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SUMMARY 

The acoustics of the Frits Philips Hall in Eindhoven were changed with temporary 
provisions to improve the quality of piano performances. Without the provisions the 
music was 'swimminng in space and the piano music was not loud enough'. According 
to the critics, the problems were solved with the presence of the provisions. 

The purpose of this research is to find the 
effectiveness of the acoustical provisions in perceptual sense as well as in physical 
sense. For both parts measurements were done in the Frits Philips Hall. In favour of 
the perceptual research, piano music was recorded with a Disklavier baby grand in 
four different situations (with both provisions, with the reflectors, with the curtain, 
and without the provisions). The piano music recorded with all the provisions was 
compared with piano music recorded without the provisions in a same-different test, 
to deterniine the audible differences in acoustics. A listening test with long stimuli ( 4 
to 5 s) gave no 
significant differences in acoustics (a mean percentage right answers of 57% for all 
subjects) with a signification threshold of 75%. A second listening test with short 
stimuli (1 to 2 s) gave a percentage of scores of 74% for all subjects. Two stimuli, 
indicating differences in definition and loudness, gave percentages of scores above 
signification threshold. The conclusion of the perceptual research is that there are 
audible differences, but they are small. 

The results of the physical experiments affirmed the conclusions of the 
listening test. With a Maximum-length sequence analyzer measurements were done in 
the Frits Philips Hall, in the four situations. Comparing the situations with and 
without the provisions, the clarity, the objective parameter of definition, showed 
differences above discrimination threshold. Thus differences in clarity are audible 
according to both the perceptual as the physical experiments. Audible differences in 
loudness are affirmed with the strength at just a few particular frequencies, dependent 
on the receiver position. 

Other calculated quantities are the reverberation time, the clarity, and 
the lateral energy fraction. The differences in the reverberation time and the early 
decay time were at discrimination level. The difference in lateral energy fraction 
depends on the position. At lateral positions the lateral energy increases, in diffuse 
field without side walls nearby the LEF reduces. 

In other words, the provisions cause differences in acoustics, but the 
effectiveness is small and difficult to distinguish. The acoustical influence of the 
provisions is too small to solve the problems in the acoustics of the concert hall for 
piano music. Further research is necessary to improve the effectiveness of the provi
sions. 
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1 INTRODUCTION 

On September 2 1992 the Frits Philips Hall in Eindhoven opened its doors for the 
first performance, a symphonic concert. The concert hall, with a capacity of 1250 seats 
and a volume of 14.400 m3

, proved its acoustical quality. The acousticians (prof. ir. 
P .A de Lange and ir. LCJ. van Luxemburg), who were responsible for the acoustical 
quality, designed a concert hall, primarily intended for symphonic music. The resulting 
acoustics were excellent for that purpose. 

After the opening of the concert hall, it was also used for purposes 
other than symphonic music, including piano recitals. After the first piano recital 
performed in the concert hall the reviewers of the Eindhovens Dagblad criticized the 
acoustics for this kind of purpose: 'The music was 'swimming' in space and the piano 
music was not lo-ud enough.' 

The acoustics of the concert hall were changed with temporary provisi
ons to improve the quality of piano performances. After these provisions were made 
the reviewers were very satisfied with the resulting quality of the piano music. Even 
though the problems seemed to be solved, the effectiveness of the acoustical provi
sions do is still unknown; there may be merely visual changes, there may be perceptu
al significant changes in the hall's acoustics, or the provisions may merely affect the 
pianist's performance. 

In theory, the provisions should cause changes in acoustics. But did 
these provisions change the acoustics in practice also, excluding the influence of the 
pianist's performance, and the visual influence of the provisions. The purpose of this 
research is to find the acoustical effectiveness of the provisions for piano music in this 
concert hall. Assuming that physical, but inaudible changes are irrelevant for the 
quality of performances, the effectiveness can be stated as follows: 

1- In perceptual sence: Are there differences heard in the acoustics 
between the situations with and without the provisions? 
2- In physical sense: Which acoustical quantities do change due to the 
provisions and how much do they change? 
3- The third question of this research is a result of the first two: Do the 
physical changes match with the perceptual changes? 

In Chapter 2 an introduction of acoustical parameters follows. Chapter 3 discusses the 
theoretical influence of the provisions upon the acoustical environment. The next 
three chapters are spent on measurements in the concert hall and listening tests 
which might give clues about the perceptual effectiveness of the provisions. After this 
perceptual part, the physical experiments are discussed in three chapters, including 
impulse-response measurements in the concert hall, to indicate possible physical diffe
rences. Then the matching between the results of those two kinds of experiments are 
discussed, followed by conclusions and recommendations about the best use of the 
provisions. 
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2 DEFINITIONS 

The sound source (piano) in a concert hall produces sound energy, that is equally dis
tributed in the space of the enclosed environment (diffuse sound field). At the surface 
areas, the sound energy is transformed into heat (absorption), the other part is 
reflected as sound energy. The sound energy in the concert hall accumulates until an 
equilibrium is reached in the proces of production and absorption of energy, that is 
dependent on the shape, the volume, the total surface area of the concert hall on the 
one hand, and on the sound power of the sound source on the other hand. 

After the sound source is switched off, the sound energy remains in the 
enclosed space for a certain time, caused by reflected sound energy. Due to sound 
absorption at the surface areas, the sound energy decreases in time. This proces of 
decay also depends on the characteristics of the concert hall and the sound power of 
the sound source. 

This whole proces of production, reflection and absorption in time determines 
the quality of the produced sound. Thus the quality of music can be manipulated by 
changing (one of) these characteristics of the concert hall. 

In case of the Frits Philips Hall, the acousticians designed temporary 
provisions with the purpose to change the acoustical environment for piano music. 
The effectiveness of these provisions was tested in this investigation by searching for 
audible as well as physical differences in acoustical parameters. 

This chapter introduces these acoustical parameters, starting with the 
physical quantities, followed by subjective magnitudes with their relationships towards 
their physical component(s). 

2.1 Physical parameters 

Stren&th S CdBJ 
The sound at the receiver's position is not as loud as the sound produced by the 
sound source. Due to absorption at the surface areas, a part of the sound energy is 
transformed nto heat. The amount of sound energy lost by absorption depends on the 
characteristics of the concert hall. This difference between the sound power of the 
sound source and the sound energy flux at the receiver's position can be calculated. 
But the sound power of the sound source is not always known. Therefore the strength 
is introduced: the sound pressure level at receiver position relative to the direct sound 
pressure at 10 meters from the omni-directional sound source: 
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1c- p 2(t) dt 
S = lOLOG--°""---

r· p2(t) . c101<1>2 dt JolJU o 

[dB] 

p = sound pressure at receiver position [N/m2
] 

Po= direct sound pressure at a distance of ci meter from the 
sound source [N /m2 

] 

, d = distance between the receiver position and the sound 
source [m] 

Reverberation time RT Csl 

Chapter 2 

[2.1] 

After the sound power of a sound source is switched off, the sound energy remains in 
the enclosed environment for a certain time, caused by reflected sound energy at the 
enclosures of the room. The energy reduces in time because of absorption at the 
surfaces. Reverberation time descnbes the time interval corresponding to 60 dB 
sound level reduction in a reverberation process. W.C. Sabine (Collected papers on 
acoustics, 1964) was the first to establish a quantitative relationship between reverbe
ration time, the volume of the room and the total amount of absorption applied in 
the room. The Sabine formula is: 

v RT= 0.161-
A 

[s] 

V = room volume [ m3
] 

A = total room absorption [ m1 
A = I:aiSi , with: 
ai = absorptioncoefficient of surface i [-] 
Si = surface area of surface i [ m1 

[22] 

A dynamic range of 60 dB is difficult to accomplish in practice. Therefore, the 
reverberation time is determined from the time needed for a 15 dB reduction 
(measured from -5 to -20 dB: RT3) or for a 20 dB reduction (measured from -5 to -
25 dB: RT4), and extrapolated to 60 dB. 

Early Decay Time EDT [sl 
The Early Decay Time describes the initial 10 dB reduction of the decay, expressed in 
the same way as the reverberation time. In a highly diffuse space where the decay is 
completely linear, the two quantities will be identical. In the direct field the EDT is 
smaller than the reverberation time. 
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EDT = 6.T10 [s] 

T10 = time needed for a 10 dB reduction of the initial portion of 
the sound [ s] 

Initial 1ime Delay Gap fsl 
The first thing a listener hears is the 
direct sound, which travels in a straight 
line from the source. This is followed by 
series of early reflections from the side 
walls, the ceiling, etc. Reflected sound 
has to travel further, so it will arrive la
ter than the direct sound. The Initial 
Time Delay Gap describes the delay of 
the first reflection after the direct 
sound. 

Direct sound 

I First reflection 

lnilial-lime
delay-gap 

I 
Other early reflections 

Time 

7 

[2.3] 

I 
Location 
In general, one localizes 
on the direct sound. 

Figure 1: Impulse response illustrating the Initial Tune 
Delay Gap [M. Barron, 1993} 

However, in the extreme situations of a very short-delay reflection ( < 5 
ms) or a high-level reflection with delay less than 50 msec, the apparent 
source moves towards the reflected sound. 

Echo 
Echo describes a delayed reflection (> 50 ms) sufficiently loud to annoy 
the listeners. If the time gap between direct sound and reflected sound 
is greater than 50 ms, the listener will hear it as an echo. Echo is most 
likely to occur in the front seats of large halls and in halls with a short 
reverberation time. If echo has not been avoided in the initial design of 
a hall changes must be made in the reflecting surfaces after the hall is 
completed. 

Clarity C.. fdBJ 
The ear is able to combine the energy of the early reflections with that of the direct 
sound. Therefore, reflections influence the ability to hear musical detail. Late 
reflections mix with the direct sound and cause a muddy quality of music. When the 
music is distinct reflections are early. 

There is a certain time limit involved for a reflection to be 'early' which 
depends both on the processing performed by the ear and on the music. A common 
value used for the limit which reflections contribute to clarity is 80 ms. 
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[dB] (2.4] 

p = sound pressure [N /m 2 
] 

Clarity is a function of the distance of the listener from the performer and is there
fore related to the intensity of the direct sound; it is also a function of the volume of 
the room and is therefore related to the sound level of the reverberant sound. Clarity 
will be satisfactory if the initial time-delay gap does not exceed 20 to 30 ms. Within 
that time the receiver can't distinguish reflected sound from direct sound. 

Lateral eneqy fraction LEF [-J 
A reflection is lateral when there is a time difference between its arrival at the near 
and far ear (inter-aural time delay). The lateral energy fraction is the spatial aspect of 
the perceived sound caused by the cross-correlation between the left and right ear 
signal. It is defined as the energy arriving laterally within 80 ms of direct sound as a 
fraction of the total energy arriving within 80 ms of direct sound. Lateral energy is 
measured with a figure-eight microphone with maximum sensitivity at right angles to 
the longitudinal axis of a hall. 

LEF = 
rsom.s E dt 

Jo z 

foso- E dt 
[-] [2.5] 

Bi = lateral energy [W] 
E = total random energy [W] 

In practice, the lateral sound starts after 5 ms. 

There are certain limits to the range of these qualities. In favour of good musical 
quality in concert halls the recommended values are: 

Quantity range 

Reverberation time 1.8 - 2.0 s 

EDT 1.8 - 2.0 s 

Clarity -2.0 - 2.0 dB 
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The literature used for these quantities: 
- M. Barron - Auditorium acoustics and architectural design - 1993 
- LL Beranek - Music acoustics and architecture - 1961 
- M. Barron - The subjective effects of first reflections in concert halls; the need for 
lateral reflections - 1971: (LEF) 
- V.L Jordan - Acoustical design of concert halls and theatres - 1980: (C~ RT,ED1) 
- AH. Marshall - A note on the importance of room crass-section in concert halls -
1967: (LEF) 
- D.D. Rife - Maximum-length sequence analyzer - 1992: (S) 

2.2 Perceptual parameters 

Loudness 
The loudness of a sound is probably directly related to the total nerve energy being 
sent to the brain from the ears. It is that subjective characteristic which is recognized 
as the intensity of the sensation. The loudness of sound is determined by the direct 
sound energy and the reflected sound energy. The direct sound energy is directly 
related to the sound power of the sound source and the distance between the sound 
source and the receiver. The energy in the reverberant sound is related to two 
variables, the intensity of the sound that does not travel directly to the listener, and 
the reverberation time of the hall with the audience present. Good halls achieve an 
adequate loudness in the hall's ~uditorium (measured with Strength). 

Definition 
Definition is the ability to hear musical detail and is therefore directly related to the 
clarity. H the music is not distinct, the successive tones mix with each other, because 
the running reverberation time is too long (measured with the EDT). The result is a 
muddy quality of music. 

Spatial impression 
Spatial impression can be described as feeling enveloped by the music. With spatial 
impression the music seems to 'fill a larger amount of space than is defined by the 
visual contours of a sound source. Without spatial impression it is like looking at the 
music, as through a window. Spatial impression is directly related to the Lateral 
Energy Fraction; more lateral energy gives a higher spatial impression. Other impor
tant parameters are sound level and frequency. 

Intimacy 
A hall has acoustical intimacy if music played in it sounds as though it is being perfor
med in a small hall. A listener's impression of the size of a hall is determined by the 
initial-time-delay-gap. It is claimed that the initial time delay gap should not be 
·1onger than 20 to 30 ms; if it is longer, the quality of intimacy is lost and the listener 
feels isolated from the source of sound. · 
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Subjective attributes of the perceptual quality (M. Barron,1993): 

Loudness: 
Reverberance: 
Definition: 
Spatial impression: 
Intimacy: 

loud -------------- quiet 
dead -------------- live 
muddy ----------- clear 
expansive --------- constricted 
remote -------------- intimate 

Literature used for subjective parameters: 
- M. Barron, 1993 
Auditorium acoustics and architectural design 
- LL Beranek, 1961 
Music acoustics and architecture 

Chapter 2 
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3 PROVISIONS 

As already discussed in the introduction, the music critics were not satisfied with the 
initial sound quality of piano recitals performed in the Frits Philips Hall. According to 
their critiscism, the sound source (piano) produced not enough sound energy ('the 
loudness was insufficient'), and there were too many late reflections with too much 
loudness ('music was swimming in space'). 

To solve these opposite problems the acousticians separated them and 
designed two kinds of provisions; one kind that should increase the direct sound, and 
one kind that should reduce the reverberant sound. Reflectors were designed for the 
lack of loudness of direct sound, and a curtain should absorb the late reflections in 
the reverberant sound. The theoretical background of the provisions is described in 
this chapter (M. Barron, 1993). 

3.1 Reflectors 

Insufficient loudness means a weak 
power of the sound source in rela
tion to the size of the hall. At the 
receiver's position, weak sound 
power results in a lack of loudness, 
definition, intimacy, and spatial 
impression. This problem requires 
short-delayed reflections to 
increase the 'sound power' of the 
piano. Reflections with hard, rigid, 
and flat surfaces reflect almost all 
incident sound energy, and 
therefore ensure an increase in 
loudness, spatial impression, 
intimacy and definition. The early Figure 2· Reflectors in the Frits Philips Hall in Eindhoven 
reflections within a time gap of 20 
to 30 ms increase the total early 
sound energy at the receiver position, improving the sound level (strength), the 
clarity, and the lateral energy fraction (M. Barron, 1993). 

The acousticians designed reflectors behind the piano, which should 
reflect the sound energy with a maximum time-delay gap of 20 to 30 ms. The zigzag 
formation of the reflectors should scatter the sound energy in all directions. 

3.2 Curtain 

Late reflections that are too loud cause the 'swimming' effect in the concert hall. Late 
reflections mix with later produced direct sound resulting in blurred music, especially 
when the reflections are too loud according to the loudness of the direct sound. A 
reduced sound energy of the late reflections reduces the reverberation time of the 
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Material: Beech wood 
Size of one panel: 1.2*2.4 m2 

, 0.02 m thick 
Number of reflectors: 9 pairs of panels 

< 20 to 30 ms 

Figure 3: Reflectors. The reflected sound energy must reach the listener within 20 msec. 

room and increases the clarity. 

Chapter 3 

The curtain behind the reflectors should absorb a proportion of the 
energy of late reflections, reducing the remaining sound energy. 

Material: Velour 

Size: 10*9 m2 

..... .. ......... .................. .... .......... 
···· ······· 

> 50 ms 

Figure 4: Absorption of late reflections through curtain. Reflections after 50 msec with too much sound 
energy must be avoided by absorption, because they annoy the listener. 
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4 PERCEPTUAL EXPERIMENTS 

This research investigated the influence of the reflectors and the sound-absorbing 
curtain on the acoustics of the Frits Philips Hall, in the physical as well as in the 
perceptual sense. The first concern of the research was to determine audible differen
ces due to the provisions. The perceptual effectiveness . of the provisions was found by 
means of a listening test, using piano 
music that was recorded in the concert 
hall with and without the provisions. 

This chapter describes the 
preparations done for the measure
ments, the measurements in the concert 
hall, and the listening test. 

4.1 Preparations 

The piano music was recorded in the 
concert hall with a sound source identi
cal to a piano and a receiver simulating 
a listener in the audience. Both source 
and receiver required preparations befo
re the measurements started. 

4.1.1 the grand piano 
Using the grand piano as a sound sour
ce was a problem, because the pianist 
was an uncertain factor. A pianist 
wouldn't perform the same pieces of 
music identically time after time, cert
ainly not in two different acoustical 
environments. But to simulate the piano 
with loudspeakers would be a complica
ted task, thus a repeatable sound source 
was required with identical radiation 
pattern as a grand piano. 

The radiation pattern 
(figure 5) of a grand piano is largely de
termined by the shape of the sound
board and the modal shapes of the vari
ous modes in which it vibrates (N.H. 
Fletcher, T.D. Rossing, 1991). The sou
ndboard converts some of the vibra
tional energy of the strings via bridges 
into sound energy. The radiation pattern 
is complicated by reflections from the 
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90·· 

I 
I 

10 0 IO 

- IHlolgr--·--1..to1,, ___ _ 

10 JO dB UI 

Figure 5: Radiation pattern (vertical plane) for a grand 
piano in the low, middle, and high registers (Meyer, 
1978) 

lid and from other parts of the piano structure, dependent on the frequency. In the 
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low register, the radiation is relatively symmetrical, but the radiation becomes more 
determined by the direction with higher tones, especially when the lid is opened. Th
ese qualities are too complicated to be reproduced by a loudspeaker. There will 
always be a difference between the piano music and the music from the loudspeaker, 
due to the directivity of the radiation. 

Still the measurements in different environments required exactly iden
tically repeated stimuli. Differences in acoustics could only be detected if clues other 
than acoustical clues were excluded. With that in mind, acoustical differences could 
only be detected with a repeatable sound source having a radiation pattern of a grand 
piano: 
Yamaha possesses a Disklavier Baby Grand Piano. This is a baby grand piano which, 
during playing is able to record all mechanical movements of the keys on a floppy 
disk. The disklavier can replay the recorded music endlessly, and with the correct 
radiation pattern of a grand piano. 

LP. van Aerde of 
Yamaha agreed to a 
contribution to the 
research by lending the 
Disklavier. Paul 
Hermsen, a professional 
pianist was invited to 
produce stimuli (of 4 to 
5 s) which were 
recorded on the diskette 
of the disklavier. 
Hermsen, a pianist with 
a good reputation, 
performed in the 
concert hall before. 
Thus he was able to 
produce accurate test 
stimuli for determining 
the acoustics of the 
concert hall. 

4.1.2 the dummy head 

Figure 6: Yamaha Disklavier in the Frits Philips Hall in Eindhoven 

Most recording systems don't receive sound pressure the same way human beings do. 
A human being is able to get a spatial impression of music due to differences in 
intensity and time between the two ears. The contralateral connections between the 
nerves of both ears make cross-correlation possible (figure 7). Binaural information 
(cues) is necessary to determine the location of the sound source. Time difference 
and difference in intensity between the two ears are two important cues of binaural 
kind in the proces of direction detection. 

In general, the distance between ears and sound source is different and 
there is a small difference in receiving time of the two ears. A time difference of 0.01 
ms is enough for direction detection of a sound source. 



Perceptual experiments 

There will also be a 
small difference in intensity be
tween the sound received at both 
ears. That is the result of the fact 
that the bead is an acoustical 
obstacle, if the bead is not turned 
towards the sound source. In that 
situation there is a difference of 
distance between the ears and the 
sound source, beard by the listener 
as an intensity difference. These 
two binaural processes make it 
possible that the auditory system is 
able to determine direction, and, 
also important in this research, the 
spatial impression of the sound 
source. 

The proces of 
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binaural hearing and the head as Figure 7: Contra lateral connections between the nerves of 
an acoustical obstacle are both ean (J. Blauert, 1983) 
necessary for simulating a listener 
in the audience. But most 
recording systems loose spatial information, like direction 
detection, due to mono-recording. Only a dummy head 
records the sound received at the two ears separately with a 
simulation of the human bead as an acoustical obstacle. In a 
dummy head, two microphones in place of the tympanum 
receive the sound pressure. The recorded sound is then 
already compensated for the auricle and the ear canal, and is 
directly useful for the listening test. 

4.2 The measurements 
Figure 8: The dummy 

The measurements in the concert hall for the perceptual head: KEMAR DB 4004 

experiment made it possible to compare piano music recorded 
in different acoustical environments. To reduce the number of comparisons to a 
useful minimum the number of situations on stage and the number of receiver 
positions was reduced to a tolerated minimum. The information required for the 
listening test was the effectiveness of the provisions for piano music in the Frits 
Philips Hall in Eindhoven. Thus the recorded situations on stage characterized the 
effectiveness of the provisions. And the receiver positions should characterize the 
difference in quality of piano recitals performed in this concert hall. 

4.2.1 situations on stage 
The actually used positions of the reflectors, the curtain, and the piano gave an enor
mous reduction of possible situations on stage, including most characteristics of the 
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effectiveness, because these positions were always used for piano recitals. The measu
rements with these positions made three comparisons possible: 

-piano music played in the concert hall without the provisions versus 
piano music played in the concert hall with a curtain; 
-piano music played in the concert hall without the provisions versus 
piano music played in the concert hall with the reflectors; 
-piano music played in the concert hall without the provisions versus 
piano music played in the concert hall with the reflectors and a curtain; 

Thus four situations on stage were measured, with the piano in the centre of the stage 
(2.6 m from the edge of the stage) and all stairs and desks of the musicians gone: 

-with a curtain; 
-with the reflectors; 
-with both provisions; 
-without the provisions. 

4.2.2 receiver positions 
To characterize the quality of the acoustics of the concert hall a minimum of eight 
receiver positions necessary in the concert hall (with the maximum number of seats). 
Four receivers were positioned on the symmetry axis of the concert hall, the other 
four were positioned laterally (table 1). One of each four receiver positions was in the 
direct sound field, one at the reverberant radius (7 m) and two in the diffuse sound 
field (the number of two in the diffuse field was chosen for the size of the diffuse 
sound field relative to the direct sound field). 

In the acoustical sense there was no real symmetry axis, with an 
unregular radiation pattern of the piano. But with one empty side of the concert hall 
during piano recitals (people like to watch the movements of the pianist's fingers), it 
seemed reasonable to measure only that lateral side which the audience prefers to 
occupy. 

Table 1: Receiver positions 

position: seat: 

1 32 

2 34 

3 22 

4 55 

5 10 

6 8 

7 6 

8 10 

row: 

3 

8 

14 

25 

24 

18 

30 

3 Figure 9: Receiver positions in the Frits Philips 
hall in Eindhoven used for the measurements 
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4.2.3 equipment 

1 

• 2...__ _ __, 3....___ _ __, 4....___ _ ___. 

Figure 10: The perceptual measurements in the Frits phi/ips hall in Eindhoven 

The perceptual measurements required the following equipment: 
1-Disklavier :Yamaha Disklavier 
2-dummy head :Knowles Electronics Manikin for Acoustic 

3-amplifier 
4-recorder 

Research DB 4004, no. 1218 
:B&K 2807 
:Sony DAT-recorder 

Level calibration for recordings with dummy head: 
soundlevel meter RION NLll 
DAT recording: white noise through octave band around 1000 Hz 64 dB 
Sound Pressure Level. 

17 

Sixteen test stimuli, recorded on the disklavier, with less than 7 sec duration, were 
played back under four different stage conditions and were received with the 
KEMAR dummy head at eight different positions in the hall's auditorium. The total 
recording session took about 5 hours. 

4.3 Listening tests 

During the listening tests the stimuli, recorded in different acoustical environments, 
were presented to several subjects. The intention of this test was to find the signifi-
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cance of audible differences in acoustics. Presenting stimuli to search for audible 
differences can be done in two different ways; with the same-different test and with 
the oddball test. 

With the oddball test the subject hears three stimuli, two equal stimuli 
and one different stimulus. The subject is asked which one differs. Thus with stimuli 
A and B, the possible combinations are ABB, BAB, and BBA (the task of the subject 
is to choose the place of A) and BAA, ABA, and AAB (the task of the subject is to 
choose the place of B). The advantage of this kind of test is that the task leaves out 
the subject's decision between different or equal. The disadvantage is the duration of 
one comparison, which makes the subject's task very difficult. To remember three 
musical stimuli, while choosing which one differs is very difficult. That asks a lot of 
concentration. In combination with the duration of the stimuli the oddball test will be 
very difficult for subjects. 

With the same-different test the subject hears two stimuli, which were 
recorded in a different acoustical environment or are equal. In other words, if the 
stimuli are A and B, the subject can hear AB, BA, AA or BB. The subject must deci
de if he/she hears two different stimuli or just one stimulus. The uncertain factor in 
this test is the subject's criterion whether the stimuli differ or are equal. The advanta
ges of this kind of test are the duration of this test (as short as possible) and presen
ting just two stimuli in one comparison. 

The same-different test was chosen to do the listening tests with. 
However, before the listening tests could be done, some preparations were required. 
The stimuli used in the listening tests were edited, and a computer program was 
designed to run the listening test. 

4.3.1 stimuli 
Not all stimuli were useful for the listening test. Of the total number of sixteen pairs 
of stimuli per position only four stimuli were used in the listening test. These four 
stimuli were chosen for possible audible differences in loudness, (running) reverbe
rance, definition, and spatial impression. This reduction of stimuli was necessary to: 

-reduce the number of comparisons in the listening test; 
-exclude useless stimuli having shuffles and other background noise. 

With clues other than acoustical ones the subjects could distinguish different samples 
by nonacoustical clues, and that would confound the test results. The stimuli, used for 
the listening test, were edited to exclude clues other than acoustical clues. 

At the Institute for Perception Research (IPR) the stimuli were edited 
with the program 'soundeditor', that allows editing of soundfiles. Thus the recorded 
samples on DAT-tape were stored digitally as soundfiles which were edited. All 
soundfiles were edited with a given length, a fade in at the beginning of the file, and 
a fade out a the end of the file: 

-The fade-in excluded the click at the beginning of the soundfile. The 
length of the fade in was always 100 msec, ending at the beginning of 
the music; 
-The total length of the soundfile was constant per stimulus class, to 
avoid a clue in duration of the soundfile. The soundfile stopped while 
the music had disappeared into the background noise; 
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fade in fade out 
Figure 11: Two channels of time responses. Piano music, recorded with the left and right ear of the dummy 
head is edited with the program 'soundeditor' at IPR. · 

-The fade-out varied in length. It started while the music disappeared 
into the background noise. The length of the fade-out depended on the 
length of the music, that changed due to differences in acoustics. The 
variance in length could give a clue, but the l~ngth of the fade out was 
chosen as long as necessary to reduce the audible clue of variation to a 
minimum. 

At every receiver position four stimuli were presented in a listening test. 
But not at every receiver position the same stimuli were used, because of the 
background noise. With the results, just four stimuli (stimuli a, c, j, and m) were 
checked on their differences in acoustics. · 

4.3.2 two listening tests 
The experiment contained two kinds of listening tests. In the first listening test four 
pairs of long stimuli ( 4 to 5 sec) were presented to the subjects. The stimuli were ran
domly presented at each receiver position. At most receiver positions the stimuli a, c, 
j, and m were presented to the subjects: 

-Stimulus a: 
contains characteristics of definition, decay time, and loudness of the 
higher tones; 
-Stimulus c: 
contains characteristics of definition, and loudness of the bass tones; 
-Stimulus j: 
contains characteristics of loudness, and definition· of soft tones; 



20 Chapter 4 

-Stimulus m: 
contains characteristics of definition, spaciousness, decay time and 
loudness of the bass tones. 

The results of the listening test are distributed as percentage correct answers per 
subject, receiver position, and per stimulus. A questionnaire after the first listening 
test with long stimuli was given as an indication of distinctive parts of these long 
stimuli. The criteria of the subjects were used to make the short stimuli for the 
second listening test. 

The second test presented randomly four pairs of stimuli with a length 
of 1 to 2 s. They were samples of the stimuli of the first test containing the part with 
audible differences of the longer stimuli and excluding the rest of the music that gave 
no audible clues in acoustics. These four short stimuli were chosen out of all long 
stimuli. Thus the second test used only four different pairs of stimuli: 

-Stimulus I: 
part of stimulus a at receiver position 2, and contains characteristics of 
decay time of higher tones; 
-Stimulus Il: 
part of stimulus m at receiver position 4, and contains characteristics of 
clarity and loudness of the middle frequencies; 
-Stimulus ill: 
part of stimulus a at receiver position 8, and contains characteristics of 
loudness of higher tones; 
-Stimulus IV: 
part of stimulus m at receiver position 8, and contains characteristics of 
definition, and loudness of bass tones. 

4.3.3 computer program 
The same-different test required a computer program to run the test. Creating this 
program (appendix 1), it was necessary to point out the layout of the listening test: 
1- Four kinds of samples were presented per receiver position in random order to 
reduce the number of comparisons, and simulating the variability of a concert; 
2- The four pairs of soundfiles were presented randomly; to avoid a learning effect in 
the discrimination, based on remaining nonacoustical clues; 
3- The situation without provisions was only compared with the situation with all 
provisions, because the differences were small and it gave a reduction of the number 
of comparisons; 
4- In the first listening test there were eight blocks of trials at every receiver position. 
Receiver positions were presented in constant order. The quality of music recorded in 
the direct field differs a lot with music recorded in a diffuse field. This way the sub
jects weren't confused by great acoustical changes in different receiver positions; 
5- Per position a constant number of stimuli were compared; 
6- An input file contained the four pairs of soundfiles; 
7- The probability of presenting equal or different files were 50% to 50%; 
8- The subject answered after each comparison; 
9- The total number of right answers were added and displayed as a percentage of the 
total number of answers (per test). This was the percentage correct; 
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10- Information like the position and situation, the subject's answer, the right answer, 
and the percentage correct answers was stored in an output file; 

1 2 

3 4 

• 
· . . . . . . . · . ·. 

5 6 -
. . . 
:: 
:: .· 

Figure 12: Equipment for the listening tests with piano music 

4.3.4 experiment 
The experimental setup is shown in figure 12. 
1-white noise :Rauschgenerator RG-1, Goltermann/Reutlingen type 1691 
2-attenuator :IPO digital attenuator 
3-soundfiles :produced by computer Iris/INDIGO 
4-attenuator :IPO digital attenuator 
5-adding device :AMS-MIG 2028-709 
6-power amplifiers :Philips, PM 5175 DC-1 
7-earphone :tubephone ER-2, Etymotic research 

During the test, the subject sat in an insula
ted room, the Silence Centre. The subject 
answered by push-buttons (one 'equal'-button 
and one 'unequal' -button). The population of 
subjects contained people with a variation in 
age and in experience in music listening. 

The samples were presented by 
two special earphones (figure 13). The sam
ples were presented at the same sound level 
as measured in the concert hall. This was 
possible with a calibration sound of white 

--------------------------.......... 

Figure 13: Insert earphones (ER-2) with sound 
tube (one of pair shown) 



22 Chapter 4 

noise through octave band around 1000 Hz ( 64 dB sound pressure level) as a level 
calibration. 

4.3.S sensitivity 

unequal stimuli 

subject says unequal 

I 

-4 
I 

False 
alarms 

-3 

Criterion 

-2 . -1 

equal stimuli 

Correct 
rejections .. 

unequal stimuli 

Criterion 

subject says unequal 

Hits 

3 4 

Subjective intensity of difference 

Figuur 14: Possible outcomes of a same-difference test 

4.3.S sensitivity 
With · the same-different test the subject establishes a subjective difference as a 
criterion for reporting unequal stimuli (B). When a comparison of two stimuli exceeds 
the criterion, the observer answers'unequal'. The subject creates his/her own three 
peaks of the probability of the subjective differences between two stimuli. Deciding 
on a particular criterion the subject obtains a particular combination of proportions of 
hits and false alarms. When the subject is sensitive the distance between the 'hit 
peaks' and the 'correct-rejection peaks' is large. The subject can distinguish differen
ces between the stimuli. When the subject has a few false alarms and hits , the 
criterion and the index of sensitivity ( d') can be calculated. 

4.3.6 analysis of variance 
With the Analysis of Variance test (ANOVA) differences within the sets of the three 
populations (subjects, receiver position, and stimuli) were found. ANOV A gave the 
answer to the question whether there are any significant differences between the sets, 
if more than two sets of measurements on the same experimental variable were 
obtained. 

H there is no significant variation among the means, arising by random 
sampling from populations of one set with equal means, the population varianceesti
mated from the set should be essentially the same as that estimated from the single 
populations. The test for determining the significance of the differences between two 
variances is the F test. F is a ratio of two variances. The two estimates of population 
variances are achieved, one from the means and one from the single observations. 
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The between-sets square MSi, is therefore computed by the formula: 

[3.1] 

di =deviation of a set mean from the mean of the population 
k - 1 =degree of freedom with k sets 
n =number of cases in every set 

Assumed that the variances within the different samples are equal except for random 
fluctuations, the sums of squares from ·all sets may be combined in order to obtain 
from this source an estimation of the population variance. 

In terms of a formula, the within-sets mean square (MSw) is computed 
from the within-sets sum of squares by the equation: 

MS = w 

:Ex2 

k(n - 1) 

x = deviation of case n from the mean of the set 
k(n - 1) = degree of freedom 

For one way analysis of variance, Fis defined as: 

MSb 
F=

MSw 

[3.2] 

[3.3] 

The null hypothesis tested by formula F is that there are k independent random 
samples from the same normally distributed population so that 

E(X) = µ [3.4] 

for all k treatments, and that 

[3.5] 

for all treatment variances. 

The significance of F is determined by reference to the theoretical F, the required F. 
If the obtained F (Pr) is greater than that required for significance at the .01 point, 
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than there is a sufficient reason for rejecting the null hypothesis. The analysis of 
variance uses four stated requirements: 

1 The sampling within sets should be random, which, as usual, means 
observations that are mutually independent and have equal opportunity 
to occur. 
2 The variances from within the various sets must be approximately 
equal. The within-sets mean square is commonly the denominator of F 
ratios, and consequently much depends upon its accuracy. Much variati
on among set variances leads to suspicion of an inaccurate estimate of 
the population variance from within sets. 
3 Observations within experimentally homogeneous sets should be from 
normally distributed populations. F is mathematically a ratio of two chi 
squares (a normally distributed population), each divided by its ap
propriate degree of freedom. 
4 The contributions to total variance must be additive. The necessity to 
assume independence of the deviations between and within sets allows 
to say that the total variance is a simple sum of the two contributing 
variances. 
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5 RESULTS PERCEPTUAL EXPERIMENTS 

5.1 First listening test (appendix 2) 

Four long stimuli were presented to 24 subjects in a same-different test. The stimuli 
were recorded in the Frits Philips Hall in Eindhoven with and without the provisions. 
The task of the subject was to distinguish unequal stimuli from equal stimuli. If 75% 
of the subjects answers were correct the conclusion is that the subject could detect a 
significant difference in stimuli. 

The stimuli were presented randomly at eight receiver positions in the 
hall's auditorium. The results of the test are presented here per subject, per stimulus 
and per receiver position 

All subjects 
The mean score of all subjects was 57%. The sensitivity of the subjects was low 
(appendix 2). The subjects scored a few hits and a lot of false hits. 
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Figure 15: Distribution of scores for all subjects. 24 Subjects were presented long 
stimuli of piano music with a same-different test. 
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Four stimuli 
The mean score per stimulus was between 49 and 56%. The subjects achieved high 
scores with stimulus j. Yet, that stimulus had a nonacoustical clue in the background 
noise. 
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Figure 16: Stimuli a and c. Four long stimuli of piano music were presented randomly with a same-different 
test to 24 subjects at all receiver positions. 
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Figure 17: Stimuli j and m. Four long stimuli of piano music were presented randomly with a same-different 
test to 24 subjects at all receiver positions. 



Ei&ht receiver positions 
The mean score per receiver position was between 51 % and 58%. The subjects 
achieved high scores at receiver positions 4 and 6. 

., 
ti 
GI 

:a 
::J ., 
0 ... 
GI 
.c 
E 
::J 
c 

.., 
0 
GI 

:a 
::J ., 
0 
;; 
.c 
E 
::J 
c 

10 

g 

8 

7 

8 

5 

4 

3 

2 

10 

g 

8 

7 

8 

5 

4 

3 

2 

Distribution of scores for position 1 
for all subjects 

o 5 10 t5 20 25 30 35 <40 .cs so 55 eo 85 70 75 eo 85 90 95 100 

percentage correct[%] 

Distribution of scores for position 2 
for all subjects 

o 5 to 15 20 25 30 35 <40 .cs so 55 llO es 70 75 eo as 90 95 too 
percentage correct[%] 

Figure 18: Receiver positions 1 and 2. At eight receiver positions in the hall's auditorium 20 comparisons of 
stimuli were presented to 24 subjects. 
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Figure 19: Receiver positions 3 and 4. At eight receiver positions in the hall's auditorium 20 comparisons of 
stimuli were presented to 24 subjects. 



30 

.!!? 
0 
<ll 

"E 
:i 

"' 0 ,_ 
<ll 

..0 
E 
:i 
c 

.!!! 
0 
<ll 
"E 
:i 

"' 0 ,_ 
QI 

..0 
E 
:i 
c 

10 

9 

a 

7 

a 

5 

4 

3 

2 

10 

9 

a 

7 

a 

s 

4 

3 

2 

Distribution of scores for position 5 
for all subjects 

o s 10 15 20 25 30 35 ~ 45 so ss 80 65 70 75 ao 85 90 95 100 

percentage correct[%] 

Distribution of scores for position 6 
for all subjects · --. 

o s 10 1s 20 25 30 35 ~ 45 so 55 80 eis 70 75 eo 85 90 95 100 

percentage correct(%] 

Chapter 5 

Figure 20: Receiver positions 5 and 6. At eight receiver positions in the hall's auditorium 20 comparisons of 
stimuli were presented to 24 subjects. 
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Figure 21: Receiver position 7 and 8. At eight receiver positions. in the hall's auditnrium 20 comparisons of 
stimuli were presented to 24 subjects 
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The questionnaire, given to the subjects after the test, showed that subjects heard 
differences in reverberance, definition, spatial impression, and loudness. A small 
amount of subjects heard nonacoustical clues, but they were not able to use that 
information when the stimulus was presented again. 

This population of subjects was tested with ANOV A, to find significant 
differences within the populations (subjects, stimuli, or receiver positions). But 
ANOVA requires some starting points the populations need to fulfil: 
-Random presenting of subjects, stimuli and receiver position. The receiver positions 
were presented in constant order. To test the subjects on a learning effect, two 
subjects did the whole test three times during one week. They showed no learning 
effect in the test results. Thus the receiver positions could as well be presented 
randomly. 
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Figure 22: Leaming effect. The whole listening test was presented to two subjects three times. Leaming effect: 
if the scores of session 3 are better than session 1. 

-General distibution of results. The distribution of scores for all subjects (figure 15) 
shows a general distribution of scores. 

Thus the populations of the listening test were able to test with ANOV A The 
subjects (and the receiver positions) showed a significant difference within the 
population of subjects, because the obtained F-value (Pr) is significant smaller than 
the required F-value (F). In other words, the deviation in scores for one subject is 
greater than the deviation of the whole population. 
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Table 2: ANOVA for all subjects, presented 
long stimuli with same-different test 

source Pr> F 

stimulus 0.7225 

receiver position 0.1420 

subject 0.0001 

stimulus*receiver position 0.9868 

stimulus *subject 0.0367 

receiver position*subject 0.9023 

33 

Eight scores of subject were picked out with less significant differences within the 
population of subjects to find better results for the listening test (experienced 
subjects). The criterion used to choose the 'experienced subjects' was a total score of 
57% for the listening test. The population of subjects is still slightly significant 
different. Yet, less significance than this group of subjects was impossible to obtain. 

Table 3: ANOVA for experienced subjects, presented 
long stimuli with same-different test 

source Pr> F 

stimulus 0.9164 

receiver position 0.1413 

subject 0.0653 

stimulus*receiver position 0.9955 

stimulus* subject 0.9111 

receiver position*subject 0.3080 

With this group the distributions of subjects, stimuli, and receiver positions is 
presented again. 
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All e;merienced subjects 
The mean score of the experienced subjects was 61 %. 
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four stimuli 
The mean score per stimulus was between 59% and 65%. The subjects achieved high 
scores with stimulus j, the one with the background noise. 
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Ei2ht receiver positions 
The mean score per receiver position was between 53% and 68%. The subjects 
achieved high scores at receiver positions 4 and 6. 
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Figure 28: Receiver positions 5 and 6. Distribution of scores for 8 experienced subjects. 
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5.2 The second listening test (appendix 3) 
Four short stimuli were presented to 13 subjects in a same-different test. The stimuli 
were samples of the long stimuli, presented in the first listening test, and were chosen 
by the subject's descriptions. the task of the subject was to distinguish the unequal 
stimuli from the equal stimuli. If 75% of the subject's answers were correct, the 
conclusion is that the subject hears a significant difference in stimuli, caused by the 
provisions. The stimuli were presented randomly. 

EU)erienced subjects 
The mean score of all subjects was 68%. The subjects are more sensitive than in the 
first listening test, achieving more hits and less false alarms. The subjects are able to 
distinguish some differences in acoustics, although the differences are small. 
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Figure 30: All subjects. 13 Subjects were presented randomly short stimuli of 
piano music with a same-different test. 
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Four stimuli 
The mean score per stimulus was between 62% and 78%. The subjects achieved 
scores with Stimulus II above signification threshold. That stimulus should indicate a 
difference fu definition and loudness of the middle frequencies. 
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The populations of this test were tested with ANOVA. The stimuli (and subjects) 
showed a significant difference within the population (the obtained F-value (Pr) is 
significant smaller than the required F-value (F). Thus the deviation of scores within 
the sets of stimuli is greater than required. 

Table 4: ANOVA for all subjects, presented 
short stimuli with same-different test 

I source II Pr> F 

stimulus 0.0298 

subject 0.6386 

subject*stiIDulus 0.0522 

I 

A group of scores was chosen with less significant differences within the population to 
find better results for the listening test (experienced subjects). 

Table 5: ANOVA for experienced subjects, presented 
short stimuli with same-different test 

I source II Pr> F I 
stiIDulus 0.5558 

subject 0.9911 

subject*stiIDulus 0.0798 
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Ex.perienced subjects 
The mean score of the experienced subjects was 73%. 
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Four stimuli 
The-mean score per stimulus was between 62% and 78%. The subjects achieved high 
scores with stimulus N (above signification threshold). That stimulus should indicate 
a difference in the combination of definition and loudness. 
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6 CONCLUSIONS OF PERCEPTUAL EXPERIMENTS 

The first listening test shows no significant differences caused by the provisions. No 
scores reached to the 75% of signification threshold. The subjects scored a small 
amount of hits but not a lot of false alarms; their sensitivity was low and their 
criterion was high (appendix 2). With percentages close to 60% the subjects where 
not able to distinguish differences in acoustics. Because this listening test simulated a 
piano recital in the Frits Philips Hall, the conclusion is that the differences in the 
acoustics due to the provisions are not audible in piano recitals. But, presenting short 
stimuli with the intention to find the small differences in acoustics, there are differen
ces close to signification threshold. Per stimulus the score of one stimulus (IV) is even 
above 75%. This stimulus indicates differences in definition and loudness of the 
middle frequencies. The subject is more sensitive (Appendix 3), with a reduced 
number of false alarms and an increased number of hits. 

Thus the conclusion that the provisions aren't effective in practice can't 
be made. The combination of small differences and the difficulty of the test (including 
the second test) made the subject's task very difficult. This is indicated by a concen
tration test (appendix 4 ). The mixture of stimuli in combination with the small 
differences complicated the task of the subjects and asked a lot of concentration to 
get good results. As soon as the concentration flooded away, the subject didn't hear 
the differences between two unequal stimuli. 

But, without the provisions there was a lot of critiscism of the acoustics 
for piano recitals. If the problems would be solved, the differences should be distinc
tive in a test that simulates a piano recital (the first listening test). And that was not 
the case. Thus the differences are too small to distinguish differences in acoustics for 
piano recitals. 
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7 PHYSICAL EXPERIMENTS 

The physical part of this research show the differences in acoustical quantities due to 
the provisions. Therefore measurements were done in the concert hall. Again in the 
four situations on stage, at the same receiver positions in the audience, but with other 
equipment. That is discussed in this chapter. 

8.1 Maximum Length Sequence System Analyzer 

The physical part of the experiments was done with the computer program Maximum 
Length Sequence System Analyzer (MLSSA). This is a single channel analyzer, based 
on maximum-length sequence. This computer program requires a monopole ·sound 
source and two kinds of receivers (a monopole and a dipole microphone, necessary to 
measure the LEF). The microphone is directly connected to MLSSA, that generates 
an impulse response out of the electric signal of the microphone. From the impulse 
response in MLSSA (figure 36) a wide range of important functions are derived by 
computer-aided post-processing (for this research the EDT, the LEF, the ~ the RT, 
and the S are calculated). 
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Figure 36: Impulse response generated by MLSSA. From this impulse response acoustical quantities can be 
calculated. 

To compare the results of the physical measurements with the results of the perceptu
al measurements, the sound source was placed at the piano's position, and the mi
crophone at the eight receiver positions of the dummy head. 
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Figure 37.· The layout of the physical experiments 

In the physical experiments the following equipment was used: 
1-microphone :Neumann KM 88 
2-amplifier :Shure (DD) no. 1893 
3-personal computer :Commodore 286SX-25, 4 

4-noise generator 
5-sound source 

mbyte RAM, with MLSSA-I/O 
chart and program 
:Meyvis RGl 
:The LvA monopole sound 
source 

Chapter 7 
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8 RESULTS PHYSICAL EXPERIMENTS 

In this chapter the RT, EDT, Clarity, LEF, and S are discussed separately. In detail, 
all quantities are presented in figures for the receiver positions 4 and 6, because these 
positions had the highest scores in the listening test. 

Reverberation time <RT3 and RT4) 
The RT is averaged over all receiver positions and shows the reduction per octave. 
Figure 38 shows that the pn;>Visions decrease the reverberation time with 02 s over 
the whole frequency range. Below 500 Hz the reflectors have more influece on the 
acoustics of the concert hall than the influence of the curtain, but above 500 Hz the 
influence of the curtain is greater than of the influence of the reflectors; 
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Figt.lll 38: Reverberation time, influenced by the provisions. RT3 is averaged over all receiver positions and 
shows the reduction in RT per octave. 
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Figure 39: Reverberation Time, influenced by the provisions. RT4 is averaged over all receiver positions and 
shows the reduction in RT per octave. 
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Position 4 
In the frequency range of 500-1000 Hz a maximum difference of 0.3 sis measured for 
the RT3. 
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Figure 40: Reverberation time at position 4. Differences in frequency range 5{)()-1000 Hz. 

At the frequencies 125 and 250 Hz the provisions cause a difference less than 0.1 s. 
And at the frequencies 2000 and 4000 Hz the RT3 reduces 0.12 s due to the 
provisions 

The reduction of the RT3 is caused by the curtain. At 500 and 1000 Hz 
the reflectors also cause a reduction in the RT3. 
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Position 6 
The differences in RTI at position 6 occur above the 500 Hz octave. The frequency 
range 1000-4000 Hz shows a reduction of 0.2 s. 
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Figure 41: Reverberation time at position 6. Differences in RT3 in the frequency range 1000-4000 Hz. 

The curtain reduces the RT3 at position 3 above 500 Hz. The reflectors cause a 
reduction of 0.1 s at the frequencies 1000 and 2000 Hz. 
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Early Decay Time 
Averaging the EDT over all receiver positions, the provisions reduce the EDT over 
the frequencies above 250 Hz. The reduction is 0.3 s for the frequencies above 1000 
Hz. The reflectors and the curtain are both responsible for this reduction in decay 
time. They show a similar influence on the EDT of the concert hall; 
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Figure 42· Early Decay Time, influenced by the provisions. EDT is averaged over all receiver positions and 
shows the reduction in EDT above 250 Hz. 
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Position 4 
The maximum difference in EDT occurs at 125 Hz (0.8 s). But that is an increase, 

while the EDT should reduce. 

Early Decay Time 
at position 4 

2.5 
2.4 
2.3 
2.2 
2.1 

2 
1.9 

~ 1.8 
I-

1.7 c 
UJ 

1.6 
1.5 
1.4 
1.3 
1.2 
1.1 

125 250 500 1000 2000 4000 
Frequency [Hz] 

---reflectors+curtain 

-+-
reflectors 
~ 

curtain 

-a
none 

Figure 43: Early Decay Time at position 4. Differences occur at the frenquencies 125 and 500 Hz. 

A reduction occurs above 750 Hz (maximum reduction of 0.46 s at 4000 Hz). 
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Position 6 
At position 6 the provisions have a very small influence on the Early Decay Time. 
Only at 125 Hz there is a difference in EDT (0.3 s). 
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Clarity 
Averaged over all receiver positions, the provisions increase the clarity. At 125 Hz 
there is a minimum increase of 1.1 dB and at 250 Hz the difference in C80 rises to a 
maximum of 2.3 dB. 

Figure 46 shows the C80 per receiver position, averaged over the fre
quency range from 250 to 2000 Hz. In diffuse field the influence of the provisions is 
more than in direct field (receiver positions 3 to 6 versus receiver positions 1, 2, 7, 
and 8), and in lateral positions the influence is more than in front of the stage 
(receiver positions 5 to 8 versus receiver positions 1 to 4). In general, the influence of 
the provisions is an increase smaller than 1 dB in direct field and an increase between 
1 and 2 dB in diffuse field (except for position 1 ). 
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Figure 45: Clarity, influenced by the provisions. C80 is averaged over all positions and shows the increase of 
c80 over the whole frequency range. 



Results physical experiments 61 

Clarity 
averaged over the frequency range .. 

reflectors+curtain -reflectors 

~ 
curtain 

WEI 
none 

2 3 4 5 6 7 8 
receiver position 

Figure 46: Clarity indicating the influence of the provisions. CIKI is averaged over the frequencies and shows 
the increase of CIKI per position. 
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Position 4 
The clarity at position 4 shows a minimum difference of 1.7 dB, and a maximum 
difference at the 125 Hz octave of 3.8 dB. 
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Figure 47: Qarity at position 4. Maximum difference of 3.8 dB at 125 Hz 

The reflectors cause the increase of clarity over the whole frequency range. Above 
500 Hz the difference in clarity is increased due to the curtain. 
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Position 6 
The clarity at position 6 shows differences between 0 and 4 dB. In the 125 Hz octave 
the clarity reduced with 0.9 dB. 
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Figure 48: Clarity at position 6. Maximum difference at 250 Hz (3.6 dB). 

At 125 and 1000 Hz the reflectors cause a reduction in clarity. At the other frequen
cies the reflectors cause an increase in clarity of more than 1 dB (maximum of 3.2 dB 
at 250 Hz). The curtain increase the clarity over the whole frequency rang with a 
maximum of 1.2 dB at 4000 Hz. 
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Stren2(h 
The S, averaged over the receiver positions, shows a reduction due to the provisions 
below the 500 Hz octave and an increase above the 500 Hz octave. The increase does 
not reach 1 dB. 
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Figure 49: Strength, influenced by the provisions. S is averaged over all receiver positions. Sref is the strength 
without the provisions. 

The curtain reduce the strength above 125 Hz with a maximum of 0.6 dB at 4000 Hz. 
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Position 4: 
At position 4 the positions reduce the strength below 750 Hz and increase the 
strength above 750 Hz. The maximum reduction is 1 dB at 2000 and 4000 Hz. 
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Figure 50: Strength at position 4. Above 500 Hz an increasion caused by the provisions . 

. 
The influence of the provisions is dependent on the influence of the reflectors. The 
curtain causes a reduction of around 0.5 dB 
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Position 6: 
At receiver position 6 the provisions cause an increase with a maximum of 0.7 dB at 
1000 Hz. 
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Figure 51: Differences in Strength through the provisions. Std is the strength in the position without 
provisions 

The reflectors determine the influence of the provisions. The curtain gives a 
reduction to the strength with a maximum of 0.7 dB at 4000 Hz. 
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Lateral enem fraction CLEF) 
The LEF , averaged over the frequency range 125-1000 Hz, increases in positions 
with side walls nearby. In direct sound areas (position 8) the LEF increases 0.08, and 
in diffuse sound areas (positions 4, 5) the LEF increases with a maximum of 0.04. But 
in diffuse field areas without side walls nearby (positions 3, 6, 7) the LEF reduces 
(maximum reduction 0.15). 
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Figure 52: Lateral energy fraction, influenced by the provisions. LEF is averaged over the frequency range 
and shows the differences per position. 
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Position 4: 
The influence of the provisions depends on the frequency. A maximum reduction is 
reached at 125 Hz (0.8), and a maximum increase is reached at 250 Hz (0.3). The 
influences of the reflectors and curtain are not obvious. 
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Figure 53: LEF at position 4. Differences in acoustics dependent on lhe frequency. 
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Position 6 
There are hardly any differences measured in position 6 for the LEF (maximum 0.03). 
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Initial Time Delay Gap at positions 4 and 6 
The initial time delay gap at position 4 with and without the provisions is 20 ms. That 
means that there was no problem with late reflections at receiver position 4. Thus the 
fact that the initial time delay gap doesn't change is not important. But at position 6 
there was a problem with reflections arriving after 30 ms (figure 55). With the 
provisions the early reflections arrive earlier, although the initial time gap doesn't 
change. The reflections arriving after 30 ms in the situation without the provisions, 
arrive 17 ms earlier. That means that the proportion of early reflections within 20 to 
30 ms increased at receiver position 6. 
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Figure 54: Impulse response at position 4 
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9 CONCLUSIONS OF PHYSICAL EXPERIMENTS 

The predictions were that the combination of the reflectors and the curtain should 
increase the clarity, the strength, and the LEF, while the reverberation time and the 
EDT should reduce. The practical influence was sometimes different: 

Reverberation Time and Early Decay Time; 
The provisions should reduce the RT and the EDT and they do reduce the RT with 
0.2 s. The provisions also reduce the EDT, although the provisions cause no differen
ces below 250 Hz. Above 250 Hz the EDT reduces 0.3 s. 

It was not predicted that the reflectors influence the RT and the EDT, 
but they do cause a small reduction. Probably the reflectors do absorb an amount of 
the sound energy in the cavity between the reflecting panel and the linen covering at 
the back of the reflecting panel. 

Clarity 
The provisions increase the clarity with a maximum of 2.3 dB at 250 Hz. In direct 
field they increased the Cao with a maximum of 1 dB. In diffuse field the provisions 
had more influence (1.7 dB). Only receiver position 1 shows a reduction in Csi while 
that position should theoretically show an increase (explanation in appendix 6). 

Stren&fh 
The provisions decrease the S below 500 Hz, and increase the S above this octave. 
The intensity of the piano recitals already was too low, thus the provisions have the 
wrong influence on the strength. 

Lateral Enem Fraction 
Also the LEF should theoretically increase. The results show that the LEF depends 
on the presence of side walls and the kind of sound field. The LEF increases in areas 
with side walls by both provisions and in direct field by the reflectors (maximum 
difference 0.08). On the contrary, in diffuse field without side walls the LEF reduces 
with a maximum of 0.15. It is possible that the curved formation of the reflectors 
cause a reduction in the proportion of lateral sound energy (due to a concentration of 
reflections at the positions in front of the piano). If that is the case the LEF reduces. 

Position 4 
The differences at position 4 are large due to the provisions, except for the initial 
time delay gap. The RT reduces 0.3 s over the frequency range 500 - 1000 Hz. The 
EDT reduces above 750 Hz with a maximum of 0.5 s at 2000 Hz and increases at 
below 750 Hz with a maximum of 0.63 s at 125 Hz. The OJo increases with more than 
2 dB, except for the freqency range 250 - 500 Hz, the LEF shows an enormeous 
increase at 250 (0.32) but a reduction of 0.17 at 500 Hz. The strength shows small 
increase of 1 dB above 50 Hz and a reduction less than 1 dB below 750 Hz. 

Position 6 
The RT reduces 0.2 sec above 1000 Hz, the EDT reduces with 0.3 sec above 500 Hz, 
the clarity increases less than 1 dB except for 250 Hz (a reduction of 3 dB and 4000 
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Hz (an increase of 2.7 dB). The differences in strength are less than 1 dB and the 
LEF hardly changes. Yet, the initial time delay gap shows a reduction of 0.17 ms. 
That resluts in an initial time delay gap of 20 ms (within the required range). 

This enumeration shows that the physical effectiveness of the provisions is small and 
sometimes even defective. 
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10 DISCUSSION 

The differences just found in the physi
cal quantities are small, but may be 
audible. The literature provides two 
relations between perception and phy
sics. The first here described is the 
discrimination of decay time (M.P.R. 
van den Broeck, VJ. van Reuven, 
1983). Translating decay time to rever
beration time and early decay time the 
reference decay time is the RT of the 
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Frits Philips hall; 1.8 - 2.0 sec on the Figure: Decay discrimination [M.P.R. van den Broec
frequency range of 500 - 1000 Hz. The ke, VJ. van Heuven, 1983] 
discrimination threshold of reverbera-
tion and EDT is, according to figure 57, 0.18 - 0.20 sec. 

The second relation between subjective 
and objective differences is the discrimi
nation in intensity. Weber's law indica
tes that a difference of 1 dB in intensity 
level can be discriminated, presupposed 
that the intensity level is above 35 dB in 
case of piano recitals (M. W. Matlin, 
HJ. Foley, 1983). This 1 dB discrimina
tion can be used for the strength and 
the clarity. 

With this knowledge the 
objective differences of the physical re
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search are Connected to the Subjective Figure: Intensity discrimination [Matlin M.W., Foley HJ., 1983] 

differences: 
-Reverberation Time: The provisions reduce the reverberation time with 0.2 sec. With 
a reference reverberation time of about 2 sec for the Frits Philips hall, this difference 
is the minimum difference for discrimination; · 
-Early Decay Time: Above 500 Hz the early decay time reduces with 0.2 sec through 
the provisions. That is also 10% of the reference early decay time (early decay time 
of the Frits Philips hall), thus at discrimination threshold; 
Clarity: The provisions increases the clarity with 1.1 dB at 125 Hz, that difference 
rises by octave till 2.2 dB at 4000 Hz. The increase in the clarity is thus at all 
frequencies and audible at all receiver positions (except for receiver position 1 ); 
-Strenith: Audible differences are reductions (-1 dB at 125 Hz and 2000 Hz, and -1.5 
dB at 1000 Hz). At position 4 the difference in strength at the 125 Hz octave is -1 dB 
and changes to 1 dB at the 4000 Hz octave. At position 6 there are no audible diffe- . 
rences measured; 
-Lateral Energy Fraction: The differences are dependent on the presence of side walls 
(increase with side walls versus reduction without side walls), and the reflections 
increase the LEF in direct field. 
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And the perceptual experiment can be connected to the physical results: 
-Stimulus I: 

a percentage correct of 68% indicates a small, not significant, difference 
in decay time for higher tones. With a difference in reverberation time 
and decay time of almost 10% at frequencies above 1000 Hz, the phy
sical experiments affirm the perceptual experiments. 

-Stimulus II: 
a combination of definition and loudness of higher tones at receiver 
position 4 results in a percentage correct of 74% in the group with all 
subjects. At receiver position 4 the physical results show a difference in 
clarity above discrimination threshold for frequencies above 1000 Hz. 
The strength is for these frequencies just above discrimination thres
hold. The combination of these two is almost audible. The perceptual 
results are related to the physical results. 

-Stimulus ID: 
a loudness test of higher tones in direct field gives a percentage correct 
of 74%, at signification threshold. The difference in strength in position 
1 shows a difference (reduction !!) of 1.7 dB at 1000 Hz and that is 
indeed above discrimination level. 

-Stimulus IV: 
a combination of definition and loudness of bass tones in direct field 
gives a percentage correct of 78%. That is above significance threshold. 
And that is confirmed by the clarity, the strength (although possibly a 
reduction), but not by the EDT. The relation between perceptual results 
and physical results is questionable. 

The conclusion of this chapter is that there is a relation between the physical results 
and the perceptual research. Although the perceptual results are easy to manipulate 
with. But with good starting points the perceptual results show the audible differences 
in acoustics for piano recitals. And the results are from both experiments that the 
differences are small. The effectiveness of the provisions is less than theoretically 
predicted. These results would conclude that the Frits Philips with provisions still has 
inadequate acoustics for piano recitals. But the critiscism has struck dumb after the 
provisions were purchased. The reason why is that the total effectiveness of the 
provisions deals also with other aspects besides the effectiveness of the provisions 
themselves: 

- yisual aspect: Besides the fact that people can actually see that somet
hing has changed, the provisions also reduced the stage's size. Therefore 
the piano looks bigger and the audience may think the distance between 
them and the piano is smaller. As a result the piano music seems to be 
louder, and there is more subjective intimacy; 
- pianist's play: The performance of the pianist depends on the response 
of the hall. With a fast response the pianist 'let himself go', as Hermsen 
(the pianist who played the piano for this research) described. The 
partitions, close to the piano, reflect the piano music very fast, thus the 
pianist get a fast response of the hall. The result is a better perfonnan-
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ce of the pianist. To prove this effect a piece of music (Franz Liszt: 
Isolde's Liebestod from Tristan und Isolde), played the Hermsen in 
the centre and at the side of the stage, was recorded. In the centre of 
the stage the piece of music lasted 1.57 s, at the side of the stage 1.54 s. 
The difference is less than 10%. The effect is thus not acoustically audi
ble and purely an effect of the quality of the performance. 
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These two additional aspects were not measured in this research. But, when the 
acoustics of the concert hall without the provisions were as bad as the reviewers 
suggested, the provisions, including all aspects, can not have solved all the problems 
with piano recitals. 

Within the scheme of this investigation it was not possible to research 
possible improvements of the acoustics through other use of the provisions. But 
without an investigation a few recommendations on the use of the provisions to 
improve the effectiveness can be presented: 

- move the piano closer to the edge of the stage, that reduces the dis
tance between piano and receiver; 
- move the reflectors closer to the piano, to increase the number of 
early reflections; 
- move the piano to the side of the stage, to increase the response of 
the concert hall. 

To optimize the use of the provisions the concert hall with the provisions can be in 
the simulated with the program ODEON. The differences in acoustics calculated with 
ODEON correspond with the results of the measurements with MLSSA {appendix 7). 
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11 CONCLUSIONS 

The experiments show that there are audible differences in acoustics due to the 
provisions. The differences are too small to notice in a complex arrangement of tones 
like in a piano recital. That would indicate that the problems are still present. But the 
differences are audible when samples with differences in acoustics are separated from 
the rest of the piano music. The results of the listening test with short stimuli show 
differences in definition and loudness (stimulus IV). The objective parameters of 
these subjective parameters are respectively clarity and strength. 

The physical experiments show an increase in clarity much more than 
the discrimination threshold of 1 dB (2.3 dB as a maximum). This affirms the results 
of the perceptual experiments. But the strength doesn't show differences above the 
discrimination threshold of 1 dB. Probably, the differences in clarity caused a 
significant difference in the stimulus IV and not the differences in loudness. Looking 
at the receiver positions 4 and 6 (the positions with the highest scores of percentage 
correct), the physical experiment affirms also an audible difference at both positions 
although the provisions had more influence on the acoustics at receiver position 4 
than on the acoustics at receiver position 6. 

In general, there is a relation found between the perceptual_ and 
physical results. Yet, the differences in practice differ from the theoretical predictions. 
First of all the differences in strength are below discrimination threshold. Only the 
differences in clarity will be audible without any doubt. 

In second place, the provisions sometimes cause the wrong influence. 
The strength reduces below 750 Hz, while the loudness of piano recitals already was 
weak without the provisions. The LEF reduces in the diffuse field without side walls 
nearby, indicating less spatial impression, while an increase in LEF was predicted. 
Yet, the spatial impression of the concert hall was not criticized, thus it may still be 
tolerable. And finally, the clarity at receiver position 1 reduces, due to the formation 
of the reflectors. 

The problems in acoustics will be reduced due to an increase in the 
clarity and the lateral energy at lateral positions, and due to a reduction of the 
reverberation time and the EDT. But the differences in the acoustical quantities are 
too small to conclude that the concert hall with the provisions has good acoustical 
quality in favour of piano music. Thus further research is necessary to avoid all the 
problems in acoustics of the Frits Philips Hall for piano music. The strength, the LEF 
increase without side reflections, and the clarity in positions close to the reflectors 
need special attention. Also perceptual research is necessary. It is possible that other 
influences, beside the effectiveness of the provisions, increase the quality of piano 
music. The influence of visual aspects and changes in the response of the concert hall 
are interesting subjects for further research. 
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