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Abstract

Voice quality is an important dimension in human communica-
tion, used to mark a variety of phenomena in speech, includ-
ing prosodic prominence. Even though numerous studies have
shown that speakers modify their voice quality parameters for
marking prosodic prominence, the impact of these modifica-
tions on perceived prominence is less studied. Our investigation
looks at the effect of a well-known measure of voice quality,
cepstral peak prominence (CPP), on syllabic prominence rat-
ings given by both naive and expert listeners. Employing read
speech materials in German, we quantify the role of CPP alone
and in combination with other acoustic cues marking promi-
nence, namely intensity, duration and fundamental frequency.
While CPP, by itself, had a significant effect on the perceived
prominence for most of the listeners, when used in conjunc-
tion with the other cues, its impact was reduced. Moreover,
when assessing the importance of each of these four cues for
determining the perceived prominence score we found impor-
tant individual variation, as well as differences between naive
and expert listeners.

Index Terms: prosodic prominence, voice quality, cepstral
peak prominence, naive listeners, acoustic cues

1. Introduction

Voice quality is an important dimension in human communi-
cation, used to convey a number of characteristics, including
speaker attitude, relationship to the interlocutor, or information
on speech act types [1, 2], being even considered by some re-
searchers as the fourth prosodic dimension [2], alongside inten-
sity, duration and fundamental frequency (f0).

The role of voice quality has been examined also in rela-
tion to prosodic prominence, in particular in the marking of
prominent syllables/vowels (e.g. [3, 4, 5, 6]). The findings
of these studies revealed that a number of voice source char-
acteristics (e.g. open quotient, speed quotient) vary with the
prominence status of the vowel. Moreover, it has been shown
that prominent vowels have a more periodic phonation than
their non-prominent counterparts (e.g. [6]). Several acoustic
correlates of voice quality have been investigated for prosodic
prominence, including amplitude differences between various
frequency bands or fundamental frequency harmonics, or the
amplitude of specific frequencies in the speech spectrum or cep-
strum (e.g. [7, 8,9, 10, 11]). These measures have been found
to be used for marking prominence to a certain degree, across a
variety of languages.

Previous literature has established that speakers change
their voice quality characteristics to mark prosodic prominence,
but do listeners take advantage of these cues in the perception
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of prominence? It has been shown that voice quality plays a
role in the perception of various linguistic quantities (e.g. pitch
[12, 13]) and, thus, one would expect such an effect also for
prominence. A number of studies investigating the percep-
tion of prosodic prominence (e.g. [14, 15, 16, 17]) confirmed
that the main acoustic-prosodic cues: intensity, duration and f0,
play a role in perception. By contrast, the use of voice quality
cues in the perception of prominence by listeners has received
considerably less attention. Analyzing acoustic correlates of
perceived prominence in German, [18] found significant cor-
relations between syllabic prominence and harmonics-to-noise-
ratio (HNR), an acoustic measure of voice quality (although the
authors explained this result by means of differences in syllabic
sonority). Furthermore, even though a linear regression analysis
revealed that HNR had a significant effect on prominence, this
did not apply to all the considered focus conditions. The per-
ception of prominence was examined also by [19], using syn-
thesized stimuli that varied a global waveshape parameter, de-
rived from a number of voice quality characteristics. The exper-
iment found that the manipulation of those characteristics may
change the degree of perceived prominence, with the findings
being modulated by the position of the syllable in the sentence.

In this work, we investigate the role that voice quality plays
in the perception of prominence. Differently from previous
studies, we include natural speech stimuli and we do not limit
our analysis to prosodic prominence due to focus, as we con-
sider here both word and sentence stress. We chose cepstral
peak prominence (CPP) as our voice quality measure, as it has
been established to be the best signal-based correlate for per-
ceived voice quality in continuous speech [20]. We then ob-
tained prominence ratings from naive and expert listeners and
we evaluated the role CPP plays in the perception of promi-
nence. More importantly, we did not examine the effect of CPP
only by itself, but also in relation to other acoustic cues shown
to play a role in the perception of prominence (intensity, dura-
tion and f0).

2. Methods and materials
2.1. Dataset

We used materials from the Bonn Prosodic Database [21], a
corpus consisting of German read sentences uttered by three
professional speakers, in the standard Northern German vari-
ety. The sentences were orthographically transcribed and man-
ually annotated at the segmental level and for prosodic promi-
nence. Three expert phoneticians annotated the prominence
level of each syllable using a graphical scale ranging from 0
to 31 (similarly to [22]) and high correlation coefficients (rang-
ing from 0.74 to 0.86) were obtained between the prominence
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scores given by the annotators. Each syllable was assigned the
median prominence score across the three annotators, further
called expert prominence score.

‘We then selected 70 sentences (the same 20 from the three
speakers plus 10 other, sampled from the three speakers) and
used them in an annotation experiment involving naive listen-
ers (for more details, see [23]). All participants were speak-
ers of the standard (or near-standard) Northern German variety.
They were asked to listen to each sentence and to drum the sen-
tence they heard using an electronic drum pad, using one beat
for each syllable they hear. From the ten naive listeners (N1-
N10; 7 females, 3 males) that participated in the drum-based
annotation process, we had to exclude one (N6; female), which
misunderstood the task and drummed all syllables at maximum
(or near-maximum) intensity. The velocity (impact force) of
the drum beats was used as operationalization for the perceptual
prominence level of the naive speakers and has been shown to
correlate well with three other established annotation methods
(including the expert annotation provided with the corpus) [23].
We considered both the subset of 60 sentences (20 from each
speaker) and the remaining subset of 10 sentences (which was
used as a training phase in the experiment). We then checked
the sentences annotated by each naive listener and removed the
ones in which the number of drummed beats did not equal the
number of syllables in the sentence. This resulted in a dataset
consisting of between 537 and 587 syllables per naive listener
(out of a total of 587 syllables from our 70 sentences).

Besides the individual prominence scores, given by each
naive listener, we also considered an overall naive prominence
score. It was computed in a similar fashion to the expert promi-
nence score, by taking for each syllable the median value across
the prominence scores given by the naive listeners for that sylla-
ble. We, thus, employed in our study three types of prominence
scores: individual scores (one for each of the nine naive listen-
ers included in the analysis), a naive median score and an expert
median score. Each of these scores were z-normalized on a per-
sentence basis.

2.2. Analyses

As correlate of voice quality we employed the cepstral peak
prominence, as proposed by Hillenbrand and colleagues [24].
It is defined as the amplitude of the cepstral peak relative to the
regression line over the entire cepstrum. CPP represents a mea-
sure of periodicity and magnitude of the harmonics above the
noise level, and exhibits lower values for noisier (less periodic)
signals. Thus, we expect prominent syllables to feature higher
CPP values than non-prominent syllables.

For all the sentences included in our study we extracted, us-
ing the VoiceSauce toolkit [25] the following features: cepstral
peak prominence (cpp), root-mean-square energy (rms, as cor-
relate of speech intensity) and the fundamental frequency (f0, in
Hz). They were computed using default parameters, and with
a time step of 1 millisecond. From the annotations supplied
with the corpus, we derived the duration (dur, in milliseconds)
of each syllable nucleus (vowel or syllabic /n/, [26]). Then,
for the features extracted with VoiceSauce, we computed their
average value within each syllable nucleus in the dataset. Fi-
nally, we z-normalized each feature as follows: rms and cpp
on a per-sentence basis, fO on a per-speaker basis and dur on a
per-speaker and on a per-syllable nucleus category basis. The
normalization of the acoustic features allowed us to compare
values across different speakers and categories.

In order to test the effect of CPP on the perceived promi-
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Figure 1: Mean CPP values for the prominent and non-

prominent syllables, for each speaker in our dataset. A promi-
nent syllable was defined as being a syllable having a median
expert prominence score greater or equal to the third quartile
in the given sentence.

nence scores, we fitted separate linear regression models with
the prominence score (9 individual scores, 2 median scores) as
dependent variable and cpp as predictor. For observing the role
of CPP in conjunction with the other three acoustic measures we
tested all combinations of the three acoustic features: by them-
selves (rms, dur, f0), in combinations of two (rms+dur, rms+f0,
dur+f0), and all three of them (rms+dur+f0). We fitted, for each
score, a regression model without and a model including cpp as
predictor. We then compared the adjusted R-squared of the two
models and performed an ANOVA analysis comparing the two
models, in order to determine whether the addition of cpp brings
an improvement to the baseline model (not including cpp).

While the regression analysis can provide us with informa-
tion on whether a specific features has a significant effect on the
prominence score, it cannot give us an intuitive ranking of the
importance of each feature in determining the perceived promi-
nence score. For this, we employed a Random Forest [27] re-
gression analysis, by which a model consisting of 500 trees was
used to learn each prominence score, considering the four cues
as input features. The importance of each cue was determined
by computing the decrease in node impurity from splitting on
that cue, averaged over all trees in the model. The decrease in
node impurity was measured by means of the residual sum of
squares. The Random Forest regression was run for 100 times,
for each score, and the sum of the importance across all the runs
computed. Then, for each cue, its importance was divided by
the total importance, across all four cues, thus obtaining values
between 0 and 1, which can be compared between the different
prominence scores.

All statistical analyses were performed using the appropri-
ate functions provided by the R software [28], including the
randomForest package [29] for performing Random Forest re-
gression and feature importance analysis.

3. Results

Previous work has shown that speakers may employ different
strategies for the marking of prosodic prominence by means
of voice quality changes [30]. Therefore, we first performed
an analysis of the data produced by the speakers in our cor-
pus to confirm the effect of CPP on the production of promi-
nent syllables in the analyzed materials. For this, we made
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Figure 2: Individual feature importance, as given by the Random Forest analysis, for each naive listener (N1-N10), as well as for the
median prominence scores across naive and expert listeners, respectively. The sum of the importance of all four cues, per speaker,

equals 1.

use of the prominence annotations supplied with the dataset
(expert score). For every sentence, we considered a syllable
to be prominent if its expert prominence score was greater or
equal to the third quartile of all syllable prominence scores of
that sentence, otherwise it was considered non-prominent. Fig-
ure 1 illustrates the mean CPP values for the prominent and
the non-prominent syllables, for the three speakers in our cor-
pus, with higher values obtained for the former category. A
Wilcoxon signed rank test was used to test the difference in
CPP values between the two cases (each sentence gave two
values: one for prominent and one for non-prominent syllables
therein). Although a significant difference was observed when
the entire dataset was included (p = 5.5e¢~°), when looking at
each speaker, individually, the difference reached significance
only for two of the speakers (speaker F: p = 0.317, speaker L:
p = 1.1e~3 and speaker M: p = 0.012). As one of the speak-
ers did not produce consistent voice quality changes captured
by our measure, CPP, listeners will have no such information
to use for the perception of prominence. We, thus, present in
this section the results obtained based on the data produced by
speakers L and M, with any differences between this set and the
whole corpus being discussed in the next section.

The results of the linear regression analyses are reported
in Table 1. We see that cpp has a significant effect on the
prominence rating of 7 (out of 9) naive listeners, as well as on
the median prominence scores, both naive and expert (first line
of the table). When examining its effect in combination with
the other acoustic cues, we observed a significant improvement
for the models that consider cpp as predictor (compared to the
ones without cpp) for all single-cue models, as well as for all
multiple-cue models not including both rms and dur (lines 2-
8). Out of the 7 naive listeners that seem to use cpp for their
prominence perception, the majority of them continue to use
the cue also when other cues are taken into account, except for
when both rms and dur are involved (rms+dur and rms+dur+f0,
lines 2-8, column Individual). Moreover, better discrimination
was obtained when including cpp as independent variable for
all the models predicting the expert prominence score and for
all naive median score models, again except for those which
consider both rms and dur (lines 2-8, columns Naive and Ex-
pert). In order to better understand the reduced effect of cpp
in the models employing both rms and dur, we looked at the
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Table 1: Linear regression analysis results for each individual
naive listener score, as well as for the median perceived promi-
nence across naive and expert listeners, respectively. Column
Individual illustrates the number of naive listeners for which a
significant effect of CPP was observed. The last two columns
show the p-values obtained from the analyses. The fist line rep-
resents the model containing only CPP as predictor. The fol-
lowing lines display the ANOVA comparison between a model
employing the listed independent variables and a model using
those predictors and CPP.

. .. Median

Predictors Individual Naive Expert
cpp 7/9 53¢ 2.6e°
rms 4/9 021 6.5¢7°
dur 6/9 6.8¢7* 1.2¢77

f0 7/9 6.4e %  3.0e7°
rms+dur 1/9 256 9.3¢74
rms+f0 5/9 018  6.4e7 "
dur+f0 6/9 1.3¢73  2.3¢77
rms+dur+f0 1/9 260 9.4e*

Spearman correlation between the former and the latter two pre-
dictors. It revealed significant correlations between cpp and
rms: p = .368,p 1.1e7'3, and between cpp and dur:
p = .191,p = 1.7e~* (compared to a lack of correlation be-
tween cpp and f0: p = .051,p = .32), which may, at least
partly, explain this reduced effect.

Looking at the importance of the investigated cues, as given
by a Random Forest regression model, we see important vari-
ation across the naive listeners, both in the ranking, as well as
in the importance of the individual cues. Some listeners (N1-
N2) tend to give rather similar weights to the four cues, while
others (N8-N10) show a strong preference for one of the cues
(dur, in this case). With regard to the obtained ranking for in-
dividual prominence scores, dur and rms seem to be the most
important cues (for 6 and 3 listeners, respectively), while f0 and
cpp were found to be the least important ones (in 6 and 3 cases,
respectively). As for the median prominence scores, the results
show that although the weighting of the cues differs between



the two cases (naive/expert), their ranking is the same, with the
listeners basing their judgments on dur, followed by rms, cpp
and, lastly, f0. Furthermore, while naive listeners give quite
different weights to cpp and rms, expert listeners give them a
similar importance. Taking a closer look at the cue importance
for median scores, one can see that the biggest differences are
for these two cues, with the importance of cpp increasing by
2.1% and that of rms decreasing by 2.6% for the expert score
compared to the naive one. The cue importance differences for
the individual and median prominence scores were tested us-
ing Wilcoxon signed rank tests. All differences between cues
importance, except for cpp-rms in the case of the expert score,
were found to be significant. We then checked whether the in-
dividual variation we observed in the naive listeners data may
be explained by gender differences. For this, we tested whether
the gender of the listener had an effect on the importance of
each of the four acoustic measures, by performing individual
Kruskal-Wallis tests. As none of the tests revealed a significant
effect, we can conclude that the individual variation cannot be
explained by differences in gender.

4. Discussion and conclusions

The results of our study are in line with those of previous work.
Similarly to [18, 19], we observed an effect of voice quality on
the rating of perceptual prominence. Our investigation extended
these findings by showing that both naive and expert listeners
make use of voice quality information to perceive prominence,
although they give it different weights. The individual variation
in using voice quality in the production of prominence reported
by [30] was found also here, with one of the three speakers in
our dataset not marking prominence consistently by means of
CPP. Moreover, our results indicate that individual variation is
present not only in the production, but also in the perception of
prominence, based on the fact that not all of our naive listeners
make use of voice quality information.

Different from prior studies on the effect of voice quality
cues on prominence, we did not employ highly controlled ma-
terials, in which individual words or balanced prosodic focus
structures were compared. Rather, we had a mixed set of in-
dividual sentences, varying in length, content and pragmatic
expression. Despite this (comparative) lack of control, the ef-
fect of voice quality on prominence perception remained stable,
but subtle. Nonetheless, we concede that our material still con-
sisted of read isolated sentences produced under laboratory con-
ditions. For the purpose of studying the impact of voice quality
on prominence, we believe this might have been, actually, detri-
mental: in spontaneous interaction, we expect speakers and lis-
teners to be forced to exploit voice quality cues more strongly,
as various factors may interfere with the production of other
cues that mark prosodic prominence. For instance, loud speech
(e.g., due to noisy conditions) may neutralize intensity, while
creak (e.g., due to utterance planning or turn taking) may neu-
tralize pitch. Therefore, an extension of these findings to spon-
taneous speech would be an appropriate next step, for a better
understanding of the role of voice quality in prosodic promi-
nence expression.

As mentioned in the previous section, we reported the anal-
yses based on data produced by the two speakers that showed
significant differences with respect to CPP, between prominent
and non-prominent syllables. Performing the same analyses,
but using the full dataset of three speakers, we obtained similar
findings for the fitted linear models. Differences in significance
were found only for three of the models fitted with the individ-
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ual scores and one median naive score model. The results for
the cue importance, as given by the Random Forest regression,
showed a lower importance for CPP than for the fundamental
frequency. Also for the median scores, CPP exhibited a lower
importance than it was determined on the dataset based on the
two speaker, with CPP being the least important cue for the
naive score and the second least important one for the expert
score. These differences were to be expected, as the speaker
that was removed did not mark prominence with voice quality
changes captured by CPP.

To summarize, we have seen that voice quality informa-
tion, in the form of CPP, may be used by listeners to discrim-
inate prominent from non-prominent syllables. However, not
every naive listener employed the information given by CPP in
the perception of prominence and this information did not bring
much improvement over models taking into account both sylla-
ble nucleus intensity and duration. Nevertheless, an interesting
difference was observed between naive and experts listeners,
with the later group giving a higher importance to voice quality
information than the former group. Moreover, all the models
fitted with the expert prominence score showed improvements
when CPP was added to the model. It is encouraging to see
that most of the models including CPP did bring an improve-
ment over those without CPP and that the its overall importance
is similar or higher than that of other, better studied, cues. As
we expect to see a higher importance of voice quality in spon-
taneous materials we intend to expand our investigation with a
perception experiment involving conversational data.
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