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Abstract

The main goals for this study were to better understand what are the acoustic conditions

physically within a symphony orchestra on concert hall stages, how these physical conditions

affect the players and ultimately how to design venues suitable for symphony orchestras. This

was investigated by use of several different approaches, including questionnaire surveys and

dialogue with musicians, scale and computer modelling and measurements of existing stages.

The results from the orchestra collaborations indicate that the following are of most concern

for players regarding acoustic conditions: hearing all other players in the orchestra clearly

and having sound from others well balanced with the sound of their own instrument and the

acoustic response from the main auditorium. These subjective aspects appear to relate to

complex perceptual effects like the precedence effect, masking effects and the cocktail-party

effect. When relating these effects to physical conditions, a narrow and high stage enclosure

with the stage highly exposed to the main auditorium appears most beneficial.

Regarding musicians’ impressions of actual stages and objective measurement results,

existing methods for assessing the stage acoustically by use of omnidirectional transducers

without the orchestra present were found to have only limited relevance. The reliability and

validity of the most common acoustic measures (including ST ) were studied in detail.

For the assessment and design of stage enclosures, new methods and objective architectural

measures have been proposed. A combination of acoustic and architectural measures are

found to successfully discriminate the most preferred from the least preferred stages of

purpose-built concert halls. The results from judgements of existing stages support the finding

of a narrow and high stage enclosure with a highly exposed stage being most beneficial. The

objective measures studied are simplified representations of real acoustic conditions. How to

improve the assessment of acoustic conditions on stage is also discussed.
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The subjective approach includes investigations of impressions of acoustic conditions among

orchestral players in general and relating to specific existing stages. The objective approach

includes studies of physical conditions in the venues that were judged by the players, but also

how the arrangement of a symphony orchestra imposes certain acoustic conditions for the

players (through scale modelling) and in what way conditions may be improved by a stage

enclosure. The results from these two different approaches were compared to each other to

guide the focus for the investigations through-out the project, and to search for valid relations

between physical acoustic conditions and subjective impressions. Hypotheses with regard to

how acoustic conditions are perceived among players have also been developed through the

author’s own experience as an amateur musician within larger ensembles. This would be on

a less scientific level (since amateur and professionals may judge acoustic conditions very

differently), but has been very useful for an acoustician (the author) to better understand the

players’ point of view.

The study of general impressions among the players include what perceptual aspects they

find important for good stage acoustic conditions, problems they most frequently face, their

favourite hall visited through-out their career etc. Such impressions will be based on several

years of experience. Eight different professional orchestras within England and Norway

participated in a questionnaire survey covering such general impressions. For the subjective

studies of existing stages, there has been aimed for high numbers of stages/halls and players

participating in the study. Focus has been on impressions among players visiting a set

of halls frequently (excluding home venues), for reducing the influence of factors varying

between performances (like repertoire) and allowing the players to have established the most

valid impressions. Impression of existing stages were investigated in two different studies:

impressions of overall acoustic impression for the halls visited regularly by seven of the

eight orchestras mentioned above, as well as a detailed study with one of the professional

English orchestras. For the halls visited by the eight orchestras basic objective data were

collected, both acoustic and physical dimensions related to the stage enclosure. For the

detailed study, the orchestra plays regularly in a set of eight halls, about which most of the

players have developed their views over several years. Their impressions were investigated

through questionnaires distributed to the players and through interviews with some of the

players. Objective data were collected also in this study, but the acoustic conditions in the

eight halls were investigated in detail by measuring monophonic room impulse responses on

the stages and within the audience area. As a summary, this study includes judgements of

totally 20 purpose-built concert halls which the players visit regularly.

The objective studies included theoretical/analytical investigations, scale modelling and

computer modelling. Scale models were used to study the acoustic conditions set up by the

orchestra itself, in particular how the screening effects caused by players and objects on stage

affect sound propagation between players. Scale models were also used to investigate the

possible consequences of measuring acoustic conditions on stage without a full symphony

orchestra present. How such initial acoustic conditions set up by the orchestra could be

improved by the introduction of a stage enclosure, is studied analytically with reference to

available literature on perceptual effects that appear most relevant for the players. Computer

modelling was used to study acoustic conditions on stage with a full symphony orchestra

present, and how the conditions are affected by different enclosure elements and designs.
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This thesis is structured in different complete chapters covering different topics. Chapter 2

contains the literature review forming the background of the study. The subjective studies

are described in Chapters 3 and 8, while the objective studies are described in Chapters 4–7.

Chapter 3 describes the results from questionnaires distributed to the eight different orchestras

within England and Norway. Chapter 4 investigates the sound levels within the orchestra

itself, and how the screening effects caused by players and objects on stage affect sound

propagation between players. Chapter 5 investigates extreme types of stage enclosure

designs by simplified analytical methods, where resulting differences are compared to findings

related to perception of sound in general and findings by others with regard to enclosure

designs. Chapter 6 considers computer modelling of generic stage enclosure designs to get a

more complete impression of how the different designs affect acoustic conditions. Chapter 7

covers acoustic measures related to existing stage, while Chapter 8 includes the subjective

results in the eight different halls visited regularly by one orchestra – with reference to objective

results.
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with a limited set of players and different acoustic conditions, will normally lead to high

uncertainties associated with their judgements. With regard to relations between subjective

and objective measures, most previous studies have only investigated impressions of home

stages or halls visited occasionally. The level of adaptation by the players to certain acoustic

conditions could have contributed to reduced validity of these studies.

The early part of this thesis covers investigations of how acoustic conditions are experienced

by the musicians. By use of questionnaires and dialogue with musicians, their point of view

has been studied. This study is followed by investigations of physical conditions on stage and

how these physical conditions are likely affect subjective impressions like the ability to hear

other players clearly. To minimise the effect of uncertainties related to specific cases, generic

acoustic conditions on stage have been studied objectively (by use of scale and computer

modelling as well as analytical studies) with reference to general findings within the field of

sound perception (psychoacoustics). With these approaches, the investigation will not be

limited to existing acoustic measures (quantitative methods) with the risk of too limited an

approach. In addition to such investigations, the players’ impressions of halls visited on a

regular basis have been studied. These two approaches avoid enquiring about impressions of

acoustic conditions only experienced occasionally. While the majority of subjective data used

here is for halls visited regularly, some impressions of halls visited only occasionally have also

been included.

The above approaches were motivated by searching for relations between objective acoustic

conditions and perceived conditions, by use of quantitative but also more qualitative methods.

It will also be relevant to study how objective acoustic conditions should be assessed. In

particular, should the acoustic conditions be assessed with a full symphony orchestra (or

equivalent group of people) present? Scale modelling have been used in this study to

investigate in detail the acoustic conditions within an orchestra configuration and how the

room impulse responses on stage are affected by the presence of the orchestra. Computer

modelling was used to study how different stage enclosure designs affect acoustic conditions.

Measured responses on existing stages (without a full symphony orchestra present) were also

studied, to find the most valid and reliable way to assess real objective acoustic conditions.
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Figure 3.1: Preference for types of riser configurations. Rear only = only woodwind and brass on risers.
Curved = curved risers for strings, woodwind and brass. Other = as described by the players.

height is very important. It would be best to have low risers for the woodwind and consistently

higher ones for the brass. This would enable the brass to blow over the heads of the woodwind

instead of into the heads! I regularly have to sit with my head less than a metre from a trumpet

or trombone bell that is pointing straight at me”. And from a trumpet player: “Brass on straight

line at least 60 cm above woodwind. Percussion high enough so skins are not near ears”.

3.4.4 Hearing others and oneself

The question relating to experiences of hearing others and self was: “Are you aware of a hall

(or halls) where you can hear yourself well but not hear others, or the other way round, you can

hear others but not yourself?” This was followed up with: “What do you think is responsible

for this?” One of the orchestras (55 players) was given these questions, where 93 % of the

players responded ‘Yes’, 2 % responded ‘No’ and the rest blank. The suggested reasons for

this happening were very varied. Some players mentioned the shape of the hall, the acoustics

of the hall, curtains, too much or too little resonance (reverberation), poor stage design, stage

spacing, risers separation and ceiling height. A cellist mentioned the Royal Albert Hall as an

example of a hall where the players can hear themselves, but not the others sufficiently.

The general response from all eight orchestras is that most players need to hear within their

own group and hear solo instruments. Many players say they need to hear all instruments and

being able to hear particular instruments depending on repertoire. Hearing the strings and

bass instruments (double bass in particular) appears important for many players.

3.4.5 Statements on good acoustics for performers

For the statement “Acoustics for performers depends on the correct balance between hearing

yourself and hearing other players”, 81 % of the players agreed with this statement. For

the second statement “Good acoustics depends on clarity of sound from others”, 70 % of the

players agreed. The quality of acoustic response from the auditorium area was also mentioned

as an important criterion for good acoustic conditions on stage – often described as a ‘rich’,

‘warm’ or ‘resonant’ sound, ‘good bloom’ or ‘good projection’. This was mentioned with respect

to both the sound of one’s own instrument and sound from the other players. Hearing others in

the auditorium response was linked to hearing a well blended orchestra sound. They comment
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that the hall should not be too dry and not too reverberant. One 2nd violin player commented

that the time lag of sound from others is as important as clarity.

3.4.6 Information contained in, and direction of reverberant sound

Players were asked: “Please comment on these two questions: 1 – What type of useful

information would you say there is in the reverberant sound coming back to you from the hall?

2 – Does the direction of the reverb sound matter?”. The players tended to fall into two groups

without much reference to the instrument they play. One group was aware of reflections coming

back to them, commenting that the reverberant sound contains useful/relevant information.

The other group considered reverberant sound not to be important or relevant, commenting

that they preferred to work on the immediate sound and that the reverberant sound arrives too

late to be of any use. One player wrote that professional orchestras need clarity, while amateur

orchestras need more reverberation to put a bloom on the sound.

Good hall sound appears to aid confidence (hearing what the audience hear), it is useful for

gauging the balance of oneself relative to the others and serves as an indication of how much

one needs to ‘play out’ and how to articulate. As one bassoonist commented: “Awareness of

how it’s going, and when to play”. In a dry hall (not much reverberation), the players comment

they will extend the length of the notes to compensate. In a very reverberant (‘wet’) hall, the

players will play more articulated. On the other hand, some halls were reported as distorting

intonation (no particular hall references). Reverberant sound was said to be useful for blending

of sound – being able to hear the sound of the complete orchestra. It was also mentioned that

reverberant sound contributed to a fuller orchestra sound and some softening of the sound, but

can be off-putting if it is too loud – reverberant sound should not be at the expense of definition.

An excessively bright or ‘tinny’ string sound from the hall was reported as contributing to mask

the sound from other instruments which they need to hear.

Most of the players appear to be unaware of the direction of the reverberant sound. A

few players wrote they prefer diffuse reverberant sound – reverberant sound from only one

direction can confuse (like from a curved back wall).

3.4.7 Bloom and projection

One of the orchestras was asked: “What do you associate with the words ‘bloom’ and

‘projection’ in terms of acoustic quality of a space?” Two individual responses summarise the

general meaning of these terms among the musicians. As defined by a 2nd violin player: bloom

is “How much reverberation plus warmth is present” and projection is “How the sound carries

outward into the hall”. As defined by a oboe/cor anglais player: “It’s helpful and encouraging

to hear your sound travel somewhere – therefore being allowed to relax into the sound, not

having to force it. If your sound rings, it’s easier to breathe and sing through long phrases.

‘Bloom’ literally means like a flower opening, your sound opens up.”
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(a) Variation of stage acoustics, AcouVar .
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(b) Importance of stage size, SpaceImp.
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(c) Stage size preference, SizePref .
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(d) Problems with loud instruments, LoudNP.
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(e) Spatial separation, SpatialSep.
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(f) Problems focusing on particular instr., FocusNP.
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(g) Awareness of close surfaces, SurfAware.
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(h) Hearing reverberant hall sound, HallSound .

Figure 3.2: Results for rating questions. |= range, ◦= arithmetical average, � = median average, �=±σ.

For all the eight questions the agreement between the arithmetic average value and median

value is good, except for the question relating to surface awareness, SurfAware, and to some

degree also stage size preference, SizePref .
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“A dead floor is easy to notice for cello and bass” (2 nd violin).

“Reflection from the back wall can interfere with strongly rhythmic passages” (viola).

“Reflective baffles can help clarity. Too enclosed stage makes the whole thing too loud.” (cello).

“Amplification of some instruments when near a wall and ‘odd’ echoes” (cello).

“Perspex dishes above the stage significantly change the acoustics sitting at different heights on stage”

(bassoon).

“Stage ceiling and back wall give a feeling of sound reaching out to the audience” (oboe).

“Low ceilings are bad – deaden the sound” (trombone).

“A lacking ceiling leads to poor exposure to the [sound from the] audience [area]” (percussion).

3.5.4 Correlation of the rating responses

Correlation analysis was conducted to see the relations between the rating responses/subjective

characteristics. The results from the correlation analysis show only weak correlations.

Because of the large number of questionnaires however, some of these weak correlations

are highly significant. The highest correlation coefficient, r , is seen between LoudNP and

FocusNP (r = 0.36), and between FocusNP and SpatialSep (r =−0.27) – both significant at

the 1 % level. This indicates that those players reporting problems with focusing on particular

instruments also have a tendency of having problems with some instruments becoming too

loud. They also tend to find it important to be able to spatially separate different instruments.

The players who find it important to hear the hall reverberation also tend to report awareness of

reflecting surfaces. The number of years of experience did not show any significant correlation

with the other rating measures.

3.5.5 Discussion and conclusions of preference rating results

The results indicate that most of the players clearly experience variations of acoustic

conditions between different stages. The measure AcouVar has the smallest standard

deviation of the eight preference measures. The measure relating to preference for stage size,

SizePref , shows the second smallest standard deviation. Most players prefer a moderately

large stage, though a few string players prefer a small stage. From the comments by the

players, a small depth of the stage appears to be more frequently a problem than lack of

space across the width of the stage. Sitting too far apart sideways on stage appears to make it

difficult for the whole string section to communicate with each other aurally. This is supported

by comments from 1st and 2nd violin players and that some string players prefer a compact

stage.

For the other questions there are larger deviations in the responses. For a few of the questions

there appear to be significant differences between the instrument groups. All the percussion

players reported space available on stage as very important, while the other groups show

larger deviations with regard to this. The space available is important for most of the players.

There appears to be a link between the preference for a moderately large stage among

most players and most players reporting problems with some instruments becoming too loud

(LoudNP). Particularly the depth of the stage will affect how close players sit to the loud
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parabolic (2nd order polynomial) regression curves with corresponding correlation coefficients

|r | (the absolute value of r ) are indicated.
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Figure 3.5: OAI versus acoustic and architectural measures for the 12 purpose-built concert halls
visited regularly. Standard deviation of OAI marked as ±σ. The curves represent linear (dashed) and
parabolic (solid) regression curves. The correlation coefficients |r l| (linear regression) and |rp| (parabolic
regression) are indicated.

For T and Gl there is slight evidence of an optimal range of values. Particularly for Gl the

parabolic regression shows significantly higher correlation coefficient compared to the linear

regression, |r | of 0.59 instead of 0.14. All halls having OAI above 7 have Gl within 1–3 dB.

This apparent optimal range is based on measurements carried out with unoccupied audience
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14 m show an attenuation of about 12 dB introduced by the orchestra. Linear relationships

have been proposed for this behaviour, which will represent typical conditions. Such high

levels of attenuation are found for players sitting on a flat floor.

This study has employed an omni-directional sound source whereas most musical instruments

within a symphony orchestra become directional above 500 Hz. The directivity of real

instruments will affect the level balance of direct sound, floor reflection and reflections from

within the orchestra. With directivity of real musical instruments taken into account, some

players could experience higher or lower degrees of attenuation compared to the scale model

results. The scale model results therefore serve as average values for instrument groups as a

whole.

With risers on the stage, sound levels between musicians are generally raised, but some

exceptions are found: at 250 Hz the results show significantly lower levels between a player

on a 0.95 m high riser and a player on the flat floor, compared to results for both players

sitting on the flat floor, in particular for source-receiver distances of 3–10 m. Similar effects

are seen at high frequencies for deep riser sections (2.6 m deep): the sound level at 1–2 kHz

from players at the back of a deep riser has been found to be lower than sound levels from

players on a flat floor at corresponding distances. The specific depth and height of each riser

level therefore appears highly relevant for controlling sound levels between different instrument

groups within the orchestra.

With normal orchestra configurations the string sections sit across the stage width on a flat

floor, while woodwind, brass and percussion are on risers. On most stages, stage width

is greater than stage depth. This results in string players at the outward extremes of the

stage often experiencing the lowest mutual sound levels within the orchestra (within-orchestra

sound levels). The outermost string players can however be placed on risers which will lead

to improved sight-lines and direct sound propagation. The results do though show possible

disadvantages with such a solution with a reduced contribution from the floor reflection by use

of risers (particularly in the 250 Hz octave band). In addition for cellos and double basses,

stage floor resonance may be significantly less when these instruments are on risers. With

significant attenuation by the orchestra over the frequency range 500 Hz and above, only

small surfaces may be sufficient to provide early reflections that will help compensate for low

mutual sound levels between players. The degree to which within-orchestra attenuation can be

compensated for by introducing reflections from stage enclosures is discussed in the following

chapter.
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(b) From back to side, narrow and high.
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(c) From side to side, wide and low.
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Figure 5.8: Estimated echograms to player S. The wide and low stage enclosure has W rs = 26 m
and Hrb = 7 m, while the narrow and high stage enclosure has W rs = 18 m, Hrb = 19 m. The time t = 0
represents the onset of a note observed along the stage front line.

5.4.3 Discussion of results

When taking into account how the different instrument groups of a symphony orchestra

synchronise relative to each other, the effect of location of reflecting surfaces close to the

orchestra appear much more significant compared to only studying steady state sound levels.

For the string players with a low ceiling above the orchestra, several competing sound events

from instruments at the back of the stage will arrive before direct sound from other string

players. The compensating reflections provided for the string players are within 60–90 ms with

a wide and low stage enclosure. With a narrow and high stage enclosure, only the direct sound

from players at the back of the stage will arrive before the mutual direct sound between the

string players. The compensating reflections provided for the string players by such a stage

enclosure arrive within 50–65 ms. These differences may be relevant for the orchestra as a

whole, not only just the string players.

The differences between these two stage enclosures appear relevant for temporal masking

effects and consequently perceived balance between different instruments. The presence of

what could be seen as competing sound is reduced with a narrow and high stage enclosure.

Perceived temporal clarity of sound may also be affected by the differences seen. The way the

instrument groups synchronise together means that string players are used to delays of sound

events up to approximately 45 ms based on the direct sound within the orchestra. Players at

the back of the stage (percussion and brass) may be used to delays of up to approximately

60 ms (across a 16 m wide and 12 m wide stage). This would imply that any sound events

within 60 ms may be perceived as the ‘direct’/‘immediate’ orchestra sound contributing to

clarity of sound for players at the back, while string players have adapted to the orchestra
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(a) Narrow and low (NL).

 

 
 

 
 

(b) Wide and low (WL).

 

 
 

 
 

(c) Narrow and low, splayed walls & ceiling (NLS).

 

 
 

 
 

(d) Wide and high, exposed (WH).

 

 
 

(e) Narrow and high, exposed (NH).

 

 
 

(f) Wide and high, exposed, overhead reflector (WHR).

Figure 6.10: Models of six different stage enclosures attached to same generic audience section.

Details on the three wide stage enclosures:

• Wide and low (WL): 27 m wide stage, stage ceiling 9.3 m high, enclosed stage with non-scattering

surfaces.

• Wide and high (WH): 27 m wide stage, ceiling 18 m high, exposed stage with scattering surfaces.

• Wide and high with reflector (WHR): 27 m wide stage, ceiling 18 m high with reflector at 7 m,

exposed stage with scattering surfaces. Partially open, 40 % open, overhead reflector.
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