
which uncertainty is to be reported in conjunction
with a building acoustics laboratory measurement re-
sult? Existing proposals are discussed. The approach
of uncertainty declaration for all kinds of acoustics
measurements, at ISO level, is to follow the princi-
ples laid down in GUM [1], but, according to cur-
rent knowledge, it seems impossible to formulate these
models for the different quantities in building acous-
tics. Therefore, the concepts of repeatability and
reproducibility stated in ISO 5725 [2] are necessary
to determine the uncertainty of building acoustics
measurements. Consequently, the uncertainty must
be calculated from reproducibility data coming from

Scrosati et al., p. 8

inter-laboratory comparisons; and, according to ISO
rules, the expanded uncertainty for a coverage proba-
bility of 95% shall be given as two times the standard
deviation of reproducibility.

Emphasis is put on the approach of ISO 12999-1
[11], which refers to repeatability and reproducibility.
ISO 12999-1 [11] contains two standard deviations re-
lated to reproducibility, namely orgs and or. Even
if orgs was introduced in ISO 12999-1 [11] without
a clear definition or indications on how it should be
used, its use is recommended for this purpose. This
paper, based on the same database of ILTs used to
obtain the values presented in ISO 12999-1, seeks the
most suitable reproducibility standard deviation for
the declaration of uncertainty in test reports of build-
ing acoustics measurements, to be representative of
all the specimens that have to be tested in a lab-
oratory. This is essential for declaring the acoustic
performance of building elements. It is important to
underline that the database of ISO 12999-1 [11], used
for the calculation in this paper, corresponds to ILTs
under reproducibility conditions and thus the conclu-
sions of the present study apply to these types of tests,
i.e. laboratory measurements that can be used for
declaration of product performance. It is argued that
all the specimens involved share no common measure-
ment uncertainty; rather, each uncertainty should be
considered as a sample from a population of uncer-
tainties, reflecting the different types of materials and
of experimental conditions. Then a rigorous statisti-
cal deduction shows that orgs causes an overcoverage
in the frequentist sense: multiplying orgs by a cover-
age factor of two leads to a 99.3% coverage. Using the
Bayesian approach, where all the unknown quantities
(both the measurand and og) are regarded as ran-
dom, it is shown that it is natural to average the esti-
mates of the reproducibility variances from past ILTs
to assess or. Finally, assuming that the measurand
can be regarded as non-random, whereas or remains
random, a confidence interval with the correct cover-
age is obtained, still built from a standard uncertainty
depending on the average of the estimates of the re-
producibility variances from past ILTs. It is found
out that the coverage factor of this interval, with a
confidence level of 95.4%, is close to 2, so that the
exact interval is well approximated using 20 as ex-
panded uncertainty, with the o of ISO 12999-1. The
good approximation of the coverage indicates that this
latter interval is the most suitable for the uncertainty
declaration of building acoustics measurements in test
reports
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