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INTRODUCTION 

Acoustics is a vast and complicated field of many 

interrelated sciences ranging from the abstract concepts of 

psychoacoustics to the concrete rules of physics. For this 

reason, musicians have tended to shy away from this rather 

imposing subject, hopeful that the focus of the scientists' 

research will be compatible with the needs of the musician. 

If the choral conductor better understood his particular 

acoustical needs, he would have a far greater influence on 

research which directly applies to his field. Unfortunate- 

ly, choral conductors have in the past been unable to pose 

well focused and relevant questions of scientists and 

acoustical engineers because they have not fully understood 

the extent of acoustical effects on the vocal ensemble. 

Many choral conductors hear differences in rooms, but they 

do not know how to predict the room's effects on choirs, and 

there is very little understanding of the acoustical effects 

that individual singers have on each other within the 

ensemble. These are only two examples of the wide range of 

acoustical problems facing the choral conductor. This 

paper, with accompanying bibliography, is an attempt to 

organize information about acoustics in a manner which will 

help the choral conductor to become aware of the particular 

viii. 



acoustical problems which he faces in the rehearsal and 

performance of choral music. 

Purpose of Study 

The purpose of this study is to describe acoustical 

phenomena which are specifically related to singers, vocal 

ensembles, and choral conductors. 

Need for the Study 

Although most choral conductors, and musicians in 

general, after having performed in any given acoustical 

environment can describe that room's acoustics reasonably 

well, few choral conductors can predict or understand the 

effects of the process of acoustical phenomena on the vocal 

mechanism and the ensemble. Therefore, a need exists for a 

course of study which summarizes, and is confined to, 

acoustical phenomena and their implications for the choral 

conductor. 

Limitations of the Study 

The study is limited to the acoustical principles and 

related phenomena which apply to the vocal mechanism, the 

ensemble, the choral conductor, and the rehearsal and 

performance environment. The study does not attempt to 

describe any psychological effects which are the result of 

musical insecurities of individuals. Therefore, sections of 

this study which make suggestions for ensemble arrangement 
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and room placement do not take into account "feelings" of 
insecurity or weakness that singers may experience from lack 

of musicianship or lack of familiarity with the score. This 

paper is not, therefore, a general guide for placement and 

arrangement of the ensemble, but is limited to the study of 

physical and perceptual acoustical phenomena. 

Procedure and Organization of the Study 

The study is organized in order of increasing 
acoustical complexity. The individual singer is studied, 
followed by the individual within the ensemble and, finally 
with the ensemble within a room. Chapter One presents the 
formal description of the purpose, need, limitations, and 

review of related liturature. Chapter Two is an 
investigation of the physical properties of sound that allow 
the singer to make judgments about the character of the 
sound he hears. Chapter Three describes the acoustical 
properties of the voice and how they are related to vowel 

sounds, vibrato, and blend. Chapter Four focuses on the 
problems that individuals experience from within -the 
ensemble caused by masking effects and acoustic loading The 

Chapter concludes with possible solutions based on graphs 
derived from these effects. Chapter Five is designed to 
help the conductor identify particular problems caused by 

the various acoustical parameters of a room. The chapter 
begins with a general description of the behavior of 
reflected sound. It then continues with suggestions for 
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choosing rooms, placing choirs within rooms, and modifying 

rooms to charge particular acoustical effects. 

The bibliography is organized by subject and subdivided 

alphabetically by author. The subjects do not directly 

correspond to the organization of the paper. Each of the 

categories may serve to answer questions covered in the body 

of the work. 

Review of Related Literature 

The sources gathered in the bibliography attempt to 

answer two general questions: 1) What are the acoustical 

factors needed to enable the ensemble singer to sing at his 

best; 2) What are the acoustical factors which inhibit good 

singing. These two questions give rise to other more 

specific questions which may begin to define the acoustical 

problems of choral singing. For example, how does the 

singer hear his voice relative to other voices, and what is 

he capable and not capable of hearing under ideal 

circumstances outside of the ensemble. This involves 

problems of perception and psychoacou s t i c s as well as many 

other particular problems such as pitch, timbre, and masking 

effects included in the perception of simple and complex 

tones. 

Three source areas which deal most effectively with 

preliminary questions include books, journals, and test 

reports. Of these, the most useful are books for musicians 

on general acoustics. A book often cited in this area is 
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Arthur H. Benade's Fundamentals of Musical Acous- 
tics.' Benade effectively discusses specific 
details without loosing sight of general principles. Among 

the most interesting of articles to be found in the second 

source area, Journals, is "Factors of music perception," 
from the Canadian University of Music Reviews. 2 

This is one of the few articles which discuss perceptions 
and psychophysics in terms of the musician. The third 
source includes test reports on individual phenomenon, i.e. 
A. Jaroscewski's "Pitch Shifts in Post- Stimulatory Masking" 

as it appears in Acoustica,3 and G. B. Henning's 
"Detectability of Interaural Delay in High Frequency Complex 

Wave Forms" in Journal of the Acoustical Society of 
America.4 Articles of this type tend to be highly 
technical but are often preceeded and concluded with 
generalized statements that help to make them relevant to 
the particular problem of musicians. 

There are several questions important to the choral 
conductor that the available sources do not answer directly. 

1Fundamentals of Musical Acoustics (New York: Oxford 
University, 1976). 

2Zuk and others, "Factors of Music Perception, 
Canadian University of Music Review, No. 3 (1982), pp. 102- 
22. 

3A. Jaroszewski, "Pitch shifts in post- stimulatory 
masking," Acoustica, 34, No. 3 (1976), pp. 220 -23. 

4G.B. Henning, "Detectability of Interaural Delay in 
High- Frequency Complex Wave Forms," Journal of the 
Acoustical Society of America, 55, No. 1 (1974), pp. 84 -90. 



One is the effects singing has on the singer's own hearing 

mechanism. This question is cursorily dealt with by a wide 

variety of journals and reports, such as the Proceedings of 

the 7th International Congress of Phonetic Science in the 

article "Acoustical and auditory study of the factors of 

intelligibility of the singing voice, "5 and "The 

Acoustics of the Singing Voice, in Scientific 

American. 6 

Another area in need of continued research investigates 

how an individual singer perceives his own performance when 

placed next to another singer. Here too there is a lack of 

information that deals directly with the problem, although 

there is a good deal of research on the effects of masking, 

such as J. P. Egan's "On the Masking Pattern of a Simple 

Auditory Stimulus, "7 and J. GusJew's "Conformity 

of Central Acoustic Masking. "8 Most of the 

research in this area tends to deal with problems 

encountered by people with hearing deficiencies, but the 

5D. Scotto, N. Carlo "Acoustical and Auditory Study of 
the Factors of Intelligibility of the Singing Voice," 
Congress of Phonetic Science, Proc. of the 7th 
International Congess, (Paris: Mouton 1972). 

6J. Sundberg, "The Acoustics of the Singing Voice, 
Scientific American, 236, No. 3 (1977), pp. 82 -91. 

7J. P. Egan, and H. W. Hake, "On the Masking Pattern 
of a Simple Auditory Stimulus." Journal of the Acoustical 
Society of America, 22, No. 5 (1950), pp. 622 -630. 

8J. GusJew, "Conformity of Central Acoustic Masking. 
Zeitchrift Fuer Psychologie, 186, No. 3 (1978), pp. 311 -340. 



information gathered here can also be of use to the choral 

conductor. 

A few articles in The Choral Journal have considered 

the acoustical factors that may determine the placement of 

different voice types within the ensemble: David Stocker's 

"Some Thoughts on the Positioning of Voices for Choral 

Performance, "9 Deral Johnson's "Influence of 

Personnel Placements of Choral Blend , " 1 0 and Louis 

Dierek's "The Individual in the Choral Situation with 

Mathematical Justifications. "11 

Perhaps the most widely recognized acoustical problems 

are those which deal with room acoustics. It is relatively 

easy to make quantitative statements about room 

characteristics, but much more difficult to predict their 

effects on individual singers. Therefore, in addition to 

the material which makes suggestions for creating a good 

performance environment, such as H. Begenal's and A. Wood's 

Planning for Good Acoustics, 12 there are sources 

which deal with perception and performance, as in S. 

9David Stocker, "Some Thoughts on the Positioning of 
Voices for Choral Performance," The Choral Journal, 2 

(1975), p. 9. 

10 Deral J. Johnson, "Influence of Personnel Placement on 
Choral Blend," The Choral Journal, 9 (1978) , p. 12. 

"Louis H. Diercks, "The Individual in the Choral 
Stivation," The NATS Bulletin, 17, No. 4, May (1961), pp. 
7 -11. 

12H. Begenal, and A. Wood, Planning for Good Acoustics 
(London: Methuen, 1981). 

xiv. 



Lifschitz's "Apparent Duration of Sound Perception and 

Musical Optimum Reverberation. "13 

13S. Lifschitz, "Apparent Duration of Sound Perception 
and Musical Optimum Reverberation," Journal of the American 
Acoustical Society, 7 (1936), pp. 213 -225. 
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CHAPTER I 

THE PHYSICAL PROPERTIES OF SOUND 

Primary Sensations 

The first area of investigation will focus on the 

physical properties of sound that allow the singer to make 

judgments about the character of the sound he hears. There 

are three types of "primary sensations:" 1) pitch, 2) 

quality, and 3) attack and decay. All three are the result 

of a change in air pressure which cause the eardrum either 

to be pushed in, with an increase in air pressure, or pulled 

out, with a decrease of air pressure. In this way, the 

singer becomes aware of the movement of air. 

In order for air to be set into motion it must be moved 

by some sort of physical object. As an object moves or 

"vibrates," it takes up more or less space, (but most often 

only on one of its sides). As it expands and contracts, it 

causes the molecules of air which are resting on it to 

become compressed closer together (higher air pressure) or 

spread further apart (lower air pressure) . (Example 1.1a) 

When one measures the difference between the area where the 

molecules of air are most compressed and furthest spread 

apart, one will obtain the "amplitude" or "loudness" of the 

sound. This is an indication of the amount of energy 

contained in the air. 

1 
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Figure 1.1a Areas of high and low pressure 

Figure 1.1b Sinple wave 
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An equal potential for the air to do "work" (that is to 

physically move an eardrum or some other object) is 

contained both in high and low air pressure. The thin air 

wants to pull the thick air back to normal air pressure 

levels (1.7 pounds per square inch) while thick air wants to 

rush into the slight vacumn left by the thin air. This 

predisposition for the air to return to a condition in which 

all the molecules are the same average distance from one 

another is the energy that actually sucks and pushes the ear 

drum in and out. The resulting sound we hear is nothing 

more than a sensation which our brain gives to the motion of 

our eardrum. 

Pitch 

When an object is first set into motion and some part 

of it is forced outward into the air, an area of high air 

pressure begins to move out from it. This high pressure 

wave will move through the air at a set rate regardless of 

how much energy (amplitude) is contained in it. This is 

"the speed of sound," 1,128 feet per second. In addition, 

the initial high pressure area and the accompanying low 

pressure area immediately behind it will be followed by many 

other high and low pressure areas. The frequency at which 

they arrive at the ear will have very little to do with the 

speed at which they travel through the air. In other words, 

high sounds travel only slightly slower than do low 

sounds. 



4 

Before proceeding it may be helpful to try and 

visualize the patterns sounds make in the air. These 

patterns do not look like the wave forms found in the 

Example lb. Example lb is the graphic form of a 

two -dimensional mathematical representation of sound. An 

analogy may aid in understanding how a static, two 

dimensional wave, as seen on a graph, is constructed from 

the motion of a three -dimensional phenomenon. I f one were 

to ride in a boat that was not moving backwards or forwards 

but only up and down in sympathy with the motion of the 

waves on the surface of the water, and if such motion were 

marked on a piece of paper that moved horizontally but not 

vertically past the boat, the result would be a 

two -dimensional graphic representation of pressure changes 

in the water. In Example 1 . lb, the height of the wave equals 

the amplitude. The distance of time between two waves is 

the frequency. The shaded area above the black line in 

Example l.la is a more accurate picture of what sound would 

look like if one were to view it from within an ocean of 

air, our normal perspective. Sound actually reaches us in 

spherical shapes of thick air separated by thin air. These 

globes of energy will continue to expand in all directions 

until their energy is dissipated. They will maintain their 

basic shape and form unless they are reflected off surfaces 

which modify them into increasingly complex forms. 
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Quality 

The sensation of "pitch" is a result of "frequency." 

The ear will detect only those objects which are vibrating 

at a rate of 20 to 20,000 times per second. Most objects 

vibrate at one particular frequency more than at any other. 

This is called the "resonant" frequency. In addition to 

this primary resonant frequency, most objects have an 

additional set of secondary frequencies which are set into 

motion along with the "fundamental" or "tonic" resonant 

frequency, commonly referred to as "overtones" or 

"partials ". If an object has no partials and vibrates at 

only one frequency it will produce a sine wave represented 

in Example l.lb. But almost all vibrating objects produce 

more complicated wave forms comprised of a combination of 

different frequency components. The French mathematician, 

Francois Marie Charles Fourier (1772 -1837) invented a type 

of mathematical analysis by which it can be proved that any 

periodic wave can be represented as the sum of "sine waves" 

having the appropriate amplitude, frequency, and phase. 

Example 1.2a portrays a graph of three sine waves 

superimposed on top of one another. Example 1.2b shows how 

these three sine waves may be combined in a single wave 

which represent all three. Example 1.2c represents not 

three, but nineteen components. A wave which is perfectly 

square, as in 1.2d, contains an infinite number of 

components added to the fundamental. The addition of these 



Vkf LTLI 
Figure 1.2 a,b, c Combination of waves 
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Figure 1.2 d Square wave 
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components to the wave form allows one to determine the 

second primary sensation: the quality of sound. 

To visualize the quality of sound as it would appear in 

three dimens ons, which is not communicated by the graphic 

representatons of combined wave forms, imagine a spherical 

pressure wave radiating from an object which becomes frozen 

in time. If the wave was solid enough to reach into, one 

could feel its varying viscosity. A sine wave would have a 

perfectly even surface. The sound would become thicker as 

an area of higher air density was reached (represented on a 

graph as the top of the wave) . Continuing to reach deeper 

into the wave, the air would again begin to thin out 

(represented by the bottom of the wave). The quality of the 

sound changes as high frequency components are added to the 

sine wave. The sound would now appear to have texture, and 

the surface would have a complicated mesh of varying 

pressures which would continue to change as one probed 

deeper. It would be riddled with spheres, which have 

spheres within spheres, all arranged in three -dimensional 

patterns. Of course, in reality it is the pressure wave 

that reaches out and moves our eardrums which adroitly 

follow the complicated textures of the wave. 

It is interesting to note just how deep these contours 

can be. The lowest audible sounds one hears have dimensions 

exceeding 40 feet while the smallest contours are much less 

than one inch in diameter. Of course the deepest contours 

take a much longer time to pass by than do the higher 
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frequencies. If one were to walk through a low wave, 

one would see a continually reoccurring pattern of high 

frequency components that would continue throughout the 

larger dimensions of the fundamental. Example 1.3 i s a two 

dimensional representaton of the above description. 

In conclusion, the quality of sound is determined by 

partials which form the textures within the sound wave. The 

brain has the ability to quickly recognize complex textures. 

Complexity of sound enables the brain to identify individual 

voices, pitch, and their locations more accurately. 

Conversely, identity, location, and pitch become difficult 

to discern when sound lacks the additional information 

contained in harmonics. 

Attack and Decay 

The changes in the quality of a pitch as it starts and 

stops make up the third primary sensation, attack and decay. 

The way in which an object begins and ends vibrating will 

add much to the complexity needed to identify individual 

instruments or voices. When an object begins to produce 

sound, it will first vibrate at one of its component 

frequencies, next adding other components, including its 

fundamental, which in turn induce other partials to sound. 

There are few instruments, other than organ, capable of 

maintaining a tone which is so steady that the partials do 

not continue to change; even organ tones are continually 

modified by environmental factors. A reverse process takes 

place as vibrating objects dissipate the energy stored in 
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Figure 1.3 
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them in which various partials decay at differing rates. 

Example 1.4 plots amplitude, time, and frequency to describe 

the attack and decay of a tom -tom. The largest spike is the 

fundamental, which occurrs slightly after the set of 

secondary spikes, representing the partials, are set into 

motion. 

This completes the information needed for our ears to 

identify individual types of sound. 



I- 

4,000 3,000 2,000 1,000 
E-- Frequency (Hz) 

Figure 1.4 Attack mode for a tom -tom 

o 
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CHAPTER II 

THE ACOUSTICAL PROPERTIES OF THE VOICE 

The Vocal Mechanism as a Helmholtz Resonator 

The vocal mechanism is comprised of four basic 

elements: 1) a resonator (the trachea) ; 2) a modifier (the 

vocal track); 3) a vibrating element (the vocal chords); 4) 

a power supply (the lungs). The following discussion will 

focus on the first three of these elements. 

To understand why the trachea can be referred to as a 

resonator one must first investigate the principles of the 

Helmholtz resonator. In the nineteenth century, Hermann von 

Helmholtz invented a mathematical formula to describe an 

acoustical system which would cause the air itself, rather 

than a vibrating object, to vibrate with more loudness at 

one frequency than another frequency, thus producing a tone 

or pitch. The system is nothing more than a enclosed space 

with one end left open to the air (Example 2.1). 

"The gas in the opening, which is usually air, is considered 
to move together as a unit and provides the mass element of 
the system. The pressure of the air within the cavity of 
the resonator changes as it is alternately compressed and 
expanded by the movement of the air through the opening. 
This compressibility provides the stiffness element. At the 
opening there is radiation of sound into the surrounding 

12 
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Figure 2. 1 Helmholtz resonator. Enclosed volume, V. serves as the stiffness element and 
the medium in the neck of length. I. and radius, a, as the mass element 

1.0 

o 
0.1 0.2 0.5 1 

Restirr frtquency f /fo 

2 S 10 

Figure 2.2 Frequency response curve of a Eelnholtz 
resonator 
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medium which leads to the dissipation of acoustic energy and 
thus provides the resistance element. "14 

Example 2.2 is a graph of a typical frequency curve produced 

by a Helmholtz resonator. This curve can be made broader or 

more narrow depending on the specific parameters of the 

resonator. 

The principle of the Helmholtz resonator is the 

principle by which all wind instruments, including the 

voice, operate. The shape of the resonator is not as 

important as its size. The operation of the resonator is 

dependent on the fact that air, when confined to a space 

that is proportional to the wave lengths we can hear, will 

vibrate in much the same way as a string. Air has stiffness 

and elastiscity in much the same way as does a string when 

it is stretched. It can be made to vibrate inside a pipe at 

a specific frequency. To change the resonant frequency, one 

changes the length or the width of the pipe to increase or 

decrease the volume contained in it. The total volume of 

the pipe determines the resonant frequency of the air. As 

can be seen in Example 2.3, the trachea is also a Helmholtz 

resonator and its total volume will be the single most 

important factor for determining voice type and range. 

To further clarify the importance of the Helmholtz 

resonator, some additional distinctions should be made 

between wind instruments in general and the voice. The 

14Arnold M Small "Acoustics," in Normal Aspects of 
Speech, Hearing, and Language, ed. Fred D. Minfie, Thomas 
J. Hixon, and Frederick Williams, (New Jersey: Prentice 
Hall, 1973) , p.34. 
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Soft palate 

Figure 2.3 The trachea 
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trumpet may serve as a good example. Trumpets, as Helmholtz 

resonators, are of a type which accurately select specific 

frequencies. The curve in Example 2.2 would look steeper 

and taller as its pitch becomes more specific. When the 

vibrating lips of the trumpet player (forming the closed end 

of the resonator) are placed on the trumpet, they must 

vibrate at the exact frequency that the resonator was 

designed to select. I f the player tries to play slightly 

higher or lower by changing the frequency of his vibrating 

lips, the trumpet usually takes on a sour tone or resists 

being played at all. Since the Helmholtz resonator will 

only sound at its fundamental and specific harmonics, the 

trumpet cannot play a scale. The trumpet overcomes this 

problem with a set of short pipes called valves which add to 

the length and therefore the volume of the resonator. As 

the trumpeter changes valves, he adds a set of harmonics not 

included in the harmonics of the open (unmodified) trumpet. 

In this way the trumpet can utilize varying lengths of pipe 

that choose specific frequencies to accommodate the note of 

the scale. 

In contrast to the trumpet, the trachea is a rather 

poor resonator. The graph in Example 2.2 would look much 

less steep, and less high, as energy is spread over a 

broader range of frequencies. The trachea will resonate at 

frequencies near its resonance with relative ease. When the 

trachea reaches its resonance point, it is only marginally 

louder compared to other frequencies it is capable of 
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producing. In part, this is due to the relative softness of 

skin compared to that of brass. The container which forms 

the Helmholtz resonator itself should not vibrate in 

sympathy with the air if it is to select a specific 

frequency. The trachea, however, fails in this regard. The 

skin is moved by the vibrating air and absorbs its energy. 

That is to say the energy is "damped out" causing the peak 

of the resonator to be greatly reduced. This enables the 

singer to produce a tone between the harmonic, but the 

trachea does have a set of preferred frequencies. As with 

the trumpet, when the singer tries to move his vocal chords 

at frequencies which are not within the harmonic scheme of 

his voice, he will experience some difficulty. Peaks in the 

harmonics of the resonator formed by the trachea cause 

breaks in the voice and strong changes of timbre, such as 

the switch from head tone to chest tone. 

In addition to the Helmholtz resonator formed by the 

trachea, a second Helmholtz resonator is found in the vocal 

mechanism --the vocal tract. Example 2. 4 shows how 

the resonators of the vocal tract and trachea are combined 

to make a double Helmholtz resonator. The larger resonator 

formed by the trachea produces a fundamental and a set of 

partials which determine the range and quality of an 

individual voice. The second resonator imposes a new 

fundamental and set of partials on top of the first. 

Moreover, the second is a dynamic system which constantly 

changes its resonant frequency. This double Helmholtz 
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system is also true of a trumpet when played with a 

hand -held cup mute. The trumpet player can imitate the 

voice by slowly opening and closing the mute over the bell 

of the trumpet. The mute works as a filter, blocking out an 

increasing number of harmonics as it is brought closer to 

the bell. The trumpet continues to be recognized as a 

trumpet because the basic components of the first resonator 

of the double system remain unchanged. 

Formant Frequencies and Vowels 

The vocal tract operates in the same manner as the 

trumpet mute to form the particular set of fundamentals and 

partials needed to recognize individual vowel sounds. The 

shape and volume of the resonators is changed by three basic 

parts of the vocal tract as shown in Example 2.5. "Do" is 

the distance from the glottis to the point of major 

constriction; "ro" is the radius of the constriction at 

point "do," and A/R is the area of the lip opening. In 

Example 2.6 the various forms of the parameters described 

above are given with their accompanying vowel sounds. 

Example 2.7 is a chart of these same vowels that lists the 

fundamental "fl" and the first two harmonics "f2" and "f3." 

The set of frequencies needed to form any particular vowel 

is called a "Formant." Formants are particularly important 

to choral conductors. The physical make -up of the Formant 

has a direct influence on blend, pitch, and speech 

intelligibility. The complete combination of "fl ", "f2" and 
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Figure 2.6 Vocal tract position for various vowels 

Formant frequencies of common vowels. 

Heed Hid Head Had Hod Hawed Hood Who'd Hud Heard 

f, 270 390 530 660 730 570 440 300 640 490 

f2 2,290 1,990 1,840 1,720 1,090 840 1,020 870 1,190 1,350 

f, 3,010 2,550 2,480 2,410 2,440 2,410 2,240 2,240 2,390 1,690 

Figure 2.7 Formant frequencies for various vowels 
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"f3" are needed for a vowel to be recognizable. Unfortu- 

nately, the complete combination of "fl," "f2," and "f3" i s 

not always possible. One of the clearest descriptions of 

this situation is by Howie: 

"Because vowels are characterized by formants of specific 
pitch, the intelligibility of vowels is closely related to 
the pitch of the fundamental of any given note. A vowel 
is easily intelligible when the frequency of the fundamental 
is at or is below the frequency of the vowel's first 
formant [fl] allowing each formant which distinguishes the 
vowel to be strongly represented by one or more partials of 
the [vowel] ". 15 

The situation described above is not a problem for lower 

voices, but can be for female voices, (which are 17 percent 

higher than male voices) and children's voices (which are 25 

percent higher). High voices can sing above the fundamental 

frequency of the formants for some vowels which will modify 

the vowels so that they are no longer heard as the same 

vowel sounds that lower voices sing. The fundamentals of 

tones sung by women generally lie between 200 and 1200 Hz. 

Note that in Example 2. 7, the first formants of the vowel 

sounds are all below the highest notes which women's voices 

commonly sing. Encouraging women to sing these vowels 

without modification at these pitches will result in a 

number of negative effects. 

As sopranos are encouraged to sing with clearer diction 

they strain to produce formants outside their range. In 

order to do this they will modify the natural formant of the 

15John Howie and Pierre Delattre, "An Experimental 
Study of the Effects of Pitch on the Intelligibility of 
Vowels, NATS Bulletin, 28, no. 4 (1962), p. 7. 
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vowel and most often produce one which is not compatible 

with the formant produced by the rest of the choir. 

Conflicting partials produce loss of blend and poor pitch. 

Many choirs which over- pronounce words seem to develop these 

problems. Most often the solution is found in a compromise 

where higher voices modify vowels toward "ah" . The formant 

of "Ah" lies with the frequencies which higher voices 

reproduce comfortably. This will bring the upper partials 

of "f2" and "f3" back in line with "fl" produced by lower 

voices. 

Choral Blend and Vowel Formant 

There are other facts concerning formants which are 

useful to the choral conductor. Some vowels will produce a 

better blend between voice types and qualities because they 

automatically reduce, or filter out, the number of partials 

used to complete the information needed to identify 

individual voices. Example 2.8 is a graphic display of 

three of the vowels found in Example 2.7. Notice that the 

loudness of the formant for "oo" is much lower than the 

other two. The same filtering action of "oo" is similar to 

that of the trumpet mute when it almost completely covers 

the end of the trumpet, allowing only a few partials to 

escape. In addition to its blending qualities, "oo" will 

always be softer than the other two examples , even though 

equal amounts of energy are used to produce them. 

But this does not mean every choir will produce a good 

blend with this vowel. Many voices find great difficulty in 
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reproduing the "oo" vowel because of the particuar physical 
parameters of their voice. It may be that one choir will 
blend well on some other vowels, but "oo" is a good 

departure point for developing blend as long as higher 
voices are kept within a range of the "oo" formant. 
Pitch and Vowel Formant 

Another phenomenon which results from the filtering 
effect of "oo" is an increased difficulty in defining the 
exact pitch. As the number and amplitude of overtones are 
decreased, the information needed to identify the exact 
pitch is also decreased. This is easily demonstrated by 

asking a singer first to listen to and then reproduce, a 

sine wave, which has no overtones. The singer will not only 

have difficulty identifying the pitch but when asked to sing 

it will often reproduce it in the wrong octave. In 
acoustics, it often turns out that if one factor is 
optimized, such as blend, another suffers, in this case, 
pitch. If the ear hears a constantly changing set of 

formants, and therefore more information to process, the 
singer will be more likely to sing in tune. This is one of 

the reasons sustained singing on a single vowel will often 
drive the choir out of tune. 
The Effect of Overtones on Vibrato 

Another important aspect of overtones is their effect 
on vibrato. Overtones work in conjunction with a 

continually changing pitch in a way that can help a soloist 
to carry over an orchestra or cause an individual voice to 
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weaken the overall blend of the choir. To understand this 

phenomenon one must first examine a basic principle of 

acoustics that will also be of use in other areas of this 

investigation. This principle states that when two waves of 

like frequency and amplitude, but opposite phase meet, they 

will be cancelled out. Example 2.9 is a graph of this 

principle. Cancellation can occur as a by- product of 

vibrato. Certain partials may be canceled as the pitch 

rises, and others as the pitch falls. This often causes two 

types of auditory sensations. The average pitch of the 

fundamental may be heard as sharp or flat depending on which 

partials are cancelled by phase effects. Furthermore, a 

ringing effect usually occurs at a high frequency (around 

3000 Hz) that is similar to the "on -off" sound of a ringing 

telephone. 

Cancellations produced by phase effects are also heard 

when tuning an instrument. The beats heard during tuning 

are produced by two pitches of similar frequency which are 

slightly out of phase. In vibrato the beat pattern occurs 

in the higher frequencies of the overtones, not in the 

fundamentals that are used for tuning. Since ears are 

sensitive to "change" (as when a loud air- conditioner stops 

and one is aware of it for the first time) caused by the 

"on -off" effect, the overall sound becomes much louder even 

though the singer expends the same or even less energy than 

he would to produce a straight tone. The stronger the 

number of partials in the voice the louder or more 
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noticeable this effect will become. This simply means 

bright voices and bright vowels will tend to accent vibratos 
and cause those voices to be heard above all others. 
Example 2.10 illustrates how these voices do not need to 

sing as loudly as the voices or instruments around them to 
be heard. The graph shows that although the fundamental 
tones of a tenor voice and an orchestra are the same volume, 

the amplitude of the tenor's partials (at 2500 Hz) are much 

stronger than the orchestra. In fact, even if the tenor 
were to reduce his volume he would still be heard over the 

orchestra. The ringing effect of the vibrato contributes to 

this peak on the graph making it both steeper and 

higher. 
The ringing effect is a way in which a singer's voice 

combines with itself to produce a phenomenon that choral 
conductors can use to advantage in solo situations, or to 

help strengthen weaker voices within the group. On the 
other hand, non -blending voices may be helped without the 
constriction of "cutting back" by the use of slightly darker 

vowels and less vibrato. In the following chapter, other 
phenomena which occur when one voice combines with another 
and their effects on individual singers as well as the 
entire choir, will be discussed. 



CHAPTER III 

THE INDIVIDUAL AND THE CHORAL ENVIRONMENT 

Auditory Feedback Loop in the REgulation of the Voice 

In order to investigate the acoustical phenomena that 

an individual singer experiences from within the ensemble, 

it may be useful to construct a flow chart representing the 

order of thought processes a singer employs to monitor the 

sound he hears while singing (Example 3. 1) . Contained 

within the chart are several feedback loops. The flow chart 

begins with the inner ear (the inner ear is not used here to 

describe a physical component of the ear, but instead 

represents a singer's idealized concept of musical sound). 

The three dotted -line boxes at the top of the chart are 

catagories of musical concepts which the singer learns and 

refers to as he sings. In order for the singer to produce a 

sound he must first draw from a group of these idealized 

concepts. 

The process required to reflect on idealized concepts 

requires time. The number of elements considered will 

increase the time required, although the time required is 

greatly reduced with practice. In general, the longer one 
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takes to relate and make judgments about various ideals, the 

more advanced i s that part of the brain used. I f the 

reflections are longer than .1 second, they will take place 

in the cerebral cortex, the area of the most advanced and 

abstract thought processes. 

In almost the same instant the singer begins to sing, 

he also begins receiving information through his ear about 

the sound he is producing. He again reflects on his 

idealized concept of sound. Even if he is singing only one 

pitch at one volume, the singer is continually making 

judgments about his performance compared to an ideal. This 

is the primary feedback loop represented by the dotted line 

connecting the ear back to the inner ear. 

Sources of interference may complicate and impede the 

speed and efficiency of the feedback loop. Interference 

modifies and makes it difficult to accurately assess pitch, 

loudness and quality, the basic elements needed to form 

complex judgments about sound. 

Delayed Auditory Feedback 

The first of these interferences is caused by resonance 

produced within the body itself. One type of distortion 

these resonances may cause has been labled Delayed Auditory 

Feedback, or D.A.F. A singer can change the sound he 

produces by changing the placement of the tone within the 

body, that is, formants and partials change as various vocal 

cavities are set into motion. These vocal cavities are 

formed of cartilage and bone which vibrate in sympathy with 
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the singer's voice and transmit sound back to his ear. But 

the bone does not transmit sound in the same manner as does 

air. Bone changes the speed, quality, and to a slight 

degree, the pitch of the sound that reaches the ear. D.A.F. 

is an attempt to describe the problem caused when one sound 

arrives at the ear at two different times. The two sounds 

are out of phase causing a kind of echo from within the 

body. 

Most of the research in D.A.F. has been in the area of 

speech pathology. Howell describes the phenomenon as 

follows: 

"When speech is delayed by 200 cosec, Feedback is not 
received until the speaker has started producing the next 
200 cosec long unit. The subject thinks that the feedback he 
is hearIng is from the unit he is currently producing, but, 
in fact it is from the previous one. "16 

Research in this area is still in its earliest stages. 

To date, no one has devised a test to accurately assess the 

effects of D.A.F. for musical tasks, although Howell has 

theorized that D.A.F. is a factor in music as well as 

speech. 

"Many musical tasks that are difficult to perform may be so 
because the performer has to synchronize his activity with 
respect to the offset of a sound ...the intruding event 
would not be used in order to regulate muscular control 
involved in the activity since the feedback is not a 
consequency of the activity itself. The disruption probably 

16Peter Howell, "The Effects of Delaying and Auditory 
Feedback of Selected Components of Speech Signal," 
Perception and P sychophy s i cs , 34, no. 4 (1 983) p. 
387. 
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arises because the event is particularly intrusive, as is 
the delayed signal in D.A.F. task. "17 

The implication is that skills required for ensemble singing 

may be more complicated than for instrumental groups. The 

instrumentalist receives the normal inputs that include his 

own sound and that of the other members of the ensemble 

through the air. But the singer receives the additional 

delayed input of his voice through bone. There may be a 

period of time when one subconsiously learns to coordinate 

the additional input. At what point in life this takes 

place, or whether or not there is a need for this particular 

type of learning for singers, has not been conclusively 

demonstrated. 

The Perception of Loudness 

little doubt, however, that the singer's 

ability to assess his own voice as he sings is limited. In 

addition to the effects caused by D.A.F., there are a number 

of other effects which are more easily observed and which 

can offer insights into the acoustical and perceptual 

problems a singer is likely to experience while monitoring 

his voice. Again, Speech Pathology has been at the 

forefront of research. 

Familiarity with several basic acoustical principles of 

loudness will aid in understanding the research. Sound 

pressure level, which is an expression of the objective 

phenomena, is manifestly not the same as loudness as an 

17Howell, The effects of delaying, p. 388. 
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expression of subjective sensation. The absolute sound 

pressure level (that is, as measured by a meter) is given in 

decibles (db). The subjective sound level (the sensation we 

hear) is given in phons. In Example 3.2 the frequency is 

plotted from left to right and the absolute sound pressure 

runs from top to bottom. The curved lines that run across 

the grid are the sound levels as perceived in phons. This 

set of curves will change for every individual. This graph 

is limited to phon levels for young people with average 

hearing. The curve would change and the lines on the right 

side of the graph would slope up more steeply if losses to 

sensitivity in higher frequencies found in older people were 

included. In addition, the graph does not take into account 

additional sound pressure levels that a singer might hear as 

a result of feedback from within the body. At only a few 

points on the graph for any given frequency do the db and 

phon levels coinside. At 80 db (an average level for 

singing) one actually "hears" 80 db only at 200, 1000, 6500, 

and 1200 Hz. At any other frequency, one perceives the 

sound as being louder or softer than the measurable 

level. 

Two factors derived from this discussion should be 

meaningful to the choral director and ensemble singer: (1) 

Singers do not have linear hearing with respect to actual db 

levels; (2) All singers do not have the same phon curves. 

For each individual the curve varies with frequency in a 
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slightly different manner. If all individuals possessed 

identical curves, the discrepancies between phon and db 

levels would be of little significance. If singers heard 

one the another at the same level, good ensembles would be 

possible. But because all singers have varying acuteness 

for different frequencies at different db levels, they will 

very often misjudge the loudness at which they perceive 

themselves to be singing as well as the loudness of other 

individuals. 

Example 3.3 is a chart of the variety of loudness 

curves (the ability to judge loudness with respect to 

frequency) found in the general populace. Note that one 

percent of the population can hear at all frequencies at any 

volume, but fifty percent can hear nothing until sound 

pressure levels are raised at least 30 db, a considerable 

deviation. Although it is impossible to say what perfect 

hearing might be, Example 3.3 confirms that some voices do 

more accurately judge loudness than others, and conversly, 

some may possess a poor idea of how loudly they sing based 

on what they hear. Choral conductors must consider that 

some voices may dominate or be lost in the ensemble, not 

because the voice is naturally loud or soft, but because the 

singer may not accurately perceive the level at which he 

sings. These singers may require some individual coaching 

in order to coordinate their voices with other members of 

the ensemble. 
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Sound Through the Body 

In addition to the inherent deficiencies of the ear 

described above, other effects may cause the singer misjudge 

the volume at which he sings. As mentioned previously, 

Example 3.2 does not account for any additional volume that 

a singer may hear as his own voice is conducted to his ear 

by the bone structure of his body. In 1974 Siegal devised a 

simple test to demonstrate how the volume of the voice 

changes as the singer's own voice (sideband) is added to his 

feedback loop. 

"S's [the subject] showed a statistically significant but 
slight tendency to decrease the vocal intensity as sidetone 
was amplified....If the speaker is made to hear his own 
vocalization as unusually loud the typical response is a 
reduction of vocal intensity. This "side- tone -amplification 
effect" can be accomplished most readily by amplifying the 
speaker's voice as it reaches him through 
earphones. "18 

The results of this test imply that as a singer becomes more 

aware of his own voice he will instinctively sing more 

softly as he perceives that the actual volume of his voice 

has increased in accordance with the volume of the feedback. 

Lane confirms the apparent misjudgment made by the singer as 

a result of this effect. 

18G.M. Siegel, and H. L. Pick, "Auditory Feedback in 
the regulation of the voice," Journal of the Acoustical 
Society of America, 56, no. 5 (1974) , pp. 1618. 
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"For a subject to perceive a doubling in loudness, the 
sound -pressure level must be more than tripled if generated 
by an external source, [this is the normal discrepancy 
between db and phons] but less than doubled if generated by 
the subject himself, vocally...he is misled by the disparity 
in the sensory operation characteristics of speaking and 
listening. "19 

The important implications for the choral ensemble are 

these: (1) The singer (subject) can more accurately judge 

changes in volume of other singers (external sources) than 

he can his own; (2) Outside the ensemble the singer will 

hear his own voice as louder than it is objectively; (3) The 

more isolated the singer becomes from the rest of the 

ensemble, the more freely this phenomenon will operate and 

the more likely it is that he will perceive his voice as 

being louder than it is objectively. As a result, the 

singer will probably undersing with respect to the rest of 

the ensemble. 

In addition to the phenomena created by the singer's 

own voice, acoustical phenomena created by the ensemble 

itself affects an individual singer's monitoring system. As 

shown in Example 3.1, the additional information received by 

the singer will further modify the sounds he produces. The 

two primary factors contributing to this modification are 

"masking" and "acoustic loading." 

19H.B. Lane, Tranel, and C. Sisson, "Regulation of 
voice communication by sensory dynamics," Journal of the 
Acoustical Society of America, 47, no. 4 (1970), p. 618. 
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Masking Effects 

The masking effect, simply put, is the result of a 

louder sound drowning out a softer one. In essence, it has 

the effect of raising the threshold of hearing, which makes 

the masked tone considerably more difficult to hear. The 

closer two tones of differing frequencies are, the 

more easily one sound is masked by the other. When one tone 

has become significantly louder than another, it will cause 

the softer tone to become inaudible even though the softer 

tone may be sounding well above the normal threshold of 

hearing. 

Example 3.4 a,b is a graph of this principle. Rising 

frequency is indicated on the bottom of the graph running 

from left to right. The vertical scale to the left may be 

thought of as the db level at which a singer must sing to be 

heard when another singer is producing a sound at the db 

level and frequency represented by the curve. Example 3.4a 

represents a singer (whom we will call B1) producing a tone 

at 200 Hz. One can assign a frequency, listed at the bottom 

of the graph, to a second singer (B2) . To discover whether 

Bl will be heard while B2 is singing, find the point on the 

graph where Bl's frequency and db level intersect. If this 

point is outside B2's curve for any given sound pressure 

level, he will be heard; if below, his voice will fall below 

the threshold of hearing. Example 3.4d is a graph for a 

higher masking frequency of 1200 Hz, which results in the 

curve representing S2. 
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Table I is the result of various comparisons made from 

the two graphs. The table lists a wide variety of db levels 

and frequency and compares them to produce a percentage of 

difference between the louder sounds of B2 and S2, and 

softer tones of Bl and Si. The percentage represents 

approximately how much softer the softer tone can be and 

remain audible. Section 1 represents two basses singing a 

note at the same frequency. When B2 is singing at 20 db 

(pp) , B1 can sing 60 percent softer at only 8 db (ppp) and 

still remain audible to the conductor. But if the volume of 

B2 is increased to 80 db (f) , Bl can sing only 25 percent 

softer and needs to produce at least a 60 db (mf) level to 

be heard. This demonstrates the principle that the greater 

the sound intensity the greater the masking effect. As a 

result, polyphonic or complex textures will be more clearly 

revealed at lower dynamic levels. 

The degree of masking effects for various volumes also 

changes with frequencies. Two higher notes of similar pitch 

will mask each other slightly more than two of low pitch. 

Set 3 of Table I shows that if S2 sings a pitch at 1200 Hz, 

and at 20 db, S1 will have to sing at a level of at least 12 

db, leaving a 40 percent difference between the two levels 

as compared to 60 percent for Bl and B2. As theory would 

predict at a higher db level of 80 db, S1 and S2 must have 

an even smaller difference between the db levels of their 

voices. S1 and S2 may have only a 19 percent difference 
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compared to the 25 percent allowed for lower voices at this 

louder 80 db volume. 

Another valuable prediction this chart can make is the 

effect two notes will make on each other as they move 

further apart in frequency. The effect men have on women is 

not the same as the effect women have on men. Because lower 

frequencies will mask higher frequencies more effectively 

than higher frequencies will mask lower ones, it is 

generally safe to say that men will hear their voices 

against women more easily than women will against the men. 

Set 6 shows B2 singing a low note at 200 Hz and Si 

singing a high note, 4 octaves above, at 2400 Hz (an 

overtone). If B2 is at 40 db, Si can sing as soft as she 

pleases and still be heard. If B2 is increased to 60 db, Si 

may still be able to sing a very soft note, but at 80 db Si 

must increase her volume to within 25 percent of B2 to be 

audible. That is almost the same allowable difference for 

two notes of the same frequency. In other words, the wide 

difference in frequency is enough to render both tones 

audible even when the male voice sings at moderately loud 

levels, but should the bass sing just a little louder than 

mezzo forte, the sound will quickly overwhelm the female 

voice until she raises her voice to almost the same volume 

level. What is the masking effect of a high voice on a 

lower one? Graph 3.4c indicates the masking curves for a 

female voice singing a note, again at 2400 Hz. If one draws 

a line vertically from 200 Hz, the line does not at any 



44 

point lie within the masking curve of female voices. 

Theoretically no matter how loud a female voice becomes, the 

softer male voice, at four -octaves below it, will not be 

masked. When there is a large difference in frequency, the 

threshold level for the low note will remain the same 

whether the high note is present or not. 

What will be the masking effects that result for widely 

separated pitches for two men as compared to widely 

separated pitches for two women? Set three shows the louder 

voice B2 at 200 Hz and the softer voice B1 two octaves above 

B2. At 20 db a wide margin of 75 percent allows the softer 

voice to sing at only 5 db and still remain audible. When 

B2 raises the louder tone to 80 db the margin narrows to 15 

percent. A comparison of Set 1 and Set 3 reveals that a 

tenor will be heard against a bass somewhat better than a 

bass against a bass. But a comparison of Set 3 against Set 

5 reveals that women do significantly better in this regard. 

Even with one octave separating the note (compared to two 

for the men), the softer voice may sing at any dynamic level 

below 40 db and still be audible, and even when the louder 

note reaches 80 db there still remains a 32 percent margin, 

more than twice that for the men; however, a caveat 

emerges. In the first comparison using Table 1, two high 

frequencies of the same pitch masked each other more easily 

than two lower frequencies of the same pitch. This fact, 

when combined with previous comparisons, means that women 

who sing the same pitch will have a greater difficulty 
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hearing each other than men who sing the same pitch, but as 

the frequency of the pitch begins to separate the women will 

benefit much more rapidly and to a greater extent than do 

the men. Also, by comparing Sets 5 and 6 one discovers that 

when pitches are widely separated, women alone will be able 

to hear each other's voices almost as well as men and women; 

men alone will not. These principles are intuitively 

applied to the scoring of polyphony. Higher voices may be 

scored in close harmony and remain distinguishable, but when 

lower voices are similarly set they become somewhat muddied 

and hard to follow. 

What are the implications of these masking effects for 

the choral ensemble? If it is the intention of the choral 

conductor to maximize the efficiency of the feedback loop 

represented in Example 3.1, the choir should stand in a 

configuration which minimizes the negative effects of other 

voices on the feedback loop and which allows each singer to 

monitor his vocal production as well as other voices of the 

ensemble. 

According to the principles of accoustics, there is 

little to be gained from placing like voices near one 

another. As we have seen, masking effects have their 

maximum disruption on the singer's feedback loop when sounds 

are similar in frequency and volume. One solution is to 

alternate basses and tenors or sopranos and altos, placing 

the men and women in two separate rows as in figure 3.5a. 

Such an arrangement would enable the women to hear more 
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accurately, but little acoustical advantages will accrue for 

the men. In addition, if the women stand in front of the 

men (as is most commonly done in this arrangement), the 

female voices will be masked by the men. When the women 

stand behind the men, the womens' voices will not be masked. 

Since the men are facing away from the women, the men will 

have less masking effect than if they were singing from 

behind. From an acoustical point of view, an equal 

disruption of all voices as shown in Example 3.5b is the 

most conducive to good singing. 

It should be noted that Figures 3.5a and 3.5b have 

represented differences in perceived loudness as subjective 

phenomenon. Differences in loudness which are the result of 

tone quality and vibrato, are automatically taken into 

account and are also represented by these graphs. 

Therefore, those voices with similar vocal qualities should 

also be evenly distributed between those of differing 

qualities. 

All previous levels for masking effects hold true for 

the conductor who listens to any two voices from an equal 

distance, but sound pressure levels (not the general 

principles) will be different for a singer's own voice as 

compared to the voice of the singer next to him. A singer 

hears his own voice as louder because the distance between a 

singer's ear and mouth, is far shorter than the distance 

from one singer to the next (See Example 3.6). 
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Distance "a" is about 6 inches. If, di sal lowing for 

body resonances, two identical singers were to sing a note 

so that distances "a" and "b" were an equal length of 6 

inches, the sound pressure levels for Table I would hold 

true both for singers as well as the conductor. The singer 

needs a wider range of dynamic levels at which he can sing 

than those contained in the masking levels of Table 1. 

While the conductor can manage those situations where one 

individual just remains audible relative to another 

individual, a singer cannot. As nearly as possible, each 

singer needs to hear his voice as well as if he were singing 

alone, freeing his feedback loop to work at maximum 

efficiency. As the distance between singers is increased 

beyond 6 inches, the amount of interference between the 

singers will decrease. 

In order to determine the optimum distances singers 

should stand from one another, one should apply the 

following principle: "If sound is not reflected or 

interrupted, the intensity drops 6 db every time the distance 

is doubled." 

When distance "b" is increased to 12 inches, the volume 

is reduced 6 db. If the distance is increased to 24 inches 

the volume is reduced by 12 db. If there is a further 

increase of 48 inches, the sound is reduced by 18 db. 

Returning to Table I for a moment, we find that the average 

db level difference for masking effects induced by various 

combinations of voices is 15 db. A drop in volume of 15 db 
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will result in a distance from the source of 36 inches. I f 

the singer is to stand so that he can hear his voice as 

loudly as possible and without his voice masking out the 

sound of the voice next to him, 36 inches will allow that 

voice to remain just audible. If the distance is increased 

beyond 36 inches, a singer's voice will begin to mask too 

much of the adjacent singer's voice: if decreased to less 

than 36 inches, both singers will find it difficult to hear 

their voices clearly as masking effects begin to increase. 

Therefore, 24 to 48 inch distances are the maximum allowable 

distances between voices. The exact distance between 24 and 

48 inches will be primarily determined by the room's ability 

to amplify and transmit sound. 

Acoustic Loading 

The acoustical phenomenon associated with "acoustic 

loading ", like masking effects, can create situations which 

greatly effect the singer's performance. If a singer 

(singer "a ") were to produce a sound in the room with no 

reflections (echo), the primary energy of that sound would 

move continually away from the singer and would not return 

to affect any following secondary sounds. If a second 

singer (singer "b ") is placed next to singer "a ", the energy 

of "b's" voice will not only effect what "a" hears but will 

also have a direct effect on "a's" vocal chords as well. In 

effect, the vocal chords are receiving energy as well as 

sending it. The vocal chords of "a" and "b" are physically 

coupled together by the air just as effectively as if they 
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had a string tying them together. It may be helpful to use 

a simple analogy. 

A boat produces a very low frequency wave in the form 

of a wake as it cuts through the surface of the water (just 

as singer "b" produces sound waves by moving the air with 

his voice). If a second boat comes in contact with the 

waves of the first, the energy of the wave will either pull 

the boat along or considerably slow it down, depending on 

the angle at which the boat meets the wave. It is only 

because we cannot see sound waves that the physical 

connection between two voices does not seem as obvious. 

The force of the air on the vocal chords is called 

"loading" (the ears are also under this load) and if the 

load is in a state of constant change it is referred to as 

an active load. The singer is probably not aware of the 

"active load" on his voice even though the physical effects 

are very real. Many of the acoustical effects which we have 

mentioned so far, such as masking effects are manifested at 

the ear as an oral phenomenon. The same oral phenomena will 

manifest themseves differently on the vocal chords as 

acoustic loading. Depending on the manner in which sound 

energy is combined, singer "a" may ride the wake of singer 

"b," or singer "a" may be slowed by singer "b". 

"When singer "a" and singer "b" sing together, the result is 
not a + b, but something more or less. "20 

20Louis H. Diercks, "The Individual in the Choral 
Situation," The NATS Bulletin, 17, no. 4 (1961), p. 7. 
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Acoustic loading affects the vocal chords in much the 

same manner as masking affects the ear. At low frequencies 

there is enough mass in the vocal chords to aL low them to 

remain relative unaffected by outside interfernce, but as 

singer "a" raises his pitch relative to singer "b" the vocal 

chords of singer "a" will become more susceptible to singer 

"b' s" influences. If the low frequency energy of singer "b" 

is significantly strong compared to high frequency energy of 

singer "a ", "a" will find it very difficult to radiate any 

sound whatsoever. It becomes physically impossible for 

singer "a's" vocal chords to move through the wave forms 

created by singer "b ". Singer "a" will most likely feel as 

though he is just not singing loud enough to match the sound 

of singer "b" and will try to bring the level of his voice 

up to a higher volume. But "a" will find that he has to use 

significantly more energy than normal to produce the desired 

volume level, and over a priod of time, will feel fatigued 

and discouraged. On the other hand singer "a" may find that 

he is singing with very little effort as "b' s" voice helps 

to move "a' s" . The effect in this case is probably less 

dramatic, for although singer "b" is losing energy to singer 

"a" it is negligible, and he most likely does not feel as 

though he is working unusually hard. It is the conductor 

who will have an overall reduction in the volume level of 

the entire ensemble. In this situation singer "a" hears and 

feels as though he is producing the required amount of sound 



53 

to balance the ensemble, but in reality he is singing less 

loudly than he thinks. 

Loading effects, like masking effects, may be reduced 

by increasing the distance between singers. This distance 

should be a greater distance than one wave length for any 

given frequency. This technique is commonly used in speaker 

design. Any two speakers which are placed in a space of 

less than one wave length will operate as one speaker at 

that wave length rather than two separate speakers. They 

are said to be "coupled." Moving them apart to a distance 

greater than one wave length will effectively "decouple" 

them for that frequency. The same principle can be most 

effectively employed when utilizing a mixed ensemble 

configuration. Women, with higher voices and shorter wave 

lengths, can safely stand next to each other for most of the 

notes within their range. Men, however, must be separated 

by the distance that results by alternating them with the 

women. 

A women's lowest note would be G3 below middle C with a 

wave length of 31 inches, a distance in accordance with the 

optimum distance calculated to reduce masking effects, or 36 

inches. The lowest note of most choral music is D2 at 73.42 

Hz. Its wave length is almost 8 feet, which lies outside 

the 6 foot distance between men in the mixed grouping 

configuration, but since there are only a few men who can 

sing low d's they may be placed well apart from one another. 
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The normal 6 foot spacing between men allows a pitch down to 

low F #3. 

As discussed in the first chapter, sound is, of course, 

three dimensional. Therefore, the principle of acoustic 

loading also applys to the distance between rows as well as 

individuals and is applicable to the distance a choir may 

stand from a good reflector of sound such as a brick 

wall. 

In summary, it has been noted how individual singers 

use a feedback loop as a monitoring system in order to make 

an ongoing evaluation of their performance. We discussed in 

detail three acoustical and perceptual phenomena which 

influence the efficiency of the feedback loop: 1) interbody 

resonances, 2) masking effects, and 3) acoustic loading. It 

was determined that a three dimensional spacing of 36 inches 

between singers of different voice types and qualities would 

least interfere with individual voices and allow for maximum 

ease of performance. 



CHAPTER IV 

THE ACOUSTICAL PROPERTIES OF ROOMS 
AND THEIR EFFECTS ON CHORAL ENSEMBLES 

Just as there are optimal locations for distributing 

individual voices throughout the choir according to the 

particular acoustical parameters of each location, there are 

optimal locations for positioning a choir within a room. 

Furthermore, the room itself can be modified to better 

accommodate the choral ensemble. In order to know how to 

choose and /or modify locations, it is first helpful to 

understand how one would perceive sound outside of a room. 

If one were able to float in space away from all reflecting 

surfaces, any sound made would travel directly away and 

would only be heard once. Scientists have built the 

equivalent of this situation in the form of an anechoic 

chamber. Its walls completely absorb sound waves as if they 

were traveling in an infinite amount of space. The anechoic 

chamber is more properly suited for acoustical study than 

the out -of -doors because it effectively keeps out any 

erroneous noise called "ambient" noise. When one is inside 

such an acoustical environment one hears sounds normally 

masked by even the softest of outside ambient levels. A 

rushing noise caused by the blood moving through the body 

becomes perceptible. In addition, the rhythm of the 

55 
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heartbeat is accompanied by a very high pitch tone, thought 

to be caused by the nervous system. 

If one speaks to another person in the chamber, one 

will hear one's voice at a significantly louder level than 

normal. But because there is no reflected sound, other 

voices will sound significantly softer than normal. One 

will also find, even at soft levels, that every detail of 

the voice will be clearly audible as there is no ambient 

noise to mask even the softest details. In a normal room, 

all sound, extraneous noise as well as music, will become 

louder as it is reflected off surfaces. The relative volume 

of one's voice compared to another, and the amount of detail 

preceived, will change according to a room's reflective 

qualities. The greater efficiency with which sound is 

reflected, the louder the sound will become. In an anechoic 

chamber sound energy is diffused, but in a normal room, 

sound becomes louder as energy is concentrated and 

re -used. 

Example 4.1 and 4.2 can help explain the acoustical 

amplification process. In Example 4.1, "s" is a singer and 

"1" is a listener (which may coincide with "s" if the 

listener is also the singer) in a room of perfectly 
reflecting walls. "S" begins to sing at time t =0 and does 

not increase the volume of the tone. Sound begins to 

radiate equally in all directions. As the wave propagates 

away from "s ", the listener will receive the first signal 

after the interval of time (sl /v where v is the ve los i ty of 
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Figure 4.1 Reflected sound in a room 
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sound) it takes the direct sound to travel from "s" to "1 ". 

For instance, if s1 =10m, v =334m /sec, the time of direct 

arrival will be 0.3 seconds. Immediately thereafter, 

reflected waves will pass through point 1 in rapid 

succession. The first few reflections, if significantly 

pronounced and well separated from one another, are called 

echoes. Theoretically, as time goes on and "s" continues to 

produce a tone at the same volume, acoustical energy passing 

through point "1" will continue to build, reaching ever 

increasing volume levels. In reality, the maximum volume 

that can be reached is not infinite because there are no 

surfaces which reflect sound perfectly at all frequencies. 

The scale used to express a given materials' ability to 

reflect sound is called the "absorption factor," the major 

element limiting the maximum volume a sound will reach in a 

given room. Hence, the sound wave intensity will not 

increase indefinitely but will level off when the power 

dissipated in the absorption processes has become equal to 

the rate at which energy is fed into the room by the 

source. 

The reverse process is called "reverberation." 

Reverberation begins when the singer stops producing a 

sound, and continues as the direct sound disappears and is 

followed by reflected sound of ever lengthening reflection 

paths. The "reverberation time" is the time it takes the 

sound to decrease from a level of 60 db above the ambient 
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noise level of the room (also called the "noise floor ") to 0 

db above the noise floor. 

Example 4.2 enables one to see the several different 

time interva,_s required to describe the behavior of sound in 

a room. increasing intervals of time are given at the 

bottom of the graph and run from left to right. The first 

important interval is the time it takes the direct sound to 

travel from "s" to "1 ", which will, of course, increase with 

distance. The room itself as yet has no influence on the 

length of this interval. The time taken for direct sound to 

traverse any given space may be changed only by the length 

of that space, and to a slight degree, the temperature and 

humidity of the air. Therefore, direct sound in and of 

itself will not be a problem in rooms of normal temperature 

or of any size and shape until the room becomes large enough 

that the time interval required to travel a given space 

exceeds 30 m /seconds. A 30 m /second delay will be heard at 

a distance of 34 feet. This time interval will be exceeded 

in the following three cases. 

1) When antiphonal choirs are widely separated. 

2) When the singers are in sections of like voices, and 

the distance between all the voices of one type is 

greatly separated from another type. 

3) When the conductor stands at too great a distance 

from the choir. A 30 m /second delay will be heard 

at a distance of 34 feet. 
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The next significant interval of time is the time 

required for the first reflection to reach "1 ". This sound 

will reach "1" after it has first reflected off the wall 

that is nearest "s" or "1". In order to be audible as an 

echo it must be 5 db louder than the direct sound and 

delayed by 30 m /seconds . This means the total path that 

sound travels including its reflections, must be a distance 

of at least 34 feet to be heard as a separate event or echo. 

For shorter distances and times, the first reflection will 

add to the volume of the direct sound but will not interfere 

with its clarity. If these shorter reflections build -up 

gradually they will make a smooth transition to reflections 

that are longer than 30 m /seconds . Therefore they will not 

interfere with clarity of the singers, but will instead give 

the impression of greater room size as well as increase the 

volume and sense of projection in the voice. If, however, 

reflections build up in a way that does not allow smooth 

transitions between 30 m /second intervals, seperate echos 

will become audible and will begin to interfere with the 

music. 

The third time interval on the graph is the decay rate. 

The preferred length of reverberation will vary 

considerably depending on the desired effect on the 

ensemble, the type of music, and the quality of the 

reverberation itself. In rehearsal rooms most conductors 

place great emphasis on the perception of detail and overall 

clarity. This means that the decay time can be relatively 
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short, but not so short as to weaken and dry up the 

amplifying and supporting effects of a room. 

The type of music one may perform in a given room is 

limited to the speed of major transients in the music 

relative to the reverberation time. Accordingly, 16th c. 

motets, with their long flowing lines and overall smooth 

dynamic character, flourish in an acoustical environment 

with reverberation times as long as 10 seconds. I f music 

with a great deal of closely spaced transients were played 

in the same room, the results would be disastrous. The 

start -up transient of a new note would not have the time 

required to build to the level of the previous notes, and 

would be partially or completely masked. In Example 4.3, 

"s" is the db level of a transient from a musician's 

perspective, and "o" is the audience's perspective. The 

graph shows that at St. Michael's, Hamburg (with a 

reverberation time of 6.3 seconds), music with transients as 

close as eigth notes, where a quarter note equals eighty per 

minute, will be distinguishable, but in Cologne Cathedral, 

where reverberation time is longer, music may move at only 

half the tempo allowable at St. Michael's. In addition, at 

St. Thomas', Leipzig, where the reverberation time is much 

shorter, the music can contain 8 times as many separate 

events for each beat of the tempo used at Cologne. 

The Quality of Reverberation 

The quality of the reverberation is dependant on two 

factors: (1) the portion of the frequency spectrum that is 
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reflected or absorbed by various surfaces; and (2) the 

smoothness of the decay process. As mentioned previously, 

the decay process will be the inverse of the build up 

process. A smooth build up and decay is preferable, but if 

the decay is jagged and separate, and echos are 

distinguishable, the reverberation is referred to as 

"flutter" or "slap echo." Flutter echo is a very quick, 

closely spaced echo which reaches the listener /singer's ear 

with enough difference in phase to cause a confused 

impression of the music. The choral conductor must learn to 

recognize these problems and either position his choir where 

the effects are minimized or place absorbent or reflective 

materials in such a way as to attenuate the undesirable 

portions of the reflected wave forms. This usually results 

in a compromise in which the preferred long reverberation is 

shortened in favor of higher quality reverberation. 

One of the most important influences on the quality of 

reflected sound is the shape of the room. Shape of the room 

alone can cause modes of excitation within the room. 

Example 4.4a -i illustrates a variety of basic geometric 

shapes and their effect on frequency. Any shape which 

contains at least one parallel surface will result in very 

large irregularities in frequency responses. Unfortunately, 

the shapes most commonly chosen for a room are "k" and "e" 

which are particularly problematic. In addition, because of 

modes set up by "standing wave" as seen in Example 4.5, the 

frequency response of such a room will vary considerably 
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Figure 4.4 Frequency response characteristics for several 
geometric shapes 
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depending on the listeners position in the room. If the 

listener stands at the appex of one of the standing waves 

(the dark area in Example 4.5) he will hear a set of 

particular frequencies or pitches much more prominently than 

a listener who stands at the null point of the set of 

frequencies. These two points may be separated by only 

inches. In Example 4.6 there are two graphs which show how 

the frequency response of a rectangular room changes 

dramatically when a microphone used for the measurement was 

moved only a few feet (the distance which often corresponds 

to the distance between two singers). 

The above measurement was made from the corner of a 

rectangular room of small dimensions. Irregular curves will 

result in corners where the number of standing waves rises 

as the distance between walls demises. Well -designed rooms 

often have no sharp corners or parallel walls. Example 4.7 

is the floor plan for the New Philharmonic Hall in Berlin. 

Not only are there no parallel surfaces or sharp corners, 

but the performer (s) stand well away from any reflecting 

surface. Therefore, in general, it is better to place the 

choir out of corners and away from walls in order that the 

subjective impression of the room's frequency response will 

remain relatively the same for all members of the choir. 

But there are other factors which determine the placement of 

the choir. One of these is the various shapes of reflecting 

surfaces which effect the direction in which sound is 

radiated. 
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Figure 4.5 Two standing waves in a room 
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Figure 4.7 New Philharmonic, Berlin 
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A flat surface will reflect sound according to the 

angle at which the sound approaches it, as in Example 4.8a. 

If the surface is bent into a curve it can be used to focus 

or diffuse the sound. The curve will change the amount of 

amplification any one person may hear depending on his 

location relative to the focus. In Example 4.8b, one can 

see how a concave surface focuses sound onto a single point 

(as does a flashlight using waves of light) . This shape is 

often found in large churches and cathedrals in the form of 

overhead domes. They sometimes will focus standing waves on 

the floor directly below them and may generate unwanted echo 

effects. Therefore, choirs should not be placed directly 

beneath a dome. A similar shape is formed by a "choir 

shell." Choir shells can be used to add to the volume of the 

choir for those listeners that lay within the path of its 

focus, but choir shells not only project sound, they also 

receive it. The same concave shape is used to receive and 

amplify very weak radio waves or to listen to weak sounds 

over great distances. When choir shells are placed behind 

choirs the ambient noise level of the hall will be amplified 

and focused on the individuals of the choir. In addition, a 

large reflection will appear directly behind the choir which 

will raise the db level to a point where masking effects 

become more critical. Furthermore, if the point of focus of 

the shell is on a reflective surface, the energy of the 

reflection will be focused on the choir and will reduce the 

choirs ability to hear each other accurately. It is only in 
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(a) 

(b) 

Figure 4.8 Sound reflection from two surface types 
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rare circumstances that the benefits of choir shells 

out -weigh their disadvantages. They should be used only 

when they can be carefully focused on non -reflective 

surfaces. If used to project the sound of the choir over 

instrumentalists, they must be placed so they do not focus 

the sound of the instruments onto the choir. 

The relation of the floor to the ceiling may also be a 

source of unwanted reflection. For many rooms, the smallest 

dimension is found between the parallels created by these 

two surfaces. These surfaces often create standing waves 

and flutter echos. Changing the shape of the ceiling often 

helps to eliminate these problems. In Example 4.9 a, b, c, 

there are three ceiling shapes. The converse shape of "c" 

is the most effective way of spreading sound away evenly 

throughout the room. Ceiling height is also critical. It 

has recently been shown the best subjective impression of a 

room is formed when the height is greater than half the 

width of a room so that the first reflection always reaches 

the singer from a side wall. Overhangs also create 

parallels to the floor, as shown in Example 4.10, and will 

generate standing waves and flutter echo. 

Among the negative effects of flutter echo are its 

ability to generate a pitch. For an overhang, or any other 

flutter echo generator, of eight feet, the reflection coming 

from both surfaces will be 142 echos per second, and will be 

heard as B-natural, a ninth below Middle C. The amplitude 

of the pitch will depend on the absorption factor of the 
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(a) (b) 

Figure 4.9 Three ceiling shapes 

H 

Figure 4.10 Flutter echo in an overhang 

(c) 



73 

reflecting surfaces. The best way to check for flutter echo 

is simply to clap one's hands and listen to the resulting 

reverberation. 

Flutter echo is to be avoided at all cost. Almost any 

compromise is preferable to even the slightest amount of 

flutter echo. When conducting the clapping test, one should 

listen very carefully for even one sharp echo. No matter 

how closely spaced the first echo is to the initial sound it 

will be of great benefit to move the choir to a location 

where its effects are weakened. 

After one has decided where to locate the choir 

according to the principles discussed above, one needs to 

make a judgment about the quality of the sound produced by 

the choir at that location. The most common mistake is to 

assume that the location that produces the biggest or 

loudest sound is also the one which will allow the choir to 

sing at its best. Tests have shown using loud speakers that 

listeners, when comparing the quality of sound, will almost 

always choose the loudest sound as the most accurate, even 

when the difference in loudness level is so small as to go 

unnoticed by the listener. It is only after the ear has 

been trained to listen for particular acoustical effects 

that one can begin to recognize quality independent of 

volume. 

Unfortunately, even in the design of concert halls, 

quality is usually compromised in favor of loudness. Sound 

is acoustically amplified by the shape of the stage and 
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hall, often degrading it. Megaphones produce similar 

effects. They can acoustically amplify sound, but they do 

so at the expense of sound quality. If one assumes that the 

audience and choir is better served by a slightly softer but 

more accurate sound, then the following listening procedure 

should result in an improved acoustical situation. 

1) Is any one part of the audio spectrum unusually 

marked by edginess (high) or boominess (low)? 

2) Does there seem to be a limited dynamic range? 

3) Is there a tendency for the choir to oversing? 

4) Are individual voices clearly audible and yet well 

blended? 

5) Finally, good acoustics should produce a sense of 

airiness, or easiness to the sound. 

Once the best position for the choir has been found, the 

overall impression may indeed be the loudest one, but it 

will also allow for more flexibility and musicality without 

inducing undue intensity or fatigue. 

Rehearsal Room Modifications 

By manipulating the reflecting surfaces of the 

rehearsal room, the conductor has an extra degree of 

flexibility and control not always available to him in the 

performance hall or church. Unfortunately, rehearsal rooms 

are often relatively small and /or rectangular. The smaller 

they are the more likely it is that flutter echos and 

standing waves will be developed. In addition, small rooms 



75 

often have short reverberation times (this will depend on 

the absorption factor of their surfaces) and it is not often 

possible to eliminate unwanted reflections without also 

shortening reverberation time. Fortunately, most conductors 

prefer somewhat drier accoustical conditions for rehearsal 

than performance. Longer reverberation times can be 

maintained by changing the dimensions of the room to 

eliminate unwanted reflections. Most often it is preferable 

to dampen out those reflections which are undesirable with 

acoustically absorbant materials. Sound should be absorbed 

only at the frequency at which the unwanted reflection 

occurs so that as much high quality reverberation as 

possible can be retained. 

In order to improve a room's acoustics, the following 

procedure should be used. The conductor should position 

himself in various areas of the room that correspond with 

the seating arrangement for the choir. Check for flutter 

echo using clicks and pops of various pitch and timbre. Try 

to determine which combination of surfaces is causing the 

flutter echo. If the pitch is high or low, materials which 

are absorbent only in those frequency ranges can be used 

without losing other more desirable reflections. Also check 

for standing waves, especially in corners or near walls. 

Use a "signal sweep generator" to locate them. The signal 

sweep generator will run through all the audible frequencies 

with a continually rising tone. Some tones will appear to 

be louder than others. These are the standing waves found 



Absorption coefficients of some building materials. 

Material 

Marble or glazed tile 

Concrete, unpainted 

Asphalt tile on concrete 

Heavy carpets on concrete 

Heavey carpets on felt 

Plate glass 

Plaster on lath on studs 

Acoustical plaster (1 in) 

Plywood on studs (Vs in) 

Perforated cane fiber 
tile, cemented to 
concrete, 1 /2 -in thick 

Perforated cane fiber 
tile, cemented to 
concrete, 1 -in thick 

Perforated cane fiber 
tile, 1 -in thick, in metal 
frame supports 

Figure 4.11 

Frequency (Hz) 

125 250 500 1,000 2,000 4,000 

.01 .01 .01 .01 .02 .02 

.01 .01 .01 .02 .02 .03 

.02 .03 .03 .03 .03 .02 

.02 .06 .14 .37 .60 .65 

.08 .27 .39 .34 .48 .63 

.18 .06 .04 .03 .02 .02 

.30 .150 .10 .05 .04 .05 

.25 .45 .78 .92 .89 .87 

.60 .30 .10 .09 .09 .09 

.14 .20 .76 .79 .58 .37 

.22 .47 .70 .77 .70 .48 

.48 .67 .61 .68 .75 .50 
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in the position of the listener. The generator may be 

adjusted until it narrows down on the offending tone, and 

will give the tone's exact frequency. The listener can walk 

around the room while the offending frequency is playing and 

find those areas where is is cancelled or reinforced. This 

will enable one to place materials which are absorbent to 

specific frequencies only in the area of the room where they 

occur. 

Example 4.11 is a chart of the acoustical properties 

for various surface materials and their absorption factors 

at various frequencies. Often dramatic effects can result 

from judiciously placing these materials in corners and 

adjoining walls. In other instances, entire surfaces must 

be covered. Floors are easily covered by rugs. Thick rugs 

on rubber mats are more absorbant than thin rugs on hard 

surfaces. Curtains are very effective for reducing and 

controlling reflections off walls and windows. They are 

more effective when placed with a gap between the wall and 

the curtain. The frequencies that are affected may be 

adjusted by changing the size of the gap. In addition, the 

amount of dampening can be changed for different types of 

music by opening and closing the curtains. 

On occasion, the wave lengths of low frequencies are 

too long for flat surfaces to attenuate them effectively. 

In this circumstance, large absorbant panels, as seen in 

Example 4.12, can be effectively used to break up large 

standing waves, and have the secondary benefit of evenly 
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Figure 4.12 Absorption /Diffraction panels in a room 
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dispursing higher frequencies throughout the rehearsal 

room. 

In conclusion, the importance of acoustical phenomena 

and their particular effects on the production of choral 

music have been noted. Many schools of music do not include 

courses on acoustics, and those that do are not specifically 

designed for the choral conductor. This paper has been an 

attempt to tie basic acoustical principles together in such 

a way as to make them relevant and useful to the choral 

conductor. When the conductor is familiar with these 

principles he should be better able to ease acoustical 

conditions quickly. Furthermore, he will be able to choose, 

or create, an environment which works in conjunction with 

the choir to create good singing and an enjoyable ensemble 

experience. 
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