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R. Giriūnienė . . . . . . . 493

J. L. González . . . . . . 1008

L. M. González . . . . . . 572

G. Gosse . . . . . . . . . . . 208

D. Guicking . . . . . . . . 816

P. Guillemain . . . . . . . 615

A. Guilloteau . . . . . . . 615

B. B. Guzina . . . . . . . . 777

H

T. Hélie . . . . . . . . . . . . 960

T. Hézard . . . . . . . . . . 960

P. Habisreuther . . . . . . 940

H. Z. Hafke-Dys . . . . . 457

Q. Han . . . . . . . . . . . . 687

P. Hatziantoniou . . . . . . 30

M. A. Hawwa . . . . . . . 863

J. Hensel . . . . . . . . . . . 678

R. Hernández . . . . . . . 590

P. Herzog . . . . . . . . . . 806

H. Hobæk . . . . . . . . . . 465

M. Hodgson . . . . . . . . 729

L. Holitzner . . . . . . . . 302

I. Holube . . . . . . . . . . 268

P. Honzík . . . . . . . . . . 694

C. Hopkins . . . . . . . . . 226

Y. Huang . . . . . . . 503, 875

Q. Huang . . . . . . . . . . 751

I

U. Isermann . . . . . . . . 192

Y. Ito . . . . . . . . . . . . . 154

T. Iwasaki . . . . . . . . . . 154

J.-L. Izbicki . . . . . . . . 331

J

F. Jacobsen . . . . . . . . . 130

A. Jakob . . . . . . . . . . . 905

J.-U. Jang . . . . . . . . . . 323

P. Jean . . . . . . . . . . . . 399

C.-H. Jeong . . . . . . . . . 545

H. Jin . . . . . . . . . . . . . 410

N. Joly . . . . . . . . 524, 694

T. J. S. Jothi . . . . . . . . 514

K

P. Každailis . . . . . . . . . 493

T. Kaczmarek . . . 283, 457

M. Kaltenbacher . . . . . 245

J. Kang . . . . . . . . 379, 410

G. Ke . . . . . . . . . . . . . 890

G. Kearney . . . . . . . . . . 98

J. Kergomard 557, 615, 975

B.-H. Kim . . . . . . . . . . 323

T. Kobayashi . . . . . . . . 154

D. Kougias . . . . . . . . . . 64

M. Kountouras . . . . . . . 30

F. Koussa . . . . . . . . . . 399

U A. Kumar . . . . . . . . 952

L

D. Lafarge . . . . . . . . . 557

F. Laloë . . . . . . . . . . . 615

C. Lavandier . . . . . . . . 389

M. Lavandier . . . . . . . 806

T. Lavergne . . . . . . . . . 524

A. Lavie . . . . . . . . . . . 770

J.-L. Le Carrou . . . . . . 986

A. Leblanc . . . . . . . . . 770

S.-K. Lee . . . . . . . . . . 323

H. Lee . . . . . . . . . . . . 737

A. Lefebvre . . . . . . . . . 975

Y. Lei . . . . . . . . . . . . . 729

B. Lewcio . . . . . . . . . . 792

K. M. Li . . . . . . . . . . . 703

E. G. Lierke . . . . . . . . 302

S. Lin . . . . . . . . . . . . . 201

V. Lisauskas . . . . . . . . 493

T. Lokki . . . . . . . . . . . . 40

M. Lopez . . . . . . . . . . . 98

P. Lotton . . . . . . . . . . . 898

S. Lubián . . . . . . . . . . 590

S. Luo . . . . . . . . . . . . . 751

M

D. Matignon . . . . . . . . 960

M. Meissner . . . . . . . . 845

A. Merlen . . . . . . . . . . 126

S. Meunier . . . . . . . . . 806

R. M. Meyer . . . . . . . . 442

P.-Y. Michaud . . . . . . . 806

R. Mignot . . . . . . . . . . 960

M. Miyamoto . . . . . . . 154

B. R. C. Molesworth . . 822

S. Möller . . . . . . . . . . 792

J. N. Mourjopoulos . 30, 82

M. Möser . . . . . . . . . . 905

N

A. Nambi . . . . . . . . . . 952

H. Nawroth . . . . . . . . . 940

T. Nesse Forland . . . . . 465

M. E. Niessen . . . . . . . 853

M. Niewiarowicz . . . . . 283

M. E. Nilsson . . . . . . . 218

A. Nishida . . . . . . . . . 154

M. Norambuena . . . . . 905

D. Noreland . . . . . . . . 615

V∗



ACTA ACUSTICA UNITED WITH ACUSTICA Author Index
Vol. 99 (2013)

O

C. Oreinos . . . . . . . . . 836

P

G. Paál . . . . . . . . . . . . 245

B. Palazzo-Bertholon . . . 70

J. Paprotny . . . . . . . . . 582

E. Parizet . . . . . . . . . . 642

C. O. Paschereit . . . . . 940

S. Pauletto . . . . . . . . . . 98

G. Penelet . . . . . . . . . . 898

G. J. Perakis . . . . . . . . 828

A. Pérez-López . . . . . . 607

A. Perelomova . . . . . . 352

J.-F. Petiot . . . . . . . . . . 629

C. Pézerat . . . . . . . . . . 208

A. Podkovskiy . . . . . . 898

G. Poignand . . . . . . . . 898

J.-D. Polack . . . . . . . . . 70

S. Polychronopoulos . . . 64

P. Polykarpou . . . . . . . . 64

F. Pompoli . . . . . . . . . 341

R. Pompoli . . . . . . . . . . 58

A. Pradera-Mallabiabarrena
. . . . . . . . . . . . . . . . . . . . . . . 130

A. Preis . . . . . . . . . . . . 457

N. Prodi . . . . . . . . . . . . 58

S. Psarras . . . . . . . . . . . 30

Q

M. Qian . . . . . . . . . . . 687

R

M. Rådsten-Ekman . . . 218

B. Rafaely . . . . . . . . . . 658

P. Rayanagoudar . . . . . 952

P. L. Rendón . . . . . . . . 607

J. Rennies . . . . . . . . . . 268

R. Rimeika . . . . . . . . . 493

J. H. Rindel . . . . . . . . . . 21

A. Rivas . . . . . . . . . . . 130

M. Robinson . . . . . . . . 226

P. Rong . . . . . . . . . . . . 931

M. Rousseau . . . . . . . . 331

H.-G. Rubahn . . . . . . . 317

S

T. Sakuma . . . . . . . . . . 737

L. Sanchez-Ricart . . . . 716

E. Sarradj . . . . . . . . . . 139

L. Savioja . . . . . . . . . . . 40

G. P. Scavone . . . . . . . 975

Z. Schärer Kalkandjiev 433

R. Schmid . . . . . . . . . . 192

W. Scholl . . . . . . . . . . 917

G. Searchfield . . . . . . . 598

R. H. Self . . . . . . . . . . 828

J. J. Sendra . . . . . . . . . 292

N. R. Shabtai . . . . . . . 658

I. Shevchenko . . . . . . . 245

M. S. Shur . . . . . . . . . 493

S. Siltanen . . . . . . . . . . 40

D. Skarlatos . . . . . . 30, 64
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Abstract 

Results are presented from recent acoustic measurements performed in the ancient open 

theater of Epidaurus. These measurements were obtained using modern techniques, al-

lowing evaluation of numerous acoustic parameters for the theatre, such as: Clarity C-

80, Definition D-50, RASTI, LEF, etc. These measurements and results are also com-

pared to those obtained from a computer acoustic simulation of the theatre’s acoustics.  

The analysis of the results, illustrates many novel aspects of the theatre’s acoustic prop-

erties, such as the pattern and mechanism for the early reflections, the spectral response 

of the theatre, aspects of time-frequency response interaction and aspects of the spatial 

impression. The results restate the well-known exceptional acoustic quality of the thea-

tre for speech, with speech intelligibility remaining nearly perfect at all listener posi-

tions. 
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1. Introduction 

The renowned exceptional acoustics of the Ancient Theatre of Epidaurus, raise the 

interest both of experts and ordinary visitors. Occasionally, there have been acoustic 

measurements of the theatre [1,2], but in the past mainly because of equipment 

limitations, those have highlighted only a few aspects. This paper was originally 

presented in Greek [3] and it is given here in edited, English version.  It provides 

detailed measurements for a variety of listening positions, allowing for a better 

understanding of the theatre’s acoustic characteristics.  Simultaneously, there is a 

comparison of these results with computer acoustic simulations for the same source - 

receiver positions as those used for the measurements [4]. Given that a more recent 

paper [5] has introduced an analytic approach for describing the theatre’s acoustic 

performance, the current work provides results that can verify those theoretical findings.     

 
Figure 1- Plan view of the theatre with tested source (SN) and receiver (RN) positions 

 

2. Measurement Methodology 

The acoustic measurements of the theatre were performed on 28
th

 April of 2004 by 

two research groups of the University of Patras (from the Dept. of Electrical & 

Computer Engineering. and Mechanical & Aerospace Engineering) and were based on 

modern measurement methods using laptop and sound card (RME), WinMLS and B&K 

Dirac software, omni-directional B&K and ACO Pacific microphones and ATC SMC 

20-2 Active Monitor as a sound source.  The measurements were obtained from 

positions shown in Figure 1, at exact locations and distances that were also employed in 

an earlier study based on computer simulation [4]. The sound source was placed at a 

height of 1.5 m, in the centre of the stage (“orchestra”, position S1), and also displaced 

5m closer to the koilon (position S2). The excitation signal (both MLS and sinusoidal 

sweep) was generated at a level of 105 dB –SPL/1m, while the environmental noise was 

in average around 55 dB (40 dB(A)). From the measured responses, the anechoic 

response of the source system was deconvolved. 

 

3. Results 

3.2 Time domain composition of sound field  

The sound field of the theatre is formed by early distinct reflections and significant 

amount of diffracted sound energy that decays fairly shortly, (approximately after 200 

ms) to the noise floor level, noting that a 40 dB decay is observed within approx.60 ms 

from the direct signal arrival (see Figure 2). 
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(a) (b) 

(c) (d) 

  

Figure 2 - Impulse Response (normalized energy in dB) for the source in the centre of 

the stage (S1) and for the receivers positions R1 ((a) and (c)) and R2 ((b) and (d)). 

Responses are after deconvolution by the anechoic response of the excitation source 

 

Observing the measurements in Figure 2, but also via the simulations for the same 

positions (Figure 3), the following conclusions can be drawn: for close to the source 

positions (R1, R2, R3) the first reflection arrives approximately 1,7 ms after the direct 

signal and is generated from the stage floor (Figs 2(c), 3(a)). The second reflection 

arrives at about 6 ms and comes from the listener's front aisles. Second order reflections 

also arrive approximately at 11 and 16 msec. A different arrival mechanism is observed 

for the distant positions (R7, R8, R9): the first reflection arrives at 1,3 ms, generated by 

the front seating aisles (benches) of the listener (Figs 2(d), 3(b)). The second reflection 

arrives approximately at 3,5 - 4 ms from the floor of the orchestra. Significantly, for 

such distant positions scattered and specular early reflections seem to focus and 

generate useful to speech intelligibility energy. Nevertheless, in all cases, from Fig.2 it 

is clear that the early reflections decay by approx. 40 dB within 60 ms, hence 

contributing to speech intelligibility by enhancing the perception of the direct signal. 

 

 (a) (b) 

Figure 3 - Illustration of the generation mechanism for the 1
st
 reflection at different 

receiver positions of the theatre of Epidaurus: (a) position R1 (b) position R7. 
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3.3 Frequency domain composition of sound field 

The acoustics of theatre impose a characteristic frequency response to sound signals. 

As is shown in Figures 4 (a),(b) for measurements obtained with the source at the centre 

of the stage, the frequency response is characterized by a significant dip at 170-200 Hz 

(due to floor reflection cancellation, more pronounced for the distant positions), a 

resonance at the region 500-1000 Hz for the close receiver positions and additional 

peaks appearing at 300 and 1500Hz for the distant positions. At the same time, for all 

receiver positions the low frequency region 80-150 Hz, close to male speech pitch, is 

also transmitted with sufficient amplitude and volume. 

The broad form of the spectral response does not change drastically with either the 

receiver distance or angle. However, when the source is moved to the front of the 

orchestra (near the first aisles), then it was observed that both the dip and resonance 

region is shifted towards lower frequencies (from 800Hz to 600Hz). These 

characteristics and the largely invariant with the position response, can be beneficial for 

transmitting speech signals, since the important for intelligibility, frequency region 

around 1 KHz is strongly amplified. The very low frequency region of speech is 

retained in amplitude ensuring that the voice volume and source size is well- preserved. 

The non-significant for intelligibility frequency region above the male speech pitch is 

reduced in energy, whilst higher formant regions are amplified. At high frequencies, 

there is an expected attenuation, which should be more pronounced in the presence of 

audience (such measurements were not performed here).  

Based on the above observations and considering the time-frequency response of the 

theatre (Figure 5), it is obvious that the mechanism of the early reflections from the 

floor of the orchestra and from scattered energy from the seat rows as was mentioned 

above and in [5], is responsible for the characteristic spectral amplification effect which 

reverberates and decays for up to 150-200 ms approximately, while for subsequent 

intervals, the dense diffuse reflections, generate a significantly flatter spectrum.  

Figure 5 also shows -additive to the response- low frequency noise below the region 

of excitation, (e.g. 10 Hz) possibly due to air currents, which in the past has been related 

to the "good acoustics" of the theatre. As shown, such noise components are additively 

combined with the late response (after the 150 ms) to generate the flattening of the 

spectrum which appears as ambient decay well-below the level of the early signal.  

 

3.4 Acoustic Definition (D-50), Clarity (C-80) and Intelligibility (RASTI)   
In Figure 6, the results of measurements are given for all distances and angles along 

with the results of acoustic simulations of the theatre for the same positions [3].  

Considering the Definition D-50 (Figure 6 (a)) and Clarity C-80 (Figure 6 (b)) it can be 

observed that the acoustic performance is good, regardless of the source-receiver 

distance. The empty theatre achieves remarkable speech intelligibility with measured 

RASTI close to 95%, clarity is more than 15dB, while for central and middle positions 

(θ = 50°, θ = 45°) this parameter increases with distance, suggesting the beneficial 

reallocation of the early/late reflection energy ratio. 

 It is significant that the corresponding simulations, although they indicate similar 

range of values, seem to present lower performance, especially for the lateral positions. 

The small difference between measurement and simulation may be due to the fact that 

the simulation is based on smooth surfaces and simplified models of reflection 

diffraction. In contrast, the measurements correspond to the material of the surfaces at 

its current, eroded state. 
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Figure 4 – Normalised magnitude frequency response of the theatre at: (a) close 

positions / different angles and (b) distant positions / different angles. 

 

 
Figure 5 - Time-frequency analysis of the response for receiver position R1. 

 

Similarly, excellent is the measured intelligibility of speech via RASTI (Figure 6 

(c)), which appears to be independent of distance and angle in all cases being close to 

the ideal (nearly 100%). The results confirm the excellent acoustic behaviour of the 

theatre for speech reproduction. 
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Figure 6  - (a) Definition D-50,  (b) Clarity C-80,  (c) Speech Intelligibility RASTI, as 

function of receiver distance and angle from the source (in the centre of the stage). The        

results are from measurements and from simulations [  ]. 

 

 

3.6 Spatial Impression  

The results from simulations show that lateral reflections appear to reach listeners 

with progressively sharper angles, for increasing the distance from the source (as shown 

in Figure 7 and discussed in [1,3]). This result, combined with early arrival times of 

beneficial focused reflections (indicated by the increasing with distance D-50 and C-80 

parameters shown in Fig. 6(a) (b)), produce a beneficial effect on speech intelligibility 

in these far receiver positions (Figure 6(c)). As was found in [3], the contribution of 

lateral energy with distance, is less severe for side positions in the koilon. 
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Figure 7 –  Lateral Energy Fraction (LEF) 

versus the distance to the central positions  

of the receiver (from simulation)  

 

 

 

4. Conclusions 

(a) The measurements confirm the theatre’s excellent acoustics and speech 

intelligibility, for all the typical listener positions tested here. 

(b) The early reflections from the floor of the stage (orchestra) and the front of the 

benches (aisles) contribute to useful energy for the speech signals. For positions on the 

upper part of the koilon, there is also a phenomenon of focused early reflections. The 

energy of early reflections decays by approx. 40 dB within 60 ms, hence enhancing 

speech intelligibility by supporting the directly transmitted signal energy. 

(c) A lower-level sound field component, decaying for approx. 300 ms, is generated by 

dense diffracted reflections, which are mostly amplified by the sides and the horizontal 

surfaces of the koilon. The arrival angle of these reflections is most acute for the far 

listening positions. This provides a low-level ambience to the generated sounds. 

(d) The frequency response of the theatre emphasises the region of 500 Hz – 1,5 KHz, 

and this resonance effect lasts for approximately 200 msec. There is a prominent 

response dip at approx. 200Hz, which is mainly due to the ground reflection, affecting 

the earliest temporal structure of the generated sound. The spectrum flattens after 

approximately 200 ms, while there is also additive low frequency noise modulation 

(around 10 Hz) possibly due to air currents.  

(e) The excellent values of C-80, D-50 and RASTI, which appear to improve for the 

distant positions, indicate the positive contribution of these early reflection, but also the 

beneficial effect of the diffracted sound field which appears to be underestimated by 

geometric acoustics –based computer models of the theatre. 
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