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ABSTRACT
The sound pressure level (SPL) of vowels received by a listener
reflects several non-linguistic and linguistic factors: It varies as a
function of distance, vocal effort, and vowel quality. Increased
vocal effort involves, in addition to an increase in SPL, an
emphasis of higher frequency components and increases in F0
and F1. This should allow listeners to distinguish it from
decreased distance, which does not have these additional effects.
Here, it is shown that listeners succeed in doing so on the basis
of single vowels if phonated, but not if whispered. The results
agree with a theory according to which listeners demodulate
speech signals and evaluate the properties of the carrier signal,
which reflects most of the para- and extra-linguistic information,
apart from those of its linguistic modulation. It is observed that
listeners allow for between-vowel variation, while they tend to
substantially underestimate changes in both kinds of distance.

1.  INTRODUCTION
The sound pressure level (SPL) of vowels varies quite noticeably
with vowel quality. It covaries with F1 for two reasons: First, the
level of F1 tends to increase with its frequency position, since Q1
= F1/B1 increases, with B1 roughly constant over the range of
F1. Second, all frequency components above F1 are lifted by an
increase in F1, since they ride on F1’s upper frequency slope of
12 dB/octave. Frequency components above F2 are lifted in the
same fashion by an increase in F2. Further, the amplitudes of
both F1 and F2 increase when these come close to each other in
frequency. The SPL also varies as a function of the position of
the formants with respect to the partials. Due to these effects, the
SPL of vowels varies substantially with their phonetic quality. In
a series of experiments, Ladefoged and McKinney [1] showed
that listeners’ judgements of the “loudness” of syllables were
more closely correlated with the subglottal pressure with which
they had been produced, than with their SPL. Informal synthesis
experiments have shown that listeners require the vowel specific
intensity variations to be reproduced in synthetic speech,
otherwise the impression is evoked that the volume control is
manipulated while the speech is produced. In addition to the
linguistic segmental factors just mentioned, there are at least two
different paralinguistic variables that affect the SPL of speech
signals.

The variable that the subjects of Ladefoged and McKinney
[1] were estimating under the label of “loudness” was probably
the effort with which the syllables had been produced. An
increase in vocal effort involves an increase in subglottal
pressure, by which the SPL and loudness of a speech signal
increases. However, it normally involves several additional

phenomena that are important for the perception of vocal effort
[2, 8]. Among these, the increases in the emphasis of high
frequency components, in F0, and in F1 are especially important.
As compared with intensity (or SPL), spectral balance (higher
frequency emphasis) has also been shown to be a better correlate
of linguistic stress [3, 4, 5].

The other paralinguistic or “extra-linguistic” variable is
distance. SPL decreases with increasing distance from the
speaker, and in a free field, increases in distance have no
additional effects. It is this kind of variation, and not variation in
vocal effort, that can be mimicked by manipulating the SPL of a
speech signal. SPL is closely related to a psychoacoustic variable
for which the term “loudness” is well established, but loudness
can be equated neither with distance nor with vocal effort. A
measure of vocal effort can be obtained by letting subjects rate
the distance over which a speaker intends to communicate.

In one of the experiments reported here, subjects were to
rate the communicational distance between a speaker and the
addressee, and in another their own apparent distance from the
speaker. From an experiment by Wilkens and Bartel [12], in
which listeners had to restore the original SPL of recorded
speech, it can be concluded that listeners are very accurate in
distinguishing these two types of variation in connected speech.
The present experiments will show to what extent listeners are
able to do this on the basis of single phonated and whispered
vowels.

According to the Modulation Theory [7, 9], such distance
judgements are not based directly on the acoustic properties of
the speech signal, but on those of an inferred carrier signal,
which can be thought of as a neutral vowel whose properties are
descriptive of the speaker’s “voice”. In order for this to succeed,
and to avoid interference from between-vowel variation in SPL
(intrinsic SPL), it must be possible to infer the properties of the
carrier signal with sufficient accuracy.

In order for listeners to be able to distinguish between the
two kinds of distance, there is the additional requirement that the
properties of the carrier signal have to be affected in sufficiently
different ways. Utterances consisting of a single phonated vowel
appear to contain enough information, but whispered vowels lack
an F0-cue and also a spectral emphasis cue, which makes them
deficient in this respect. However, some interference between the
intrinsic SPL of the vowels and the distance judgements is to be
expected even when they are phonated, since the carrier signal is
not very accurately specified in the absence of a certain
segmental variation at a given paralinguistic quality.
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2.  METHOD
2.1.  Stimuli
The stimulus material consisted of phonated and whispered
vowels spoken by two adult speakers, one male and one female,
at three different levels of vocal effort. The variation in vocal
effort was elicited by one of the experimenters asking the
speakers from various distances for the name of a vowel letter he
showed them. The distances were 1.5, 6, and 24 meters for the
phonated vowels, and 0.375, 1.5 and 6 meters for the whispered.
The vowels used were =K?, =3?, =b?, =W?, and =[?. Each one was
produced at least twice under each condition.

For the perception experiments, one of the 2 or 4 tokens
representative of each condition (speaker, mode, distance, and
phoneme) was selected. The selection was based on criteria
aimed at avoiding tokens with anomalies, such as partial voicing
of the voiceless vowels and those that might be atypical due to
their serial ordering.

Additional stimuli were obtained by modifying the levels of
the phonated vowels by –6 and –12 dB and those of the
whispered vowels by +6 and –6 dB. This resulted in a total of
180 different stimuli (2 speakers, 5 vowels, 2 modes of
production, 3 levels of vocal effort, and 3 levels of presentation).

2.2.  Subjects
In each perception experiment, twelve paid listeners served as
subjects. All of them were students at the linguistics department
of Stockholm University with Swedish as their first or at least
their mostly used language. Except for one whose threshold of
hearing was measured by standard audiometry and found normal,
the subjects reported no known hearing disorder.

2.3.  Procedure
The same set of stimuli was used in two perception experiments.
In both experiments, the stimuli were presented to listeners via a
loudspeaker hung from the ceiling in one corner of an anechoic
chamber. The subjects were seated in front of a computer in the
opposite corner, 3.5 m away. Using a program designed for
running perception experiments, each stimulus was presented
once in an order that was separately randomized for each listener.
No feedback was given. In the beginning of each experiment, six
stimuli were presented for the subjects to acquaint themselves
with the procedure.

In Exp. 1, the subjects were asked to estimate the distance
over which the two participants in the exchange were
communicating. The subjects could only hear the speaker who
pronounced the vowels, and their own apparent distance from the
speaker was not constant. In Exp. 2, the subjects were asked to
estimate the latter distance. This precluded the use of
headphones, which evoke the impression of sounds coming from
‘inside the head’.

Answers were to be chosen from a list of suggested
distances d, ranging from d = 0.2 to 37 m in Exp. 1 and d = 0.2
to 23 m in Exp. 2. The ranges were divided into roughly equal
steps on a log scale, with 32 listed values in Exp 1 and 29 in
Exp. 2.

3.  RESULTS
3.1.  Acoustic properties of the speech material
The average levels, in dB relative to an arbitrary reference, of all
the recorded vowels per distance are listed in Table 1 for speaker
MP (male) and in Table 2 for speaker US (female).

Table 1. Mean SPL, in dB, for all vowels, speaker MP.
Phonated Whispered

Vowel Distance in m Mean Distance in m Mean
1.5 6 24 0.375 1.5 6

L 53.4 56.3 61.4 57.0 16.8 20.3 29.4 22.2
\ 56.2 58.9 62.7 59.3 18.2 21.8 27.9 22.6
X 53.9 57.4 62.7 58.0 22.0 22.2 25.5 23.2
4 55.9 57.2 63.4 58.8 26.5 29.2 31.5 29.1
c 59.2 60.8 68.4 62.8 33.2 34.3 37.9 35.2

Mean 55.7 58.1 63.7 59.2 23.4 25.6 30.5 26.5
n 2 2 4 2 2 2

Table 2. Mean SPL, in dB, for all vowels, speaker US.
Phonated Whispered

Distance  in m Distance in m
Vowel 1.5 6 24 Mean 0.375 1.5 6 Mean

K 50.9 59.1 63.1 57.7 24.4 26.4 31.4 27.4

[ 50.5 58.9 63.3 57.6 23.1 27.8 33.4 28.1

W 54.2 63.7 67.5 61.8 30.7 29.6 36.0 32.1
4 52.6 58.9 67.5 59.7 34.0 32.7 37.8 34.8
c 54.4 60.7 69.6 61.5 26.8 29.0 35.0 30.3

Mean 52.5 60.3 66.2 59.7 27.8 29.1 34.7 30.5
n 2 2 2 2 2 4

For voiced speech, the female speaker used a markedly larger
dynamic range than the male speaker, 13.7 dB compared to 8.0
dB averaged over all vowels. This was mainly due to the
relatively high SPL values for MP at distance 1.5 m. Except for
this case, the levels were somewhat lower in MP’s vowels as
compared with those of US’.

The deviation of the means per vowel from the grand mean
of all vowels for each speaker and mode of production is listed in
Table 3. It can be seen in this table that the open vowels =c? and
=4? to have considerably higher levels than the close front
vowels =K? and =[? in whispered as well as in phonated speech,
but also that there are quite large differences between the two
speakers, in particular for =W?.

Table 3. Mean SPL values relative to the grand mean for each
speaker and mode of phonation.

Phonated Whispered
Vowel MP US MP US

K –2.2 –1.9 –4.3 –3.2

[ +0.1 –2.1 –3.8 –2.5

W –1.2 +2.2 –3.2 +1.6
4 –0.4 ±0 +2.6 +4.3
c +3.6 +1.9 +8.7 –0.2
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3.2.  Estimation of communicational and listening distance
Since it is known from previous research that the between-
listener variation in auditory distance ratings is quite large, only
an average of the values obtained from the 12 subjects for each
stimulus have been considered in the following analyses. The
distance ratings in meters were converted to 2-logarithms before
calculating the averages. These values were then compared with
(a) the 2-logarithm of the original sound pressure and (b) the 2-
logarithm of the amplification/attenuation introduced. 2-
logarithms were chosen as a common scale in order to facilitate
comparisons between different factors.

The average ratings obtained in Exp. 1, in which the
listeners judged the distance between the speaker and the
addressee, are shown in Figure 1, where they are plotted against

the variables (a) and (b) respectively. Ratings obtained in Exp. 2,
in which the listeners judged their own apparent distance from
the speaker, are plotted against the same variables.

In order to gain some insight into the possible effects of
differences in intrinsic SPL, variable (a) was split up into two
parts: (a1) a basic part that can be assumed to reflect the
speaker’s vocal effort and was calculated as the average level of
the vowels produced by a given speaker in a given mode at a
given distance, and (a2) a supplementary part that reflects all
between-vowel variation for a given speaker, mode, and distance.

Table 4 summarizes the results of regression analyses in
which the 2-logarithm of the distance rating was taken as the
dependent variable and a1, a2, and b as the independent
variables. The analysis was performed separately for each
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Figure 1. Average distance rating for each stimulus plotted against original SPL (left panels) and amplification (right panels) shown for
Exp. 1 (upper panels) and Exp. 2 (lower panels). Circles: phonated speech; squares: whispering. Regression lines fitted to the results
obtained with each speaker. Filled symbols, solid lines: speaker MP (male); unfilled symbols, dashed lines: speaker US (female).
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speaker and mode of phonation. The values entered into the table
show the perceptual effect of a 6-dB increase in the level of each
independent variable. This is expressed in powers of 2. Thus, a
value of +1.0 would mean that a 6-dB increase in level would
cause the distance estimate in m to double.

Table 4. Summary of regression analyses showing weights and
significance levels (p < 0.05: *,  < 0.01: **, < 0.001: ***) of the
independent variables and values expected on the basis of
various hypotheses (H0: no discrimination, H1: ideal
performance). Shaded: The ‘right’ cue.

Experiment 1
Communicational distance

Experiment 2
Distance speaker – listener

Phonated Whispered Phonated Whispered
r2 0.79 0.48 0.77 0.15
Effort +6 dB +0.697 *** +0.277 *** –0.046 ns –0.089 ns

H1 ...  H0 +1   +1 +1   +1 0      –1 0      –1
Intrinsic SPL
+6 dB

+0.243 * +0.091 ** –0.152 * –0.030 ns

Closeness to H0 35% 33% 30% 32%
H1 ...  H0 0     +1 0     +1 0      –1 0      –1
Amplification
+6 dB

+0.212 *** +0.151 *** –0.505 *** –0.095 **

H1 ...  H0 0     +1 0     +1 –1    –1 –1    –1
Speaker *** ns ns ns

4.  DISCUSSION
In order to fully compensate for the acoustic effects of a free
field increase in communicational distance by a factor of 2, an
increase in SPL by 6 dB would be needed. We can see that
speakers go only about halfway, leaving half of the burden to
their addressee. One might expect that listeners would take this
into account, but the results of Exp. 1 show that our subjects did
not. On the contrary, they required an increase in vocal effort by
8.6 dB to increase their estimate of the communicational distance
by a factor of 2. For the same increase in the estimate of their
own distance from the speaker, they required an attenuation of
11.9 dB. We do not have an explanation for this substantial
discrepancy between reality and perception. It has often been
taken for granted, that listeners make veridical judgments in this
respect. This is also the basis of Warren’s [10, 11] physical
correlate theory in which distance is taken as the correlate of
loudness perception. Our results, instead, lend support to a
sensory theory of auditory distance perception, in line with
Stevens and Guirao [6]. Listeners require a loudness change by a
factor of 2 in order to modify their distance estimates by a factor
of 2. (Due to changes in spectral emphasis, F0, and F1, the
distance doubling SPL-increase observed in Exp. 1 reflects a
larger increase in loudness than what corresponds to
amplification by 8.6 dB.)

Ideally performing listeners would attach a weight of 1.00
(or at least a “high” weight) to “effort” in Exp. 1 and to
“amplification” in Exp. 2. They would attach a weight of 0.00 to
“amplification” in Exp. 1 and to “effort” in Exp. 2. Except for
the overall underestimation of SPL effects, the results obtained
with phonated stimuli in Exp. 2 are reasonably close to ideal
performance, since the weight attached to “effort” was only

about a tenth of that attached to “amplification”. With the
phonated vowels in Exp. 1, the contribution of the ‘wrong’ cue
was considerably larger. With the whispered stimuli,
performance was in both experiments, as expected, far from
”ideal”. The weight of the ‘right’ cue was low and listeners
attached almost as much weight to the ‘wrong’ cue.

 There were substantial differences between the two
speakers not only in the acoustic data of their vowels, but also in
the distance estimates by the listeners. In all cases, but especially
in Exp. 1, the subjects attached a higher weight to the ‘right’ cue
with vowels produced by speaker US. This is likely to be due to
other factors than those that have been studied here.

In both experiments, and with whispered as well as with
phonated vowels, the weight that subjects attached to the
“intrinsic” cue was about a third of the weight attached to the
‘right’ cue. The contribution of the intrinsic cue was significantly
different from 0 in three of the four partitions. We have to
conclude that the listeners were not completely successful in
compensating for the intrinsic level variations, but they
compensated for the larger part of them.
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