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Summary

The study of rooms devoted to sound transmission has become a discipline in which all the fundamentals areas
of current scientific research in acoustics converge. To demonstrate how this convergence arises in this work,
we present a complete and detailed acoustics study of the Sant Jaume Basilica in Algemesi (Valencia, Spain), a
building which has been declared a site of cultural interest. Starting from this overall perspective, the first part
of this paper describes the features of the room studied (chosen for its complexity), the usual parameters for the
analysis of room acoustics, and two measurement methodologies and two simulating methods widely used by the
scientific community. Based on the theoretical results (obtained from modelling) and measurements following
the recommendations of ISO 3382 Standard [1], we study the errors in ’just noticeable differences’ in acoustic
parameters that a listener may perceive. The aim of the study is to highlight the drawbacks and successes of
the procedures used. From the perspective of comparing the results, the purpose of this study is not to assess
the experimental procedures themselves or the modelling systems, but rather to demonstrate, using the four
possible measurement-calculation combinations, whether the differences obtained between the theoretical values

and experimental values are within a reasonable range of acceptability.

PACS no. 43.55.Gx, 43.55.Ka, 43.55.Mc

1. Introduction

The importance that acoustics have had, and continue to
have, in places of worship [2] has driven the development
of techniques for simulation of sound in rooms over the
last century. In recent years these techniques have im-
proved considerably and have enabled us to obtain more
accurate results which more closely recreate real acoustic
conditions in rooms [3, 4]. Using physics techniques, as
sound sources early studies used light for optical methods,
electric sparks for ultrasonic methods, mechanical vibra-
tors for ripple tanks and three dimensional scale models
which work based on general similarity theory; this latter
procedure is not economically viable for large rooms with
complex geometry and adornment, since the scale factor
must have a bearing on all sound transmission elements
and physical construction of the scale model.

Received 7 July 2009,
accepted 20 September 2010.

© S. Hirzel Verlag - EAA

The low cost and simple infrastructure of computer
modelling methods [4], combined with the major advances
in computers over recent years, have permitted the devel-
opment of ever more efficient calculation algorithms. This
began in 1967, but it was from 1990 onwards that their
development was perfected and enabled sound propaga-
tion to be described in terms of waves or particles. Wave
models such as Finite Element Method (FEM), Boundary
Element Method (BEM) and FDTD (Finite Difference in
Time Domain) work with the wave equation and provide
very accurate results for single frequencies, but entail a
high computing time cost for the large number of natural
mode frequencies (increasing with frequency) and for re-
solving rooms which are complex in both their geometry
and wall coverings [5].

In particle models, sound propagation is linked to par-
ticles travelling at the speed of sound and complying with
the laws of optical geometry, a technique known as the
“ray tracing model” [6, 7].The main algorithms developed
for implementing acoustic energy inside a room are: the
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Ray tracing or Cone tracing Algorithm, the Image Sources
Algorithm and the Hybrid Algorithms which combine the
best features of both methods [4]. The unsatisfactory re-
sults initially obtained [8] due to the loss of the wave
nature of the sound signal have been improved, in large
part thanks to scatter field techniques which take into ac-
count the scattering properties of room materials and struc-
tures [4, 9, 10]. Ascertaining the real acoustic properties
of the materials making up the room is sometimes diffi-
cult [11], and for this reason measuring its scatter coef-
ficients [12, 13, 14] in the laboratory, “in situ”, in non-
scatter field conditions [15], is the first line of research to-
day [16]. Building very detailed geometric models does
not guarantee greater accuracy in calculating the acoustic
parameters if the acoustic features (absorption and scat-
tering) of the materials used to build the model are not a
close enough approximation. Simplified geometric models
with accurate acoustic features give good results [17]. This
method, which is also used for studying the propagation
of electromagnetic waves, gives better results at mid-high
frequencies, and its limitation for low frequencies is less
relevant for the perception of speech and music.

Computer tools for simulating mid-high frequencies are
useful for measuring acoustic parameters. Otherwise, all
the research about uncertainties due to the lack of om-
nidirectionality of the sound source was carried out by
measurement procedures (as it establishes the norm ISO
3382). However, recent investigations [18] have shown the
usefulness of the modelling tools for studying the influ-
ence of the lack of omnidirectionality of the source for
high frequencies when determining the acoustic parame-
ters. This supposes that the study of this dependence in
different localizations can be carried out with a consider-
able reduction in time and necessary resources.

For this paper, we worked with geometric simulation
techniques using two commercially available pieces of
software [19, 20]: EPIDAURE, which is based on sepa-
rate ray tracing and image sources, and CATT-Acoustics,
which is based on hybrid techniques. Different acoustic
parameters have been calculated for both simulations and
have been compared with the results for the church ob-
tained using two measurement techniques [21, 22].

The relative error has been established for each of the
measured (MLSSA and WinMLS) and simulated (CATT
and EPIDAURE) parameters chosen. These results have
been compared with the values of the indicators of the
smallest difference perceivable by a hearer, the just notice-
able difference, (’jnd’). By comparing these relative errors
we have examined the trueness capacities of the measure-
ment and simulation techniques employed.

In our case, the jnd is the minimum variation in the value
of an acoustic parameter that a hearer may perceive. It
must be pointed out that currently, since the first studies
[23] of the jnd of fundamental parameters for hearing mu-
sic, these indicators (for knowing the subjective percep-
tion caused by a variation in said parameter) have on the
whole been accepted by the scientific community [24, 25].
However, there is no definitive consensus as to their val-
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Figure 1. Sant Jaume Basilica.

ues [26, 27, 28], or the different jnd values depending on
frequency. The greatest jnd validity is at 1000 Hz and for
parameter mean values [23]. The jnd for the parameters
that reflect the tonal coloration (bass ratio and brilliance)
has still to be discussed fundamentally.

1.1. Modelled and studied room

The room modelled is the Sant Jaume Basilica in Algemesi
(Valencia) [29], declared a Building of Cultural Interest
[30]. This was selected for study for two main reasons:
the complexity of its geometry and its twin use for trans-
mitting speech and listening to music. It is in the Baroque
style and was built in the second half of the 16th century
(1550-1582). The main body is divided into two areas, the
apse nave with two side corridors which lead on to various
small chapels (Figure 1).

The central nave measures 800 m?. Total volume is
around 15000 m?. The approximate capacity of the church
is 600 persons in the pews, but since the church is used for
religious ceremonies and music concerts (organ recitals,
choral singing, orchestral performances etc.), the audience
may number over 1000. Measurements were taken in the
central nave given that most of the ecclesiastical and mu-
sical events are held here.

1.2. Acoustic parameters

The first stage in this study was to select and calculate a
set of target parameters, and the mean values for both fre-
quencies and locations of these parameters, the so-called
"merit figures’ for comparing the results given by mea-
surement and computer simulation. To make a selection,
we chose the minimum set of common parameters in both
simulation programs that can be measured experimentally
by the two measuring systems. Binaural parameters were
not used, because they cannot be calculated using EPI-
DAURE.
The parameters studied, grouped according to main sub-
jective sensations [31, 32, 33, 34, 35, 36, 37] were:
e Reverberation parameters: T'R3g and, EDT (Reverbera-
tion Times), BR (Bass Ratio), Br (Brilliance).
e Energy parameters: G (Strength), Csy (Clarity for spe-
ech), Cgp (Clarity for music) and T (Center Time).
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o Intelligibility parameters: STI.

These parameters are associated with the main subjective

qualities of the halls:

o REVERBERATION: represents the degree of vivacity
of the hall.

o TRANSPARENCY: as regards hearing music, trans-
parency refers to the perception of separate tones in
time and instruments played simultaneously.

o INTELLIGIBILITY: this parameter is essential for hea-
ring speech and quantifies speech comprehension.

This point of view [38], seems to reflect the consensus

that has been agreed in the current version of ISO 3382-

1:2007 standard. All the obtained acoustic parameters of

the measurements have been calculated using only Win-

MLS. In this way, it was possible to avoid the possible

differences produced by different algorithms and only the

transmission-acquisition process is compared.

1.2.1. Reverberation Parameters

Reverberation times EDT and T3, were calculated shown
below. EDT is the 60 dB decay time calculated by a line
fitted to the portion of the decay curve between 0 and
—10dB. T3 is the 60 dB decay time calculated by a line
fitted to the portion of the decay curve between —5 and
—35dB. We worked with mid values and the Bass Ratio
(BR) and Brilliance (Br) following [31]:

1
TRyia = 5 (TR + TRy M), (1)

1
EDT g = 3 (EDT*™" + EDT'*"7) (2)

125 H: 250H
op TR+ TR &
500 H: 1KHz ’
TRY™ + TR

g, — [R30ZKY + TR3OM 4
"= TR300H: 4 TR30IKH: ©@

1.2.2. Energy parameters

The Strength Factor G calculation equation is
o pA(n) di

G = 10log ———,
[NAGYK

%)

where p4(t) is the free-field sound pressure level at a dis-
tance of 10m [34]. We used direct sound as reference.
Comparison with properly calibrated measurements has
demonstrated that this method will normally provide G
values at low frequencies that are too high due to insuffi-
cient window length, fairly good G values at mid frequen-
cies (500-1000 Hz), and G values at high frequencies that
are too low due to the influence of the immediate surround-
ings of the transducers [21]. The Clarity Factors Csy and
Cg are given by

X 2 d
og M dB, (6)

C, = 10log = ,
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Center time Ty is calculated as follows:
- ot Ao dr

s = T , (N
[y PP dt
We worked with the averages given by [34, 39, 40]
1
Gmid — z (GSOOHZ + Gl KHZ) , (8)
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+0.35- C5" 4025 - )
1 z z z
Cso = 5 (Co"™ + Ci™ + Cg™7) . (10)

3
We worked with center time at 1 kHz band.

1.2.3. Intelligibility parameters

We worked with STI and RASTI from the original ver-
sions [41] which are based on weighted sums of modu-
lation transfer function (MTF) values. STI is calculated
as the weighted sum of modulation transfer indices MTI,
one for each octave frequency band from 125 Hz through
8 kHz (where each MTI value is derived from MTF val-
ues over 14 different modulation frequencies) taking into
account auditory effects according to IEC 60268-16. The
RASTI is calculated as the weighted sum of MTI’s over
the 500 and 2000 Hz octave bands, where the MTI values
are derived from MTF values over 4 and 5 different mod-
ulation frequencies respectively. For the calculation of the
parameters of speech in WinMLS we have used the default
option that disregards the influence of background noise
and masking effects (considering only reflections and de-
cay).

2. Room acoustics measurement procedure

The experimental methodology used complies with the re-
quirements of ISO-3382 [1] and IEC 60268 [42]. This sec-
tion describes the technical features of the equipment used
to measure the parameters derived from the impulse re-
sponse described in section 1.2, systems for generating and
emitting the excitation signal and its capture and analysis.

2.1. Emission signal

A linear time-constant system is characterized by its im-
pulse response, since the transfer function is the Fourier
transformation of this response and contains all the infor-
mation on the transmission of the signal in the hall. Among
the most commonly used, and the ones used for this work,
are: Maximum Length Sequence, MLS, and sweep (sinu-
soidal sweep).

The MLS technique uses a pseudo-random binary se-
quence as excitation, whose self-correlation function cor-
responds to a Dirac delta (R,(t) ~ 6(¢)). The cross-
correlation of any signal with 6(¢) is the signal itself, which
means that:

R, (1) = 6(t) x h(t) = Jh('r)é(t +7)dr = h(r).(11)
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Therefore, in a linear system, if we calculate the cross-
correlation between the MLS signal applied to the input
and the signal recorded at the output, we can determine
the impulse response of this system and thus calculate its
transfer function by means of applying the FFT.

The sweep technique uses a sinusoidal function whose
frequency is a function of time from 20 Hz to 20 kHz. This
frequency increase by unit of time may be constant over
the duration of the sweep (linear) or may increase expo-
nentially (logarithmic). Given the logarithmic behavior of
the auditive response, this latter technique is more rele-
vant for acoustic applications. Using this technique, the
time of the excitation signal can be reduced with regard
to the MLS. The advantage of sweep over MLS is that in-
formation on the harmonic distortion of the signal can be
obtained from the measurement.

2.2. Experimental equipment

2.2.1. Excitation signal generation and emission system

Using the types of signal indicated requires a generation
algorithm and electro-acoustic devices to amplify and emit
these signals. The signal amplification and emitter system
comprises a PC with suitable software installed, profes-
sional sound card, an amplifier and a dodecahedric source.

Power amplifier M-1000 (Power output level RL=4:
520 W +520 W). Its high power enables us to minimize
the effect of background noise. With a total harmonic dis-
tortion of less than 1% and a signal/noise relationship of
100 dB, it has a flat frequency response (£0.5 dB between
10 Hz and 35 kHz).

The dodecahedral loudspeaker DO12 (Rated power
600 W, Sound Power > 120 dB, Frequency range: 80 Hz—
6.3 kHz, directivity: nearly spherical)

2.2.2. Capture, recording and analysis system

The capture system comprises a laptop computer with cap-
ture and analysis software installed, a professional sound
card and microphones.

The sound card (Vxpocket v2) is connected via Type II
card. It has two mono-balanced analogue inputs with 24 bit
converters and a sampling frequency of up to 48 kHz. This
allows a flat frequency response to be obtained from 20 Hz
to 20 kHz with an accuracy of +0.15 dB and a signal/noise
relationship of 94 dB.

For measuring the monaural parameters, we used
GRAS Type 40 AK microphones (Sensitivity at 250 Hz
50mV/Pa, Frequency Response (dB): 3.15Hz-20kHz,
Upper Limit of Dynamic Range (3% Distortion): 164 dB
re. 20 uPa, Lower Limit Dyn. range: 14 dB, re. 20 pPa).
The power source was GRAS 12AA which polarizes the
microphones with a voltage of 200V, and GRAS pre-
amplifiers Type 26AK (Frequency Range: 2 Hz-20 kHz,
Noise: A-weight :< 2.5uV).

We used the WinMLS and the MLSSA programs for
measuring and WinMLS for analysis, WinMLS with mul-
ti-sweeps as the excitation signal and MLSSA with MLS
(different excitation signals are used to report this possi-
bility). These programs give the acoustic parameters of

158

Segura et al.: Parameters in a place of worship

— WinMLS
o 05| d
E
g 0
=
& D& 4
1 | | | | | | |
0 1 2 3 4 5 6 T ]
x10°
1 T T
— MLSSA
@ 05} dl
E
)
=
2 o5} i
4 . . . . . . .
0 1 2 3 4 5 6 T 8
# samples x10*

Rel. Amplitude

Rel. Amplitude

4 I I I 1 1 1 1
0 1 2 3 4 5 6 7 8
# samples o 1[]‘

Figure 2. "Measured IR at points 15 and 19, showing the validity
of both SNR criteria’.

impulse response in accordance with the ISO 3382 Stan-
dard [1] and other recent parameters which were not in-
cluded in the Standard, such as strength, (G), using direct
sound as a reference. With this experimental device, the
measurements were consecutively obtained using the soft-
ware programs. At each measuring point, the signal trans-
mission and reception connections were alternatively con-
nected to each of the computers containing the WinMLS
and MLSSA programs. In this way, it was possible to en-
sure that the direction of the transmission source and po-
sitioning of the measuring points was exactly the same for
both methodologies.

In this respect, de Vries [28], reported that if the mea-
surement setup for a source-receiver combination is al-
tered by just a few centimeters when interchanging the
source or microphone then measurable differences in the
filtered impulse responses occur.

Following the recommendations of norm ISO 3382, the
relationship .S/N > 45 dB for all the frequencies has been
adjusted in WinMLS for the time of signal transmission.
For measurements with MLS, the signal has been trans-
mitted at more than 15 dB above the background noise —
in accordance with the generally accepted protocol (see
Figure 2).
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Figure 3. ’Ratio of specular to scattered energy received by re-
flection order’

3. Room acoustics simulation

For this study a geometric model was used to simulate the
room. The methods used to do this were: ray tracing/cone
tracing and image sources.

The commercial software used for the simulations was
EPIDAURE [20] and CATT-Acoustics [19]. The EPI-
DAURE software uses both ray tracing and image sources
for calculating the acoustic parameters of the room.

The user can specify which method to use. The CATT-
Acoustics software combines the geometric methods of
cone tracing and image sources.

Ray tracing algorithms take into account that a wave
coming from the source can be linked to a ray, cone or
pyramid by means of the eikonal equation. The source
statistically emits a series of rays with an specific energy
which is lost with each reflection on incidence with the
surfaces of the walls which delimit the geometric model.
In our case, both of the calculation programs used take
into account specular and diffuse reflections. In the case of
CATT, the diffuse reflections are calculated from the ex-
plicit parametrization of the absorption and scattering pa-
rameters of each surface. In the case of EPIDAURE, these
are carried out based on the definition of the reflection or-
der in the calculation of the echograms.

Both procedures are justified for this type of low absorp-
tion room. According to the results obtained by Kutruff, as
shown in Figure 3, the energy contribution for diffusion
and reflection is equivalent to a high order of reflection
(the results can be obtained using an average uniform ab-
sorption coefficient of 0.2 ). In this way, CATT directly
includes the diffusion coefficients, while EPIDAURE in-
troduces the corrections defining the reflection order.

It is necessary to indicate that for low absorptions, the
parameter values are more sensitive to slight changes of
absorption than to strong variations of diffusion coeffi-
cients for the same absorption. This has been confirmed
by simulations made in a rectangular room. This simula-
tion involved varying the mean absorption coefficient by
between 6.8 and 7.95% by changing the materials; and
substantially varying the Lambert diffusion coefficient be-
tween 30 and 90 by changing the roughness. The variation
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observed in EDT, for a given average absorption and us-
ing various diffusions, ranges from thousandths of a sec-
ond to some hundredths of a second — according to the
position. However, for the limits of absorption in the in-
dicated range, a much greater variation takes place in the
temporary parameter (of the order of tenths of a second).

For high absorption rooms, a more detailed knowledge
of the behavior of the room is necessary. The diffusivity of
the sound field depends on important factors such as the
shape of the room, volume, absorption situation, and the
adequate selection of diffusion coefficients [43] . A poor
adjustment of these coefficients can produce erroneous re-
sults and experience reveals that mixed models must be
used to obtain good results [44, 45, 12].

The simulation process of the software used can be sum-
marized into a number of points:

e Room geometry file. In this stage the features of the
room are modelled, both in terms of geometry and the
acoustic behavior of the materials making it up. The ge-
ometric model is constructed from the plans. The acous-
tic properties of the room are specified by the absorp-
tion and scattering coefficients.

e Receiver file. This is where information on the re-
ceivers in the room is stored, specifying their coordi-
nates, acoustic reception features and orientation. This
file is only used in CATT, since EPIDAURE includes
the receivers by default.

o Emitter file. This contains information on the emitters
in the room: position coordinates, orientation, emission
level by octave bands, directivity pattern, delays for
electro-acoustic sources, etc. This file is only used in
CATT, since EPIDAURE includes the emitters by de-
fault. For simulating the source, we chose an omni-
directional spherical point source.

3.1. Geometric modelling of the Basilica

A model of the basilica was generated using the two afore-
mentioned simulation programs. This model was imple-
mented by defining 1314 surfaces. The model was made
using the plans available: floor plan from 1985 and sec-
tion and floor plans from 2000, and completed by taking
measurements of details not included in the plans [29].

The source used for the simulation is located at point
(43, 10.6, 3.2) of the church space, being a site located 2
m in front of the altar. 24 receivers were distributed around
the audience area (apse nave) (Figure 4).

3.2. Materials

Basic materials were used in this simulation. Given the
impossibility of determining acoustic characteristics in the
laboratory, the absorption coefficients for frequencies from
125 to 4000 Hz were obtained from the programs’ own li-
braries. Likewise, in the case of CATT, scattering coeffi-
cient of 0.1 was used for all frequencies although more
research would be required to obtain these coefficients in
rooms of similar characteristics. In view of the size of the

159



ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 97 (2011)

Table 1. Absorption coefficients for materials and air.

Segura et al.: Parameters in a place of worship

Material Area (m?) 125Hz 250Hz 500Hz 1000Hz 2000 Hz 4000 Hz
Wall plastering 8565.95 0.120 0.100 0.070 0.090 0.070 0.050
Marble 2164.58 0.010 0.010 0.010 0.020 0.020 0.010
Pine wood 98.67 0.098 0.110 0.061 0.081 0.082 0.110
Ord. wood 525.29 0.100 0.160 0.130 0.100 0.060 0.050
Light felt 180.57 0.020 0.040 0.100 0.210 0.570 0.920
Stone 356.52 0.010 0.012 0.020 0.020 0.023 0.035
Air (dB/100m) 0.037 0.121 0.284 0.504 0.999 2.806
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Figure 4. Section and floor of the Basilica.

church, environmental conditions and air absorption con-
ditions were taken into account. The values included in the
simulation are showed in Table 1.

The determination of these final values of absorption
has been made through the adjustment of the simulation
results with the parameter values acquired ’in situ’. To
achieve this, each material has been assigned absorption
coefficients values. Minimum deviations are iteratively ap-
plied to these coefficients until the simulated reverberation
times (for each frequency) do not differ by more than 10%
from the values measured ’in situ’. This adjustment pro-
cedure has proven highly satisfactory [46]. Once the RT
curve of the room is adjusted, we compare the results of
parameters (G, Cgp, RASTI and EDT) obtained during our
simulation for three representative points of the basilica
with the values obtained experimentally. Frequency values
in octave bands are used for this approach rather than av-
erage values. Using information obtained from these com-
parisons, the coefficients are adjusted until a maximum
correlation is obtained between the simulation and archi-
tectural reality. There are currently devices that can mea-
sure absorptions in situ. Although we have not used these
tools, their use should be considered by researchers. How-
ever, it is worth noting that their use presents some prob-
lems [47].
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3.3. Calculation of parameters

In accordance with the recommendations of the two simu-
lation programs, the acoustic parameters indicated in point
1.2 were calculated for the 24 receivers. Details of the
measurements points are shown in Figure 4. For both pro-
grams, an omni-directional source was used for the simu-
lation. Signal type is 105 dB total output power white noise
(94 dB at 1 m) with no emission time delay. The geometric
model used in both cases was 1314 surfaces with 30,000
rays emitted. This number of rays has been chosen con-
sidering that according to the ray-tracing algorithm, the
minimum number to consider is [48]

2
€ hgx

2
Fy

Npin =

(12)

with t,,,, being the time of the impulse response and ry the
radius of the receptor sphere — equal to 20,000 rays in our
case.

To obtain a stable solution in CATT, in addition to a
minimum number of rays, it is also necessary to select an
adequate truncation time that is greater than the longitude
of the impulse response. In EPIDAURE, as indicated in
point 3, the order of reflection should be adjusted.

By means of simulation with CATT, the obtained re-
sults remain stable when increasing the number of rays
or the truncation time of 4.5 seconds. For the simulation
with EPIDAURE, the results obtained when varying the
number of rays show worsened stability. For an increase
of 30.000 to 40.000 a variation of 4% (less to jnd) for the
T, parameter is seen at central frequencies (50-1000 Hz).

3.3.1.

Simulating the model of the church using the two pro-
grams gives different computing time costs due to the dif-
ferent calculation algorithms used. For the simulation with
all 1314 surfaces, 30,000 emitted rays and calculations for
the 24 receiver points, CATT-Acoustics gives a processing
time of 170 minutes, and EPIDAURE of around 90 min-
utes. Some simple combinations show that this relation is
approximately constant.

Calculation times

4. Theoretical and experimental results.
Discussion

Nine acoustic parameters, Reverberation Times (TR30 and
EDT), Bass Ratio (BR), Brilliance (Br), Clarity (Cso and
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RT30_125 Hz

RT30_250 Hz

RT30_2000 Hz

RT30_1000 Hz

RT30_4000 Hz

Figure 5. T3, (seconds) in octave bands by receiver points. 0 WinMLS measurements. A MLSSA measurements. o CATT prediction.

¢ EPIDAURE prediction.

Csgp), Center Time T, Strength Factor G and Intelligi-
bility Parameter (STI), were measured using two tech-
niques (MLS and Sweep) and calculated using two sim-
ulation programs (EPIDAURE and CATT-Acoustics). The
requirements of ISO 3382 Standard were complied with at
all times [1].

Comparisons were made between the selected acoustic
parameters of reverberation, energy and intelligibility for
each of the receiver locations in the room. The results be-
low show: “The variation of each parameter by frequency
at all receiver points for measured and calculated values”.
The variation of the mean values at each receiver point
using the two measurement techniques (MLSSA, Win-
MLS) and the two simulation techniques (EPIDAURE and
CATT).

Lastly, to assess the accuracy of the parameter values
obtained at each audience point, using the measurement-
simulation combination the mean relative error of each pa-
rameter by frequency and the mean relative error of the
“merit figures” were calculated in just noticeable differ-

ence (jnd) units. This comparison will establish whether
the results are within the jnd acoustic parameter value.
Errors have been determined for mean values of the 4
possible measurement-simulation combinations: CATT-
MLSSA, CATT-WinMLS, EPIDAURE-MLSSA and
EPIDAURE-WinMLS. The obtained results are presented
below, and a more detailed discussion of these results is
included in section five.

4.1. Result of measurement and calculation. Varia-
tion according to frequency and position

Figures 5 to 8 show the representation by frequencies of
the different parameters in all the measurement locations.

4.1.1. Reverberation parameters

Figures 5 and 6 show the variation of the reverberation pa-
rameters according to frequency and position. The values
of the EDT and T3y parameters follow a sufficiently clear
tendency. If we look at the T3, graphs, we can see that in
general terms the simulation method gives lower values
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EDT_125 Hz

EDT_250 Hz
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Figure 6. EDT (seconds) in octave bands by receiver points. O WinMLS measurements. A MLSSA measurements. o CATT prediction.

<& EPIDAURE prediction.

than the measurement method (inside the limits of vari-
ation of the frequency average as specified in 3.2). Cal-
culation with EPIDAURE gives lower simulation values,
whilst the highest values are obtained with WinMLS mea-
surements. The only exception to this occurs at the fre-
quency of 500Hz. At this frequency, the value measured
with MLSSA is usually the lowest, and for the points
closest to the source the highest values are given by EP-
IDAURE, whilst for medium and long distances CATT
gives the highest values. The values modelled with CATT
and those measured with WinMLS are very similar. In
a similar way to that observed with T3y, in general the
modelled EDT values are lower than the measured ones.
EPIDAURE gives the lowest values, although once again
with the exception at 500 Hz. For low frequencies (125 to
250 Hz), the measured values show great spatial variabil-
ity depending on the location of the measurement point
(possibly due to scattering elements such as columns and
ornaments), but however they match in both measurement
procedures. At 1000 Hz and 2000 Hz, WinMLS gives the
highest values. At 4000 Hz, we can see a particularly high
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variation phenomenon with MLSSA measurement. This
means that the signal emitted is a significant factor for this
frequency and in this geometry. It is interesting to note that
in this case, the CATT prediction value and the WinMLS
measured value match closely.

4.1.2. Energy parameters

Figures 7 to 9 show the variation in energy parameters
according to frequency. As we can see in all the graphs
(see Fig. 7), they are parameters which display similar
positional variability in the two measurements made and
in the two modelling calculation procedures. Furthermore,
we can see that the variability in modelling is very similar
to the variability in measurement. In general, the highest
value is obtained with EPIDAURE, and the lowest value
for mid and high frequencies is obtained with WinMLS
measurement. The exception occurs at 125 Hz; here the
lowest value is that obtained with MLSSA measurement.
Something similar to that which occurs for the Cg pa-
rameter can be observed in the Csy graphs (see Figure 8).
In general, the lowest values are obtained with WinMLS
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measurements and the highest with EPIDAURE predic-
tion. Exceptions are at low frequencies. At 125Hz and
250 Hz, MLSSA gives the lowest values. At 125 Hz, Win-
MLS gives the highest values and at 250 Hz, EPIDAURE
gives the highest values.

We can conclude that the tendency of the different clar-
ity parameters is similar. In Cg, the tendencies stay similar
in the four cases. In Cs, larger differences are observed,
probably due to the fact that the volume of the room means
that the definition calculation (linked to Csg) is a value
which fluctuates according to position, with speech values
which are not adequate.

In the case of the T parameter measured and calculated
in all the mid-range bands (Figure 9), it can be seen that
there is a variation according to where the measurement
or sampling is carried out. In general, the value measured
with WinMLS is the highest. MLSSA and CATT are very
similar except at low frequencies, where the MLSSA re-
sults show high positional variability. EPIDAURE gives
very low and practically constant values at around 200 ms,

relative to the measured values and the value modelled us-
ing CATT. The CATT calculation fits the tendencies given
by measurement.

Previous research [49] shows a similar result to the
one we observe as regards the values of Ty, Cgp and Csy.
The predicted Ty value is usually lower than the measured
value (particularly with EPIDAURE). This suggests that
the effects of late reflections are not well handled by the
simulation algorithms. This matches the fact that the pre-
dicted values for Csy and Cyg are higher than the measured
values. (The programs have under-estimated the statistical
tail correction of impulse response).

4.2. Measurement and simulation mean values.
Variation according to position

Calculating the mean values of parameters by position
gives an interesting assessment of the room response for
the selected receivers. The following figures (Figures 10—
12) show the value of the different parameters for the 24
receiver positions.
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4.2.1. Reverberation parameters

As can be expected when working with the mean values of
reverberation parameters, positional variability decreases.
Moreover, the differences between modelled and mea-
sured values also decrease. The highest values for EDT,,;4
and T3 4 are obtained from the WinMLS measurements.
For EDT, the lowest value is obtained with the EPIDAURE
calculation. For T3, the lowest values for the closest points
to the source are obtained with the MLSSA measurements,
and for the points furthest away these are given by the EP-
IDAURE prediction.

For Brilliance (Br), the highest value is given by ML-
SSA and the lowest by EPIDAURE. There is an error be-
tween CATT and WinMLS, which is quite pronounced
between MLSSA and EPIDAURE. For warmth or BASS
RATIO (BR), the highest value is given by MLSSA and
the lowest by CATT prediction.

Analysis of results for the measurement-calculation
combination shows greater stability in the values obtained
by CATT and WinMLS for EDT,,;; and T R30,,;; relative
to position. For Br there is very little error between CATT
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and WinMLS, but it is quite pronounced in the comparison
between MLSSA and EPIDAURE. For BR, the differences
between the two aforementioned pairings are slightly more
noticeable.

4.2.2. Energy parameters

The positional variation with the mean values of Cgy, Csg
and Tj is still present. Measurement tendencies are simi-
lar. The lowest values for clarity parameters are given by
WinMLS, with greater scattering for points further away.
This greater difference with distance is also seen in the
calculations using the two simulation programs, the re-
sults obtained with EPIDAURE being higher. (The lower
T, values obtained with EPIDAURE are translated into an
increase in Cgy and Csy due to the handling of late reflec-
tions by the calculation algorithms). For the mean G val-
ues (500-1000 Hz), there is good correspondence between
the measured values and the simulated values, and like-
wise with their tendency according to position. The differ-
ence between measured values and calculated values in-
creases with position, which we believe is due to the han-
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dling of the late reflections by the simulation calculation
algorithms.

4.2.3. Intelligibility parameters

The STI also follows a similar tendency in all four cases.
In general, the lowest value is given by WinMLS measure-
ments. The highest value for points further away is given
by EPIDAURE prediction, whilst the highest values for
points close to the source are given by CATT prediction
and MLSSA measurements (see Figure 12).

4.3. Assessment of measurement-simulation accu-
racy

To characterize the acoustic properties of rooms in which
hearing (of speech or music) is a significant considera-
tion, the mean frequency and space values of the acous-
tic parameters, the so-called “merit figures”, are used. The
results are presented in sections 4.1 and 4.2. Variation in
the values of the different acoustic parameters (measure-
ment and calculation accuracy), will be more acceptable

the closer it is to the smallest different in sensation that a
hearer can perceive, termed in psycho-physics the “just no-
ticeable difference”, (jnd). Study of the sensitivity of the
hearer to changes in the sound field has been an impor-
tant area of research over the last 50 years [50, 25, 11, 17]
and has given rise to the establishment of these indica-
tors (jnd), which are on the whole accepted by the scien-
tific community (see Table refJND). These values, whose
relationship to frequency has not been established, have
greater validity at 1000 Hz and for mean values [23]. They
establish the accuracy with which parameters should be
measured, and the accuracy of calculation by means of
modelling software. The relative error values of parame-
ters for each measurement-simulation technique between
the thresholds of the associated jnd’s are a good approxi-
mation for studying the acoustic quality of rooms.

In this work, the relative errors for each parameter
by frequency have been determined for the mid-range
frequencies (125 Hz—4kHz), and the mean relative er-
ror for the “merit figures”. This analysis was carried out
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for the 4 possible measurement-simulation combinations: The calculation of this relative error compared with the
CATT-MLSSA, CATT-WinMLS, EPIDAURE-MLSSA parameter jnd is obtained from the expressions 13, for re-
and EPIDAURE-WinMLS. By comparing these errors, verberation parameters, and 14 for energy parameters and
the trueness of each technique is analyzed. intelligibility parameters [11]. These errors are determined
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Table II. Room acoustics parameters and their associated jnd’s.

Parameter jnd
T30 (s) 5%
EDT (s) 5%
Csp, Cgo (dB) 1dB
T, (ms) 10

G 1dB

for mean parameter values by frequency at the 24 receiver
points (Figure 13), and for the *merit figures’ values (Fig-
ure 14).

E = 2 |Pmeasured - Psimulated! : 1007 (13)
Npos * Pueasures * Jnd
E = Z |Pmeasured - I?Simulaledl' ) (14)
Npos ) ]nd

where Preasured 1S the value of the measured parameter,
Pimulaea 18 the value of the simulated parameter, Npo is
the number of measurement positions and jnd is the small-
est difference for the parameter that the receiver can detect.

In Figure 13, when we look at the relative errors of the
parameters by frequency with respect to the corresponding
jnd’s, we can see that in almost all cases the error is be-
low 5 jnd units, values which are similar to those obtained
by [11] in his study of 11 concert halls, and within the
variability shown by the parameters in each hall [15]. This
means that the discrepancies between the predicted values
and the measured values barely reach 5 jnd for all 4 possi-
ble measurement-simulation combinations, this value be-
ing the threshold for what a hearer is able to perceive. The
least satisfactory results are for T. In the comparison of
the EPIDAURE predicted values with the WinMLS mea-
sured values, the relative error is nearly 20 jnd. This means
that from the design perspective, T is the least suitable pa-
rameter to use in these types of room. This behavior is the
same as that observed with the mean parameters shown in
Figure 14. All the deviations are below 5 jnd, except for T}
(for the value at 1000 Hz).
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5. Conclusions

Two measurement techniques (MLSSA and WinMLS)
which use different excitation signals (MLS and Sweep)
and two geometric simulation techniques (EPIDAURE
and CATT) were used to obtain, by means of measurement
and calculation, the acoustic parameters in a church with
complex geometry. These experimental and simulated val-
ues were analyzed by frequencies and in mean values by
means of “merit figures”. The relative errors of the param-
eters with respect to jnd were determined.

It is difficult to arrive at general conclusions regard-
ing the presented strategy and data since only one room
is discussed using a single ray-tracing/cone-tracing algo-
rithms. However, we will present some conclusions that
may help the practitioner/reader when approaching the
problem of simulation, parameters calculation, measure-
ment, and comparison:

Simulation Although it has not been object of study in
this work, it is evidence that choosing the geometric
model and materials, selecting the number of appropri-
ate surfaces in the room, and the appropriate acoustic
characteristics of the materials, are the first and costly
tasks that must be carried out. Starting from this model,
the minimum number of rays is determined by the re-
verberation time (see section 12).

When working with CATT, the number of rays and
truncation time should be chosen. The minimum trun-
cation time (of the order of T3y) is determined by the
longitude of the impulse response.

For EPIDAURE, the number of rays and reflection
order should be selected. It is necessary to vary the
number of the order of reflection until arriving at a sta-
ble accuracy solution. Specific values cannot be indi-
cated because these depend on the characteristics of the
room. The fundamental aim of the simulation is to ob-
tain a stable value for the parameters.

The CATT calculation time is approximately twice
as long as EPIDAURE when using the same number of
rays and a truncation time of 4.5 seconds with an order
of reflection of 10.

Measurements It is very important to use homologated
equipment that complies with standardized technical re-
quirements. When making the measurements, a correct
signal-to-noise ratio should be ensured. To achieve this,
the choice of the transmitted signal is very important:
type, level, and duration.

Parameters calculation The same algorithms have been
used for determining the parameters of the measure-
ments because they have always been calculated with
WinMLS. It is worthwhile noting that various re-
searchers [51, 52] have shown that different calcula-
tion algorithms can produce significantly different val-
ues. This could explain the differences between the
values obtained using measurements and simulations.
This factor would be worth studying because the T
shows the greatest variability between the measured
and simulated values (WinMLS and EPIDAURE). Un-
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Figure 13. Relative errors expressed in jnd units for the mean values of parameters by frequencies at the 24 receiver points for the

different measurement and simulation techniques.

fortunately, EPIDAURE does not provide IRs, and this
prevents us from studying whether this difference in T}
values is because the calculation algorithms are differ-
ent.

However, the fact that in some cases, the difference
between values obtained with EPIDAURE and those
measured with MLSSA do not greatly differ leads us
to believe that the calculation algorithm will not en-
able us to entirely explain the mentioned differences
— and its cause must be found in other factors of the
transmission-reception system. It is worth noting that
signal transmission and data acquisition cards are the
only measurement processing elements that are differ-
ent for WinMLS and MLSSA.

Bearing in mind that the acquisition card is standard,
we suggest that the origin of the differences is in the ex-
citation signal. We intend to research this more closely
by selecting an adequate excitation signal. However,
this is an objective that is outside of the scope of this
work.
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Modelling room acoustics If the aim of the reader /prac-
titioner is to make a comparison between modelled and
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measured parameters then the following must be carried
out: an appropriate distribution of the measuring points,
an appropriate simulation of source and receivers; and
an adjustment for the acoustic characteristics of the ma-
terials (reverberation with a deviation no greater than
10%). It is then worthwhile making a fine adjustment
by comparing other parameters (G, Csg, RASTI, and
EDT). The final validation of the model can be made
using errors relative to the jnds.

When using prediction for the energy parameters,
there are differences between the results obtained by
frequencies and the results by mean values. The jnd er-
rors for mean values are lower than the values by fre-
quency. This justifies working with mean values when
quantifying the acoustic features of rooms. Neverthe-
less, the exclusive use of these types of simplification
can lead to design flaws since, as we saw with the cal-
culation of accumulated errors for all the measurement
points, these can be large, viz. here the case of T.

In general, the differences between the simulated val-
ues and the measured values for all parameters, both by
frequency and mean values, increase with distance.
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