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a b s t r a c t
Prosodic characteristics, such as lexical and phrasal stress, are one of the most challenging features for second
language (L2) speakers to learn. The ability to quantify language learners’ proﬁciency in terms of prosody can be of
use to language teachers and improve the assessment of L2 speaking skills. Automatic assessment, however,
requires reliable automatic analyses of prosodic features that allow for the comparison between the productions
of L2 speech and reference samples. In this paper we investigate whether signal-based syllable prominence
can be used to predict the prosodic competence of Finnish learners of Swedish. Syllable-level prominence was
estimated for 180 L2 and 45 native (L1) utterances by a continuous wavelet transform analysis using combinations
of f 0 , energy, and duration. The L2 utterances were graded by four expert assessors using the revised CEFR scale
for prosodic features. Correlations of prominence estimates for L2 utterances with estimates for L1 utterances and
linguistic stress patterns were used as a measure of prosodic proﬁciency of the L2 speakers. The results show that
the level of agreement conceptualized in this way correlates signiﬁcantly with the assessments of expert raters,
providing strong support for the use of the wavelet-based prominence estimation techniques in computerassisted assessment of L2 speaking skills.
Ó 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

Phonetic studies in second language (L2) production have
hitherto focused on speciﬁc features such as difﬁcult sounds
or intonation patterns. In the learning process of oral communication skills, the correct pronunciation of segments often takes
most of the attention, leaving suprasegmental features aside.
Producing the correct prosody, however, plays a fundamental
role in achieving intelligibility and ﬂuency in L2 (AndersonHsieh, Johnson, & Koehler, 1992; Munro & Derwing, 1999;
Derwing, Rossiter, Munro, & Thomson, 2004; Kormos &
Dénes, 2004; Troﬁmovich & Baker, 2006; Rasier &
Hiligsmann, 2007; Munro, 2008; Pinget, Bosker, Quené, &
De Jong, 2014). Intelligibility and ﬂuency, in turn, are generally
used in many assessment criteria of oral L2 skills including the
Common European Framework of Reference (CEFR) for languages (Council of Europe, 2017), IELTS (British Council,
2019), Pearson (2017), and ETS (Educational Testing
Service, 2014).
* Corresponding author.

Prosodic systems of languages differ signiﬁcantly from one
another (Hirst & Di Cristo, 1998). Thus many language learners experience a transfer effect from their native language
(L1) to the target language. Studies have shown that L2 learners have difﬁculties especially in speech rhythm and tonal features (Adams, 1979; Archibald, 1997; Broselow, 1988;
Grosser, 1997; Guion, 2005; Wennerström, 1998). Many of
these prosodic difﬁculties stem from incorrect production of
stress; appropriate placement of word-level and phrasal stress
is important in chunking speech into linguistically relevant
units, and chunking creates the (perceivable and languagespeciﬁc) rhythm in speech. Acoustically, a stress-bearing syllable is typically characterized by an increase in f 0 , duration, and
intensity (Lieberman, 1967; Lehiste, 1969; Fant &
Kruckenberg, 1994; Cruttenden, 1997; Fant, Kruckenberg, &
Liljencrants, 2000; Suomi & Ylitalo, 2004; Vainio & Järvikivi,
2006). While these signal characteristics combine in a complex
and language dependent manner, the overall increase can be
quantiﬁed in terms of syllable prominence. Studies indicate
that non-native realization of prosodic prominence in terms of
lexical and utterance-level stress contributes to the perceived
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foreign accent and decreased intelligibility of L2 speech
(Munro, 1995; Hahn, 2004; Field, 2005).
The speaker’s L1 interferes with both the perception and
production of L2 stress patterns, with perception preceding
production in language skill development (Altmann, 2006;
Altmann & Kabak, 2011; Archibald, 1993). For L2 speakers
of English, the production of the stress structure of English is
found to be challenging (Wennerström, 2000; Hahn, 2004;
Kormos & Dénes, 2004; Troﬁmovich & Baker, 2006), and ﬁndings on the L2 speakers of Swedish suggest similar implications on both utterance- and word-levels (Kautonen, 2017;
Heinonen, 2018). L2 learners tend to emphasize words with
stress either too frequently (Wennerström, 2000) or too seldom
(Kormos & Dénes, 2004). Troﬁmovich and Baker (2006) found
that for Korean learners of English the amount of experience in
the target language inﬂuences especially the production of
stress timing while Hahn (2004) provided an evidence on the
importance of primary stress on intelligibility. Kautonen
(2017) examined Finnish speakers’ intonation in declarative
utterances in Finland Swedish on CEFR levels B1–B2 (see
Section 2.2 for more detail) and found that the L2 speakers
varied their f 0 more than L1 speakers. This was seen as a
result of L2 speakers’ excessive stress production. Similarly,
Heinonen (2018) noticed that the production of sentence
stress was one of the most challenging for L2 learners of Finland Swedish, regardless of their proﬁciency level.
In this paper we investigate the effect of L2 prominence production on the perceived proﬁciency in terms of prosody. We
focus on the syllable-level prominence realizations by Finnish
learners of Finland Swedish, which is a less studied language
in terms of prosody as well as L2 acquisition. We also introduce a new automatic method for measuring and quantifying
prominence based on continuous wavelet transform (Suni,
Šimko, Aalto, & Vainio, 2017). Speciﬁcally, the questions
addressed by this paper are whether prominence estimates
can be used to predict the prosodic proﬁciency level of an L2
speaker, and, if so, which acoustic features are relevant for
the target language. We also address questions related to
automatic assessment of spoken L2 skills.
1.1. Assessment of L2 prosody

Empirical studies related to L2 speech proﬁciency involve
assessments on various dimensions ranging from holistic
impressions of naïve listeners to analytical evaluations of
experts (Munro, 2008). In many studies with focus on prosody
the concepts that seem to repeat are ﬂuency, intelligibility, and
accentedness (Munro & Derwing, 1999; Wennerström, 2000;
Kormos & Dénes, 2004; Troﬁmovich & Baker, 2006; Munro,
Derwing, & Morton, 2006; Munro, 2008; Pinget et al., 2014;
Préfontaine, Kormos, & Johnson, 2016; Kallio et al., 2017),
which are also common in diverse assessment criteria.
Despite the tendency to use native speakers as reference –
both in theory and practice (Andreou & Galantomos, 2009;
Arias, Yoma, & Vivanco, 2010; Hönig, Batliner, Weilhammer,
& Nöth, 2010; Cheng, 2011; British Council, 2019) – the focus
in spoken language assessment (and teaching) has turned
towards intelligibility and comprehensibility instead of accentedness in L2 speech (Derwing, 2010; Educational Testing
Service, 2014; Council of Europe, 2017).

Studies in L2 prosody vary with regard to instructions and
criteria given to assessors as well as speech type and sample
length. The studies have commonly used Likert-type scales
(Bosker, Pinget, Quené, Sanders, & De Jong, 2013; Pinget
et al., 2014), but the wide descriptors of the CEFR have also
been used in assessments (Préfontaine et al., 2016; Kallio
et al., 2017; Kallio, Suni, Virkkunen, & Šimko, 2018). In this
study we used the revised CEFR scale that emphasizes intelligibility over native-likeness in its descriptions (Council of
Europe, 2017).
L2 prosody research have generally involved trained assessors (Wennerström, 2000; Kormos & Dénes, 2004), but also
native speakers of the target language without special training
in language assessment have proved to be reliable raters
(Derwing et al., 2004; Derwing, Thomson, & Munro, 2006;
Rossiter, 2009). Since expert assessors such as language
teachers are more experienced in hearing L2 speech, they
can be biased in their perception (Munro, 2008). On the one
hand their experience can help them assess L2 speech analytically and identify speciﬁc problems in pronunciation. On the
other hand L2 experts may understand speech that is unintelligible for less experienced listeners or interlocutors. We used
trained assessors in our study since the selected CEFR scale
is originally developed for use in professional education setting
and requires adequate knowledge on the topic.
1.2. Prosody in automatic assessment

Despite the evidence supporting the importance of stress
production in L2 learning (see Munro, 1995;Hahn, 2004;
Field, 2005 for L2 intelligibility and Wennerstrom, 2000; Kormos and Dénes, 2004; Troﬁmovich & Baker, 2006 for speech
ﬂuency), stress patterns are inconspicuous in many assessment systems and criteria. There is also little research on automatic assessment of stress production in L2 speech,
regardless of its possible beneﬁts to automatic assessment
systems and computer assisted language learning (CALL).
Many studies of L2 prosody acquisition and evaluation have
focused purely on tonal features, e.g., intonation or pitch
accents (Broselow, 1988; Grosser, 1993; Grosser, 1997;
Guion, 2005; Rasier & Hiligsmann, 2007; Wennerström,
1998; Wennerström, 2000). Automatic assessment of intonation, however, remains less studied, although some promising
systems have been proposed (Arias et al., 2010; Cheng,
2011). The method of Arias et al. (2010) was limited to intonation patterns elicited by imitation, meaning that the language
learner tried to follow a reference intonation pattern produced
by an expert. Arias et al. also proposed a separate stress evaluation system based on f 0 and energy, leaving duration unutilized. Cheng (2011) used data from a high-stakes English test
with 126 different L1s and proposed a new method to handle f 0
of unvoiced segments. In his automatic prosody assessment
system for read passages he used canonical contour models
at word-level f 0 and energy and combined it with phone-level
duration information, resulting in high correlation between
automatic and human ratings. Cheng (2011) concluded that
duration information had the strongest predictive power for prosody evaluation.
In majority of active automatic assessment systems the
measured and evaluated prosodic features are still mainly
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temporal and fall under the term ﬂuency, e.g. rate of speech;
number and duration of pauses, silences, and disﬂuencies
(Xi, Higgins, Zechner, & Williamson, 2008; Litman, Strik, &
Lim, 2018). Since non-native speech tends to contain more
disﬂuency phenomena than native speech (Cucchiarini,
Doremalen, & Strik, 2010), these temporal features are a relatively good measure of L2 proﬁciency. These commonly used
features, however, are global (e.g., speech rate) as opposed
to local (e.g., word stress). Furthermore, global features such
as speech rate and pausing can signal individual speaking
style instead of language proﬁciency (De Jong, Groenhout,
Schoonen, & Hulstijn, 2015).
Since many of the prosodic difﬁculties stem from incorrect
stress placement, introducing the evaluation of stress production could help improve automatic assessment of L2 speech.
However, stress patterns have been excluded from automatic
systems due to difﬁculties in quantifying prominence. The
information of f 0 , duration, and intensity is encoded in parallel
in one-dimensional signal, making the automatic analysis difﬁcult. In this study we estimated syllable prominence using the
wavelet method that allows simultaneous use of multiple
suprasegmental variables (Suni et al., 2017).
1.3. Prosody of Finland Swedish

Finland Swedish is a variant of Swedish spoken in Finland
and it is one of the two ofﬁcial languages in the country (alongside Finnish). Prosody of Finland Swedish is studied only marginally, but it is believed to be more similar to Finnish than
standard Swedish (spoken in Sweden) due to interference
from the majority language. Finland Swedish differs from standard Swedish with regard to phonetic realizations of sounds as
well as prosodic features like phrasal and word stress
(Tevajärvi, 1982; Hirst & Di Cristo, 1998; Aho, 2010). For
example, the acute and grave lexical pitch accents that are
characteristic for standard Swedish are absent in Finland
Swedish. In Swedish dialects with this word accent opposition
some words can have two f 0 peaks distinguishing them from
their one-peaked homophones (Bruce, Gårding, Gårding, &
Bannert, 1978). In Finland Swedish words have only one f 0
peak, which is generally timed in the middle of the prominent
vowel (Tevajärvi, 1982). The lack of word accent opposition
also affects intonation, and intonation patterns of declarative
sentences are found to be similar for Finnish and Finland
Swedish (Aho, 2010).
Linguistic properties of standard Swedish, however, also
deﬁne the stress structure of Finland Swedish. While spoken
Finnish has ﬁxed word stress on the word initial syllable, the
placement of word stress varies in both standard and Finland
Swedish. Additionally, duration contrast in Finnish is to a large
extent related to phonological quantity and therefore more
consistent; in Swedish, duration contrast is strongly related
to stress (Fant, Kruckenberg, & Nord, 1991; Engstrand &
Krull, 1994; Bruce, 2005). It can thus be presumed, on one
hand, that there are more differences between Finnish and
Finland Swedish prosody in the realization of stress-related
prominence patterns than in sentence-level intonation. On
the other hand, differences in phrasal f 0 usage between L1
and L2 speakers of Finland Swedish has also been found
(Kautonen, 2017).
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Swedish is a compulsory subject in primary education in
Finland, and the national matriculation examination test of L2
Swedish is taken by approximately 15,000 upper secondary
school students yearly (The Finnish Matriculation
Examination Board, 2019), which makes Swedish the second
most tested L2 in Finland. The Ministry of Education and Culture in Finland have decided to start including exams of second
and foreign language speaking skills to the national matriculation examination from 2022 onwards (The Ministry of
Education & Culture in Finland, 2017). This increases the
importance and relevance of research on spoken L2 skills
and their assessment. This study is part of a larger research
project where automatic assessment methods are studied
and developed for the use of the upcoming large-scale speaking tests (Karhila et al., 2016).
1.4. Research objectives

The ﬁrst objective of this paper is to study the effect of
prominence production on the perceived prosodic proﬁciency
level in Finnish intermediate learners of Swedish. Our second
objective is to present a new automatic method of quantifying
syllable-level prominence based on continuous wavelet transform. We will discuss the possibilities of automatically derived
prominence estimates in predicting the proﬁciency level of an
L2 speaker.
Our hypotheses are as follows:
Hypothesis 1: Prominence estimates can predict the perceived proﬁciency level of an L2 speaker. We expect that the
closer the estimated prominence values of a L2 speaker is to
those of a L1 speaker, the higher the proﬁciency grades given.
Hypothesis 2: The salience of different prosodic features
(f 0 , energy, and duration) is language dependent in prominence production. Although duration is said to be an important
feature in Swedish stress production (Engstrand & Krull,
1994), we expect that a combination of all three features is
the best method for capturing syllable prominence characteristics correlating with L2 proﬁciency.
Based on previous studies, the differences in the realization
of prominence patterns between Finnish and Finland Swedish
can be challenging for language learners and therefore interfere
with the perceived oral proﬁciency of Finnish L2 learners of Finland Swedish. We will evaluate Hypothesis 1 by (1) estimating
prominence patterns for both L1 and L2 speakers using continuous wavelet transform and other methods, (2) calculating how
the L2 prominence patterns correlate with L1 patterns, and (3)
verify how this degree of correlation agrees with assessors’ proﬁciency ratings. We will also compare the L2 prominence estimates and lexical stress patterns to see whether using native
references actually brings extra value to the prediction of proﬁciency. To study Hypothesis 2, we use different prominence estimation methods with all possible feature combinations (using
f 0 , energy, and duration signals) and evaluate which combinations are the best predictors of oral L2 proﬁciency.
2. Material and methods
2.1. Speech data

The speech material for the present study was taken from a
speech corpus collected while piloting a computer-aided oral
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language test for large-scale evaluation (Karhila et al., 2016).
Pilot tests were conducted for groups of upper secondary
school students (aged 16–17 years) in a classroom environment using headset microphones. The test design was done
for Swedish as a foreign language, and participants were
native speakers of Finnish who had studied Swedish as a compulsory subject for 4–7 years. The same test was also taken by
native Finland Swedish speakers of the same age in order to
obtain reference samples and evaluate the degree of difﬁculty
of the test tasks.
Test tasks have a pool of trials, from which a random set is
given to each examinee. For this study we selected productions of nine utterances that occurred most frequently in the
pilot test data, and for which the accurate placement of lexical
and utterance-level stress was deemed important. The target
utterances are listed with their translations in Table 1. Twenty
L2 productions of each target utterance were randomly
selected for human assessments, and ﬁve productions of the
same utterances from native speakers of the same Finland
Swedish variant were selected as a reference. Our data thus
contain 180 L2 productions and 45 L1 productions. One native
speaker was recorded in a studio setting; all other samples are
from the pilot sessions described above.
2.2. Human assessments

Each utterance-sized speech sample was assessed by four
native Finnish speaking teachers of Swedish. The assessors
were experienced in grading spoken language skills and had
provided assessments for previous studies using subsets of
the speech corpus used here (Kallio et al., 2017; Kallio et al.,
2018). They had been familiarized with the current rating scale
in a separate training session. We used a six-level proﬁciency
scale for phonological control from the updated CEFR (Common European Framework of Reference) descriptors, which
is a guideline for describing the achievements of L2 learners.
It provides six reference levels (A1, A2, B1, B2, C1, and C2,
from the lowest to the highest) that are commonly used as
the European standard for grading an individual’s language
proﬁciency (Council of Europe, 2017).
Table 1
Target utterances.
Utterance in Swedish

Utterance in English

Allt ﬂer högskolestudenter pluggar
på distans i Sverige.
Bananer med droger i smugglades i
tunnelbanan.
Bilreparatören ﬁck en schock när
han öppnade bagageluckan.
Den moderna mormodern tågluffar
med barnbarnen.
Dödsrisken 7,3 procent mindre
bland cycklister med
skyddshjälm.
Kyligt väder försenade
jordgubbsskörden.
Recordmånga ålänningar gör
frivilligt värnplikt.
Vi köper begagnade kläder i gott
skick.
Välfärdsstaten klarar inte av den
ökande arbetslösheten.

More and more highschool students in
Sweden are using distance learning.
Bananas with drugs inside were smuggled
in the underground.
The car mechanic was startled when he
opened the trunk.
The modern grandmother interrails with
grandchildren.
The risk of death is 7.3 percent smaller
among cyclists wearing safety helmets.
Chilly weather delayed the strawberry
harvest.
A record number of Alanders volunteer for
military service.
We buy secondhand clothes in good
condition.
The welfare state can’t deal with the
increasing unemployment.

Here we focus on the assessments of prosodic features,
which is a subsection of the CEFR scale for phonological control and pays attention to features such as word-level and phrasal stress, rhythm, and intonation with respect to the perceived
intelligibility of speech. The overall proﬁciency levels of the participants were not controlled or assessed.
Additionally, four experts on Finland Swedish (different from
the assessors) were asked to mark linguistically stressed syllables for the target utterances.
2.3. Wavelet-based prominence estimation and raw acoustic
measurements

The prominence estimates for individual syllables were
obtained using continuous wavelet analysis technique originally developed for word prominence detection described by
Suni et al. (2017). The Wavelet Prosody Toolkit used in this
study is available online (Suni, 2017).
Continuous Wavelet Transform (CWT) is a technique for
decomposing a signal to a wide range of frequency components by convolving the signal with a scaled wavelet function
of an appropriate shape. The individual frequency components
are obtained by appropriate scaling – stretching in time and
amplitude – of the wavelet function. Applying the CWT decomposition to prosodic signals, as used here, yields the components roughly corresponding to prosodic events at various
time scales such as syllable-, word-, or phrase-levels of prosodic analysis.
Fig. 1 illustrates how syllable prominences are estimated
with the CWT method from a composite prosodic signal. The
scalogram, constructed from multiple scale functions, is shown
as a heat map in the top part of the ﬁgure above the blue signal
contour. Scale functions (seen as horizontal curves in the heat
map) are convolutions of the original signal with scaled versions of the mother wavelet. The scalogram results from the
convolution with, from bottom to top, progressively more and
more scaled up (wider and higher) wavelets.
The convolution function depicts ‘similarities’ between the
two convoluted functions, signal and the wavelet. A local similarity in shape of the signal with the scaled wavelet leads to a
higher value of the scale function (red area in the heat map);
the most dissimilar portions of the signal (valleys compared
to peak-like shape of the wavelets) yield negative values of
the scale function shown in blue. As shown by the black thicker
lines of maximum amplitude in Fig. 1, the peaks of the scales
related to syllable-level movement are then tracked and
summed to obtain prominence estimates for each syllable.
In essence, CWT allows us to focus on syllables by ﬁltering
out the effects of utterance-level declination, phrasing, and fast
perturbations in the prosodic signals. Moreover, we acquire a
holistic view on individual prosodic events; rises and falls in
the prosodic signals are equally relevant to peak height in
forming the prominence estimate, and the relationship to adjacent events is taken into account. Fig. 2 shows the results of
CWT decomposition (scalograms) for several utterances as
well as the relevant activation pertaining to individual syllables
(the black lines of maximal amplitude).
The speech samples used in this study were prepared for
analysis using Praat (Boersma & Weenink, 2016). Utterancesized samples were annotated at a syllable-level (yielding
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Fig. 3. The distribution of correlations between the native speaker prominence
estimates.

speakers in terms of their realization of prominence (see
below).
3.2. Correlations of L1 with L2 and stress estimates

To compare the L2 and L1 renditions of the same sentences, we calculated the correlations between syllable-level
prominence estimates for L2 speakers with prominence estimates obtained for L1 speakers.
Initially, we used two ways of evaluating the sentence-level
correlation between the native and L2 material. The “average
prominence” method assigns to each syllable of each sentence the mean prominence estimate across all L1 speakers
in our database. These average prominence values are then
correlated with the prominence estimates of syllables in the
same sentence uttered by the L2 speakers. This treatment is
justiﬁed by the high overall degree of mutual correlation
between L1 speakers described above.
The “best agreement” calculates correlations between the
L2 prominence estimates and prominence estimates of each
L1 speaker, and picks the highest of these correlations (the
best match between the L2 speaker and any L1 speaker for
the given utterance) as the agreement measure for the given
L2 speakers and the utterance.
For both of these methods and for all prominence estimation systems (seven signal combinations), we ﬁtted the proportional odds logistic regression model with grade (proﬁciency
levels A1–C2 treated as an ordered factor) as a dependent
variable and the correlation and assessor as independent variables. For all signal combinations, the models using “average
prominence” provided better ﬁts in terms of AIC values than
the models using the “best agreement” approach. Therefore,
we subsequently limited the evaluation to the “average” L1
prominence estimates.
In addition to the POLR models with the average L1 estimates (L2–L1 models), we ﬁtted corresponding models using
correlations between L2 prominence estimates and linguistic
stress (0 or 1 for non-stressed and stressed syllables, respectively) instead of L1 prominence (L2–linguistic stress models).
These models were ﬁtted separately for each CWT-based
prominence estimate and raw acoustic measure.

7

The minimal (simplest) model was sought using a standard
likelihood ratio test. There was no signiﬁcant difference
between the models with and without interaction between the
independent variable, assessor. In all cases, models with only
one independent variable were signiﬁcantly different from the
models with both variables. Consequently, the models without
interaction were selected as minimal models.
Table 2 summarizes the resulting ﬁts. The estimate of the
correlation effect on grade is signiﬁcantly positive for every
model, indicating that greater agreement between the L2 and
L1 prominence patterns, as well as between the L2 prominence pattern and linguistic stress, leads to better grade
regardless of the prominence estimation method. Raw acoustic measurements of f 0 , energy, and duration also resulted in
positive correlation effects. Using all the three raw acoustic signals yielded the highest correlation effect and t-value, and the
lowest AIC.
Note, however, that the AIC values are lower for the
wavelet-based methods than for the raw acoustic measures,
indicating better quality of ﬁt. This means that the CWTbased prominence estimates capture the relationships
between prominence agreements and the assessment better
than the estimates based on the raw acoustic measures. Also,
for every prominence estimation method, the AIC values are
lower when the grade is predicted using correlations between
L2 and L1 performance than for the correlations between L2
prominence patterns and linguistic stress.
From all tested combinations, the correlations of L1 and L2
prominences estimated with a combination of wavelet-based
energy envelope and duration (EN-DUR) yielded the lowest AIC
(1941) and highest t-value (12.15). Therefore, we have chosen
this combination of prominence estimation and agreement
evaluation methods to illustrate the nature of relationship
between the prominence correlations and grades, separately
for different assessors.

3.3. Evaluation of the best prediction

Fig. 4 shows the distributions of correlations between the L2
and the (average) L1 prominence estimates for the EN-DUR
model per individual grades, separately for each assessor (in
the left) and for all assessors pooled together (right). It illustrates that in general the higher correlations correspond to better assessment grades. This seems to be the case particularly
for the lower grades in the range A1–B1.
A post hoc Wilcoxon rank sum test (using the appropriate
Bonferroni correction for multiple comparisons) that was used
to compare correlation distributions for different grades (per
assessor) supports this observation.
For the ﬁrst assessor, the distributions for grades A1–B1,
A1–B2 (p < 0:001), and A1–C2 (p < 0:05) are signiﬁcantly different. For the second assessor, there are signiﬁcant differences for grades A1–B1 (p < 0:001) and A2–B1 (p < 0:05),
for the third for grades A1–B1 (p < 0:01) and A2–B1
(p < 0:001), and for the last assessor for grades A1–B2
(p < 0:05), A2–B2 (p < 0:001) and B1–B2 (p < 0:01).
When all correlation values for different assessors are
pooled together, the distributions for A1 and A2 grades are
both signiﬁcantly different from those for all other grades
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Table 2
Summary of the best proportional odds logistic regression model for each prominence estimation method, corresponding raw acoustic measures, and two correlation types. The minimal
model for all conditions was with both independent variables (grade and assessor) but without the interaction of the two. The model with the best ﬁt is highlighted in bold.
Average L1

f0
raw f 0
DUR

raw

DUR

EN

raw EN
f 0 -DUR
raw f 0 -DUR
f 0 -EN
raw f 0 -EN
en-dur
raw EN-DUR
f 0 -EN-DUR
raw f 0 -EN-DUR

Linguistic stress

Corr effect

t-Value

AIC

Corr effect

t-Value

AIC

1.47
1.16
2.55
0.40
2.05
0.46
2.78
0.91
2.50
0.74
3.11
0.93
3.01
1.21

5.79
3.65
9.95
2.22
8.68
2.20
10.25
3.37
10.01
3.22
12.15
4.42
11.54
5.09

2071
2091
1998
2100
2027
2100
1991
2093
1998
2094
1941
2085
1959
2079

1.40
0.68
1.41
0.84
2.07
0.89
1.98
0.91
2.25
0.81
2.77
1.14
2.59
0.99

5.04
2.16
6.36
2.81
8.64
3.42
7.46
2.99
8.97
2.99
11.07
4.31
9.97
3.70

2079
2100
2064
2097
2028
2093
2047
2096
2021
2096
1973
2086
2000
2091

Fig. 4. The

EN-DUR

correlations and prosodic proﬁciency grades for each expert assessor.

(p < 0:001 for all pairs except A2–C1 and A2–C2 with p < 0:01
and p < 0:05, respectively).
4. Discussion

This study investigated the effect of syllable-level prominence realization on the perceived prosodic proﬁciency level
in Finnish learners of Swedish. As we hypothesized (Hypothesis 1, Section 1.4), the agreement between the native speakers and L2 speakers, as well as between L2 speakers and
lexical stress patterns, correlates with the proﬁciency level
(grade). This is the case regardless of the signal combination
used for prominence estimation although some combinations
have more predictive power. The correlation between L2 and
L1 prominence estimates served as a more reliable predictor
of L2 proﬁciency compared to binary, lexically determined
stress patterns. Also, the CWT-based method, capturing wider
temporal aspects of prominence, yielded better ﬁts compared
to the baseline evaluation with the purely local raw acoustic
measures. This indicates that our prominence estimation
method captures not only the word-level but also the
utterance-level prominence phenomena (lexical as well as
phrasal stress) and that the correct sentence-level prosody
contributes to perceived proﬁciency of L2 speakers.

The method proposed in this paper successfully captured
the raters distinctions between less proﬁcient (A-level) and
advanced (C-level) students. Distinguishing between neighbouring proﬁciency levels, in particular at the higher end of
the scale, was less reliable. As it is generally more challenging
even for human raters to consistently differentiate between the
levels of highly proﬁcient speakers, it is possible that there
exists a saturation effect, in particular in terms of syllablelevel prominence. Another factor possibly affecting the results
is the cumulative nature of the CEFR scale. The differences
between proﬁciency levels are greater at the lower part of
the scale because language learning process is seen as
regressive or accumulative: the higher the proﬁciency gets,
the slower the gaining of new skills becomes. This tendency
can be seen also in our results in Fig. 4.
It must also be noted that the assessment distribution,
shown in Fig. 5, is skewed towards lower proﬁciency levels
in our data with only about one in ten samples given a Clevel assessment. Apart from inﬂuencing statistical analyses
for the higher grades (fewer data points have detrimental effect
on the signiﬁcance measure), this indicates that the given
reading task was more difﬁcult than the proﬁciency level of
the informants would have called for. Also, the target sentences used may not be ideal for studying L2 prosody since
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they were elicited from a prototype test task that included
tongue-twisting sentences that might be challenging even for
native speakers to read aloud. Sentences of a more common
language structure might elicit more natural productions of
prominence than our target sentence type. However, our data
contains several word stress patterns typical for Finland Swedish and minimal pairs distinguishable by word stress only.
Therefore, mistakes in prominence production can be presumed to affect the intelligibility of speech and the perceived
proﬁciency of the speaker.
As can be seen in Fig. 2, the estimated syllable prominences (lines of maximum amplitude) differ between proﬁciency levels as well as from the native sample. Although the
stress-related distinctions are generally maintained, the native
and C1 samples show a greater difference between stressed
and unstressed syllables. The prominence estimation method
is designed to capture not only qualitative but also quantitative
differences in the prominence level. In the present context, the
greater prominence difference between stressed and
unstressed syllables may be associated with reduction in
unstressed syllables that can be more prevalent in Swedish
than in Finnish (Fant & Kruckenberg, 1994; Suomi, Toivanen,
& Ylitalo, 2008). This suggests that L2 speakers tend to keep
their native characteristics when speaking a foreign language.
In this case the difﬁculty of learning variable stress in Finland
Swedish (compared to ﬁxed word stress in Finnish) can be
seen in our results. The differences in prominence production
can also stem from the L2 learners’ tendency to place equal
stress on every word, especially in the case of the less proﬁcient speakers (Wennerström, 2000).
For many utterances, there is usually more than one stress
pattern that could be considered as “acceptable” depending on
the context given. Choosing the highest L1–L2 correlation as
an agreement measure could thus be expected to be more
appropriate and reliable compared to only one possible reference measure. In the case of our data, however, the correla-

Fig. 5. The distribution of proﬁciency levels. Each analyzed utterance was graded by
four expert assessors.
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tions between native speaker prominence estimates were
quite high, and the mean prominence values provided better
quality of ﬁt than the native prominence values most correlated
with L2 production. It must be noted, however, that we used
controlled speech data. With less controlled material the probability of variation increases, which should be taken into
account when choosing the agreement measure.
The interaction between the correlations and assessor was
not signiﬁcant for predicting the grade. This indicates that the
assessors were relatively consistent in their assessments in
terms of grading more proﬁcient L2 speakers better than less
proﬁcient ones although some variation is evident and some
assessor gave overall better grades than others. Collecting
assessments from a larger pool of experts would very likely
increase the reliability of the assessment data. It should also
be noted that the native Finland Swedish samples were not
assessed but used only as a reference for L2 samples.
Assessing the native samples too would allow us to take into
account the possible variation in the oral proﬁciency of L1
speakers; not all native speakers’ productions necessarily correspond to the requirements of the highest proﬁciency level,
and thus all native speakers may not be exemplary in their
mother tongue (De Jong et al., 2015). Using only samples with
high proﬁciency ratings as reference, from both L1 and L2
speakers, could increase the reliability of the results. Including
non-native references would also serve the current needs in
language teaching and assessment.
We hypothesized that the combination of all signal attributes (f 0 , energy, and duration) would be the best for capturing
syllable prominence characteristics relevant for assessing L2
proﬁciency (Hypothesis 2). Interestingly, however, it was duration together with energy that presented the best signal combination for capturing syllable prominence characteristics
correlating with L2 proﬁciency, while adding f 0 signal to prominence estimator had a detrimental effect on the quality of ﬁt.
This result is in line with the ﬁndings of Piat, Fohr, and Illina
(2008) that syllable-level duration and energy serve as more
reliable parameters for identifying L2 prosody than f 0 , and of
Cheng (2011) that segmental duration information predicts prosody ratings better than f 0 and energy contours.
The fact that f 0 didn’t serve as a reliable signal for prominence estimation in our study could be partly explained by its
role in higher-than-word-level of prosodic hierarchy (Bruce,
2005): f 0 might be more involved in expressing sentence intonation. Since the intonation patterns in declarative sentences
are found to be similar in Finnish and Finland Swedish (Aho,
2010), we can expect to ﬁnd differences between L1 and L2
speakers mainly in word-level prominence production.
It should also be considered that f 0 peaks do not necessarily align with the stressed syllable (Xu, 1999; ShattuckHufnagel, Dilley, Veilleux, Brugos, & Speer, 2004), but can
be delayed to the following syllable: in this case the f 0 signal
would have failed to provide sufﬁcient information on prominence production with our method. On the other hand, while
f 0 peak delays are particularly common in rising contours, as
shown in e.g. Xu (1999), rising contours are characteristic for
the grave lexical pitch accent that is present in the varieties
in standard Swedish, but not in Finland Swedish (Hirst & Di
Cristo, 1998; Tevajärvi, 1982). In addition, in Finland Swedish
the timing of f 0 movements seems to be constant within and
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across speakers, although the issue is little studied (Tevajärvi,
1982). The typical f 0 peak alignment in our data is illustrated in
Fig. 6, which shows the prominence estimates of a native utterance using solely f 0 signal. The lines of maximum amplitude
fall within manually annotated syllable boundaries, and no
delayed f 0 peaks are visible in the contour.
Intermediate learners of Finland Swedish investigated in
Kautonen (2017) seemed to vary their f 0 more than native
speakers when speaking Swedish. It is possible, that some
less proﬁcient L2 speakers of Finland Swedish try to imitate
intonation contours related to standard Swedish as a compensation for their lack of linguistic knowledge, which would cause
more differences in f 0 . This, however, should result in f 0 having
greater signiﬁcance in prominence production than what our
results showed.
Moreover, it has been shown previously that syllable duration is a rather good predictor of prominence in standard Swedish (Fant et al., 2000), and that automatic methods using only
f 0 fail to assign signiﬁcantly higher prominence to stressed
than to unstressed syllables (Eriksson, Suni, Vainio, &
Simko, 2018). It is possible, that in Finland Swedish f 0 has
other, sentence-level uses, e.g., boundary tones, while duration and intensity are the primary markers of word-level stress.
It must be noted that our data is relatively small and the
topic needs to be studied further involving more languages
and more speakers. Examining the prosodic performance of
L2 learners of various L1/L2 backgrounds is needed in order
to determine which signal characteristics are relevant in evaluating L2 prominence production. Although many studies on L2
prosody focus on f 0 -related features (Broselow, 1988; Grosser,
1993; Guion, 2005; Rasier & Hiligsmann, 2007; Wennerström,
1998; Wennerström, 2000), our results suggest that duration
and energy are equally, if not more, important characteristics
when studying L2 prominence production. However, the
language-dependent nature of prominence production needs
to be taken into account. It is possible, that for example in Finland Swedish duration marks word stress more strongly than in
Finnish, where duration has a more dominant role in marking
phonological quantity (Engstrand & Krull, 1994).

In many automatic L2 assessment systems, the measured
and evaluated prosodic features are temporal and refer to global speech ﬂuency (Xi et al., 2008; Litman et al., 2018). Our
method enables to evaluate more local features related to
stress production that are found challenging for many language learners (Hahn, 2004; Kautonen, 2017; Heinonen,
2018; Kormos & Dénes, 2004; Wennerström, 2000) and affect
the intelligibility of L2 speech (Munro, 1995; Hahn, 2004; Field,
2005). It should be noted that the predictive power of temporal
measures is shown to be stronger for read speech than spontaneous speech (Cucchiarini, Strik, & Boves, 2000). Our data
consists of read speech only, and the results do not necessarily generalize to more spontaneous speech or other speech
styles.
Finally, the wavelet-based prominence estimation method
has been shown to provide measurements potentially useful
for assisted evaluation of L2 speaker proﬁciency. The several
processing steps done manually for this investigation – segmentation, f 0 detection – can be automated given more formal
examination setup. Thus, this method can serve as a part of an
automated assessment system. As a part of the integration of
this method within such system, we will assess to what extent
the prominence based evaluation provides complementary
information to the existing prosody evaluation measures such
as disﬂuencies, pauses, and articulation rate, as studied in
Kallio et al. (2017).

5. Conclusions

This study shows that automatically estimated syllable-level
prominence patterns are a good predictor of L2 proﬁciency in
terms of prosody. Mistakes in prominence production can be
presumed to affect the intelligibility of speech and the perceived proﬁciency of the speaker, and therefore languagedependent stress patterns should be taken into serious consideration in language teaching and assessment.
Although many studies on L2 prosody assessment and
identiﬁcation focus on f 0 features, our results suggest that
the duration and energy cues could be even more signiﬁcant

Fig. 6. Wavelet representation of a native utterance “Recordmånga ålänningar gör frivilligt värnplikt”, with the f 0 signal shown above the heat map. The f 0 peaks as well as lines of
maximum amplitude are aligned approximately in the middle of the prominent syllables.
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than f 0 , at least in the syllable-level of prosodic hierarchy in
Finland Swedish. Our ﬁndings support the division between
stress and intonational phenomena in speech. The role of different prosodic elements in prominence production should,
however, be studied further with various L1s and L2s.
The proposed method based on the Continuous Wavelet
Transform is well suited for extracting prominence-related
measures that can be used for evaluating L2 proﬁciency in
terms of prosody.
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