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ABSTRACT

In this study, the traditional claim that loudness is a weak
cue in the perception of linguistic stress is reconsidered. This
claim is based on perception experiments in which loudness
was varied in a naive way: all parts of the spectrum were
increased by the same amount of energy. In an earlier study
we found that if a speaker produces stressed syllables higher
frequencies increase more than lower frequencies. Varying
loudness in this way would therefore be more realistic, and
should bring its true cue value to the surface. Results of a
perception experiment bear out that realistic loudness mani-
pulations (i.e., concentrated in the higher frequency bands)
provide stronger stress cues than traditional intensity differen-
ces, and are close in strength to duration differences.

1. INTRODUCTION

In the traditional view it was generally held that languages
such and English and Dutch are characterized by so-called
dynamic (rather than melodic) stress. That is to say, stressed
syllables are produced with greater pulmonary, glottal and
articulatory effort, with greater loudness as its primary cor-
relate [1,2]. With the advent of speech synthesis techniques
this view was quickly discredited in the fifties, when manipu-
lating intensity (i.e. gain), as an operationalisation of loud-
ness variation, proved virtually inconsequential for stress
perception [3,4,5].

In the present study. the claim that loudness is a weak cue
in the perception of linguistic stress is reconsidered. Recent-
ly, we showed that energy differences between stressed and
unstressed syllables are concentrated in the higher part of the
spectrum, whereas intensity differences in the lower part of
the spectrum, ie. below 500 Hz, were negligible [6]. We
assume that these differences in the higher parts of the spec-
trum are caused by a difference in the shape of the glottal
waveform, due to an increase in vocal effort when producing
stressed syllables, and are therefore a reflection of effort and
are perceived in terms of greater loudness.

This operationalization of loudness variation, i.e. adding
energy in the higher frequency bands only, differs substan-
tially from implementing loudness in terms of changing the
gain factor uniformly across the spectrum as was done in the
perceptual experiments above. Therefore, varying the
acoustical correlate of loudness in a more realistic way, i.e.
by varying the spectral balance, should bring out the true cue
value of loudness for stress perception.

In the experiment described below we studied the percep-
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tion of stress position in the disyllabic Dutch nonsense word
nana by manipulating vowel duration, spectral balance
(energy increments in the higher frequency bands only) and
intensity (uniformly distributed gain increments) in accord-
ance with our production data [6]. The hypothesis was tested
that realistic loudness manipulations, i.e. implemented as
vocal effort/spectral balance, will make loudness a stronger
stress cue than traditional intensity manipulations.

2. PERCEPTION EXPERIMENT 1
2.1 Methods

We concatenated two syllables na to form the disyllabic
nonsense word nana. The duration of the syllables was varied
in seven steps from ’nana to na’na in accordance with our
production data [6]. This led to the following experimental
values: the initial syllable was varied in seven steps of 20 ms
from 250 to 130 ms, the second syllable was varied in seven
steps of 15 ms from 185 to 275 ms. Note that an increase of
the duration of the first syllable covaries with a decrease of
the duration of the second syllable. The stimulus with an
initial syllable of 190 ms and a final syllable of 230 ms
(number 4) was meant to be temporally ambiguous for stress
perception. The longer average duration of the second
syllable was copied from actual speech production so as to
reflect the influence of word-final lengthening [7]. In order to
reduce the dimensionality of the stimulus space, we imple-
mented spectral balance in terms of variable energy levels
below and above 0.5 kHz. The spectral balance of the syl-
lables was therefore varied by adding 3, 6 or 9db to all
frequencies above 500 Hz, in either the initial or the final
syllable. The loudness steps were a straightforward quan-
tization of the differences between the stressed and un-
stressed realizations of the syllables na in our production
study. These vocal effort / spectral balance manipulations
yielded overall intensity changes of approximately 1, 2 or 3
dB, respectively. Consequently, these steps were used to vary
overall intensity. The overall intensity differences in both
stimulus sets are identical.

Each of the 13 intensity differences was systematically
combined with the 7 duration types yielding 91 stimuli.
Stimuli were presented without a pitch movement on the
target since a pitch movement will always be the overriding
cue in stress perception: we wanted to study the perceptual
cues of linguistic stress without the confounding influence of
accent. Stimuli were presented in a fixed carrier phrase Wil
je [target] ZEGgen (Will you [target] say), with a narrow-
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focus accent on the final word. The carrier sentence was
synthesized with a declining pitch contour, modelled after the
pitch contour of the original sentence, such that the target
was part of the declination; an accent-lending pitch move-
ment was realized on the first syllable of zeggen.

One stimulus tape was prepared containing the 91 stimuli
in two different random orders. Twenty-one subjects
(phonetically trained staff and students of the Faculty of
Arts) listened to the tape over headphones; nineteen
(phonetically naive) subjects listened to the tape over loud-
speakers. Subjects determined the stress position of nana in
each utterance with binary forced choice.

We determined the number of judgments favouring initial
stress for each stimulus and expressed this as a percentage,
henceforth p(init). We decided to study the main effects of
duration and loudness separately for each presentation
condition (headphones versus loudspeakers) and for each
method of varying loudness (intensity versus spectral
balance). Therefore, we ran two separate two-way analyses of
variance with duration and intensity as fixed effects and with
repetition as repeated measure and two more analyses with
duration and spectral balance as fixed effects. The results are
described below in separate subsections for each way of
varying loudness.

2.2. Intensity (uniformly distributed gain increments)

Figure 1 shows the decrease of p(init) as a function of dura-
tion and intensity difference. The duration of the first syllable
decreases from left to right, while at the same time the
duration of the second syllable increases. The intensity scale
gives the difference in overall intensity between the initial
syllable and the final syllable (I ,-I,). The upper panel
displays the results for the stimuli presented over head-
phones, the lower panel those for the stimuli presented over
loudspeakers.

When stimuli are presented over headphones, the whole
range of intensity change produces only a slight decrease of
plinit): from 65% to 50%. The range of duration change
produces a much larger decrease of p(init): from 98% to 8%.
Duration, intensity and their interaction together explain 97%
of the varance (1°=97). Although the contribution of inten-
sity is statistically significant (F(6,91)=4.9, p<.001, n?=2), it
is only small compared to that of duration (F(6,91)=315.5,
p<.001, n°=53).

The significant interaction between duration and intensity
(F(36,49)=1.8, p=0.26, 1’=2), is due to the fact that intensity
variations have little or no influence at the extremes of the
duration scale, where judgments are mainly guided by
duration differences, whereas they have a larger influence on
p(init) in the temporally more ambiguous stimuli.

As can be seen in the lower panel of figure 1, presenting
the stimuli over loudspeakers mainly affects the effectivity of
duration as a stress cue and hardly influences the perceptual
contribution of intensity differences. In this case duration
produces an decrease of only 88% to 22%, whereas intensity
produces a decrease of 15% (duration (F(6,91)=90.5, p<.001,
1°=80; intensity F(6,91)=5.1, p=.001, 1°=5). Their interaction
was not significant (F(36,49)=1.4, NS, 1’<8).

Our intermediate conclusion is that intensity variation,
implemented by adding energy uniformly across the spectrum
is only a minor stress cue, whether stimuli are presented over
headphones or over loudspeakers.
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Figure 1. P(init) as a function of duration (solid lines) and
intensity (dashed lines).

2.3. Spectral balance (loudness variation by energy in-
crements in the higher frequency bands only)

Figure 2 shows the decrease of p(init) as a function of
duration ratio and difference in spectral balance. The duration
range is the same as in figure 1, but now the loudness
differences are obtained by adding energy in the higher
frequency bands only. The intensity scale gives the difference
in spectral balance between the initial syllable and the final
syllable (B,,-B,,). Again, the upper panel presents the data of
the stimuli presented over headphones, the lower panel of the
stimuli presented over loudspeakers.

Duration / Intensity difference

Figure 2. P(init) as a function of duration (solid lines) and
spectral balance (dashed lines)

The whole range of spectral balance produces a decrease of
41%: from 77 to 36% when stimuli are presented over head-
phones (F(6,91)=73.7, p<.001, n*=13). The duration range

942



produces a decrease of 86%: from 95% to 9%
(F(6,91)=420.5, p<.001, n’=76). The significant interaction
between duration and spectral balance (F(3649)= 9.0,
p<.001,-1’=10) is again due to the fact that variations in
spectral balance have less influence on stress judgments at
the extremes of the duration range.

When stimuli are presented over loudspeakers, the effect
of duration on p(init) decreases. However, whilst intensity
proves equally ineffective through headphones as over loud-
speakers, presentation strongly influences the relative strength
of effort and duration as stress cues. Duration and spectral
balance produce an almost equal decrease of p(init): 80% to
24% for duration versus 86% to 20% for spectral balance.
This, in fact, means that subjects rely more heavily on
differences in spectral balance than en duration differences
when stimuli are presented over loudspeakers. Both duration
and spectral balance have a highly significant effect on
plinit) (duration: F(6,91)=77.2, p<.001, m’=35; spectral
balance: F(6,91)=115.5, p<.001, M?=53). The significant
interaction of duration and spectral balance (F(36,49)= 3.1,
p<.001, n’=8) is due to the fact that the more extreme values
of one parameter add disproportionally more weight as the
other parameter is more ambiguous.

We conclude from these results that realistic loudness
manipulations (i.e., mimicking speech production effort by
incrementing energy in the higher frequency bands only)
provide a relatively strong stress cue, and in fact approximate
the cue value of duration differences, whereas traditional
intensity differences do not provide a substantial stress cue.

Since the reliability of duration as a cue is degraded when
the stimuli are presented over loudspeakers, the relative cue
value of spectral balance in this situation becomes more
important. One explanation, could be that subject differences
(phonetically trained versus phonetically naive) were
responsible for the difference in effectivity of the duration
cue. Of course, an alternative explanation of this interaction
is that accurate perception of duration differences suffers
from reverberation of the acoustic signal in the room in
which the subjects were tested. Locating syllable boundaries
in reverberant speech is more difficult since their exact
locations are obscured by energy reflections of preceding
segments. As a result, the variation in vocal effort became
relatively more important as a stress cue since its acoustical
correlate (spectral balance) is not easily affected by rever-
beration. The experiment reported on in the next section was
specifically set up to allow us to choose between the two
alternative explanations suggested above.

3. PERCEPTION EXPERIMENT 2
3.1. Methods

In order to rule out alternative explanations for the
hypothesized reverberation effect based on subject
differences, we ran a control experiment. We generated both
reverberant and nonreverberant exemplars of our stimuli,
deriving the latter from the former by running them through
a Yamaha SPX 90II Digital Multi-Effect Processor, such that
reflections decayed to -60 dB in 600 ms. Stimuli were
presented over headphones with the same duration and
intensity manipulations as in the previous experiment, and
subjects were asked to determine the stress position of each
stimulus in a within-subjects design.
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Forty subjects (staff and students of the Faculty of Arts)
participated in the experiment. Seven subjects were phoneti-
cally trained and 33 were phonetically naive. The latter
subjects were paid for their service. They listened to the
stimuli over good quality stereo headphones.

3.2. Results

We ran two separate two-way analyses of variance with
duration and intensity as fixed effects and two more analyses
with duration and spectral balance as fixed effects. There
were no repeated measures: only percentages of explained
variance but no F-ratio’s could be computed. Figure 3 shows
the decrease of the percentage perceived initial stress, p(init),
as a function of duration ratio and intensity presented as in
figure 1 with uniform intensity differences. The upper panel
shows the data for the nonreverberant stimuli, the lower
panel shows the data for the reverberant stimuli. Figure 4
(next page) shows similar data, but now with differences in
spectral balance as in figure 2.
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Figure 3. P(init) as a function of duration (solid lines) and
intensity (dashed lines).

Figures 3 and 4 show that the effectivity of duration
deteriorates considerably for the reverberant stimuli (figure 3:
no reverb: 1°=94, with reverberation: 1’=84; figure 4: no
reverb: 1)°=73, with reverberation: 1>=35). As can be seen in
figure 3, intensity does not serve as a stress cue at all for the
nonreverberant stimuli (n?=0). The effectivity of this cue
slightly increases for the reverberant stimuli (1’=6). This ten-
dency was also observed in the previous experiment.

The results for spectral balance (figure 4) are comparable
to those in the previous experiment: again a considerable
increase in effectivity of spectral balance is found for the
reverberant stimuli (no reverberation: 1’=18, with rever-
beration:n’=57).

In the present experiment, variations in duration did not-
lead to an equally large change in p(init) as in the previous
experiment. In the nonreverberant speech condition, p(init)
decreased with roughly 60% from about 80 to 20%, whereas
in the previous experiment in this condition a range was
covered between 98 and 8%. This could possibly be due to
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Figure 4. P(init) as a function of duration (solid lines) and
spectral balance (dashed lines).

the fact that reverberant and nonreverberant stimuli were
presented in random succession which might have prevented
our listeners from tuning in to one specific speech type.

In summary, the importance of duration as a cue to stress
perception decreased under reverberation (T=0.6 s), whereas
the relative contribution of spectral balance increased
strongly. The magnitude of the effects in both experiments
were in the same range. The effectivity of intensity, however,
was hardly affected by reverberation and was equally poor in
both experiments. On the basis of these results we conclude
that the use of duration as a cue for stress suffers from rever-
beration. As a result, loudness becomes relatively more
important as a stress cue showing that its acoustical correlate
(spectral balance) is not easily affected by reverberation.

4. DISCUSSION AND CONCLUSIONS

From the results of both experiments, we conclude that
loudness when traditionally implemented as a difference in
overall intensity (i.e. manipulating gain without changing
spectral balance) provides only a marginal stress cue. Of
course, we need not be surprised that intensity variations turn
out to provide only a marginal stress cue. In fact, it seems to
us that intensity variation will never have communicative
significance, for the simple reason that intensity is too sus-
ceptible to noise. If the speaker accidentally turns his head,
or passes a hand across his mouth, intensity drops of greater
magnitude than those caused by the difference between
stressed and unstressed syllables will easily occur. For this
reason, manipulating intensity in stress perception ex-
periments seemed ill-advised.

In contrast, loudness, when realistically implemented as
the acoustical reflection of greater vocal effort, is a reliable
stress cue, close in strength to duration. Moreover, the
differences in spectral balance provide an even stronger stress
cue than duration when accurate perception of syllable and
segment boundaries is hampered, for instance in a rever-
berant environment. Examples of such reverberant listening
conditions abound in daily life. In fact, studying speech com-

EUROSPEECH ’95, Madrid, Spain, September 1995

munication in rooms, halls etc. is probably more realistic
than in sound insulated booths and free field situations.
Therefore, it seems that listeners have different co-operating
cues at their disposal to determine linguistic stress position.
The effectivity of the various cues depends on environmental
circumstances in which speech is perceived.

The findings of the present study have some practical,
application-based implications. The results can probably be
used to improve the quality of speech synthesis. In future
research, experiments should be executed investigating if
stress positions and focus domains can be more optimally
coded in speech synthesis if we take the present results into
account. The relative importance of duration and loudness
depends on the listening circumstances; it is therefore
necessary to represent both cues optimally in synthetic
speech to guarantee adequate stress perception independent of
listening circumstances especially because for unaccented
words these cues are the only remaining cues to stress.

We assumed the differences in spectral balance to’ be
caused by a more pulse-like shape of the glottal waveform
while producing stressed syllables. Future manipulations
could be made even more realistically by manipulating the
glottal pulse separately instead of using digital filtering of the
oral output.

To conclude this paper, the most important finding of this
study is that listeners are more susceptible to loudness
variations when detecting stress position than hitherto has
been assumed. This is due to the fact that loudness in our
experiments was implemented in a more realistic way, 1.e. by
adding energy in the higher frequency bands only as the
acoustical reflection of an increase in vocal effort used to
produce stressed syllables. The results can be viewed as a
first step to rehabilitation of the claim that languages such as
Dutch and English have dynamic stress, with loudness as its
most reliable cue.
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