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ABSTRACT

Today most acoustic consultants are using roomsticocomputer models as a basis for their acodstsign. How-

ever, room acoustic scale modelling is still beirsgd for the design in some major projects, althahg costs and
the time needed are significantly larger than thesated to computer modelling. Both techniques wesed by the
author in a project for a new opera theatre; finst acoustical design was based on computer siimnsatising the
Odeon software, and next a 1:20 scale model wdsdnd tested. In the paper the results obtaingd thie two dif-

ferent modelling techniques are compared, and neige a satisfactory agreement has been foundatitiantages
and drawbacks related to each of the modellingnigeies are discussed.

INTRODUCTION

There is a long tradition for the use of modelshia acoustic
design of concert halls and opera theatres. THmigge of
using physical scale models have been developed thee
last 100 years (Rindel, 2002), and the room acalsfia-

rameters, which are today well established as i® IS

3382:1997, were first of all developed for the usescale
models. Starting around 1970 computer models haen b
developed as a faster and cheaper alternative etosthle
models. However, it is not unusual that both madglmeth-
ods are used for the same project; some acoustiguttants
may not trust the newer computer modelling techaicaut
on the other hand there are important informatmrgather
from the computer modelling that cannot be obtaingth
the scale modelling technique.

This aim of this paper is to compare the two madgltools
and to discuss the advantages and disadvantageschf
method. The comparison is based on the acoustsidi of

a new opera theatre, namely Ankara Congress andr&lultu

Centre — The Opera House, Turkey, a project by techi
Ozgiir Ecevit, Turkey, and acoustics by Jordan Akpst
Denmark, and the author. The opera is of the hshse-type
with three balconies and approximately 1400 sedis. de-
sign and acoustical investigations were made il 260t for
economical and political reasons the project hasyebbeen
built.

COMPUTER MODEL

Room model

The ODEON room acoustics program has been useérin v

sion 5.0 to document the auditorium design. Thifdhg is
the final phase I, i.e. the design has been niedlifn vari-
ous ways as a result of two earlier phases of ctenpnodel
investigations. The materials used are those agnétkdthe

ISRA 2010

architect. The recordings are based on a fully piecbaudi-
torium.
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Figure 1. Section and plan of the digital model. The two
source positions and the seven receiver positimmarked.
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Changes in the design since Phase Il are mainlywapne-
scenium frame and changes to the lighthouse orotdpe
auditorium. In addition the sound absorption of thaterials
for wall and ceiling linings has been adjusted iidev to op-
timise the reverberation time. The sound diffugimgperties
have also been adjusted in accordance with recontettiens
from the previous design phases.

The room model for the computer simulations is shamw
Fig. 1 and 2. Only the active part of the stagmaslelled, i.e.
some typical stage setting is assumed. The ina&lits are
all based on a fully occupied auditorium and thsoaption
data for the occupied seats are taken from (Ber&nék-
daka, 1998) group 2, audience on medium upholstzats.

Two source position were used, one on the stageaother
one in the pit, both chosen as omni-directionalieBerecei-
vers were chosen, three on the main floor, two tenfirst
balcony and one on each of the other balconies.

Figure 2. View into the computer model. Surface colours
represent the different sound absorption charatiesi

Room acoustic parameters

The calculated acoustic parameters are defindaeiinterna-

tional standard 1SO 3382:1997. The recommendederarfig
each parameter for grand opera with full audierezipation

is summarised in Table 1 together with the justceaible

difference for each parameter.1

Table 1. The acoustic parameters, their recommended range

for grand opera and JND.
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Reverberation time (T30)

The reverberation time is shown in Fig. 3. It imast inde-
pendent of the frequency and around 1.7 s. Thiis ke op-
timum range for an opera house. There is no saanifi dif-
ference between the two source positions, whigjoosl.
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Figure 3. Average reverberation time. Blue triangles: Source
on stage. Red squares: Source in pit.

Early decay time (EDT)

The EDT is shown in Fig. 4. It is a little shortian T30,
which is normal. EDT is longer with the source e tpit,
which is due to sound reflections in the pit.
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Figure 4. Average EDT. Blue triangles: Source on stage. Red
squares: Source in pit.

Strength (G)

Parameter Recommended Just noticeable
range difference
T30 15t02.2s 5%
EDT 1.5t02.2s 5%
G -2to +6 dB 1dB
C80 -2to +4 dB 1dB
LF 0.2t00.4 0.05

1,5
1

'

CALCULATION RESULTS
Spatially averaged results

In the following figures 3-7 are shown the frequedepend-
ency of the calculated acoustic parameters. Theesushow
the average over the seven receiver positionsséyparately
for the two source positions, on the stage anterpit.
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Figure 5. Average Strength, G. Blue triangles: Source on
stage. Red squares: Source in pit.
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The relative sound pressure level or Strengthasvsehin Fig.

5. With the source on the stage the mean valu®ismd 0 dB
with only small frequency dependency. This is geod in
the optimum range for an opera house. With thecsoinr the
pit the strength is a little lower (less than 1 dB)the high
frequencies, and below 1 kHz there is practicatbydiffer-

ence between the two source positions. This inglscatgood
balance between stage and pit.

Clarity (C80)

As shown in Fig. 6 the Clarity with the source oa #tage is
2 — 3 dB higher than with the source in the pit.sTisia sig-
nificant difference and it means that the soundnfthe stage
is heard more clearly than the sound from thevgltich is
normal in an opera house. The Clarity is in the roptn
range.
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Figure 6. Average Clarity, C80. Blue triangles: Source on
stage. Red squares: Source in pit.

Lateral energy fraction (LF)

The lateral energy fraction is shown in Fig. 7. Tireguency
variation is negligible, but with the source in thie the val-
ues are a little higher than with the source onstlhge. This
can be explained from the lack of direct sound ftbmpit to
the audience. The values are in the optimum range.
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Figure 7. Average lateral energy fraction, LF. Blue triangles

Source on stage. Red squares: Source in pit.

Variation of results within the auditorium

In the following is shown the spatial distributiaf the
acoustic parameters at 1 kHz octave band. Eacimetea is
shown with the source on the stage. More than 28€€ivers
have been used in a grid with the size 0.75 m.

ISRA 2010

Proceedofghe International Symposium on Room Acousti8fRA 2010

It should be noted that some receiver points magecout-
side the room due to the method used for creatfdheore-
ceiver grid. Such points are shown in black, arey tshould
be ignored.

Early decay time (EDT)

The EDT distribution in Fig. 8 shows very small iadions
over the main floor. With the source on the stdgejT is
somewhat lower on the balconies compared to tha ftaor,
which is usual in an opera theatre.

Figure 8. Grid response showing EDT at 1 kHz. Source on
stage.

Strength (G)
The G distribution in Fig. 9 is relatively even ovthe main

floor and the first balcony. Second and third baies have
lower strength, which is natural with the increadesiance.
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Figure 9. Grid response showing the Strength, G at 1 kHz.
Source on stage.

Clarity (C80)

With the source on the stage the Clarity is goodeneral,
see Fig. 10. The highest values are in the badkefmain
floor and on the two first balconies. The lowesiues are
found on the foremost sides of the second balcony.
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Figure 10. Grid response showing the Clarity C80 at 1 kHz.
Source on stage.

Lateral energy fraction (LF)

With the source on the stage the LF is relativelgndy dis-
tributed, see Fig. 11, with the lowest values ie ftont and
central part of the main floor and on the side aies.
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Figure 11. Grid response showing LF at 1 kHz. Source on
stage.

Summary of calculation results

All of the calculated acoustic parameters have eslin the
optimum range recommended for an opera house. fEae f
guency dependence of the parameters is very satisfsand
there is obtained a uniform distribution in the ibadum.
Also the balance between stage and orchestra preng
good.

It is concluded that the acoustic qualities of #ulitorium
can be expected to be excellent. The final reseedds on
details like the final choice of surface materiafsl the de-
gree of sound diffusion from the surfaces.

SCALE MODEL
General

The scale model was delivered by Jordan Akustikyriverk
and it was built in the scale 1:20. This means thatactual
frequencies used for the measurements were 20 tihees
normal full-scale frequencies. The room acousti@suee-
ments were made in accordance with ISO 3382:198fav@
bands were used with the centre frequencies 2.5 k89

4
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kHz, corresponding to 125 Hz — 4 000 Hz in fulllscén the
following the equivalent full-scale frequencies arsed. A
photo into the interior of the model is shown ig.Fi2.

Figure 12.View into the auditorium of the 1:20 scale model.
The spark source is seen on the stage in the front.

Measurement equipment

Measurements were carried out using a BK 4136 Ytanic
phone, a BK 2636 measuring amplifier and a Rocklas2i 8
dual high/low-pass filter. Measurement acquisitjarsalyses
and calculations were done with the MIDAS softwigiiefor
Apple Macintosh II. Impulses were generated witheattri-
cal spark source. The measuring schematic is showig.
13.

BK4136 MIDAS
@ T~ B

Source -
——

Model

Figure 13. Setup for scale model measurements.

The frequency spectrum of the spark source is shoviig.

14. The impulse responses were measured from 100 H
110 kHz in the 1:20-scale model, corresponding tiula
scale frequency range of 80 Hz — 5500 Hz. The hitynicas
controlled with an air-washer. In this way it wasspible to
keep the humidity around 60% RH. Temperature andidrum
ity were measured with a Novasina MIK3000 electriog
grometer and a reading was taken for each serieseaf-
urements. The MIDAS system automatically compemsate
for the air attenuation.
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Figure 14.Frequency spectrum of the spark source (fre-
quency axis is full scale).
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Scale model audience

The construction of the scale model audience wasdan

sound absorption measurements by (Beranek & Hidaka,

1998) for audience on medium upholstered seatrisists
of a front made of a wooden fibre plate (A), glued styro-
foam back (B), in which the shapes of the “heads'thef
audience are cut out (see Fig. 15). Later sombeostirfaces
of the front and back were covered with a layemetal tape,
in order to adjust the absorption, see Fig. 16.

8 mm 15 mm
~ —
T JL T T Frrem [ ]
22 mm
A A
65 mm
B }30mm H
——
120 mm 12 mm

Figure 15. Schematic drawing of 1:20 model audience.

Figure 16.Model audience for the 1:20 scale model.

Absorption coefficient measurements were carrietl ioua
scale model of a reverberation room. The room was b
shaped with the dimensions 60 cm * 47 cm * 38 cihicty
corresponds to a full-scale volume of about 850 183dif-
fusers (curved plastic sheets) were placed aloagittes and
ceiling of the room to achieve diffusivity of thewnd field.

In order to obtain the absorption coefficient, teeerberation
time in the room was measured with and without st te
specimen of the audience. These measurements aeiedc
out according to the ISO 354 standard.
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Figure 17. Absorption coefficient of audience for the 1:20
scale model compared to the Beranek & Hidaka data.

Fig. 17 shows the absorption coefficient of twofefiént
types of scale model audience measured in the suvalé
reverberation room, compared to the data obtaimedeal
audience by (Beranek & Hidaka, 1998). Both modeks ar
covered with a layer of tape on the back, and erfribnt side
of the styrofoam (the “chest”). Model 1 also hakayer of
tape on the front of the wooden fibre plate (thiws éntire
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surface of the model audience is covered), whettgassur-
face is uncovered on model 2.

Due to the edge effect it is assumed that the alisarcoef-
ficient measured on a 10%ntest specimen (full scale) is a
little higher than for the same material measuredaovery
large surface in a concert hall. Since the measemésmade
by Beranek & Hidaka were carried out in actual conbells
and not in a reverberation room, the goal was tsttact a
scale model audience, which showed a slightt)her sound
absorption when measured in a reverberation rodmereF
fore model 2 was chosen (see Fig. 16), and theeaodiwas
constructed for the entire model (approx. 1400s3eat

Adjustment of material absorption

The measurements in the auditorium were made ioracc
dance with ISO 3382:1997. Initial measurementshef rte-
verberation time were made with audience, but withtbe
stage tower. These measurements were made witfratne
curtain down, i.e. with the stage opening closdw: fleceiver
points were chosen in order to match those fromctre-
puter model. The source was placed in the pit. gurpose of
these measurements was to adjust the reverbetitienof
the auditorium to match the computer simulationffddént
types of absorption was added or removed duringethe
measurements.

Figure 18. Membrane absorbers inserted in the roof of the
auditorium.
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Figure 19.Reverberation time of the auditorium with the
source on stage. Blue triangles: Measured. Red ssjuare
Simulated.

In the initial measurement of the auditorium withdeence
the reverberation time at low frequencies was tigh.hSo, a
number of membrane absorbers were added to theahalle
the reflectors over the stage opening and to thiilngesee
photo in Fig. 18). Finally a coating of sealing waas added
to some of the surfaces.
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Figure 20.Reverberation time of the auditorium with the
source in the pit. Blue triangles: Measured. Red regua
Simulated.

The final reverberation time adjustments were miadéhe
stage tower. Some absorption material was addéuetside
and ceiling in the stage tower and also some membad-
sorbers, in order to achieve the closest simildrégwveen the
measured and simulated reverberation time, seelBi@nd
20.

MEASUREMENT RESULTS
Spatially averaged results

In the following figures the parameters measureth e
source on the stage and in the orchestra pit arershThe
results are averaged over seven receiver positidestical
to the ones from the computer model, i.e. threetipas on
the floor, two on the first balcony and one on eathhe
second and third balconies, see Fig. 1. The scaldehre-
sults are shown together with the results fromdbmputer
simulation.

Figure 21. Average EDT with the source on stage. Blue tri-
angles: Measured. Red squares: Simulated.

Figure 22. Average EDT with the source in the pit. Blue
triangles: Measured. Red squares: Simulated.

The sound absorption from the orchestra (chaigtruments
and musicians) was represented by a sound absdtbargn
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the computer simulations, and in the scale moded loyim-
ber of the model persons placed in the pit. ForBBF the
results in Fig. 21-22 show satisfactory agreemeitih the
computer simulations with the source on the stagereas
there are some deviations with the source in theApithe
high frequencies there seems to be more absorpfigche
reflected sound than in the simulations. This camxplained
partly by the absorption from the scale model ostfaein the
pit, partly by the very high attenuation of sourichgh fre-
guencies. This air-attenuation is much higher scae model
than it is in full scale. The MIDAS measuring systean
make an automatic compensation for the air attémuabut
still the high frequency results are less reliable.

Figure 23. Average Strength, G with the source on stage.
Blue triangles: Measured. Red squares: Simulated.

Figure 24. Average Strength, G with the source in the pit.
Blue triangles: Measured. Red squares: Simulated.

For the Strength the results in Fig. 23-24 showdgagree-
ment with the computer simulations below 2 kHz, lamit
higher frequencies the results from the scale matiew
more attenuation. A possible explanation couldhag sound
propagation across the audience has more attenuatithe
scale model than in the computer model.

—
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Figure 25. Average Clarity, C80 with the source on stage.
Blue triangles: Measured. Red squares: Simulated.
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Figure 26. Average Clarity, C80 with the source in the pit.
Blue triangles: Measured. Red squares: Simulated.

The results for the Clarity in Fig. 25-26 show datisory
agreement with the computer simulations, especiaillly the
source on the stage. As for the other results theeens to be
more high frequency attenuation in the scale medei the
source in the pit. The lateral energy fraction, WBs not
measured in the scale model, because a 1:20 scate-m
phone with figure-of-eight characteristic was neaitable.

Variation of results with position

The more detailed variation of acoustic paramebeer the
receiver positions has also been studied. In Figh2 varia-
tion of the Strength at 500 Hz is shown. While theasure-
ments show about 2-3 dB difference between stageiaril
pos. 2 and 3 (on the floor), there is no such céfiee in the
simulation results. The explanation may be thenati&on of
sound propagating across the audience, being mme p
nounced with the source in the pit than in the atied posi-
tion on the stage, but not modelled correctly ia #imula-
tions.
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Figure 27.The Strength, G at 500 Hz in seven receiver posi-
tions. M1: measured, source on stage; M2: meassoenice
in the pit; S1 and S2: simulated, stage and piitipos.
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Figure 28. The Clarity, C80, at 500 Hz in seven receiver
positions. Source positions as in Fig. 27.

In Fig. 28 the variation of the Clarity at 500 Hzslsown.
One clear effect is the low values in pos. 2 andh&n the
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source is in the pit, whereas the Clarity is highhwihe
source on stage. Although not identical, scale rhoukas-
urements and simulations show the same tendenggria-
tion.

The effect of a diffusing wall treatment

In order to test the effect of diffusing walls dmetground
floor, a layer of wrinkled foil was taped to thellgeon both
sides of the auditorium beneath the first balca®eg Fig. 29.
The depth of the sound scattering structure wasta®® mm
(400 mm full scale).

Measured results of EDT, Strength and Clarity in tiiree
receiver positions on the floor were compared wtbse
measured with smooth walls. The difference wasigig
for EDT and Clarity, while the Strength increasedta3 dB
with the diffusing walls.

Figure 29. The scale model with sound diffusing treatment of
the wall under the balcony.

Summary of scale model measurements

The scale model measurements have confirmed thdtges
from the computer simulations. The deviations betwe
measurements and simulations found at the highuénecjes
should not be given too much weight, because thesorng
technique is less reliable at the very high freqies) i.e. at
2000 and 4000 Hz full-scale.

The scale model cannot give information about éverbera-
tion time; initially the model was tuned to givepapximately

the reverberation time that was predicted fromcabmputer
simulation. The other room acoustic parameters EDT,
Strength and Clarity have values that are considerry
satisfactory for an opera hall and the sound thistion in the
auditorium is very even. Also the balance betwedagesand

pit has been shown to be very good.

DISCUSSION

The main results from the two different modellingthods
are in a reasonable agreement, and thus both netaodbe
considered a useful acoustical design tool for gegt like
the opera house. However, there are different gthsnand
weaknesses associated with each method. Firstabsbte
reasons for the different results should be dismliss

The room geometry and the degree of detail in tades

model and the computer model are not exactly idahti

and this may lead to some unknown differences @ th

results.

The absorption characteristics of the materials reoe

the same, those in the scale model being morereliffe
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from the real materials than the absorption dafdiegh
in the computer model.
The air attenuation is too high in the scale modkich

can only partly be compensated for by frequency de-

pendent amplification of the impulse response aniolyo
surface materials with too little absorption.

The reflection, scattering and diffraction effecse
accurate in the scale model, but only approximdied
theoretical models in the computer simulation.

The problem with the absorption of the materialsiscale
model means that a scale model cannot be usecetk ¢the
reverberation time, which must still be considetied most
important overall acoustic parameter of a hall.sTikiin con-
trast to the computer model, which is dedicateédtimate
the reverberation time, also in cases where Sabimiation
is not valid.

Modelling the audience area is particularly intérgs be-
cause absorption, scattering, and influence ondspurpaga-
tion across the surface are all important. Whileséheffects
may be reasonably well approximated in the scaldaidt is
more difficult in the computer model. Especially thttenua-
tion of direct sound and early reflections propagpacross
the audience area are not modelled correctly irctmaputer
model.

The results from the scale model are limited to esanom

acoustical parameters, whereas the computer mdtkais o

several additional possibilities and tools for dysis:

- Analysis in 3D of early reflection paths and idéyitig
the surfaces that generate the reflections (sempgan
Fig. 30); in a scale model this can be done forfittse
order reflections using a laser beam, if the sedaare
treated with light reflecting material.

Calculation of results in a grid that may cover gver

single seat in the audience area; in a scale mhbdeh-
formation about distribution of sound is limitedadew
selected receiver positions, and areas with aaalsti
problems may not be discovered.

The possibility of auralisation and thus to include
evaluation through listening is straight forwardl aasy
in the computer model. With a scale model thislé® a
possible in principle, but with severe demands lom t
transducers, e.g. a miniature dummy head, andasthil

a limited frequency range and dynamic range.

The reflection paths for*land 29 order reflections from the
source on stage to the receiver 7 on the thirdobglcare

shown in Fig. 30. For clarity only the reflectingriaces are
shown in this example.

Figure 30.Example of an analysis in 3D of the reflection
paths of early reflections.

Finally, there is a big difference between the twodelling
methods when the time consumption and the costsare
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sidered. To create the room model is obviously ahrig-
ger job with a scale model, but in addition contes éxtra
time for alterations and modifications, if the fidesign is
not fully satisfactory. In the case of the Ankarpe@a, sev-
eral adjustments of volume and geometrical detaiése
made during the first phases of the computer sitiauns.

Next comes the time for doing the measurementssoffx
cient number of source and receiver positions; ity take
weeks, whereas the same results can be obtainedwibm-
puter model within a few minutes, and a completed ge-
sponse within a few hours.

CONCLUSION

The comparison of the scale modelling techniquéh lite
computer simulation technique has shown that tiseaegood
agreement between the results, and both methodsrosite
useful information for the acoustical design.

The computer modelling technique is fast and chaap, it
offers a lot more than the scale modelling techajdilke grid
mapping, analysis of reflection paths, and aurtisa The
main draw-back is the approximate theoretical moder
various wave phenomina, like scattering, diffracticand
angle dependent reflection.

The scale modelling technique is time consuming exypen-
sive. It can be used for a final check of the aticakdesign
of a hall, but it is not well suited for experimsmith alter-
native solutions. Changes in the room geometryddfieult.
The results are limited to some, but not all refg\acoustical
parameters. The most important parameter, the exeion
time, cannot be predicted with a scale model.
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