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PERCEPTUAL EVALUATIONS OF VOICE SCATTER IN UNISON CHOIR 
SOUNDS* 

Sten Ternstrom 

Abstract 

The preferences of experienced listeners for pitch and formant frequency disper- 
sion in unison choir sounds were explored using synthesized stimuli. Two types of 
dispersion were investigated: 1) pitch scatter, which arises when different voices in 
an ensemble exhibit small differences in mean fundamental frequency; and 2) 
spectral smear, here defined as such dispersion of formants 3 to 5 as arises when 
the singers have vocal tracts of different lengths. Each stimulus represented a choir 
section of five bass, tenor, alto, or soprano voices, producing the vowels [u], [a], 
or [ae]. Subjects chose one dispersion level out of six available, selecting the 
"maximum tolerable" in a first run and the "preferred" in a second run. 

The listeners were very different in their tolerance for dispersion. Typical scat- 
ter choices (distribution modes) were 14 cent standard deviation for "tolerable" i d  
0 or 5 cent for "preferred". The smear choices were less consistent, averages being 
12% standard deviation for "tolerable" and 7% for "preferred". In all modes of 
assessment, the highest levels of dispersion were chosen for the vowel [u] on a 
bass tone. There was a vowel effect on the smear choices. The effects of voice cat- 
egory were not significant. 

INTRODUCTION 
Ensemble sounds 
While a single performer usually produces tones of well-defined pitch, loudness, and timbre, an en- 
sernble of performers will generate sounds characterized by statistical distributions of these prop- 
erties. For example, the sound of an ensemble playing in unison does not evoke in the listener a 
number of closely adjacent pitches, but rather a single, albeit perhaps less well-defined pitch, and 
possibly also a sensation of pitch dispersion. The aim of the present investigation was to determine 
the degree of dispersion in fundamental frequency (Fo) and in formant frequencies F3 to F5 that 
would be preferred and/or tolerated by experts listening to unison choir sounds. A further objective 
was to determine whether such preferences/tolerances are affected by vowel timbre and Fo level. 

It is not clear how the above types of dispersion among singer voices would affect the statistical 
properties of the total sound, since each singer has a personal voice flutter. By flutter, we mean 
small variations in Fo that are too rapid to be perceived as pitch variations, yet too slow to affect 
timbre; i.e., in the approximate range 5-15 Hz (Ternstrijm & Friberg, 1989). We, therefore, opted 
not to evaluate scatter from recordings of live choir sounds. With recent advances in singing syn- 
thesis, it is now practical instead to create choral timbres from synthesized voices, with precisely 
known characteristics. 

Fundamental frequency dispersion - scatter 
To our knowledge, very few researchers have reported measurements of Fo dispersion in choirs or 
other ensembles. Lottermoser & Meyer (1960) used commercial recordings of three reputable 
choirs to study choral intonation. The dispersion in fundamental frequency, measured as the 
bandwidth of partial tones, varied greatly in these choirs, from 2 to 60 cent, but was typically in the 

*This paper was presented at the 20th Symp.: Care of the Professional Voice, Philadelphia, PA, 1991. 
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range 20-30 cent. These measurements would include the effects of flutter, and so are difficult to 
interpret in terms of musical intonation. If instead the Fo of each singer is averaged over the dura- 
tion of each tone, this average (MFo) is relevant to intonation. In an earlier paper (Lottermoser & 
Meyer, 1960), scatter was defined as the standard deviation over voices in MFo. This measure 
reflects only the discrepancies in mean FO between singers, and is insensitive to the amount of flut- 
ter in the voices. Ternstrom & Sundberg (1988) made multitrack recordings of choir basses in re- 
hearsal, and found the scatter to be 10-15 cents, in trials judged by their conductor to be musically 
acceptable. Dolson (1983) reports making satisfactory simulations of violin ensemble when the in- 
dividual pitches were chosen at random from a range o f f  1.5% (about f25  cents). 

Flutter and scatter are not entirely independent entities. Random flutter will necessarily give rise 
to fluctuating scatter, even if the mean fundamental frequency is the same for all voices, simply be- 
cause the voices are likely to be spaced apart in FO at any given moment. Informal experiments in 
choir synthesis (Ternstrom, Friberg, & Sundberg, 1988) show that increasing only the flutter often 
conveys an impression of a larger choir. The converse is not true, however. Scatter alone does not 
sound like flutter, but rather like poor tuning. 

It is possible that the acoustical differences between the voices of choir basses, tenors, altos, and 
sopranos lead to different flutter and/or scatter behavior in the different sections of the choir. For 
example, it is conceivable that sopranos would need to sing in closer unison than do basses. The 
reason for this would be twofold. Firstly, the high FO of sopranos causes more rapid beating at a 
given ratio of mistuning. The beat frequency for a mistuning of 5 cents will be 2.5 Hz when Fo = 
880 Hz, a high soprano note, but only 0.32 Hz at FO = 110 Hz, a typical bass note. Secondly, the 
soprano beats would be far more intense, because the energy of high soprano tones is concentrated 
to the fundamental partial; this is seldom the case for bass tones. We therefore wished to test the 
hypothesis that pitch scatter is not equally preferred or tolerated for different values of Fo. The 
frequencies chosen were 110,220, 330, and 623 Hz, being typical of the four choir sections. 

Vowel timbre, too, might affect the acceptability of pitch scatter. Informal trials with synthesis 
indicated that a large scatter could be less objectionable on a closed vowel such as [u] than on an 
open [a] or [a] vowel. A second hypothesis was, therefore, that pitch scatter is not equally pre- 
ferred or tolerated for all vowels. 

Formant frequency dispersion - spectral smear 
Many choir conductors contend that a uniform pronunciation of vowels is beneficial to the overall 
timbre and sometimes also to intonation. The vowel identity is determined mainly by the frequen- 
cies F1 and F2 of the two lowest formants. In an earlier study (Temstrom & Sundberg, 1989), it 
was found that bass singers who were long-time members of one choir were more agreed on F1 
and F2 when singing alone than when speaking alone. This might indicate that they had adopted a 
sort of "choral dialect". Typical standard deviations were 5-10% in the frequencies of formants F1- 
F4, taken across singers. The same amount of variation was found in a systematic inventory of the 
vowel articulation of choir singers (Carlsson & Ternstrom, forthcoming). In preliminary synthesis 
trials, however, we were surprised to find that the subjective effect of dispersing F1 and F2 across 
voices was quite small; too small in fact, for us to feel confident about making a listening test. 

Another issue relevant to choral timbre is the blending of voices such that the ensemble sound is 
homogeneous and that no singer is heard to "stand out." The vocal personality of a singer's timbre is 
due largely to the higher formants F3, F4 and F5, whose frequencies are directly related to vocal 
tract length but show little dependence on vowel. For simplicity, we decided to treat these formants 
as a cluster, and to simulate a diversity of singer physiognomies by scaling this cluster up or down 
in frequency. The standard deviation over voices of the scaling factor will be called smear, for the 
remainder of this paper. As an example, five voices with the cluster of higher formants transposed 
in frequency by -7, -4,0, +4, and +7% respectively will be said to have a smear of 5%. In synthesis 
trials, smear thus defined was easier to perceive than had been a similar amount of dispersion in F l  
and F2. 



Preferences and tolerances for smear might also be affected by Fo level and vowel. At high fun- 
damental frequencies, the partial tones of soprano sounds are sparse and should convey little infor- 
mation about smear. Low bass notes, on the other hand, potentially supply a great profusion of par- 
tials, even in the frequency range of the higher formants (2-4 kHz). One might also expect an effect 
of vowel: the closed vowel [u] lacks energy in this range - at least in choir singing, without the 
'singer's formant' - whereas [ae] and [a] do not. For these reasons, we also wished to test the hy- 
potheses that the preferred and tolerated levels of smear depend on Fo level and vowel timbre. 

Choice of "normal" voice 
While the above considerations suggest a strategy for creating dispersion in voice sounds, one must 
still decide on the parameters to use for synthesis of the "normal" or center voice. Normally, to test 
the effect of FO changes, we would keep other voice parameters, such as F1, F2, and the flutter 
level, constant across FO values. However, this would result in many synthesized vowels sounding 
entirely unnatural, because F1 and F2 normally vary somewhat with Fo and with the sex of the 
singer. Similarly, it would be inappropriate to equalize for loudness, since different vowels and Fo 
values normally yield different loudness levels for the same singer effort. We also found that a 
flutter level which sounds reasonable for a bass would sound far too wobbly for a soprano voice. 
(This suggests a future investigation into the subjective preferences forflutter.) 

For the "male" voices, the formant frequencies were chosen as averages of live singers measured 
in Ternstrom & Sundberg (1989). At the time of the present investigation, formant frequencies of 
female choir singers had not yet been analyzed, so female choir singers were synthesized using 
formant values chosen from a combination of personal research experience and subjective 
impressions. The latter applied also to the choice of flutter levels. 

METHOD 
Synthesis of stimuli 
A newly developed numerical synthesizer of singing voice (Carlsson, Ternstrom, Sundberg, & 
Ungvary, 1991) was used to generate data files containing sampled waveforms of individual voices. 
The synthesizer is implemented both in a digital signal processor as an interactive, real-time device, 
and in a personal computer as a non-interactive, batch-mode program that produces a data file with 
the sampled waveform. The interactive mode is suitable for rapid testing of formant configurations, 
flutter, and other parameters of individual voices. The batch mode is convenient for generating 
sequences of systematically varied stimuli. 

It was found that a stereophonic presentation was much more convincing than a monophonic 
one. Five synthesized voices were combined into a stereophonic ensemble, by adding them together 
with different time delays for the left and right channels. Such binaural presentation is preferable to 
normal amplitude-based "panning", for two reasons. One is that the stereo image over headphones 
is more realistic. The other is that all five voices are presented at the same intensity to both ears, 
which eliminates such perceptual bias as might arise from asymmetries in headphone position or in 
subject hearing loss. 

Two series of stimulus sounds were synthesized, one for scatter and the other for smear. There 
were twelve conditions in each series, combining three vowels with four voice categories (Table I). 
Each condition was synthesized at six levels of dispersion (Table 11). The corpus of 144 stereo- 
phonic tokens (2 x 12 x6) was compiled into a bank of sampled data files using signal editing soft- 
ware (Soundswell Music Acoustics). 

Procedure 
Each subject performed four trials, in which the presented sounds were to be adjusted for 1) maxi- 
mum tolerated scatter; 2) maximum tolerated smear; 3) preferred scatter, and 4) preferred smear. 
Each subject was given a short dummy run to clarify the procedure. Before each trial, the subject 
was orally instructed as to the new task. The experiment was conducted in a quiet office environ- 
ment. The subjects sat in front of a computer, wearing light, open-speaker headphones (Sennheiser 
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HD414SL), and using only a mouse to control the presentation. 

Table I: Synthesis parameters used for generating the "center" voices. Formant frequencies Fn 
and bandwidths Bn are given in Hz. 

Table 11: Standard deviations used for the six levels of dispersion. 

The experimental procedure was automated.* Once the experimenter had initiated a series, the 
software would 

- randomize the presentation order of the twelve voweVvoice conditions - choose an 
initial dispersion level at random, avoiding the extremes 

- play back the first token 
- present a dialog box to the subject (Fig. 1) 
- let the subject repeatedly select a token with more or less dispersion and play this back 
- record the subject's final choice and proceed to the next condition 

Dispersionlevel 
Scatter in cents 
Smear in O/O 

0 increase dispersion 

0 decrease dispersion 

, . . , . , . . , . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , 

1 
5 
4 

0 
0 
0 

Fig. I .  Example of dialog box presented to subjects. The actual dialog was in Swedish. 

*The experiment was controlled using the macro facilities of the Microsoft Excel spreadsheet program. A 
special playback macro was linked to a Soundswell device driver controlling an Ariel DSP-16 board with 
twin D/A outputs. 

2 
10 
7 

3 
14 
10 

4 
20 
14 

5 
30 
20 



STL-QPSR 2-31199 1 

There was no time constraint. The subjects took between seven and fifteen minutes to complete 
one trial. 

Subjects 
There were nine subjects, with at least university level training in music, and all with extensive and 
advanced choral experience. Five subjects were active choir conductors, and four were long-time 
singers in elite Stockholm choirs. There were four males and five females, their ages ranging from 
24 to 45 years. 

/ *. .' \ 
/ , Tolerated 

/' \ 

\ 

\ .  *.-.. - 

FO scatter [cents] 

/----.-- Tolerated ---__ 
\ 

, '.. ' . 
0 4 7 10 14 20 

Formant smear [%] 

Fig. 2. Overall distributions of scatter responses (top) and smear responses (bottom). 

RESULTS 
Validity 
Most subjects spontaneously made comments to the effect that the syntheses sounded realistic (see 
the Appendix). Although people with extensive choral experience presumably would be able to 
assess dispersion in pitch or timbre, some confirmation is needed that the task was well understood 
by the subjects. Figure 2 shows the total distribution of responses for scatter and smear. For scatter, 
the difference in the response distributions between "tolerated" and "preferred" is very clear, indi- 
cating that the subjects were indeed applying different criteria to the same stimuli. For smear, the 
difference is still clear but less pronounced. It seems reasonable to infer from these distributions 
that high levels of dispersion are generally considered undesirable, as would be expected. On the 
whole, then, we would expect a consistent subject to choose as "preferred" a somewhat lower level 
of dispersion than that chosen as "tolerated". The painvise difference between a subject's "tolerated" 
and "preferred" choices in a given condition will be called the tolerance. The average tolerance of a 
subject may be large or small but is expected to be positive. Furthermore, if the average tolerance is 
small, then the variance of the tolerance should be small also. If these expectations are not met, the 
subject may have been choosing haphazardly, possibly due to a lack of clear preferences; or, he (or 
she) may have significantly shifted criterion during the course of one trial. The latter would be a 
kind of learning effect. 
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Subject 
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Subject 

Fig.  3. Assessment of reliability, per subject. Column heights show the mean tolerance, i.e., the 
mean pairwise difference between twelve "tolerated" and "preferred" responses. Markers 
connected by a dashed line show the standard deviation of the tolerance. Scatter toler- 
ances (top) and smear tolerances (bottom). For comments, see text. 

Figure 3 shows the averages and standard deviations of the tolerances of the nine subjects. It is 
evident that they had very different latitudes in their judgments. For example, subject A appears to 
be strict, in that she tolerated little more scatter than she preferred, while subject C was more lib- 
eral, tolerating much more scatter than he would prefer. Nevertheless, for the scatter choices, all 
subjects exhibit positive averages of tolerance, and the standard deviations are mostly small. The 
smear tolerances are much more variable, and one subject (F) exhibits a negative mean with a large 
standard deviation. Our conclusion is that the scatter choices may be taken as relevant and infor- 
mative, while the smear choices are weaker. 

Factor effects 
The results are shown in Figs. 2 and 4. An analysis of variance was performed to determine the 
significance of the effect of the factors "vowel" and "voice category" (Table 111). For smear, the 
"vowel" factor was significant at the 0.90 level for both "tolerated" and "preferred", meaning that 
smear is less acceptable on some vowels than on others. This factor effect covaried with voice cate- 
gory; for male, but not for female voice categories, the highest smear choices were made for the 
vowel [u]. It may be noted also that the highest averages in all four trials resulted from the combi- 
nation of bass-like voices with the vowel [u]. 

DISCUSSION 
Limitations 
The experimental factor "voice category" was a composite one, with the advantage of realism but 
with the disadvantage that several acoustic parameters changed from one voice category to the next 
(Table I). The factor "vowel", too, is composite in that several formant frequencies are changed 
from one vowel to another. The lack of significant effects of voice category may have been due to 
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conflicting interactions between more elementary acoustic parameters. For example, while tolerated 
scatter was highest on the vowel [u] for the voice categories bass, tenor, and alto, this vowel exhib- 
ited the lowest tolerated scatter for soprano voices. In the set of stimuli used here, soprano [u] 
sounds were special with regard to the extreme spectral dominance of the fundamental partial. This 
resulted in a larger amplitude modulation index of the total sound than for any other combination of 
factors. This may have had an effect on subject preferences. 

Tolerated scatter Preferred scatter 

Volce category Volce category 

Tolerated smear Preferred smear 

Fig. 4 .  Response averages for scatter (top) and smear (bottom): tolerated (left), and preferred 
(right). Each value is an average over nine subjects. See also Table III. 

Table 111: Significance levels from the analysis of variance of the experimental factors. 

The subjects had a finite number of levels of dispersion to choose from (six). There was no indi- 
cation on the computer display of the current level, except at the extremes, where the corresponding I 

Rated quantity 
Scatter Tolerated 

Preferred 
Smear Tolerated 

Preferred 

Source of variation 
Vowel 
0.75 
0.75 
0.90 
0.90 

Voice 

0.75 

0.75 

Interaction 

0.95 
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button was visually and functionally disabled. The subjects may have been disinclined to choose a 
dispersion level that they thus knew to be at an extreme. 

Only unison choir sounds were used. It is possible that the tolerances and/or preferences would 
be different in a polyphonic context. 

CONCLUSION 
Given the described implementations of pitch scatter and formant smear in syntheses of unison 
choir sounds, the present experiment showed that 

- pitch scatter was easier to assess than was formant smear, 

- on the average, experienced listeners preferred pitch scatter to be between 0 and 5 cents 
and would tolerate scatter between 10 and 15 cents, 

- on the average, listeners weakly preferred smear in formants F3-F5 to be between 2 
and 6%, and would tolerate smear up to 12%, 

- the preferred dispersions depended weakly on vowel and voice category. The largest 
scatter and smear were preferred and tolerated on the vowel [u] in bass-like voices. 
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APPENDIX 

Comments from the subjects 
Choral standards. Even before the dummy run, most subjects spontaneously asked what sort of a 

choir they were supposed to be judging. After all, larger dispersion can be "tolerated" in a childrens' 
choir or in a senior citizens' choir than in an elite concert choir. They were asked to follow their 
personal taste without making allowances for choir type. 

General comments. After completing the experiment, the subjects were asked whether they had 
any (unspecified) comments to make. All had found the experiment interesting and entertaining. 
Most subjects said it was easier to state preferences for scatter than for smearing. This is manifest in 
Fig. 2. Some subjects said they found it difficult to maintain same criterion throughout the test. 
This implies that training effects can be anticipated. However, since the order of presentation was 
randomized for each subject and then discarded, such effects are not traceable in the end result. 

Synthesis quality. Several subjects volunteered that the fidelity of the syntheses was generally 
high. Several subjects noted that with excessive smear, the sounds lost their natural quality and 
sounded more synthetic. One subject thought the female syntheses sounded more like chest voice or 
boy voices than is normally encountered; another found the soprano voices to be the least natural. 
This was probably due not to inadequate formant data but rather to an inappropriate glottal source. 
Our current model of the glottal source, derived from speech synthesis, is static and does not work 
well at high levels of Fo. For the female voice categories, the glottal source was instead synthesized 
by addition of a 1p series of harmonic partials, extending no higher than half the sampling rate, 
which was 16 kHz. The relative phases of the partials were adjusted individually to give a reason- 
able flow waveform. This strategy produces a glottal source with somewhat stronger high partials 
than is normal for female voices. 


