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Summary

In order to select the most cost-effective noise control solution, the influence of the noise control measures on
noise level should be reliably predicted. Reasonably accurate commercial ray-tracing, image source and finite
element method modeling programs are available. However, the creation of a model and sometimes the calcula-
tions are time-consuming and their use in preliminary room acoustic design is not always cost-effective. These
sophisticated room acoustic modeling programs demand special expertise which limits their use in practice. Sev-
eral simple room acoustic models have been developed for noise control but information on their usability and
prediction accuracy is rather hard to find. The purpose of this study was to examine simple room acoustic models
developed for predicting noise levels and reverberation times in octave bands. Seven simple sound pressure level
models, seven simple reverberation time models and a validated ray-tracing program (ODEON 3.1) were tested
in four industrial workplaces, in which major noise control measures were implemented. The prediction results
were compared to measurement results which were performed using an omni-directional sound source before
and after the implementation of noise control measures. Accuracies of predicted sound pressure levels were de-
termined as differences between measured and predicted sound pressure levels in octave bands of 125-4000 Hz.
Accuracies of predicted reverberation times were similarly determined. The accuracy of the ray-tracing model
was the most acceptable, as expected. The accuracy of simple sound pressure level models developed by Kuttruff,
Osipov et al., and Thompson et al. was comparable to the accuracy of the ray-tracing models. The accuracy of
the simple reverberation time model developed by Heerema and Hodgson was almost comparable to the accuracy
of the ray-tracing model. The above-mentioned simple sound pressure level models provided sufficient accuracy
for predicting average insertion loss, e.g. by using acoustic tiles or sound-absorbing materials. For more detailed

or complex room acoustic design, sophisticated room acoustic modeling programs are recommended.

PACS no. 43.55.Ka

1. Introduction

Accurate prediction of insertion loss (IL) of noise con-
trol measures is useful, because their cost is usually high.
Recommended practices for design of low noise work-
places including noise control strategies, noise control
measures and noise level predictions are presented in, e.g.
ISO 11690 [1, 2, 3]. Efficient and preferably fast modeling
is a key question in practical design, because the planning
expenses should be kept as low as possible, and finding the
most cost-effective noise control measures is most impor-
tant.

The authors have used ray-tracing and image source
models to predict the IL of noise control measures in sev-
eral noise control projects. In many cases, these sophisti-
cated models have been experienced as too computational
intensive, because the creation of the model and verifica-
tion of the modeling results is very laborious. To create a
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ray-tracing model, there are still several details to be col-
lected, although, the useful simplification rules of Kerid-
nen et al. were applied [4]. For example, information on
the geometry and dimensions of the workplace, the size
and shape of the fittings, the sound absorption and scatter-
ing properties of the surfaces, the position, orientation and
directivity of noise sources and measurement positions is
needed. With more flexible and fast approach it could be
possible to compare alternative noise control measures in
real time, e.g. during a meeting with clients, and to guide
acoustic design instead of making too detailed and tedious
work. This idea has been very useful in the design of open
offices, where a simple engineering model [5] has been
used in several cases.

The accuracy of various room acoustic modeling pro-
grams has been examined in several case studies. In the 1st
round robin test, Vorldnder compared the prediction accu-
racy of 14 different room acoustic modeling programs in
an auditorium [6]. Lam [7] compared three room acoustic
models in a multipurpose auditorium [7]. In the 2nd round
robin test, Bork [8] compared the prediction accuracy of
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16 room acoustic modeling programs in a concert hall [8].
The 3rd international round robin test was published by
Bork [9]. The 21 participants came from 15 countries and
they used 9 different room acoustic modeling programs. A
recording studio was measured and modeled by the partic-
ipants. These studies showed that the most sophisticated
modeling programs are applicable in the design of acous-
tically complex spaces, e.g. large auditoria and concert
halls. They also showed that the sophisticated modeling
programs need to be used by an experienced acoustician.

In workplaces, the accuracy of different simple and so-
phisticated room acoustic models has been studied by,
e.g. Ondet and Barbry, Hodgson, and Dance. In a work-
shop Ondet and Barbry compared five different models
based on geometric acoustics, two simplified image source
methods, an image source method including randomly dis-
tributed fittings, and a ray tracing method [10]. The image
source and the ray tracing methods that took fittings into
account provided the most accurate results.

In another study, Hodgson compared the results of five
image source models, one ray-tracing and one empirical
model to the measured results in a 1:50 scale model and
in a factory-like warehouse [11]. The ray tracing model
outperformed all the other models in both empty and fitted
room.

Hodgson has also compared eight simple sound propa-
gation models in 30 acoustically different industrial work-
rooms [12]. This extensive and thorough study lacked
in published details. The sound absorption data was pre-
sented only for mid-frequency (average of 500-2000 Hz)
and the results were presented only in A-weighted total
SPL and 1kHz octave band. In conclusions, the models
developed by Kuttruff [13] and Hodgson [14] were found
to be the most accurate. Five of these models; developed
by Embleton and Russel [15], Hodgson [14], Kuttruff [13],
Osipov et al. [16], and Thompson et al. [17] were also
included as simple sound pressure level (SPL) models in
our study. Three of the models were not considered in our
study, because they predicted only the A-weighted sound
pressure levels. In our study, the average SPL prediction
accuracy is published in the octave bands of 125-4000 Hz
and in A-weighted SPL.

Dance compared two empirical sound propagation mod-
els developed by Hodgson [14] and Heerema and Hodgson
[18] to an image source model developed by Dance and
Shield [19] in a simulated textile workroom using six dif-
ferent fitting configurations, in an engineering workroom,
and in a bottling plant [20]. All the models took fittings
into account. The image source model, as expected, was
the most accurate. The empirical models were included
also in our study.

More recently, empirical reverberation time and sound
propagation models developed by Heerema and Hodgson
[18] were compared to a ray tracing model in three dif-
ferent workshops [21]. In long and flat workshops, sound
propagation predictions using the empirical model agreed,
within 2 dB, with ray tracing predictions at distances less
than 20 meters. The agreement deteriorated in a quasi-
cubic workshop.
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Though reverberation time (RT) is constantly applied in
noise control as a design criterion, no detailed comparison
of models for reverberation time predictions in industrial
workrooms was found. Comparisons have been carried out
e.g. in auditorium [6, 7] and concert halls [8], but their
results may not be directly applicable in industrial spaces.

The purpose of this study was to determine the accu-
racy of simple room acoustic models that can predict SPL
and RT in the octave bands of 125-4000 Hz. To reach high
practical relevance, the study was carried out in four in-
dustrial workspaces before and after noise control. All the
input and result parameters were presented in detail. This
knowledge could be used in engineering prediction tools
which were the practical outcome of this work.

Previously published seven simple SPL and seven sim-
ple RT engineering models were implemented, verified
and validated in this study. Verification was a process to
ensure that the mathematical equations of each model were
correctly applied. It was done by repeating the calcula-
tions presented in the original publication in which the
model was introduced. Validation consisted of compari-
son to measured results and to results predicted with a
proven ray-tracing modeling program. This gave an es-
timation of the accuracy of the prediction models. The
studied parameters were SPL and RT in the octave bands
of 125-4000 Hz, A-weighted SPL, and average RT. Final
judgement was based on the average prediction accuracy
of A-weighted SPL and the average prediction accuracy of
RT.

2. Materials and methods

The experiments were carried out during noise control
projects in four workplaces where room acoustic computer
modeling (ODEON 3.1) was used to predict IL of realiz-
able noise control measures. Other models were applied
afterwards.

The workplaces selected for this study represent very
different industrial spaces. The workplaces with their as-
signed reference numbers are presented in Table I, and
3D-views of the room acoustic models of the workplaces
are presented in Figure 1. A short description of the work-
places and the implemented noise control measures has al-
ready been given in an earlier study [4]. The workplaces
included in this study are briefly re-described.

1. Engineering works. The room was very high (H
= 25m). Concrete floor was acoustically hard. The roof
structure and brick walls with several windows were rather
sound-absorbing. Initially, the workplace was fitted with
stock shelves and hard screens of height 2 to 3 meters,
and a couple of 6-meter-high large machines. A 6-meter-
high noise screen was built around one noisy work station.
The inner surface of the noise screen was partially covered
with 50 mm mineral wool. The outer surface was profiled
steel. In ODEON, the model (Figure 1) consisted of 78
surfaces with low absorption coefficients (0.02-0.10) ex-
cept the sound-absorbing surfaces. The scattering coeffi-
cients of the surfaces were 0.1-0.6 depending on the sur-
face size, shape and roughness.
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Table 1. The workplace description and the parameters used in the simple SPL and RT models (H, L, W = room height, length and
width, & = fitting height and d = fitting density, before/after the noise control measures).

Figure 1. 3D-views of the room acoustic ray-tracing models of
the four workplaces (not in relative scale). The sound source is
noted with S and the measurement points with black dots. The
grey areas show the implemented noise control.

2. Weaving factory. Brick walls, concrete floor and ceil-
ing were hard. Initially, there were 16 large weaving ma-
chines (height 2 meters) which were modeled as boxes us-
ing surfaces with medium absorption. The open end led to
another large hall, which was not included in the model.
The side walls and the ceiling joists were covered with
50 mm mineral wool. In ODEON, the model (Figure 1)
consisted of 107 surfaces with various absorption coeffi-
cients (0.02-0.95). Scattering coefficients were 0.1-0.9.

3. Engineering works. The room was long and rather
narrow (L = 142m, W = 30m). The brick walls and con-
crete floor were acoustically hard. The curved roof struc-

Workplace Type of industry Volume (m?) H (m) L (m) W (m) h (m) d (m)
1 engineering works 48600 25 72 27 1.5/3.0 0.1/0.1
2 weaving factory 6400 8 40 20 2.0/2.0 0.1/0.1
3 engineering works 51100 12 142 30 3.0/3.0 0.1/0.1
4 electronics works/office 13600 6 54 42 0.0/2.0 0.0/0.2
ture and side walls with large window areas were rather
) = sound-absorbing. Initially, there were several noise sour-

ces of different sizes (hand-held tools, machines etc.). Sev-
eral hard screens and a couple of sound-absorbing noise
screens were set around workstations (average height 3
meters). The curved ceiling was covered with 30 mm min-
eral wool. In ODEON, the model (Figure 1) consisted of
145 surfaces with various absorption coefficients (0.02—
0.95). Scattering coefficients were 0.1-0.9.

4. Electronics works/landscaped office. Initially, the
room was empty. Concrete ceiling, walls and floor were
hard. Large windows on the side wall increased sound
absorption. The noise produced in the packaging area
propagated to the office area. The work stations in the
landscaped office were separated by several 2-meter-high
sound-absorbing office screens. The ceiling was covered
with a sound-absorbing 25-mm-thick spray-on material.
In ODEON, the model (Figure 1) consisted of 68 surfaces
with various absorption coefficients (0.02—0.95). Scatter-
ing coefficients were 0.1-0.9.

2.1. Measuring methods

SPL produced by a calibrated sound source including a
pink noise signal generator, a power amplifier and an
omni-directional loudspeaker with 35-cm-diameter dodec-
ahedral enclosure and 12 speaker elements (Briiel&Kjer
4296) was measured before and after the noise control
measures using the same measurement points and source
positions. The omni-directional loudspeaker was placed
in a carefully selected position, e.g. close to a noisy ma-
chine. The measurement points were in the manned work
stations so that the measurement data could be used in
noise control design (Figure 1). Thus, the effect of the
noise control measures on the noise exposure of the work-
ers in those particular work stations was easy to determine.
The height of the loudspeaker center and the measurement
points was 1.5 meters. The sound power level L,, of the
omni-directional sound source was measured in the octave
bands of 125-4000 Hz in a reverberation chamber in the
Finnish Institute of Occupational Health according to ISO
3741 [22]. The sound power level in the octave bands of
125-4000 Hz was 105, 106, 106, 104, 104, and 100dB,
respectively. The frequency response of the loudspeaker
in the studied frequency range is reasonably flat. Accord-
ing to the manufacturer’s information the directionality of
the loudspeaker is spherical.

The noisiest production machines were stopped during
the measurements to reduce the background noise. The
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output level of the sound source was set so that the back-
ground noise level was at least 6 dB lower than the test
signal at all measurement points.

RT was measured using a gun shot as a sound source
and determined using the decay of 20dB. RT was deter-
mined as an arithmetic average of several RT measure-
ments. The sound source location and measurement point
were changed between the measurements.

The determination of sound absorption coefficients is
described in modeling methods. The effect of the noise
control measures on sound absorption coefficients and fit-
ting parameters was estimated, SPL and RT were pre-
dicted, and then measured after implementation of the
noise control measures.

2.2. Modeling methods

During the noise control projects, ray-tracing models were
created using hybrid modeling software, ODEON 3.1
[23, 24]. The method of ray-tracing modeling has been de-
scribed in several studies [23, 25, 26, 27]. The creation of
the models was described in the earlier study by Kerénen
et al. [4]. Room and fitting dimensions were measured in
the workplaces. Surfaces were visually inspected, and ab-
sorption coefficients and scattering coefficients were esti-
mated according to the available material information in
the literature [24, 28, 29]. Before the noise control, the ab-
sorption and scattering coefficients of some surfaces, e.g.
floor, ceiling or walls were slightly adjusted to achieve
better accuracy with RT and SPL measurements. This
was a way to verify that IL predictions gave reasonable
results. When modeling the noise control measures, the
only changes to the model were those that simulated real
changes in the workplace, e.g. mounting sound-absorbing
panels.

Several models for SPL and RT predictions exist, but
the models selected for this study enabled predictions in
the octave bands 125-4000 Hz. Seven simple models for
predicting RT and seven simple models for predicting SPL.
at the distance of » [m] from the sound source were exam-
ined. The models were taken as they are presented in the
literature. It was not the purpose of this study to modify
or improve the models. The SPL models were originally
aimed for sound level predictions in large halls or work-
rooms, but there were not many RT models specified for
industrial workrooms. Therefore, it was interesting to test
if RT models intended for different spaces were usable in
the industrial workrooms.

The simple models were implemented using calculation
functions of Microsoft Office Excel program. The model
implementation was verified by comparison to earlier pub-
lished results so that the previously published input data
was used and the results of the implemented models were
compared to the results presented in the same publications
[12, 21]. However, all the necessary information was not
published in detail in the original publications, so some
degree of uncertainty may exist in these implementations.

As input parameters (in S.I. units), the simple models
needed the room dimensions: height H [m], width W
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[m], and length L [m]. Also fitting height 4 [m] and fit-
ting density Q [1/m] were needed, as well as the absorp-
tion coefficients of the floor ay, the ceiling a., and the
walls, @y . .. @ys. The room volume V [m?], the areas of
the room surfaces, Sy [m?], the total surface area S [m?],
and the average absorption coefficient a, were calculated
assuming that the rooms were of rectangular shape. The
dimensions, the fitting parameters and the absorption co-
efficients were the same between the models. All the input
data is presented in Tables I and II. The simple models are
briefly described below. They are referred to as T1-T7 and
L1-L7 thereafter.

3. Reverberation time models

T1. Arau-Puchades [30] has derived a formula based on
the Fitzroy [31] formula

T = (D
-0.16V
S[n(1 —a)]5/S[In(1 — @,)1%/S[In(1 — a;)]5:/S

in which S, [m?] is the surface area of the ceiling and
the floor, S, [m?] is the surface area of the side walls,
and S, [m?] is the surface area of the front and the end
wall. Here, ay, @, and a, are the average absorption co-
efficients of the surface areas Sy, S, and S, respectively.
It is supposed that RT should be area- weighted arithmetic
average of the reverberation in each one of the rectangular
directions. Originally, the formula was validated against
measurements in auditoria, theatres and studios by Arau-
Puchades, so that the model was not expected to be optimal
for large workrooms.

T2. Eyring [32] has presented an alternative to the Sabine
[33] formula

-0.16V

"S- @

in which the average absorption coefficient « is «@ =
> axSk/S, and k goes through all the surfaces. Total
surface area .S [m?], is the sum of surface areas Sy [m2].
Eyring pointed out that the Sabine formula was not ful-
filled when there is considerable amount of room absorp-
tion. In the Eyring formula, all the surfaces have an equal
effect on room absorption, while in the Sabine formula
(T7) the most absorptive surfaces are of greater impor-
tance. The Eyring model is often used in predictions con-
sidering noise control with additional sound absorption.

T3. Fitzroy [31] has proposed an area-weighted modifi-
cation to the Eyring [32] formula
T= -0.16V Sy Sy S,

T 82 |ln(l-=) In(l-a,) Wn(l-a,)]

3

in which .S, [m?] is the surface area of the ceiling and the
floor, S, [m?] is the surface area of the side walls and S,
[m?] is the surface area of the front and the end wall. As in
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Table II. The absorption coefficients used in the simple SPL and RT models before/after the noise control measures.

ACTA ACUSTICA UNITED WITH ACUSTICA

Vol. 96 (2010)

workplace surface 125Hz 250Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz
1 Floor 0.01/0.01 0.01/0.01 0.01/0.01 0.02/0.02 0.02/0.02 0.02/0.02
Ceiling 0.40/0.40 0.40/0.40 0.40/0.40 0.32/0.32 0.28/0.28 0.28/0.28
Wall 1 0.28/0.28 0.17/0.17 0.12/0.12 0.11/0.11 0.10/0.10 0.12/0.12
Wall 2 0.28/0.28 0.17/0.17 0.12/0.12 0.11/0.11 0.10/0.10 0.12/0.12
Wall 3 0.28/0.28 0.17/0.17 0.12/0.12 0.11/0.11 0.10/0.10 0.12/0.12
Wall 4 0.28/0.28 0.17/0.17 0.12/0.12 0.11/0.11 0.10/0.10 0.12/0.12
2 Floor 0.01/0.01 0.01/0.01 0.01/0.02 0.02/0.02 0.02/0.02 0.02/0.02
Ceiling 0.01/0.20 0.01/0.70 0.02/0.90 0.02/0.90 0.02/0.90 0.05/0.90
Wall 1 0.02/0.20 0.03/0.70 0.03/0.90 0.04/0.90 0.05/0.90 0.07/0.90
Wall 2 0.02/0.20 0.03/0.70 0.03/0.90 0.04/0.90 0.05/0.90 0.07/0.90
Wall 3 0.02/0.02 0.03/0.03 0.03/0.03 0.04/0.04 0.05/0.05 0.07/0.07
Wall 4 0.99/0.99 0.99/0.99 0.99/0.99 0.99/0.99 0.99/0.99 0.99/0.99
3 Floor 0.01/0.01 0.01/0.01 0.01/0.01 0.02/0.02 0.02/0.02 0.02/0.02
Ceiling 0.40/0.40 0.40/0.40 0.40/0.76 0.32/0.92 0.28/0.92 0.28/0.95
Wall 1 0.15/0.15 0.50/0.50 0.90/0.90 0.90/0.90 0.75/0.75 0.50/0.50
Wall 2 0.30/0.30 0.12/0.12 0.08/0.08 0.06/0.06 0.06 /0.06 0.05/0.05
Wall 3 0.02/0.02 0.03/0.03 0.03/0.03 0.04/0.04 0.05/0.05 0.07/0.07
Wall 4 0.02/0.02 0.03/0.03 0.03/0.03 0.04/0.04 0.05/0.05 0.07/0.07
4 Floor 0.01/0.01 0.02/0.02 0.02/0.02 0.02/0.02 0.03/0.03 0.03/0.03
Ceiling 0.10/0.12 0.10/0.29 0.09/0.76 0.08/0.94 0.06/0.99 0.03/0.99
Wall 1 0.40/0.40 0.30/0.30 0.20/0.20 0.17/0.17 0.15/0.15 0.10/0.10
Wall 2 0.01/0.01 0.02/0.02 0.02/0.02 0.02/0.02 0.03/0.03 0.03/0.03
Wall 3 0.01/0.01 0.02/0.02 0.02/0.02 0.02/0.02 0.03/0.03 0.03/0.03
Wall 4 0.01/0.01 0.02/0.02 0.02/0.02 0.02/0.02 0.03/0.03 0.03/0.03

equation (1) ay, @y, and a, are the average absorption co-
efficients of the surface areas Sy, S, and S, respectively.
This formula tried to consider also the geometrical aspects
of the room. The formula was proposed for the situation
where one of the surfaces has significantly higher sound
absorption than the other surfaces. The formula was em-
pirically derived through extensive tests in large number
of rooms, where distribution of sound absorption varied
widely in uniformity. The formula is rather often referred
in the literature, but is not as widely used as the Eyring
(T2) or the Sabine (T7) formula.

T4. Heerema and Hodgson [18] have presented an em-
pirical formula

|4 1
T:Ct0+ct1§+ct2:r 4
[0

where Cy, C;; and C;, are tabulated coefficients (Ta-
ble IV), The model was based on empirical data of 30 in-
dustrial workrooms with room length of 23-128 m, width
5-61 m, and height 4-9 m. The formula was developed us-
ing multi-variable linear regression analysis. The model
has been used in predictions considering noise control
measures in workrooms of various shapes and sizes. Work-
places 2 and 4 of this study were within the applicability
ranges. The model was applied also in workplaces 1 and 3
to see the magnitude of prediction error in cases that were
not within the applicability ranges.

T5. Kauttruff [13] has presented an improved version of
the Eyring [32] formula

T = &)
0.16V

T U-a)@-a)s; ]’

S |- =@+ (2/2) In(1l - @)] + 2

in which the variance of the unequal sound path length
distribution y> = 0.4 was used as recommended by Kut-
truff for rectangular room shapes. Absorption coefficients
ax, surface areas S, [m?], total surface area S [m?], and
room volume V' [m?], are defined as in the Eyring formula
(T2). The improvement was to take into account the un-
even distribution of sound absorptive surfaces. However,
for non-rectangular rooms, the variance, 72, should be re-
calculated, e.g. using a ray tracing model.

T6. Millington and Sette [34] have developed a formula
introducing the absorption exponent into the Sabine [33]
formula

3 —0.16V
> SkIn(l —ap)’

where V' [m?®] is room volume and Sy [m?] are surface ar-
eas with absorption coefficients a;. The formula is based
on similar assumptions as Sabine formula, but the aver-
age absorption is determined by considering the acoustic
energy in series of confined sound cones reflected in se-
quence by each of the room surfaces. The formula does

(6)
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Table III. The tabulated room coefficients in the Embleton and
Russel model L1. The ceiling absorption is categorized in three
classes: high, . > 0.5, partial, 0.1 < a, < 0.5, and poor, a, <
0.5.

Ceiling corrections, dL., (dB)

distance [m] to ceiling absorption

height [m] ratio high partial poor
1.0 0 0 0
1.25 0 0.25 1
1.6 0 1.0 2
2.0 0 1.5 3
2.5 0 2.0 4
32 0 2.5 5
4.0 0 3.0 6
5.0 0 3.5 7
6.3 0 4.0 8
8.0 0 4.5 9
10.0 0 5.0 10
12.5 0 5.5 11
16.0 0 6.0 12
20.0 0 6.5 13

Side-wall corrections, dL,,, (dB)

poor absorption, a,, < 0.1 3

partial absorption, 0.1 < @, < 0.5 2

high absorption, a,, > 0.5 1

not allow the use of absorption coefficients equal to 1. In
industrial workrooms, this is not a problem, because there
are not such efficient sound-absorbing surfaces.

T7. Originally, Sabine [33] developed the classic for-
mula

T=—, @)

in which ¥ [m?] is room volume, S [m?] is total surface
area, and « is average absorption coefficient. This classic
model has been widely used in various rooms including
workplaces, because it is simple to use.

4. Sound pressure level models

LI1. Embleton and Russel [15] have developed a model
L,(r)= L, —201g(r)— 103 +dL,, +dL., )

in which dL,, [dB] and dL. [dB] are the wall and ceiling
correction factors presented in Table III. The corrections
depend on the distance r [m] from the sound source to the
receiver, the room height H [m], and the sound absorption
coefficients of the side walls and the ceiling. The model
was intended for empty, rectangular shaped and flat rooms.

L2. Heerema and Hodgson [18] have developed the fol-
lowing empirical model based on multi-variable linear re-
gression analysis of measurement data in 30 industrial
workrooms (same as in RT model T4)

Ly(ry= L, + 1+ slg(r), (C))
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in which the intercept I [dB] of the sound-propagation
curve is

h
I = Cy+ Ciaer + CpH + Ciz1g(H) + CuO + CiSE

S
+C,'6V + CiV + CigS + Cio@ef LW, (10)

and the slope s [dB/log(m)] of the sound-propagation
curve is

C =Cg+ Csia+ CsH + Css lg(H)

+ Crugy + Casgp + Cag an
In equation (10) the efficient absorption coefficient acg, is
aer = Cao + Ca1 O, (12)
and the fitting density Q [1/m] is
0= (13)
4V

Here, Sy [m?] is the surface area of the fittings. The coef-
ficients Cjo. 19, Cs0..56, Ca0 and Cy; are presented in Ta-
ble IV. The model was developed for industrial work-
shops with rectangular geometry, horizontally uniformly
distributed fittings and uniformly distributed sound ab-
sorption. The model was based on the same empirical data
as the RT model T4 so that the same limits for room size
and shape apply. Workplaces 2 and 4 of this study were
within the applicability ranges.

L3. Hodgson [14] has proposed an empirical model

L,(r)y=L,+1Ig+dlf
—3.3(Sg +dSF + dS,) 1g(r), (14)

where I, dIp [dB], Sg, dSF and dS, [dB/log(m)] are
tabulated coefficients (Table V). This model was presented
before the Heerema and Hodgson model (L2), and was
based on multi-variable linear regression analysis of 11
empty, 13 fitted, and 12 non-typical industrial workrooms.
This model was also developed for industrial workshops
with rectangular geometry, horizontally uniformly dis-
tributed fittings and uniformly distributed sound absorp-
tion.

L4. Kuttruff [13] has proposed a model for a partially
diffuse sound field

L,(r) = L, + 101g [A(r, H, @), (15)
in which
A(r, H,a) = o +(-2a) (16)
A+ 72/ H) 3?2 4 b (1 —a)(b% +r2/H) 3 [a
’ TH? ’

and bg was set to a constant value of 3 for rooms with
rectangular room geometry. The model assumes that the
ceiling and the floor are diffusely reflecting and their ab-
sorption coefficients take into account the effect of the fit-
tings on the sound propagation.
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Octave band (Hz) 125 250 500 1000 2000 4000
Cao 0.11 0.017 0.099 0.131 0.14 0.135
Ca 452 5.8 4.32 2.79 2.28 1.94
Cyo -91.9 -102.0 -87.7 -81.9 -60.5 -70.8
Cq -16.1 -21.9 -29.9 -26.9 -24.9 -19.2
Cy -12.1 -14.3 -12.5 -12.5 -8.5 -9.2
Cg 196.0 225.0 194.0 187.0 128.0 146.0
Cy -0.037 -0.028 -0.007 0.032 0.131 0.135
Css -5.08 -3.63 -2.33 -9.79 -11.6 -11.88
Cs 15.0 18.8 17.7 18.0 159 132
Cio 21.4 25.5 27.9 41.1 29.0 65.9
Ciy -6.32 -2.96 19.4 -16.5 -18.2 -18.3
Cn 5.84 6.58 6.46 8.61 5.59 9.74
Cis -86.7 -98.0 -99.8 -127.0 -85.5 -155.0
Ciy 0 0 -121.0 48.3 72.2 37.1
Cis 5.03 5.0 5.13 124 0 0
Cis 0 0 0 -9.04 -10.1 -21.4
Ci -8.33E-5 -6.25E-5 5.64E-5 -1.34E-4 0 0
Cig 0 0 0 0 -4.87E-4 -8.40E-4
Cio 3.10E-3 2.50E-3 1.14E-3 1.82E-3 0 2.47E-3
Cyo -2.32 -2.36 -2.68 -2.96 -2.7 -2.06
Cy 0.902 0.988 1.13 1.25 1.13 0.83
Cp 0.387 0.362 0.369 0.368 0.368 0.368

Table V. The tabulated room coefficients in the Hodgson model

in which k = 1 and Q = 47 when the sound source is

L3.
125 250 500 1000 | 2000 | 4000
Ig | =116 | =113 | =115 | =11.1 | =114 | —11.2
dly 1.9 2.1 2.6 33 24 1.7
Sk 22 2.1 2.2 1.9 2.1 2.6
dSF 1.7 1.7 1.3 1.5 1.3 1.7
dS, 0.6 1.0 1.5 1.4 0.6 0

L5. Osipov, Sergeyev and Shubin [16] have developed a
model

L,(r) = L+ 101g ﬁlrz’f (1_2(;/2”:);()6’ 2 (17)
with Bessel function

J@.p) = #M (1s)
in which

p=—rSIn(l — a)/4V. (19)

This model assumes that the sound propagates cylindri-
cally in the workroom. The room geometry is assumed
parallelepiped in the workroom.

L6. The Sabine model [35] is the well known steady-
state sound level equation according to the diffuse field
theory

(20)

k40—
L =L,+101g | — + ——|.
(1) g[Qﬂ Sa ]

omni-directional and it is not located close to reflecting
surfaces.

L7. Thompson et al. [17] have proposed a modified ex-
pression of the steady-state sound level according to the
diffuse field theory

- 4
L,(r) = L, + 101g | 2P _4
4rr? rS(asS,, +4mV)
TM +460 30
101g |20 20 21
+10 g[ 527 T BP| @b

in which S, is the wall surface area, m is the air-absorption
exponent, TM is the room temperature [°C] and BP is
the barometric pressure [mbar]. The first part is nearly the
same as in the Sabine equation, but it includes the sound
absorption of air.

5. Determination of prediction accuracy

The scientific work of this study consisted of verification
and validation of the simple SPL and RT models. Verifica-
tion means that the prediction results of the implemented
models were compared to the prediction results of the orig-
inal publications. The original information on the room
was used when ever possible. For the verification a few
predictions from the original publications were selected
and compared to the results of the implemented predic-
tion models. The predicted results L;, ; were compared
to the prediction results published in the literature, L;.ypy I
Similarly, the implementation of the RT models was veri-
fied comparing the predicted results 7}, ; to the prediction
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results in the literature, T/, r In the verification, the input
data and results were taken from the original publications
as they were presented.

In the validation, the prediction accuracy of SPL was de-
termined as a difference between the predicted L; ,  and
the measured L; ,, ; SPL at measurement point i in the oc-
tave bands f, 125-4000 Hz.

The average prediction accuracy of SPL was determined
by averaging the repetitive difference between the pre-
dicted and measured SPL in all of the N measurement
points,

1 N
Ay =5 Y Lips = Lims]|- (22)
i=1

Standard deviation of the SPL prediction accuracy was de-
termined from the repetitive difference between the pre-
dicted and measured SPL in all of the N measurement
points,

(23)

2
S (1Lips = Limsl = ALy)
SDL'f = N—l .

The prediction accuracy was determined in eight cases
(four workplaces, both before and after the noise control).
The prediction accuracy of the A-weighted sound pressure
level was determined similarly in all of the measurement
points of the eight cases. Finally, the average A; 4 and
the standard deviation SD; 4 of the accuracy of the A-
weighted SPL predictions were determined.

The accuracy of the RT predictions in the 125-4000 Hz
octave bands Ar ; was defined by the difference between
predicted and measured RT.

Ary = |Tpy =Tus| 24
in which T}, ; was the predicted RT, and T, s the average
of the measured RT in the octave band f. The prediction
accuracy Ar,; was determined in the 1254000 Hz octave
bands except in workplace 1 before the noise control, be-
cause RT was not accurately measured at 125 Hz there.
The average accuracy, Ay, was determined by averaging
the octave band accuracies in workplaces 1-4 before and
after the noise control. Because the RT prediction models
give only one result for a workroom, there was no need
to determine standard deviation of the RT predictions. The
deviation would only have reflected the deviations in the
measurement results.

Two-step accuracy criteria were selected so that the
strictest limits should reveal the models with good predic-
tion accuracy. The strictest limits were set the same as the
survey grade measurement accuracies described in stan-
dards ISO 3746 and ISO 3382-2 [36, 37]. The 3dB limit
was chosen for the strictest accuracy limit of SPL predic-
tions, because there is no reason to expect better accu-
racy than is possible to measure in situ. The reverberation
time accuracy limit of 10% was chosen, because this ac-
curacy is presented in ISO 3382-2 as a nominal accuracy
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prediction error at 1 kHz [dB]
(=]

distance from the source [m]

Figure 2. Prediction error in the verification of the SPL model im-
plementations at 1000 Hz. The difference between the predicted
and the original published SPL is presented in various distances
from the sound source.

for RT measured using a survey method. The survey mea-
surement method should be appropriate for the assessment
of the amount of room absorption for noise control pur-
poses. Thus, this accuracy should be reasonable also for
the RT predictions. The limit for the unacceptable accu-
racy of predictions was set to twice the above-mentioned
limiting values, 6 dB for the A-weighted SPL and 20% for
RT, respectively. If the higher accuracy limits are exceeded
the model cannot be, accurately, used for noise control de-
sign.

6. Results

Verification proved that the implemented RT and SPL
models gave very similar results as in the original studies.
An example of the verification of the implemented SPL
models in 1000 Hz octave band is presented in Figure 2.
The verification was not possible in all the octave bands
125-4000 Hz, because in the original publications all the
results were not presented.

Predicted and measured A-weighted SPL in the mea-
surement points in the four workplaces before and after
the noise control are presented in Figure 3. The points are
presented according to the distance from the sound source.

Predicted and measured RT in the octave bands 125-
4000 Hz before and after the noise control is presented in
Table VI. All the models indicated decrease in RT when
the amount of sound absorption in the room was signifi-
cantly increased.

The average accuracy of the SPL predictions in the oc-
tave bands 125-4000Hz, Ay , is presented in Table VII.
The accuracy of the RT predictions in the octave bands
125-4000Hz, A7y, is presented in Table VIII. The aver-
age Ay 4 and the standard deviation, SDj 4 of the accu-
racy of the A-weighted SPL predictions are presented in
Table IX. The average accuracy of the RT predictions, Ar,
is presented in Table X. A summary of the prediction ac-
curacy of the RT and SPL models is presented in Figures
4 and 5, respectively. Because the accuracy of the RT pre-
dictions was over 20% in most of the cases, an additional
limit of 30% was included in Figure 4. This revealed a lit-
tle more differences between the RT models.
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Table VI. Predicted and measured RT in the octave bands 125-4000 Hz before and after the noise control for workplaces 1-4.

Workplace 1, before Workplace 1, after
125Hz | 250Hz | 500Hz | 1kHz | 2kHz | 4kHz || 125kHz | 250kHz | 500Hz | 1kHz | 2kHz | 4kHz
raytracing 3.7 4.1 44 4.1 2.5 3.0 3.6 4.0 4.2 4.1 2.5
Tl 43 53 6.1 6.9 6.2 3.1 4.3 53 6.1 6.9 6.2
T2 43 5.1 6.0 6.8 6.2 3.1 4.3 5.1 6.0 6.8 6.2
T3 43 55 6.3 7.1 6.2 32 4.3 55 6.3 7.1 6.2
T4 4.2 4.9 55 53 43 3.7 4.2 4.9 55 53 4.3
T5 44 52 6.1 6.9 6.3 32 44 52 6.1 6.9 6.3
T6 4.0 4.7 5.7 6.5 5.9 2.9 4.0 4.7 5.7 6.5 5.9
T7 4.7 5.6 6.5 7.2 6.6 3.6 4.7 5.6 6.5 7.2 6.6
measured 52 44 4.2 35 2.1 33 4.1 4.7 4.6 4.0 2.6
Workplace 2, before Workplace 2, after
125Hz | 250Hz | 500Hz | 1kHz | 2kHz | 4kHz || 125kHz | 250kHz | 500Hz | 1kHz | 2kHz | 4kHz
raytracing 2.1 2.0 1.9 1.8 1.6 1.1 1.5 0.8 0.6 0.6 0.6 0.5
Tl 19.7 17.7 13.7 10.6 10.0 6.4 24 0.7 0.5 0.5 0.5 0.5
T2 52 5.0 4.8 44 4.2 3.6 2.0 0.6 0.5 0.5 0.5 0.5
T3 29.9 28.2 19.9 14.9 14.4 8.5 2.8 0.7 0.5 0.5 0.5 0.5
T4 1.5 1.5 1.6 1.9 1.9 1.8 1.0 0.7 0.6 0.7 0.7 0.6
T5 4.3 4.1 4.0 3.8 3.6 3.1 1.9 0.6 0.4 0.4 0.4 0.4
T6 1.3 1.3 1.3 13 1.3 1.2 1.0 0.4 0.3 0.3 0.3 0.3
T7 5.4 52 5.0 4.6 44 38 22 0.9 0.7 0.7 0.7 0.7
measured 2.4 23 2.2 2.3 2.1 1.7 1.6 1.2 0.9 0.9 0.9 0.8
Workplace 3, before Workplace 3, after
125Hz | 250Hz | 500Hz | 1kHz | 2kHz | 4kHz || 125kHz | 250kHz | 500Hz | 1kHz | 2kHz | 4kHz
raytracing 32 33 3.1 33 3.1 2.2 32 3.0 1.8 1.6 1.6 1.4
Tl 3.1 2.8 24 2.7 3.1 35 3.1 2.8 14 1.2 1.2 1.3
T2 2.9 2.6 2.0 23 2.7 33 2.9 2.6 13 1.1 1.2 1.2
T3 44 3.6 34 35 3.7 3.7 44 3.6 24 1.9 1.7 1.7
T4 2.3 2.5 2.7 3.0 3.0 2.6 23 2.5 2.5 2.7 2.5 2.0
T5 29 2.5 1.9 2.1 2.5 32 2.9 2.5 1.2 0.9 1.0 1.1
T6 2.6 22 1.3 14 2.0 29 2.6 22 0.8 0.5 0.6 0.6
T7 32 2.9 24 2.6 3.0 3.6 32 2.9 1.6 14 1.5 1.6
measured 2.1 2.8 2.8 2.8 2.5 1.9 2.2 2.0 1.7 1.5 14 1.1
Workplace 4, before Workplace 4, after
125Hz | 250Hz | 500Hz | 1kHz | 2kHz | 4kHz || 125kHz | 250kHz | 500Hz | 1kHz | 2kHz | 4kHz
raytracing 54 5.2 53 4.4 2.5 1.4 2.7 1.8 1.6 14 1.1 0.8
Tl 6.7 6.1 6.8 7.5 7.9 11.5 5.9 2.7 1.2 1.0 0.9 0.9
T2 5.4 54 6.4 7.1 7.7 11.1 4.8 2.5 1.0 0.8 0.7 0.7
T3 9.0 6.9 74 8.1 8.2 11.8 8.1 3.7 2.7 2.6 2.0 2.2
T4 2.5 3.0 2.8 2.9 3.0 35 0.6 0.6 0.5 0.6 0.6 0.5
T5 5.1 53 6.3 7.0 7.5 10.8 4.6 2.5 0.9 0.6 0.6 0.6
T6 5.0 52 6.2 7.0 7.6 11.0 4.5 2.3 0.6 0.3 0.2 0.2
T7 5.6 5.6 6.6 73 7.8 11.3 5.0 2.7 1.2 1.0 0.9 0.9
measured 4.0 4.1 4.1 4.1 33 2.1 14 1.0 0.9 0.9 0.8 0.7

7. Discussion

The simple SPL and RT models were implemented using
calculation functions of Microsoft Office Excel program
and verified comparing prediction results to the original
published results. In a perfect situation verification result
would be that the prediction results were identical. Unfor-

tunately, this could not be achieved with any of the models
due to a lack of exact or detailed information in the pub-
lications. The verification indicated that the models were
functioning as accurately as intended (Figure 2) so that
the models were not modified in any way. However, the
verification did not confirm that the models could perform
accurately in all the industrial workrooms.
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Table VII. The average accuracy of the SPL predictions in the octave bands 125-4000 Hz before and after the noise control for work-
places 1-4. The good values (under 3 dB error) are in bold, the unacceptable values (over 6 dB error) are in grey colour.

Workplace 1, before Workplace 1, after
125Hz | 250Hz | 500Hz | 1kHz | 2kHz | 4kHz || 125kHz | 250kHz | 500Hz | 1kHz | 2kHz | 4kHz
raytracing 1.7 1.5 1.7 0.9 0.6 1.0 2.1 3.8 24 1.2 1.5 1.5
L1 4.2 42
L2
L3 39 2.3 2.1 3.7 24 1.9 39 2.3 2.1 3.7 24 1.9
L4 59 5.5 54 2.1 59 5.5 54 2.1
L5 34 2.8 2.6 1.2 44 53 2.1 1.3 0.9 2.5
L6 34 37 1.3 1.3 1.7 4.1 34 3.7 1.3 1.3 1.7 4.1
L7 4.9 5.5 24 2.0 24 0.9 4.9 5.5 24 2.0 24 0.9
Workplace 2, before Workplace 2, after
125Hz | 250Hz | 500Hz | 1kHz | 2kHz | 4kHz || 125kHz | 250kHz | 5S00Hz | 1kHz | 2kHz | 4kHz
raytracing 0.9 0.9 0.7 1.1 1.0 2.6 2.0 1.9 2.8 2.0 23 3.1
L1 4.6 4.3 4.0 4.6 3.8 32 4.5 5.5 4.0 35 34 33
L2 1.3 1.2 1.9 0.3 0.5 0.8 1.5 52
L3 1.3 0.7 1.8 2.7 2.3 1.2 2.0 0.9 1.5 3.1 5.2 3.6
L4 0.7 0.6 0.5 0.8 0.8 0.8 1.5 35 3.0 2.5 2.5 24
L5 3.8 39 4.0 3.0 3.6 32 1.8 3.1 24 1.8 1.7 1.6
L6 59 3.0 3.6 4.0 4.1 43
L7 33 32 32 2.1 2.2 1.3 2.9 1.2 2.1 2.3 2.3 24
Workplace 3, before Workplace 3, after
125Hz | 250Hz | 500Hz | 1kHz | 2kHz | 4kHz || 125kHz | 250kHz | 500Hz | 1kHz | 2kHz | 4kHz
raytracing 4.5 2.9 35 2.7 2.3 2.7 3.1 39 3.0 34 33 3.7
L1 5.0 4.9 4.6 39 32 4.1 24 1.6 1.5 1.9 33
L2 6.0
L3 2.8 2.6 2.9 1.5 38 2.9 39 2.2 38
L4 4.8 3.1 3.7 3.1 2.1 1.5 2.3 1.7 1.5 2.0 2.8 4.9
L5 35 2.1 2.8 2.0 1.7 3.1 2.3 2.7 1.8 2.3 32 54
L6 35 23 2.3 2.3 3.6 4.9 4.6 53 4.7 53
L7 3.8 2.1 2.5 2.1 1.6 1.9 2.2 2.8 3.0 3.7 4.4 5.6
Workplace 4, before Workplace 4, after
125Hz | 250Hz | 500Hz | 1kHz | 2kHz | 4kHz || 125kHz | 250kHz | 500Hz | 1kHz | 2kHz | 4kHz
raytracing 1.8 0.9 1.1 1.0 3.0 49 4.7 1.2 34 4.1 34 4.1
L1 39 52 4.7 2.5 2.1
L2 3.8 4.6 1.0 1.7 32 52 1.8 5.5 5.6
L3 49 35 2.8 3.8 2.2 2.1 2.9 1.6 43 4.2
L4 2.7 4.8 2.9 33 2.7 1.2 32 1.5 39 4.0 2.3 2.2
L5 1.2 14 1.2 0.7 1.1 42 24 33 3.6 1.9 1.9
L6 1.1 2.1 0.6 1.1 1.1 33 5.9 4.1 3.0 3.6 39 4.6
L7 1.6 3.7 2.3 34 43 5.6 4.7 2.2 1.9 2.6 2.7 32

The average accuracy of the A-weighted SPL predic-
tions, Ay 4, was used to simplify the comparison of the
SPL models. It was expected that the prediction accuracy
is within certain limits in both short and long distances
from the sound source. Thus, the prediction accuracies in
the measurement points with various distances were arith-
metically averaged.

The average accuracy of the RT predictions, Ay, was
also used to simplify the comparison of the RT models,
though, the accuracy in 125 Hz was a little worse than in
the higher octave bands. Table VIII shows that the average
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prediction accuracies in the octave bands exceed the 20%
limit. That is the reason for averaging prediction accura-
cies over all the octave bands 125-4000 Hz instead of de-
termining average prediction accuracy only for the highest
octave bands 10004000 Hz, where the average prediction
accuracy, usually, is a little better.

The ray tracing model (ODEON 3.1) was used as a state
of the art reference for the simple SPL and RT models. The
accuracy of the A-weighted SPL predictions was good in
seven of the eight studied cases. The accuracy was slightly
above 3 dB in workplace 3 after the noise control. The ac-



Kerénen, Hongisto: Comparison of simple room acoustic models ACTA ACUSTICA UNITED WITH ACUSTICA

Vol. 96 (2010)

Table VIII. The accuracy of the RT predictions in the octave bands 125-4000 Hz before and after the noise control for workplaces 1-4.
The good values (under 10% error) are in bold, the unacceptable values (over 20% error) are in grey colour (RT was not accurately

measured at 125 Hz in workplace 1 before the noise control).

Workplace 1, before
125Hz | 250Hz | 5S00Hz | 1kHz | 2kHz

Workplace 1, after
4kHz || 125kHz | 250kHz | 500Hz | 1kHz | 2kHz | 4kHz

raytracing 0.2 0.2 0.6
Tl 0.9
T2 0.9 0.8
T3 0.9
T4 1.0 0.5
TS 0.8 0.8
T6 0.4
T7 0.5
10% limit 0.5 0.4 0.4 0.4

0.5 0.4 0.5 0.7 0.4 0.1 0.1
0.2 0.2 0.7
0.2 0.2 0.5
0.2 0.2 0.9
0.3 0.1 0.2 0.9
0.2 0.2 0.5
0.4 0.1 0.1
0.2 0.6 0.9
0.2 0.3 0.4 0.5 0.5 0.4 0.3

Workplace 2, before
125Hz | 250Hz | S00Hz | 1kHz | 2kHz

Workplace 2, after
4kHz || 125kHz | 250kHz | 500Hz | 1kHz | 2kHz | 4kHz

raytracing 0.4 0.3 0.3
T1
T2
T3
T4 0.4 0.2
T5
T6
T7

10% limit 0.2 0.2 0.2 0.2 0.2

0.1
0.1 0.2 0.2 0.2
0.3
0.2 0.2 0.2 0.1
0.2 0.2 0.1 0.1 0.1 0.1 0.1

Workplace 3, before
125Hz | 250Hz | 500Hz | 1kHz | 2kHz

Workplace 3, after
4kHz || 125kHz | 250kHz | 500Hz | 1kHz | 2kHz | 4kHz

raytracing 0.5 0.3 0.5 0.6
T1 0.0 0.4 0.1 0.6
T2 0.3 0.5 0.2
T3 0.6
T4 0.2 0.3 0.1 0.3 0.5
TS 0.3 0.0
T6 0.6 0.5
T7 0.1 0.4 0.2 0.5

10% limit 0.2 0.3 0.3 0.3 0.3

0.4 0.1 0.1 0.2

0.4 0.4 0.2 0.2

0.4
0.2
0.0
0.2
0.1 0.1 0.1
0.2 0.2 0.2 0.2 0.2 0.1 0.1

Workplace 4, before
125Hz | 250Hz | 500Hz | 1kHz | 2kHz

Workplace 4, after
4kHz || 125kHz | 250kHz | 500Hz | 1kHz | 2kHz | 4kHz

raytracing 0.3
Tl
T2
T3
T4 0.3
T5
T6
T7

10% limit 0.4 0.4 0.4 0.4 0.3

0.1
0.1 0.1 0.2
0.1 0.2 0.1 0.0

0.2 0.2
0.0 0.2 0.1

0.0 0.1 0.2
0.2 0.1 0.1 0.1 0.1 0.1 0.1

curacy of the RT predictions was good in one of the cases
and acceptable in two of the cases. The highest prediction
errors were in the 125 Hz octave band. This was expected,
because methods based on geometrical acoustics are less
accurate at low frequencies as shown in earlier round-robin

tests [6, 8, 9]. Unfortunately, this applies also for the sim-
ple SPL and RT models that assume diffuse sound field i.e.
statistical sound distribution in the room.

For the simple SPL and RT models the room geometries
of the studied workrooms were heavily simplified, which
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Table IX. The average accuracy and (standard deviation) of the A-weighted SPL predictions, A} 4, before and after the noise control
for workplaces 1-4. The good values (under 3 dB error) are in bold, the unacceptable values (over 6 dB error) are in grey colour.

Model Workplace 1 ‘Workplace 2 Workplace 3 Workplace 4
before after before after before after before after
ray tracing 1.0 (0.5) 1.7 (1.1) 0.9 (0.8) 2.3 (1.1) 2.7 (2.3) 3.1(3.0) 1.3 (1.0) 2.2 (1.1)
L1 2.7) 5.5@3.3) 4.1(1.3) 3.8 (0.8) 4.5(1.9) 1.3(1.1) (1.4) 49 (1.2)
L2 (19.1) (19.2) 0.4 (0.4) (0.8) (5.6) (4.6) 1.4 (0.5) (1.1)
L3 2.5(1.0) 4.3 (1.4) 2.1(0.8) 3.2 (1.7) 1.7 (2.0) (1.8) 3.6 (1.4) 1.7 (1.0)
L4 5.6 (0.9) 3.8 (1.3) 0.5(0.2) 2.7 (0.8) 2.7 (1.5) 1.9 (1.3) 2.9 (1.9 2.5(1.6)
L5 2.9 (0.9) 1.4 (0.7) 3.5(1.5) 1.8 (0.7) 1.8 (1.7) 2.5(1.6) 0.9 (0.7) 1.5(1.3)
L6 1.4 (1.0) 2.2 (1.0) 3.5) 3.9 (2.7) 2.7 (2.2) 54@3.7) 1.0 (0.8) 35(1.9)
L7 2.3(1.0) 1.4 (0.6) 2.4(1.0) 2.1 (1.3) 2.0 (0.8) 34 (2.1) 3.5(1.2) 2.0 (1.5)

Table X. The average accuracy of the RT predictions, A7, before and after the noise control for workplaces 1-4. The good values (under

10% error) are bold, the acceptable values (10-20% error) grey.

distance from source [m] distance from source [m]

Figure 3. The predicted and the measured A-weighted SPL in the
eight studied cases, four workplaces before (left) and after (right)
the noise control.
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Model Workplace 1 Workplace 2 Workplace 3 Workplace 4
before after before after before after before after
ray tracing 0.35 0.27 0.56 0.46 0.92 0.63
T1 227 1.51 10.9 0.49 0.64 0.46 4.16 1.14
T2 2.17 1.43 2.34 0.43 0.66 0.41 3.58 0.87
T3 2.38 1.61 17.1 0.50 1.25 0.97 4.95 2.59
T4 1.38 0.77 0.50 0.34 0.34 0.80 1.13 0.39
T5 222 1.48 1.66 0.46 0.67 0.44 342 0.89
T6 1.98 1.25 0.89 0.65 0.91 0.63 3.40 1.04
T7 2.44 1.81 2.55 0.27 0.68 0.46 3.71 0.99
increased the uncertainty of the predictions. Despite this,
o N ——— g the prediction accuracy of SPL was good in models L4, L5
90 % 90 g and L7 (Figure 5). Unfortunately, the prediction accuracy
- ii’%&ﬂ\g@_g 0] BOEEEE oa o of RT was poor in all the models T1-T7 (Figure 4). This
704 At :: $ 70 4 A4 ':: $ may imply that different at.)sc?rption coefficients should b.e
P 4 X used for RT and SPL predictions, but for common practi-
L T S ) tioner it makes no sense. In the following, the prediction
100 - 90 - results of the simple SPL and RT models are discussed. A
48] | s wo w, Be g more detailed analysis is presented in [38].
g0l s~ ] ol T ! The average accuracy of the A-weighted SPL predic-
* x tions using model L1 was good only in one case, work-
2 70 ———————— 60 — -
0 10 20 30 40 s0 0 10 20 30 40 50 place 3 after the noise control. The model tends to under-
9 - 90 - estimate the SPL in all the octave bands, except in work-
98 s . o 04 X gy places 3 and 4 after the noise control. Unacceptable accu-
10 x, 3 . g R 32 5 racy was found in two cases, workplaces 1 and 4 before
Xx Xx o the noise control, where rooms were large and contained
390 0 2 30 @0 0 "0 10 20 0 40 very few sound-absorbing materials. The prediction accu-
%0 - - racy was rather constant in each measurement point, but
[dB] ol 2 4 &8 . o improved a little closer to the sound source (Figure 3). The
8 4y ax $ g accuracy was a little better at high octave bands. Thus, the
60 601 68 XX" o accuracy of the A-weighted SPL predictions did not sig-
N T o 0 s o 0 30 a0 40 % nificantly depend on frequency.

The average accuracy of the A-weighted SPL predic-
tions using model L2 was good in two cases, workplaces
2 and 4 before the noise control, but unacceptable in all
the other cases. The model could not accurately predict
SPL in the octave bands 125-2000 Hz (Table VII). The
prediction accuracy in the octave bands was random and
showed no frequency dependence. In workplaces 1 and
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Figure 4. Summary of the prediction accuracy of the RT models.
Occurrence of good (black), acceptable (white) and unaccept-
able (patterns) predictions in the eight studied cases, four work-
places before (upper figure) and after (lower figure) the noise
control.

3, the model failed completely, because of exceptionally
large room height. In workplace 1, the model predicted
even negative SPL values in the octave bands 125-500 Hz.
The coefficients Cy», Cg3, Cip, and C;3 do not work in
very high rooms. In Figure 3, it is clearly shown, how the
SPL decreased very steeply as the distance from the sound
source increased. This is alarming, because the implemen-
tation of model L2 was successfully verified using the data
presented in [20] and [21] (Figure 2). Indeed, Dance men-
tioned that the model gave inconsistent results when the
input parameters fell outside the empirical data set [20].
Hodgson also noted that the empirical models were inac-
curate in cases for which the sound field is quite diffuse
and reverberant [21]. Therefore, model L2 should be used
only in long and flat workrooms that are similar to those
used in the development of the model. Such restrictions
also apply to models L3 and T4 which have been devel-
oped using empirical data.

The average accuracy of the A-weighted SPL predic-
tions using model L3 was good in four cases and unac-
ceptable in one case, workplace 3 after the noise control.
The model tended to predict too high SPL (Figure 3).
In the octave bands, the prediction accuracy was rather
constant, but deteriorated a little in the octave bands 1
kHz—4 kHz. In workplace 3 after the noise control, this

Figure 5. Summary of the prediction accuracy of the SPL models.
Occurrence of good (black), acceptable (white) and unaccept-
able (pattern) predictions in the eight studied cases, four work-
places before (upper figure) and after (lower figure) the noise
control.

led to an unacceptable accuracy in the predictions of the
A-weighted SPL. In workplaces 3 and 4, distance from
the sound source also affected the prediction accuracy. Al-
though, model L3 was based on empirical data as model
L2, it was considerably more accurate and more robust
than model L2 in the eight studied cases.

The average accuracy of the A-weighted SPL predic-
tions using model L4 was good in six cases and acceptable
in two cases. The model predicted too low SPL in four
of the cases (Figure 3). The prediction accuracy varied
more in workplaces 3 and 4 as the distance from the sound
source increased. In the octave bands, the prediction accu-
racy showed no clear frequency dependency. The average
accuracy was poor in workplace 1, because the noise con-
trol measure was a high screen around the sound source,
a measure which cannot be taken into account, accurately,
with any of the SPL models L1-L7. In workplaces 3 and 4,
the average accuracy of the predicted A-weighted SPL re-
mained acceptable, though the variation between the mea-
surement points was rather large in the octave bands.

The average accuracy of the A-weighted SPL predic-
tions using model L5 was good in seven cases and ac-
ceptable in one case, workplace 2 before the noise con-
trol. In the octave bands the prediction accuracy was rather
constant, but deteriorated in the octave bands 125 Hz and
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250Hz (Table VII). However, the accuracy of the A-
weighted SPL predictions was acceptable, because the
125 Hz octave band results are less significant for the A-
weighted SPL. The distance from the sound source had a
little effect on the prediction accuracy except in workplace
3 and workplace 4 (after).

The average accuracy of the A-weighted SPL predic-
tions using model L6 was good in four cases and unaccept-
able in one case, workplace 2 before the noise control. In
the octave bands the prediction accuracy varied a little and
it deteriorated in the lowest and the highest octave bands
(Table VII). The distance from the sound source had a sig-
nificant effect on prediction error, since the assumed dif-
fuse sound field sustained constant SPL after a certain dis-
tance that depended on the total absorption area. Thus, the
model predicted too high SPL in the measurement points
far away from the sound source (Figure 3). This model
was the only one that could not predict the A-weighted
SPL acceptably in workplace 2 before the noise control.
The reason can be seen in Figure 3, where all the other
SPL curves descend as expected, but model L6 predicts
almost constant SPL.

The average accuracy of the A-weighted SPL predic-
tions using model L7 was good in six cases and acceptable
in two cases, Workplace 3 after and workplace 4 before the
noise control. In the octave bands the prediction accuracy
was rather constant, but deteriorated a little in the lowest
octave band except in workplaces 3 and 4, where the pre-
diction accuracy varied more strongly (Table VII). How-
ever, the accuracy of the A-weighted SPL predictions was
not impaired by this. The prediction accuracy depended
a little on the distance from the sound source (Figure 3).
This model was more accurate than model L6, though both
the models assume diffuse sound field. Evidently, the in-
clusion of air absorption into the model improved the pre-
diction accuracy considerably.

According to Figure 5, the most accurate simple SPL
models were L4, LS and L7. The accuracy of these was al-
most comparable to the ray-tracing method in the studied
cases. These findings agree with the conclusions presented
by Hodgson [12]. These models have been analytically de-
rived and they assume that the room is box-shaped, the
sound field is semi-diffuse, and the sound source is con-
stant. These models do not have fitting height or fitting
density as input parameters, but the effect of fittings could
be taken into account by adjusting the average absorption
coefficient. The model of Osipov et al.. (L5) was the most
promising, because it was rather easy to implement and
provided acceptable results in all the studied cases. The
SPL models of Kuttruff (L4) and Thompson et al. (L7)
were almost as accurate and could also be used for noise
control design in industrial workrooms.

The accuracy of the RT models is summarized in Fig-
ure 4. The accuracy of the ray tracing predictions was
acceptable only in three cases. In the rest five cases the
prediction accuracy was not acceptable (Table VIII). The
accuracy of the simple RT model T4 was almost compa-
rable to the ray-tracing method in workplaces 2, 3 and 4
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before noise control. The accuracy was acceptable in two
cases, but model T4 also showed unacceptable accuracies
in the rest six cases. Considering these results the benefit
from the use of sophisticated ray tracing models to predict
only RT in workrooms is questionable. Certainly, when de-
tailed analysis of noise control measures or e.g. predicted
impulse responses are required, hybrid ray tracing and im-
age sound source modeling is, currently, the most accurate
way of doing so. However, it must be mentioned that RT is
not the most important acoustic descriptor in the industrial
workplaces. Therefore, the SPL prediction models aimed
for industrial workplaces are preferred.

It was expected that the simple RT models could not
work in complex industrial workrooms as accurately as in
e.g. class rooms. The accuracies of the RT models T1, T2,
T3, T5 T6 and T7 were not acceptable. However, it was un-
expected that in the cases before the noise control, where
surfaces were acoustically hard, average absorption coeffi-
cients were low, and high reverberation times existed, the
accuracy of the RT models was so poor. The RT models T1
and T3 produced exceptionally high errors in workplace 2.
One obvious reason for this was the fact that the models
were intended for rather small rooms with one or more
sound-absorbing surfaces, not for large industrial work-
rooms with low sound absorption.

In workplace 4 before the noise control, the accuracy
of the RT models was unacceptable. The room was empty
and all the models, except model T4, predicted too high
RT (Table VI). Because the ray tracing model also pre-
dicted too high RT, it could be assumed that there was not
enough sound absorption in the models i.e. the absorption
coefficients were too small. However, with this amount of
absorption model T4, which by default takes fittings into
account, predicted too low RT in the octave bands 125—
1000 Hz. This case demonstrates, how difficult it is to es-
timate correct absorption coefficients.

In the cases after the noise control, the amount of sound
absorption was increased significantly and the RT models
appeared to be more accurate in the higher octave bands,
but the average accuracy, Ar, was still worse than 20%.
The prediction accuracy Ar ; was better than 10% only in
a few random octave bands. An obvious reason for this is
that the percentage limits allow less deviation when RT is
low.

The number of studied cases (N = 8) is too low to make
final judgements about the models. However, these case
studies revealed major differences between the prediction
models and provided insight to the parameters that affect
the prediction results. It was also shown that the use of a
model in a different purpose than originally intended can
produce unexpected results. This inevitably means that the
simple SPL or RT models cannot be directly used without
knowledge on the background of the models.

These simple SPL and RT models could not accurately
predict the attenuation effect of noise screens close to the
sound sources or receivers. However, the attenuation ef-
fect of the screen in fairly reverberant workrooms was al-
most negligible. When noise screens were in such loca-
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tions, they could be taken into account by increasing fitting
height and density. For example, in workplace 4 before the
noise control the room was empty and fitting height and
fitting density was zero. After the noise control the room
was fitted with several screens so that fitting density and
fitting height changed correspondingly.

The most critical source of error in all room acoustic
models is the estimation of the amount of sound absorp-
tion. In this study, the same absorption coefficients (Ta-
ble IT) were used with all the models T1-T7 and L1-L7,
but to achieve better agreement with measurement results,
some of the RT models seem to require different absorp-
tion coefficients. This complicates the estimation of the ab-
sorption coefficients.

Since the absorption coefficients of the materials are
usually determined in reverberation chambers (diffuse
field) using the Sabine formula (T7), the values may not
be directly usable in the other RT or SPL models. In a real
workroom, the surfaces are rarely made of only one mate-
rial and completely clear of obstacles. This increases the
difficulty of estimating the absorption coefficients.

Especially, when designing a new workroom it is not
easy to know correct absorption coefficients, scattering co-
efficients, fitting densities and fitting heights in the work-
room to be built. A highly potential source of error in room
acoustic models is the effect of fittings. In sophisticated
ray tracing models it is possible to include large obstacles,
e.g. noise screens or large machines in the room geometry.
However, in the simple models this is not possible. Thus,
the fitting densities were visually observed in the work-
place and determined using the layout drawings. The aver-
age fitting heights were measured. The fittings were taken
into account as an individual input parameter only in the
SPL models L2 and L3, and in the RT model T4. Unfortu-
nately, these models were not very accurate in the studied
cases. In the other SPL and RT models, the effect of the
fittings should be included as additional absorption i.e. us-
ing higher absorption coefficients on one or more surfaces.
The simple models also neglected the effect of the location
of the sound-absorptive surfaces, because only the aver-
age absorption coefficients were used. The adjustments to
absorption coefficients should be considered carefully in
order to obtain reasonable prediction results.

There is a long history of using RT as a design parame-
ter in the room acoustical noise control. Another parame-
ter, the rate of spatial decay of sound pressure levels per
distance doubling, DL,, has been described e.g. in the
standards ISO 14257 and ISO/NP 3382-3 [39, 40]. Some
typical D L, values for industrial workrooms has been pre-
sented, already, in ISO 11690-2 [2]. Recently, DL, was
found very useful for describing perceived room acous-
tical conditions in open-plan offices [41, 42], where DL,
reacted more logically to the room acoustical changes than
RT.

Sophisticated room acoustic modeling programs auto-
matically calculate DL,, but the effect of fittings on the
predicted DL, results is not explicitly known. However,
it would be very tempting to determine DL, easily and
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rapidly using a simple SPL model. Indeed, the slope term
in the SPL models L2 and L3 is such a measure. The
use of DL, instead of RT should be encouraged, because
DL, shows directly how the SPL attenuates spatially in
the workroom. The workers’ experience of the noisy en-
vironment would be better described using spatial sound
attenuation (D L,) than local temporal sound attenuation
(RT). When the sound power levels of the noise sources
are known, a fast SPL model would enable real-time noise
level predictions. The noise level results are even more
comprehensible as they describe the workers’ exposure to
noise. The practical outcome of this work is a simple pre-
diction tool that implements the SPL prediction model L5.
The tool is freely available in http://www.ttl.fi/ivak [43].

8. Conclusions

These results encourage the use of simple SPL models in
noise level predictions when rapid calculations are pre-
ferred and less exact results are accepted. However, in
more detailed or complex room acoustic design, sophis-
ticated room acoustic models are recommended. The use
of simple RT models in predicting the effects of noise con-
trol methods includes a high risk of uncertainty, if not used
by a person with adequate knowledge on room acoustics.
Therefore, the effect of noise control should be predicted
using the SPL models. The use of SPL instead of RT as
the main room acoustic descriptor is encouraged, because
it describes better the perceived acoustic environment. In
conclusion, the simple models L4, L5 or L7 appear to be
the most suitable simple room acoustic models for noise
control design in industrial workplaces.

Acknowledgement

Thanks are due to the companies who let their premises
at our disposal during the experiments. The Finnish Work
Environment Fund, The Finnish Institute of Occupational
Health and The Ministry of Social Affairs and Health are
appreciated for the financial support given to the research
project (1998-2001) during which the measurements were
carried out. The thorough critique by the reviewers is also
warmly appreciated.

References

[1] ISO 11690-1: Acoustics. Recommended practice for the
design of low-noise workplaces containing machinery. Part
1: Noise control strategies. Geneve, Switzerland, 1996.

[2] ISO 11690-2: Acoustics. Recommended practice for the
design of low-noise workplaces containing machinery. Part
2: Noise control measures. Genéve, Switzerland, 1996.

3

ISO 11690-3: Acoustics. Recommended practice for the
design of low-noise workplaces containing machinery. Part
3: Sound propagation and noise prediction in workrooms.
Geneve, Switzerland, 1997.

[4] J. Kerinen, E. Airo, P. Olkinuora, V. Hongisto: Validity of
ray-tracing method for the application of noise control in
workplaces. Acta Acustica united with Acustica 89 (2003)
863-874.

193



ACTA ACUSTICA UNITED WITH ACUSTICA

Vol. 96 (2010)

[5]

9

(10]

[11]

(13

[14]

=
&

(16

(17]

194

J. Kerinen, P. Virjonen, V. Hongisto: A new model for
acoustical design of open offices. 19th International Con-
gress on Acoustics, Madrid, Spain, 2007, rba—10-006.

M. Vorlédnder: International round robin on room acoustical
computer simulations. Proc. of 15th International Congress
on Acoustics, Trondheim, Norway, 1995, 689—692.

Y. W. Lam: A comparison of three diffuse reflection mod-
elling methods used in room acoustics computer models. J.
Acoust. Soc. Am. 100 (1996) 2181-2192.

I. Bork: A comparison of room simulation software the
2nd round robin on room acoustical computer simulation.
Acustica united with Acta Acustica 86 (2000) 943-956.

1. Bork: Report on the 3rd round robin on room acoustical
computer simulation. Part II: Calculations. Acta Acustica
united with Acustica 91 (2005) 753-763.

A. M. Ondet, J. L. Barbry: Sound propagation in fitted
rooms comparison of different models. J. Sound Vib. 125
(1988) 137-149.

M. Hodgson: On the accuracy of models for predicting
sound propagation in fitted rooms. J. Acoust. Soc. Am.
88 (1990) 871-878.

M. Hodgson: Experimental evaluation of simplified mod-
els for predicting noise levels in industrial workrooms. J.
Acoust. Soc. Am. 103 (1998) 1933-1939.

H. Kuttruff: Room acoustics.
London, 1991.

M. Hodgson: Sound propagation curves in industrial work-
rooms: statistical trends and empirical prediction models.
J. Building Acoust. 3 (1996) 25-32.

Canadian Standard Z107.52-M1983: Recommended prac-
tice for the prediction of sound-pressure levels in large
rooms containing sound sources. 1983.

G. L. Osipov, M. V. Sergeyev, I. L. Shubin: Optimum lo-
cation of sound absorbing material and estimation of its
noise-reduction efficiency in industrial spaces. Proc. of
Inter-Noise 87, Beijing, China, 1987, 683-686.

J. K. Thompson, L. D. Mitchell, C. J. Hurst: A modified
room acoustics approach to determine sound-pressure lev-
els in irregularly-proportioned workroom spaces. Proc. of
Inter-Noise *76, Washington DC, USA, 1976, 465-468.

N. Heerema, M. Hodgson: Empirical models for predict-
ing noise levels, reverberation times and fitting densities in
industrial workrooms. Appl. Acoust. 57 (1999) 51-60.

S. Dance, B. Shield: The complete image-source method
for the prediction of sound distribution in non-diffuse en-
closed spaces. J. Sound Vib. 201 (1997) 473-489.

S. M. Dance: Minimal input models for sound level pre-
diction in fitted enclosed spaces. Appl. Acoust. 63 (2002)
359-372.

M. Hodgson: Ray-tracing evaluation of empirical models
for predicting noise in industrial workshops. Appl. Acoust.
64 (2003) 1033-1048.

ISO 3741: Acoustics. Determination of sound power lev-
els of noise sources using sound pressure. Precision meth-
ods for reverberation rooms. International Organization for
Standardization, Geneve, Switzerland, 1999.

G. M. Naylor: ODEON. Another hybrid room acoustical
model. Appl. Acoust. 38 (1993) 131-143.
C. Lynge: ODEON. Room acoustics program version 2.5

user manual, industrial, auditorium and combined editions.
Technical University of Denmark, Lyngby, Denmark, 1997.

Elsevier Applied Science,

[25]

(26]

[27

(30]

(31

(34

(35]

[42

[43

Kerénen, Hongisto: Comparison of simple room acoustic models

A. Krokstad, S. Strgm, S. Sgrsdal: Calculating the acousti-
cal room response by the use of a ray tracing technique. J.
Sound Vib. 8 (1968) 118-125.

M. Vorlédnder: Simulation of the transient and steady-state
sound propagation in rooms using a new combined ray-
tracing/image-source algorithm. J. Acoust. Soc. Am. 86
(1989) 172-178.

A.M. Ondet, J. L. Barbry: Modelling of sound propagation
in fitted workshops using ray tracing. J. Acoust. Soc. Am.
85 (1999) 787-796.

S. Dance, B. Shield: Technical note: Absorption coeffi-
cients of common construction materials for use in com-
puter modelling of enclosed spaces. Build. Acoust. 7
(2000) 217-224.

M. Hodgson: Effective densities and absorption coefficients
of fittings in industrial workrooms. Acustica united with
Acta Acustica 85 (1999) 108-112.

H. Arau-Puchades: An improved reverberation formula.
Acustica 65 (1988) 163-180.

D. Fitzroy: Reverberation formula which seems to be more
accurate with nonuniform distribution of absorption. J.
Acoust. Soc. Am. 31 (1959) 893-897.

C. F. Eyring: Methods of calculating the average coefficient
of sound absorption. J. Acoust. Soc. Am. 4 (1933) 178-
192.

L. Cremer, H. A. Miiller, T. J. Schultz: Principles and ap-
plications of room acoustics. Vol. 1. Applied Science Pub-
lishers, London, 1982.

G. Millington: A modified formula for reverberation. J.
Acoust. Soc. Am. 4 (1932) 69-82.

L. L. Beranek, I. L. Ver: Noise and vibration control engi-
neering: principles and applications. John Wiley and Sons,
New York, 1992.

ISO 3746: Acoustics. Determination of sound power levels
of noise sources using sound pressure survey method using
an enveloping measurement surface over a reflecting plane.
Geneve, Switzerland, 1995.

ISO 3382-2: Acoustics. Measurement of room acoustic pa-
rameters. Part 2: Reverberation time in ordinary rooms.
Geneve Switzerland, 2008.

J. Kerinen: Acoustical modeling in the design of noise con-
trol measures in workplaces (in Finnish). Licentiate thesis,
University of Turku, 2006.

ISO 14257: Acoustics. Measurement and parametric de-
scription of spatial sound distribution curves in workrooms
for evaluation of their acoustical performance. Geneve,
Switzerland, 2001.

ISO/NP 3382-3: Acoustics. Measurement of room acoustic
parameters. Part 3: Open plan spaces (ISO TC 43 sc 2).
2007.

P. Virjonen, J. Kerinen, V. Hongisto: Determination of
acoustical conditions in open-plan offices proposal for new
measurement method and target values. Acta Acustica
united with Acustica 95 (2009) 279-290.

J. S. Kerinen, P. Virjonen, H. V. O.: Characterization of
acoustics in open offices four case studies. Proc. of Acous-
tics "08, Paris, France, 2008, 549-554.

Finnish Institute of Occupational Health (FIOH): Room
acoustical modelling of industrial workroom. Available
from: http://www.ttl.fi/ivak, [updated 4 April 2009; cited 8
September 2009].



