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ABSTRACT

This paper focuses on the automatic detection of
prominent words in conversational speech. Most
tools for prominence detection rely on prosodic fea-
tures extracted at a syllable- or phone level and their
accuracy thus strongly depends on the quality of
the given phone-level segmentation. Given the high
degree of pronunciation variation in conversational
speech, automatic phonetic segmentation is not ac-
curate enough to detect prominence reliably. Here
we explore different approaches to prominence de-
tection that require merely a prior word-level seg-
mentation. The first experiment shows that by using
word-level prosodic features cross-validation accu-
racies of 88% =+ 4% can be reached, and that word
duration is the most important feature. The second
experiment introduces entropy-based fundamental
frequency and intensity features for prominence de-
tection. Our findings suggest that entropy-based,
word-level features can provide a robust approach to
detecting prominent words in conversational speech.

Keywords: prosodic prominence, conversational
speech, entropy, Austrian German

1. INTRODUCTION

Many tools to detect prosodic prominence (e.g.,
ProsAlign [1], Tamburini and Wagner [2] or Mishra
et al. [3]) operate with features which rely on syl-
labic structure and/or phonetic annotations. These
tools are motivated by linguistic studies that found
that certain syllable-level characteristics of funda-
mental frequency (F0), intensity (RMS) and dura-
tion (e.g., speech rate, stressed syllable duration)
are cues to perceived prominence, where the con-
clusions drawn about these cues’ importance are
not uniform: [4] showed that vowel duration is a
more important cue for prominence perception than
RMS, whereas [5, 6] found FO to be a more im-
portant cue for prominence than syllable duration.
[7] reported that RMS is a more important cue of
perceived prominence than other continuous-valued
prosodic variables [7]. In the mentioned studies, ex-
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tracted durational features are related to vowel or
syllable durations (e.g., [4, 7]). In contrast, [8] found
word duration to be the strongest cue to prominence.

Given the high degree of reduction and overlap-
ping sounds in conversational speech [9], the quality
of automatically created phone segmentations has a
lower accuracy than for read speech. [10] showed
that, whereas for read speech, automatic phonetic
annotations are good enough for a subsequent au-
tomatic prosodic boundary detection, for conversa-
tional speech, manual correction is required. In or-
der to avoid the necessity of manual correction, we
explore the use of word-level prosodic features, as
the automatic detection of word boundaries showed
to have a higher precision for spontaneous speaking
styles than of phone boundaries.

So far, most studies on prosodic prominence ana-
lyzing FO/RMS contours considered features related
to specific characteristics of those curves (i.e., mean,
maximum, etc.). To the best of our knowledge, it
has not yet been investigated whether entropy-based
FO/RMS features, which directly relate to their dis-
tribution distinguishing prominence levels. In gen-
eral, entropy-based features have broadly been used
in speech science: For instance, [11] use relative en-
tropy to measure the distance between two speech
spectral distributions in concatenative synthesis ap-
plications whereas [12] showed that spectral entropy
features which interpret the spectrum as a proba-
bility mass function, improved the performance of
an automatic speech recognition (ASR) system. A
study on voice signal characterization tested entropy
measures coming from raw audio signals in order to
extend voice analysis methods [13]. With respect to
prosody of emotional expressions, it has been shown
that the use of features capturing FO/RMS variability
by calculating entropy from FO/RMS-curves helps
to distinguish between arousal conditions in a free-
speech setting [14].

This paper presents two approaches for auto-
matic prominence detection in conversational Aus-
trian German. The first experiment uses traditional
FO/RMS features (i.e., maximum, mean, etc.) ex-
tracted a the word level and durational features (i.e.,
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word duration and speech rate variation). The sec-
ond experiment explores a new approach, i.e., the
use of entropy-based FO/RMS features, which im-
plicitly encode distribution information and thus do
not require phone-level information.

2. MATERIALS AND METHODS
2.1. GRASS Corpus

The Graz Corpus of Read and Spontaneous Speech
(GRASS) [15] contains Austrian German conversa-
tional speech from 38 Austrian speakers, contain-
ing a total of approx. 20h of speech. Word- and
phone level segmentations were created by means
of a forced alignment using a Kaldi-based ASR sys-
tem with a lexicon containing on average 5.57 —6.18
pronunciation variants per word type [16]. Phonet-
ically trained transcribers created prosodic annota-
tions for a total of 5234 word tokens from 34 speak-
ers of GRASS. The prominence annotations distin-
guished the prominence levels 0 (no prominence,
PL0O), 1 (weak prominence, PLI), 2 (strong promi-
nence) and 3 (emphatic prominence) [17]. In this
study, we combined prominence levels 2 and 3, as
emphatic prominence occurred rarely (PL2). Anno-
tations were created in three stages: One annotator
created a first version, which later was corrected by
her/him and subsequently corrected by one of the
other annotators. Based on a small subset anno-
tated by two different annotators in those stages, the
inter-annotator agreement was calculated: The over-
all Cohen‘s kappa was 0.72 (598 tokens), 0.72 for
level 0 vs. 1 (371 tokens), 0.92 for level O vs. 2/3
(446 tokens) and 0.57 for level 1 vs. 2/3 (275 to-
kens). Other studies obtained similar agreements of
0.53 [2] or 0.84 [7].

2.2. Basic Prosodic Features

84 FO and RMS features: All features were cal-
culated at the word level. We calculated FO with
the library AMFM decompy [18] which includes
an implementation of the pitch detection algorithm
YAAPT [19]. Intensity features were generated di-
rectly from the waveform by calculating the root
mean square. For FO/RMS, and their respective first
and second derivatives, we extracted 10 measure-
ments: maximum, minimum, range, relative posi-
tion of maximum and minimum in the word, mean,
median, first and third quartile and standard devi-
ation (60 features). Additionally, we extracted left
and right slope of the maximum and minimum, ab-
solute and relative onset and offset within the word,
as well as the maximum, minimum, range and mean
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relative to the utterance (24 features).

12 Durational features (DUR): We extracted word
duration, phrase-level speech rate (i.e., number of
segments per phrase), local speech rate (i.e., the
number of segments per word duration), and rela-
tive speech rates (i.e., the ratio of the local speech
rate and the minimum, maximum or median of lo-
cal speech rates within a phrase). Additionally, we
calculated the minimum, maximum, range, mean,
median and standard deviation of local speech rates
within a phrase.

2.3. Entropy-based Features

Entropy measures the spread of probability distri-
butions and provides a measure of uncertainty of a
random variable X [20]. If the random variable X
assumes values x; € 2 where £ is a finite set, the
definition of entropy can be stated as

() H(X) ==} pi-logpi,

where p; = Pr{X = x;} describes the probability of
X taking the value x;, assuming that p; -logp; =0
for p; = 0.

If we observe a sequence of N (non-negative)
feature values (f[1],f[2],...,f[N]) within a given
word, we can measure the spread of these values also
by a formal entropy where the (pseudo-)probability
distribution is defined by normalizing the feature
values

Sl

Ly Sl

such that the condition for the total probability is ful-
filled: YN, p; = 1.

With this definition, the entropy (1) achieves its
maximum H,,,, = logN if the feature sequence is
constant f[1] = f[2] = --- = f[N] = const., and its
minimum H,,;, = 0 if all probabilities according to
equation (2) turn out to be close to either 1 or O,
e.g., for a very non-uniform feature sequence within
the given word. Note that this entropy measures
the (relative) feature variability within the word, but
without accounting for the time order of the feature
contour. Finally, we also experimented with a nor-
malized entropy H obtained from division by the se-
quence length N:

2) pi=

- H
3) A=

For our experiments, we applied equation (2) to
the extracted FO/RMS contours and calculated four
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Figure 1: Confusion matrices (3 classes) with FO

and RMS features (a) and all features (b).
additional entropy-based features (ENT) with equa-
tions (1) and (3) leading to two (pseudo-)entropies
H and two normalized (pseudo-)entropies H of
FO/RMS.

Simulations with uniform and non-uniform distri-
butions indicated that these entropy-based features
depend primarily on the number of possible out-
comes N, which in our case corresponds to word
duration. Nevertheless, for words of similar lengths
these measurements also encode contour variations
by capturing deviations from uniform distributions.

2.4. Random Forest

We trained Random Forest classifiers (RFCs) with
the scikit learn toolkit (version 0.21.3) [21] RFCs
were built with 100 estimators, default maximum
depth, a minimum samples split of 2 and the Gini
impurity for measuring the quality of a split. For
each of the different feature sets, we present re-
sults from two conditions, one for 2 classes (PLO
vs. PL2), and one for 3 classes (PLO vs. PLI vs.
PL2). Each classification experiment involved two
steps: First, RFCs were trained with the entire fea-
ture set in order to learn about the feature’s relative
importance. Second, a (final) RFC was trained with
the 15 most important features as given by the first
step. The training and test sets were based on a
random 80/20 split and we present associated F1-
scores. Additionally, we provide means and stan-
dard deviations of accuracies resulting from 10-fold
cross-validation experiments in order to estimate the
model’s generalization ability.

3. THE ROLE OF DURATIONAL FEATURES

In order to learn about the role of durational
features for prominence detection, we conducted
two classification experiments. While the first
RFC uses all 96 FO, RMS and durational features
(FO+RMS+DUR) described in Sec. 2.2, the sec-
ond RFC uses the 84 FO/RMS related features only.
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Figure 2: Confusion matrices (2 classes) with FO
and RMS features (a) and all features (b)
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Figure 3: RFC feature importances for 3 class

problem with FO, RMS and DUR features.
Fig. 1 and Fig. 2 show the confusion matrices of
RFCs which were trained on the entire basic fea-
ture set (FO+RMS+DUR) and on a subset with-
out durational features (FO+RMS). We observe that
classification performance between non-prominent
and highly prominent words is high in both cases,
but that non-prominent words were better classified
when the RFC was trained with the entire feature set
than without DUR (recall 82% vs. 77%). For PLO
the F1 increased form 80.3% to 84.4% by adding
DUR, and for PL2 from 89.8% to 91.6%. Cor-
responding cross-validation accuracies were 88% =+
4% (FO+RMS+DUR) and 85% £ 4% (FO+RMS).

RFCs with 3 classes (Fig. 1) showed a simi-
lar behaviour since the recall for PLO of 61.6%
(FO+RMS+DUR) was higher than the recall of
55.2% (FO+RMS). However, in case of PLI, re-
calls of only 45.7% (FO+RMS+DUR) and 40.6%
(FO+RMS) were achieved, while in both cases
approx. 35% of tokens from PLI were pre-
dicted as PL2. Respective Fls of PLO/PLI were
63.1%/47.2% (FO+RMS+DUR) and 55.9%/43.2%
(FO+RMS). Interestingly, recalls of highly promi-
nent words were similar in both cases (ap-
prox. 76%). In this case, cross-validation accuracies
were 63% + 5% (FO+RMS+DUR) and 60% 4+ 6%
(FO+RMS). Fig. 3 shows the feature ranking corre-
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Figure 4: Confusion matrices from experiments

with 15 best features (FO+RMS+DUR+ENT).
sponding to the averaged impurity decrease of the
RFC for 3 classes trained with the 15 best features
(FO+RMS+DUR). Word duration (w_dur) has by far
the highest importance among all features, capturing
almost 20% of the overall importance. Other dura-
tional features (see Sec. 2.2) like the local speech
rate (Ispr) or relative speech rates (rspr_median and
rspr_max) were also present in the feature ranking
and had similar importances as the relative relation-
ships of the FO/RMS contours. This finding is in line
with the study by [8], showing that word-duration is
the most important feature for prominence detection
in read speech.

Overall, durational features improve the RFC ac-
curacy for detecting prominent words of conversa-
tional speech. Results from previous investigations
pointed towards different trends. Whereas [4] found
vowel duration to be an important cue to prominence
in spontaneous speech, [6] concluded that FO and [7]
that RMS play a more important role. These studies,
however, did not consider word duration, which in
our experiments resulted to be the most important
feature among all durational, FO/RMS features to
classify prominence in conversational Austrian Ger-
man.

4. THE ROLE OF ENTROPY-BASED
FEATURES

To learn about the role of entropy-based fea-
tures (ENT) for prominence detection, and whether
they can complement phone-based durational fea-
tures, we conducted two classification experi-
ments. While the first RFC uses all 100 features
(FO+RMS+DUR+ENT), the second RFC does not
use any durational features (FO+RMS+ENT).

The RFC for 3 classes with FO+RMS+DUR+ENT
features resulted in a large number of confusions
of PLI (recall/F1: 48%/48.6%) with PLO or PL2,
where approx. 19% of PLI was classified as PLO
and 33% as PL2. In contrast, recalls/Fls of
65.6%/66.1% (PLO) and 74.1%/73.1% (PL2) in-
dicated less confusions with others classes (i.e.,
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only 4 — 5% of non-prominent or highly-prominent
words were classified as highly-prominent or non-
prominent words). This result is to be expected,
as also the inter-rater agreement showed to be
lowest/highest for these classes. Overall cross-
validation accuracies reached 62% =+ 7%. Compared
to the RFC without ENT, the classification of non-
prominent words improves by adding the ENT fea-
tures (recall 66% > 62%). Furthermore, the com-
parison with the RFC trained without any durational
features (FO+RMS+ENT) indicated that developed
entropy-based features compensate for durational
information (similar F1s for classes PLO/PL2 of ap-
prox. 84% /91%). With respect to the feature impor-
tances for the RFC with FO+RMS+DUR+ENT, we
observed that the 5 best features comprised word du-
ration as well as the entropy and normalized entropy
features, which all had average importances of > 8%
(capturing approx. 45% of the overall importance),
while all other features had importances < 6.7%.

For both the 2 and the 3 class problem, promi-
nence detection was best when adding entropy-
based FO/RMS-features to the feature set. To the
best of our knowledge, there exist no earlier stud-
ies on prominence detection using similar entropy-
based FO and RMS features.

5. CONCLUSION

This paper investigated different word-level features
to detect prosodic prominence, to avoid the necessity
of creating manual phonetic segmentations for con-
versational speech. Overall, the classification per-
formances achieved with our different sets of fea-
tures were in the range of the human inter-rater
agreements for the respective classes. We found
that durational features (incl. speech rate variations)
have a higher importance than FO/RMS features, and
that among them, word duration is by far the most
important feature. Experiments with entropy-based
FO/RMS features showed that they encode neces-
sary durational information along with information
about the features’ distribution, making them useful
for classifying prominence levels in conversational
speech. In future, we will explore whether entropy-
based FO/RMS features are also useful to capture
other prosodic characteristics in speech, both with
respect to speech analysis as well as in ASR.
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