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Abstract

This paper presents an unsupervised approach to de-
tecting prominence in Swedish on a continuous scale
using vowel acoustic features over time. By modeling
vowel duration, mean loudness and mean delta pitch
over the vowel, a prominence level for each vowel is es-
timated using a function of the likelihood of these para-
meters. An evaluation of the method to estimate word
prominence results in 72.4% mean square error on read
speech annotated by 9 speech experts, and 81.7% accu-
racy on focal accent detection on a small test set, given
the number of focally accented words in the input utter-
ance.

1. Introduction

Prominence is traditionally defined as when a seg-
ment (a syllable or a word) stands out of its context, as
defined by Terken (1991), others use it as the perceptual
salience of a linguistic unit (Streefkerk 1999). There have
been numerous studies on modeling and perception of
prominence and its phonetic and prosodic correlates in
different languages. The detection and quantification of
prominence phenomena in speech can play an important
role in many applications since it concerns the question
of how speech is produced and how segments are con-
trasted, e.g. decoding in speech recognition, and hence
can be used for syntactic parsing (Wang & Narayanan
(2007)). Recently, more research is focusing on the au-
dio-visual relation of prosody. Many studies report find-
ings on correlations between acoustic prominence and
facial movements and gestures. In Krahmer & Swerts
(2007), it was found that visualizing manual gestures on
acoustically prominent words increases the acoustic per-
ception of prominence these words receives, moreover,
producing visual prominence gestures correlates with an
increased acoustic prominence of this word. Hence, it is
important for speech-to-visual talking agents to detect
prominent segments in the speech signal to drive ges-
tures.

Many studies have investigated the acoustic-prosodic
cues to prominence on a syllable or on a word level, and
some using lexical and higher level linguistic informa-
tion. In some situations, contextual information might not

be available. We are interested in this study to detect
prominence using phone based segments, since in some
applications, the segmental information about syllables
and words might not be available (i.e. context indepen-
dent phoneme recognizers). This presents a theoretical
challenge since such a method requires sufficient infor-
mation about prominence inside the boundaries of the
phonetic segment. In addition, some prominence catego-
ries (levels) are perceptually based on word level, and
hence reliably transcribed data on a on a syllable or vo-
wel level are not available.

In this paper we present an unsupervised method to
detecting the level of prominence on a vowel basis in
Swedish, where vowel segments are recognized using a
phoneme recognizer.

The rest of the paper is organized as follows: Sec-
tion two gives an overview of the Swedish acoustic
prominence model. Section 3 presents the proposed
prominence function. Section 4 presents the proposed
modeling of the acoustic parameters. Section 5 presents
results from two experiments on detecting prominence,
one using a mean square error of the estimated promi-
nence over a word level prominence annotations, and the
second evaluates the function on a binary classification
task. Section 6 concludes the paper.

2. Acoustic Correlates to Promi-
nence in Swedish

In Swedish, prominence is often categorized with
three terms: ‘stressed’, ‘accented’ and “focused’.

Previous research reported that the most consistent
acoustic correlate of stress in Swedish is segmental dura-
tions (Fant & Kruckenberg (1994); Bruce & Granstrom
(1997)). In addition, overall intensity differences have
also been studied among the correlates of stress (Bruce,
1999); although these differences may not be as consis-
tent as the durational differences (Fant & Kruckenberg
(1994). As to Accented syllables, according to the Swe-
dish intonation model, the most apparent acoustic corre-
late for accented from an unaccented foot is the presence
of an fO fall, referred to as a word accent fall. Thus, ac-
cent as a higher prominence level than just stress is sig-
naled mainly by f0, although an accented foot is usually



also longer than an unaccented one (Bruce, 1999). Final-
ly, in focal accent, which is the highest level of promi-
nence, the primary acoustic correlates for distinguishing
‘focused’ from ‘accented’ words is a tonal one — a focal
accent or a sentence accent rise following the word ac-
cent fall (Bruce, 1977). However, this f0 movement is
usually accompanied by an increased duration of the
word in focus (Fant & Kruckenberg (1994),
1994;Heldner & Strangert (2001)), and by moderate in-
creases in overall intensity (Fant et al. (2000)).

Hence, according to the Swedish intonation model,
fO movements should be considered as an important type
of acoustic correlate of prominence, but they are by no
means the only existing correlates.

From this background discussion, it seems reasona-
ble that a prosodic prominence level detection system in
Swedish should include acoustic features about segment
duration, loudness, and an estimation of f0 movements. It
is also important to note, that although “stress” is a sylla-
ble based event, accents are usually word based percep-
tual categories, and the acoustic correlates can be distri-
buted over more than one syllable in poly-syllabic words
(a word accent fall, followed by a final accent rise), this
model makes it difficult to detect focal accent using only
syllable or vowel information, but still, the correlates of a
focal accent — e.g. longer syllable duration - might prop-
agate outside the accented syllables, and exhibit changes
in some, or all of the syllables of the word, and hence,
using only vowel acoustic information might still be a
feasible approximation.

3. Method for Modeling Vowel
Prominence

We project the definition of prominence on acoustic-
al parameters to hypothesize that a prominent observa-
tion of a parameter is an observation which exhibits an
unexpected value. Statistically this would mean that the
lower the likelihood of the value, the higher its promi-
nence.

Let us consider, an observation x, a sample from a
random parameter X, we define the prominence level of
the observation x simply as:

Pr.=1-f,(x), fe[01] ¢

Where f(x)is a function of the likelihood of the
observation x. If x is a feature vector of n independent
features x= { X, X,...X,, }, the prominence level of the
observation x becomes:

Pr, :iz Pr, @)
n= -

The assumption that the relation between the para-
meters’ prominence is simply additive is motivated since,

as described in the prominence model above, in general,
none of the acoustic correlated to prominence (duration,
loudness, f0 movements) is mandatory, and the higher
prominence level seems to correlate with higher variation
in one or more of these parameters.

This definition is still too general, as a general defi-
nition of prominence, since it might include other types
of phenomena in speech like increased speech rate, hesi-
tations, etc, that is when the parameters exhibit unusual
values, and hence the choice of the parameters and their
functions should reflect the constraints of the language
specific prominence model.

On the other hand, this definition breaks the bounda-
ries between the prominence categories, and estimates
segment prominence on a continuous scale.

4. Feature Selection

This study aims at estimating prominence over vo-
wels, since vowels represent syllables nuclei, and hence
the acoustic feature vector is extracted over the vowel
segment. It is worth to mention here that these parame-
ters may be modeled over vowels as one category, or for
each type of vowel which would result in a finer model
compensating for the intrinsic differences in these para-
meters among vowels (i.e. intrinsic vowel duration, in-
trinsic vowel intensity), on the other hand, this requires
larger amount of data for a reliable estimation of the
model, which, for example, might be impractical in on-
line modeling.

Following is a detailed description of the included
acoustic features and their estimated distributions.

Duration

The increase in segmental duration or, as in this
study, the vowel duration, seems to be a major correlate
to prominence, be it stressed or accented. Since only the
increase, but not the decrease, in vowel duration corre-
lates to prominence, we model vowel duration as a ran-
dom variable generated from a half-Gaussian distribution

(,udur,o-durz) with 4 is the mean vowel duration and

o the standard deviation.

By looking at the histogram of vowel duration in
Figure 1, it is reasonable to assume that it is best fitted
using a half-gaussian distribution.

Hence the prominence function defined in equation
(1) for loudness becomes:

2
L(X‘/Jdur 1O dur )

=1- 5 ©

L(/Jdur Haur + O qur

Where L is the half-Gaussian likelihood function,
and Pr, is the complement of the normalized likelihood.



&000

7000 -

6000 -

5000 -

4000 -

3000 -

2000

1000

[T n L 1
10 20 30 40 a0 GO 70 a0

Figure 1. Histogram of vowel duration using 100,000 vowels.

Fundamental Frequency

Fundamental frequency movements are important
parameters in the perception of prominence, and pitch
accents have been under interest in many prominence
modeling and detection research in many languages
(Terken (1991)). In Swedish, accent fall and rise charac-
terize “accented” and “focused” segments. Moreover, in
a study by Heldner (1998), it was found that the bigger
the size of the accent rise, the more agreement among
annotators on the prominence level of the word. This
entitles a vowel based prominence detection system to
capture the movements’ shape of the fundamental fre-
quency on the vowel segment. From this we propose to
represent the fundamental frequency prominence level
over vowels using the mean delta pitch (MDP) calculated
over the vowel segment. This is calculated for a vowel v
of n successive FO values as:

MDR, L i'OQ(fov(i))—|09(f0v (i-9) @
nii=

This function models the absolute value the speed of
the pitch over a vowel but it is limited to capturing a un-
idirectional pitch accent, - i.e. symmetric movements of
pitch are considered less prominent- and does not distin-
guish in the prominence level between a falling or rising
accent. Figure shows the histogram of MDP using
100,000 samples.

We model this pitch feature as a half-Gaussian dis-

tribution (as we modeled loudness), with 4, =0 (flat
pitch). The pitch prominence level function becomes:

L(X‘O,O'mdp 2)

Pr =1 -
L(O‘O,a 2y )

mdp

Loudness

As mentioned before, studies reported a possible cor-
relation between intensity and prominence. In the litera-
ture, many studies have investigated the role of intensity
measures and prominence, in Kochanski et al (2005), a
study on British English reports that if a reliable measure

Figure 2. The histogram of mean delta pitch (MDP) calcu-
lated over 100,000 vowels.

of loudness is used, loudness can become a significant
parameter to estimate prominence, and fO might not play
the big role it is usually though to. In Heldner (2001), it
is found that spectral emphasis in Swedish correlates to
prominence.

In this study we estimate loudness using the ITU
(ITU- R1077, 2003) recommended loudness measure,
which was recently evaluated to be a highly reliable per-
ceptual measure by (Nygren (2009)), this measure ap-
plies a high band and low band frequency filters and is
computationally very efficient. In this method, this
measure is adapted to calculate the mean loudness over a
window sized as the length of the underlying vowel. Fig-
ure 3 presents the histogram of loudness using 100,000
vowels. As shown in the figure, the loudness distribution
may follow a Gaussian shape, but since the literature
does not suggest that the decreased vowel loudness in-
creases or decreases the perception of prominence, loud-
ness is modeled in our prominence model as a half-

Gaussian distribution, (z,,0,°) with 4, is the vowel’

2 —
mean loudness, and o, as the standard deviation, where

loudness values below 4 get O prominence. Equation
(2) for loudness prominence level function becomes:

L(x‘,ul,0'|2)
=14 Liale oy M
=1y L(u|uyo)) (6)
1 X <

Where L is the half-gaussian likelihood function.
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Figure 3. Histogram of vowel loudness using 100,000 vo-
wels.
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Figure 2: A plot visualizing the prominence level (top) with the acoustic parameters and a phonetic alignment of the sentence:

narheten av taltet finns en bombkrater “ using WaveSurfer.

5. Experiments

The way to deal with prominence segments in
speech usually depends on the application, for example,
detecting the most prominent syllable in a word, the most
prominent word in a sentence, the most prominence syl-
lable in an utterance, etc.

In this work, two experiments are conducted to in-
vestigate our proposed method. The first one takes ad-
vantage of a word level prominence annotation of read
aloud speech produced by one speaker. The other evalua-
tion uses a small test set annotated by a speech expert
with focally-accented syllables.

Word Level Prominence

In (Strangert & Heldner 1995), 2 minutes of read aloud
speech containing 250 words were annotated on a word
level with prominence scale between 0 and 3 by 9 Native
Swedish speech expert. The prominence level of each
word was estimated using the mean annotations of all the
experts for each word, and then scaled to the range [0, 1].
To estimate prominence using our method, we hypothe-
sized that the highest prominence value of all the vowels
(syllables) in the word represents the word prominence.
In this case, by distributions of the duration, pitch, and
loudness were estimated using the full set of data, and a
normalized prominence value for each word is estimated.
An MSE measure of this estimate resulted in 28.6% er-
ror. Figure 5 shows an example of the estimated and an-
notated normalized prominence level for an example sen-
tence.

Focal-accent detection

50 utterances are selected from a speech corpus contain-
ing high quality one-speaker read speech designed for
speech synthesis sound creation. One native speech ex-
pert marked focal-accent on a syllable level in all the
utterances. This resulted in a variant number of focal-
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Figure 3. Automatic prominence estimation on an example sen-
tence “affarsman och hans familj “. Dashed red line is the esti-
mated value. Green line is original annotation.

accents marks per sentence with a sum of 120 markers in
all the utterances. The prominence parameters distribu-
tions were adapted to these sentences, and a selection of
a number of vowels with the highest prominence level is
done, where this number matched the number of anno-
tated focal accents in the file. This maps to a binary clas-
sification task with a prior knowledge of how many
points lie in each class. On this small test set, a correct
rate of 81.7% is achieved.

6. Conclusions

In Rosenberg (2009), a comparison on English be-
tween detecting prominence on a vowel, syllable, and
word level shows that given more context, the informa-
tion available to detecting prominence are increased, and
the estimated model is fine tuned the more segmental
information is given. This increases the need for word
level segmental information in a language like Swedish,
where perceptually it was shown that there are more than
changing segment parameters to prominence, but promi-
nence follows a phonetic and segmental model defined
over time, as, for example, in focally accented words.
This implies many complications. On the first hand, labe-
ling level of prominence on a segment basis shorter than
a word, and limits the availability of training data. On the



other hand, it also limits the credibility of a prominence
level over segments like vowels (or syllables) where the
underlying prosodic information is not sufficient enough
to capture a prominence perceptual level over a segment
longer than that. This work presents a trial to build an
unsupervised, predefined function of prominence over
vowels, which shows through our experiments that statis-
tically it is still plausible to estimate prominence as a
continuous value (experiment 1) and prominence as a
binary category (experiment 2).

Although the proposed method is evaluated using
one-speaker read speech with enough data to estimate the
prosodic parameters distributions, it is possible to extend
the estimation of the model to in real-time, where the
mean and standard deviation are calculated using the in-
coming signal with a decaying window, so it adapts to
new speakers, differences in recording conditions (louder
or softer signals), and to gender, which would be the up-
coming extensions of this work.

Another important evaluation of this method, which
has a potential to increase its accuracy, is to build a mod-
el of the prosodic parameters for each type of vowel as
discussed before, which although might need more time
for adaptation, but which would result in a more accurate
estimate of the parameters compensating for the intrinsic
differences in the (loudness, duration) of the vowels, and
this would be plausible for tasks like annotating large
corpora with prominence where there is enough data to
build accurate distributions of the parameters.
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