
Dept. for Speech, Music and Hearing

Quarterly Progress and
Status Report

Acoustical factors related to
pitch precision in choir

singing
Ternström, S. and Sundberg, J.

journal: STL-QPSR
volume: 23
number: 2-3
year: 1982
pages: 076-090

http://www.speech.kth.se/qpsr

http://www.speech.kth.se
http://www.speech.kth.se/qpsr




B. ACOUSTICAL FACIYlRS RELATED TO PITCH PRECISIC6J IN U-IOIR SINGING 

Sten TernsWm and Johan Sundberg 

Abstract 

Choirs seem to exhibit varying proficiency of intonation (meaning the 
overall degree of precision in pitch) under differing acoustic condi- 
tions. If so, which conditions are the most conducive to correct intona- 
tion? Amateur male choir singers were asked to sing (one at a time) just 
intervals from a synthetic vowel tone whose spectrum arrd vibrato content 
were varied. The standard deviation in fundamental frequency over the 
ensemble of singers was adopted as a measure of the difficulty of into- 
nation for a given stimulus. 
Spectrum variations such as change of vowel did in some cases cause 

significant changes in the ease of intonation. Absence of vibrato, 
presence of common partials and presence of high partials were found to 
facilitate intonation. Standard deviations of 10-15 cent were found to 
be typical of a musically acceptable performance under normal rehearsal 
conditions, whereas values up to 2-3 times greater resulted from stimu- 
lustone manipulation. Skilled choir singers were less influenced by 
stimulus variations than unskilled ones. 

Introduction 

Although choir singing is a very widespread activity, research in 

choir acoustics has been very scarce. Therefore, many questions which 

are important to a great number of people have remained unanswered. We 

report here results from a first attempt to elucidate acoustical factors 

of significance to choir intonation; more specifically, factors affect- 

ing the precision with which the choir singers choose their fundamental 

frequencies. 

An important requirement for a choir singer to meet is to sing "in 

tune", i.e., with correct fundamental frequencies. In order to achieve 

this, the singer must be in good control of the fundamental frequency of 

hisher voice. Also needed is a clear concept of what the correct pitch 

is. However, it is well known that the ability of the choir members to 

meet these demands is influenced by acoustic conditions, such as mom 
acoustics and choir formation. This leads to the question: what are the 

properties of the choral sound, which facilitate or complicate the 

singer's choice of fundamental frequency? In the present investigations, 

three hypotheses regarding such sound properties have been tested. 



H y p o t h e s e s  

An interval between two tones is said to be just, if the ratio of 

their frequencies can be expressed by small integers. If a just interval 

is formed by two tones with harmonic spectra, then some of the partials i 
from the two tones will coincide in frequency (Fig. 1). Mistuning such i 
an interval slightly has the consequence that partials with nearly equal I 
frequencies will sound together, causing beats. Such beats may serve as i 
a clue to correct intonation. In w e 1  spectra, these common partials 1 
may of course be emphasized by a formant. One of our three hypotheses 

was that the presence of common partials in a consonant interval facili- I 
tates the singer's intonation. 

Fig 1. The spectra of 
two complex tones form- 
ing a just interval 
(here a perfect fifth 
with 200 and 300 Hz) 
have so-called common 
partials. The singers 
can reinforce such a 
partial by choosing 
vowels having the cor- 
responding formant fre- 
guencl' I 0.2 

The vibrato corresponds to a small periodic variation of the fundamen- 

tal frequency. It will therefore eliminate beats in a slightly mistuned 

interval. Moreover, a sinusoidal vibrato does not change the perceived 

pitch of a tone (Sundberg, 1978). Another hypothesis that we have tested 

is that the absence of vibrato in the stimulus tone facilitates the 

singer's intonation. 

The masking effect of one's own voice is greater for low than for high 

frequencies (Gauffin & Sundberg, 1974). This bias is due partly to the 

low-pass nature of bone conduction, and partly to the directivity of 

high frequencies radiated from the mouth. Pitch information, however, is 

available in all parts of the spectrum. The high partials of the sound 

from the fellow choir singers may be more useful to the singer than the 

low ones, since they are less likely to be masked by the singer's own 

voice. Accordingly, our third hypothesis was that the presence of high 

partials makes intonation easier. We arbitrarily defined "high partials" 

as all partials above the lowest comn  partial. 
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Fig. 2: Examples of initial searching for the correct fundamental fre- 
quency (Fo). Horizontal lines indicate the theoretically correct Fo . 
Note that in C the singer seeks a value of Fo which is very remate fram 
the ideal goal. 

Generally, the fundamental frequency used by the singers deviated more 

or less from the just intonation value. The average of this error over 

the group of singers is another candidate for the measure of difficulty. 

However, it cannot be taken for granted that just intonation is the 

ideal for the intonation of a consonant interval (Hagerman & Sundberg, 

1980). Therefore the average error in fundamental frequency is not a 

good measure of intonation difficulty. 

The standard deviation in furrdamental frequency taken over the group 

reflects the amount of disagreement among the choir singer subjects as 

to which fundamental frequency should be cansidered ideal. If the inter- 

val is easy to sing, this standard deviation must be small. For this I 
reason, the standard deviation of all singers' fundamental frequencies I 
produced for a given stimulus was accepted as a measure of the diffi- 

culty of intonation. All results given below denote such standard devia- 

tions, measured in cent, while the absolute values of the fundamental 

frequencies will be disregarded. 



Experiment I 

The order of magnitude of the standard deviation just mentioned was 

estimated for realistic conditions in the following experiment. The 

choir sang a mventional cadence in an ordinary rehearsal room a number 

of times, until the choir leader judged the intonation to be musically 

acceptable. In the cadence, which was composed for this purpose by one 

of the authors (ST), each of the eight notes in a major scale occurred 

only once in the bass part. The intonation was measured in six of the 

bass singers using the method described above, while the cadence was 

sung another four times. The resulting standard deviations over the six 

subjects for each of the eight tones are given in Fig. 3. The eight 

tones appear to have been about equally difficult. The three largest 

values ( > 20 cent) stem from single, though different, singers making 

large errors on the order of 50 cent. The overall average of the stand- 

ard deviations (over 6 singers x 8 tones x 4 repeats = 192 sung tones) 

was found to be 13 cent, with extremes at 3 and 24 cent. Thus, two 

thirds of the fundamental frequency values produced by the basses of 

this choir agreed to within 2 13 cent. 

2 0 t  *- average 12 -0 

A U- averaqe 13.6 

Fig. 3. Standard deviations 
(cent) in Fo over 6 subjects. 
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Experiment I1 

This experiment was made in order to find out whether or not the 

different acoustic characteristics of the tone reaching a singer's ears 

have any measurable effect at all on the singer's intonation. In the 

experiment, four skilled choir singers sang a fifth or a major third 

above a stimulus tone given to them over a loudspeaker in a sound 

treated booth. The test tape contained 23 stimulus tones. The stimulus 1 

sounds lacked vibrato but were vowel-like in that they all had realistic 
1 

formant frequencies, which were varied systematically. The fundamental 

frequencies were chosen so as to have the subjects sing notes over a 

wide pitch range (B~-D~). The four singer subjects made two test runs, 

thus yielding 23x4~2 = 184 sung tones. The resulting intervals between 

the fundamental frequencies of the stimulus tone and the sung tone were 

determined in cent by means of the VISA computer programme (Askenfelt, 

1979). 

As there were sound reflections in the booth, which, moreover, were 

influenced by the subjects themselves, the experimental conditions were 

realistic rather than well controlled. Still, there were substantial 1 
spectral differences between the 23 stimulus tones. If such spectral , 
differences are relevant to the difficulty of intonation, they would 

cause some variation in the standard deviation of the fundamental £re- 

quency produced by the singers. In the opposite case, we would expect a ! 

< 

standard deviation on the order of 13 cent no matter what the stimulus 

tone was, see above. The standard deviations observed were found to 

range from 3 to 30 cent. In some cases the standard deviation changed by 

a factor greater than two when the reference tones differed in vowel but 

not in pitch. This is a statistically significant effect, which implies 

that there are indeed properties of the vowels which affect the inter- 

sub ject scatter of fundamental frequency. Also, this tallies with the 

opinion of the singer subjects, who reported that a satisfactory intom- 

tion was much easier to achieve in some cases than in others. 





Third (not fifth) - - - - - - - -  + + + +  + + + +  
c3mmr-1 partials - - - - + + + +  - - - -  + + + +  
High partials - - + +  - -  + +  - -  + +  - -  + + 
No Vibrato - + +  + +  + +  + +  

Stand. dev. 40 45 31 19 24 19 21 21 22 22 28 22 28 18 26 15 

(Duplicates ) (40) (21 (27) (27) 

Table Ia: Standard deviatims (cent) in fundamental frequency taken 

over 18 singers. 

Significance levels 

Fifths Thirds 

Table Ib: The data of Table Ia arranged so as to visualize the factor 

effects. The significant effects (F test), marked with asterisks, are 

commented in the Discussion. A double ring denotes average value of 

duplicate stimuli. 



We assume that the fundamental frequencies of the sung tones pertain- 

ing to a given stimulus tone can be regarded as belonging to a normal 

distribution. This allows us to use the F test for testing the statisti- 

cal significance of variance changes associated with changes in stimulus 

tone characteristics, i. e., the significance of the difference in any 

pair of values in adjacent corners of the cubes in Table Ib. The changes 

found to be significant according to this test are identified by aster- 

isks and lower-case letters in the table. Some of them merit individual 

comments as follows. 

Referring to Table Ib, we find it interesting to note that there are 

good explanations to be faund for all the significant effects. Compari- 

son (a) concerns the change in the stimulus tone characteristics from 

two to three partials, corresponding to the addition of the first cammo~l 

partial. This change makes it easier to sing a fifth. Comparison (b) 

concerns an identical change, except that, in this case, there is no 

vibrato. The influence of the third partial becomes even greater in this 

case, as though the vibrato had had a blurring effect on pitch percep- 

tion. 

Comparisons (c) and (d) show the effect of adding two partials in the - 
case of presence and absence of vibrato; since there are two and four 

partials below the first common partial in a fifth and in a major third, 

respectively. The results show clearly lower standard deviations when - 
the stimulus tone contains four partials rather than two, no matter if 

there is a vibrato or not. Moreover, there is no clear effect of adding 

the first common partial in the case of the major third interval. A 

possible interpretation is that adding one partial to two partials (as 
for fifths) leads to a greater improvement than adding one partial to 

four partials. It seems that three partials are sufficient for ease of 

intonation. For the interval of the fifth, adding all non-common par- 

tials (e) has very much the same effect as adding the first common 

(third) partial. However, in the case of the thirds, there is no effect 

of adding all non-common partials. 

Comparison (f) concerns the addition of all common partials to an 

otherwise complete vowel spectrum lacking vibrato (thirds only). The 

effect is large. This might be an effect of the differenc'e between 

various versions of major thirds which occur in music practice (Hagerman 

& Surdberg, 1980). A major third is 22 cent wider in Pythagorean tuning 





: The stardard deviations in the top rcw (SD) 

Source of variation: : are -ighted + or -, accuanulated horizon- 
: tally and averaged in the rightmost colurm. 

T Thirds (not fifths) :---------------------------------------- 

C Carmen partials Confidence interval f 2.07 f 1.251 

H High partials Risk level 1 % 5 % 

V - No Vibrato . marked *** * 

T - - - -  - - - -  + + + +  + + + +  -2.25*** 

C - - - -  + + + +  - - - -  + + + + -3.75*** 

H - - + +  - -  + +  - -  + +  - -  + + -2. oo* 

V - + +  + +  + +  + +  -2.25*** 

l'xv + +  + + -  - + +  + +  
CxH + + - -  - - + +  + + - -  - - + + 
Cxv + + -  - + +  + + -  - + - +  
Hxv + +  + +  + +  + +  

Table 11: Analysis of variance. 



and 

These confidence intervals are used in the analysis of variance 

(Table 11) to single out the significant sources of variation. 

Discussion 

Applicability of results. The interindividual variability was very 

great. Occasionally, one or two choir singers would sing at a pitch 

which was up to about 100 cents away from the group average. Moreover, 

the statistical significance in all such cases was heavily dependent on 

the data fram these very deviant subjects. Incidentally, these stemmed 

from subjects who were less experienced choir singers than the majority 

of the group. We take this to mean that the skilled choir singers are 

rarely disturbed by variations in the stimuli, whereas the less experi- 

enced ones occasionally become confused by difficult stimuli. This is 

not astonishing; "skill" would designate the ability to perform cor- 

rectly and reliably even under difficult circumstances. We also infer 

from this that, in such cases, errors in fundamental frequency of mare 

than 50 cent, or half a semitone, may occur. 

Can this intonation behavim (i. e., most singers being essentially 

agreed except for one or two "dropouts") be typical of choir singing, or 

is it due only to the experimental situation? The data collected in 

ordinary rehearsal (Experiment I) reveal that the largest standard 

deviations were caused by similar single "dropouts". This similarity 

lends credence to the practical importance of a few extreme data. It 

also suggests that poor intonation in choirs may manifest itself in this 

particular way. 

Comments on the factor effects. According to the analysis of vari- 
ance, the three factors of our three hypotheses were all found to be 

significant, namely presence of common partials, presence of high par- 

tials, and absence of vibrato (Table 11). 



Given, then, that the presence of common partials does help intona- 

tion, we must note that in a choral context the common partials are 

never completely absent; on the other hand, their amplitudes may be 

manipulated through a judicious choice of vowels. The results indicate 

that such manipulation could be worthwhile. An interesting practical 

application would be to construct choir intonation exercises with the 

common partials emphasized. 

Similarly, "high partials" are never quite absent in practice, but 

their amplitude is strongly dependent on room acoustics, choir forma- 

tion, and of course also on the vowel quality. Above, we presumed that a 

stimulus tone with strong high partials is more likely to be heard by a 

singer than one with weak high partials, because of the masking effect 

of the singer's own voice. This applies when the singer hears his own 

voice as loud compared to the sound he perceives of the rest of the 

choir. In practice, the opposite also occurs, i.e. that the sound of the 

ensemble is so loud that the singer cannot hear his own voice. We may I 

therefore anticipate that the SPL difference between the individual 
1 

singer's voice and the sound of the rest of the choir is important to 
I 

choral performance. If we assume that all choir members sing at about 

the same SPL, this ratio is determined by two things: the amount of 

reverberation in the room, and the spacing between the singers. In a 

heavily damped room, or if the singers are standing far apart, each 

singer should hear more of himself and less of the others. The present 

experiment shows that the high partials are useful to the singer in an 

anechoic room when the "choir" SPL is about 75 dB; but since the subject 

SPL was not measured, the SPL differences are not known. It does not 

follow that the usefulness remains at other levels or in normal roams. 

The significance of the SET, difference seems to be a worthwhile thing to 

investigate in the future. 

The reason why the vibrato was found to be important is not hard to 

realize. The vibrato eliminates beats from mistuned consmt intervals. 

The result suggests that, in our experiment, reduction of beats was used 

as a way of achieving the ideal intonation. Whether or not this applies 

under more realistic choir conditions remains to be shown. 

As for the fourth factor, the interval (fifth or third), the result 
amently shows that thirds are easier than fifths to sing correctly. 

This is probably true only under the present experimental conditions; 





Smmry of conclusions 

(1) The precision of a choir singer's intonation depends on, among 
otherthings, the acoustic properties ofthe reference sound reaching 
his ears from the rest of the choir. 

I 
(2) Accurate intonation is facilitated by 

- presence of common partials 
- presence of high partials 
- lack of vibrato 

(3) A standard deviation in fundamental frequency of about 13 cent is 
typical of amateur bass choir singers. 

(4) Skilled choir singers are little disturbed by even quite abmrmal 
variations in the reference tone characteristics, whereas less experi- 
enced ones may become confused and sing with an error of more than 50 
cent. Basically, this seems to apply also in the normal rehearsal situa- 
tion. 

We wish to thank Teknologkoren, the students' choir at the Royal 

Institute of Technology, for their cooperation; also Lennart Nordberg at 

the Dept.  of Mathematical Statistics for helpful comments on our statis- 
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