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Abstract: In this article, we explore the possibility of evaluating L2 pronunciation, and, more specifi-
cally, L2 vowels, without referring to a native model, i.e., intrinsically. Instead of comparing L2 vowel
productions to native speakers’ productions, we use Pillai scores to measure the overlap between
target vowel categories in L2 English (/i:/ — /1/, /a:/ — /&/, /3:/ — /a/, /u:/ — /u/) for L1
French, L1 Spanish, and L1 Italian learners (n = 40); and in L2 French (/y/ — /u/, /8/ — /o/,
/e/—/e/, /¢/ —/e/,/a/ — /a/, /3/— /o/) for L1 English, L1 Spanish, and L1 Italian learn-
ers (n = 48). We assume that a greater amount of overlap within a contrast indicates assimilated
categories in a learner’s production, whereas a smaller amount of overlap indicates the establish-
ment of phonological categories and distinct realisations for members of the contrast. Pillai scores
were significant predictors of native ratings of comprehensibility and/or nativelikeness for many
of the contrasts considered. Despite some limitations and caveats, we argue that Pillai scores and
similar methods for the intrinsic evaluation of L2 pronunciation can be used, (i) to avoid direct
comparisons of L2 users’” performance with native monolinguals, following recent trends in SLA
research; (ii) when comparable L1 data are not available; (iii) within longitudinal studies to track the
progressive development of new phonological categories.

Keywords: L2 pronunciation; L2 phonology; acquisition; vowels; comprehensibility

1. Introduction
1.1. Evaluating L2 Pronunciation

The assessment of second language (henceforth, L2) pronunciation is reputedly a
complex and problematic task, and has been the subject of debate in the literature (see,
for instance, Isaacs and Trofimovich 2012). Traditionally, pronunciation in an L2 has been
evaluated with reference to a native model, and native-like pronunciation was considered
the ultimate goal. Yet, the growing use of English as an International Language has led
some authors to reconsider these positions, and focus on constructs such as intelligibility
and comprehensibility rather than native-likeness and foreign-accentedness, or to look at
pronunciation in the context of communicative language abilities (e.g., Jenkins 2000, 2006).
In parallel, global and influential trends in second language acquisition research propound
that L2 learners (or L2 ‘users’) should not be judged by native monolingual standards, and
that the final goal of L2 classes should not be to bring learners to become as similar as
possible to native monolingual speakers (Cook 2016).

The concepts of intelligibility and comprehensibility have been at the core of much
literature in L2 pronunciation since the pivotal study by Munro and Derwing (1999). Both
terms allude to how understandable L2 speech is, the former specifically referring to the
proportion of L2 speech that is actually understood by listeners and usually operationalised
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via transcription tasks (Kang et al. 2018), the latter referring to the amount of effort de-
manded by listeners for understanding L2 speech and usually operationalised via rating
scales (Crowther et al. 2022; but alternative approaches use response times or keystroke
latency in transcriptions—see, for instance, Gallant 2023). Transcription tasks and rating
scales are behavioural, and as such, they are not entirely objective and reproducible. Un-
surprisingly, some studies have found individual differences in pronunciation scoring,
and various linguistic and extralinguistic factors have been revealed to affect or bias such
assessments (Bent and Bradlow 2003; Isaacs and Thomson 2013).

In the effort to develop methods for the objective evaluation of L2 pronunciation,
several studies have searched for phonetic correlates of comprehensibility and intelligibility,
trying to derive objective measures for automatic scoring. Often, studies within this domain
have proposed global temporal or prosodic measures, such as speech rate, articulation rate,
number/length/frequency of pauses, and pitch range (e.g., Cucchiarini et al. 2000; Kang
2010; Kang and Pickering 2013). More rarely, authors have also considered local segmental
or suprasegmental measures. For example, Isaacs and Trofimovich (2012) considered
ratios of segmental errors, syllable structure errors, word stress errors, vowel reduction
errors, and errors in pitch contours, and found that all of them correlated with native
ratings of comprehensibility. Among the many variables considered (which also included
many non-phonological features relating to fluency, linguistic resources, and discourse),
the only one that was not significantly correlated with native ratings was pitch range.
A following study by Saito et al. (2017) expanded on these findings, confirming that
comprehensibility ratings correlated with a full set of variables at many linguistic levels,
while ratings of nativelikeness mainly correlated with phonological variables (further
confirmed by Saito 2021).

The search for objective measures for L2 pronunciation assessment is obviously also
relevant within the field of speech technologies. Recent advances in this domain, and
particularly in automatic speech recognition (ASR), have driven the development of L2
pronunciation automatic assessment systems, as well as computer-assisted pronunciation
training systems (CAPT) (see Xi 2010; Farrus 2023). Automatic assessment of L2 pronuncia-
tion is usually performed by statistical models built on top of exclusively or preponderantly
native speech. Modern ASR-based CAPT systems typically compare L2 speech productions
with matching L1 instances, often isolated words or short sentences. The ASR component
can be used to compute a variety of scores, the most widespread being word error rate
(see, for example, Liakin et al. 2015). This measure indicates how many words have been
misrecognised by the ASR within a sentence produced by L2 learners, on the assumption
that misrecognised words correspond to, and are caused by, pronunciation errors. Other
approaches have been developed (see Witt 2012 for a review), such as log-likelihood-based
pronunciation scores (e.g., the goodness of pronunciation score used by Witt and Young
2000; and Neri et al. 2008), or the use of classifiers to detect expected pronunciation errors
for given L1-L2 pairs (see, for instance, Strik et al. 2009; Yoon et al. 2010). Although some
recent CAPT systems use industrial closed-source ASR models (among others, Tejedor-
Garcia et al. (2020) use Google’s ASR; Liakin et al. (2015) use Nuance Dragon ASR), it
is reasonable to assume that such models are mostly or exclusively trained with native
speech data. More generally, as claimed by Witt and Young, since the goal is to “to assess
pronunciation quality with respect to native speaker performance, it is reasonable to use native
speakers to train the acoustic models” (Witt and Young 2000, pp. 97-98). For a recent and
thorough literature review on the use of ASR for computer-assisted pronunciation training,
see Farrus (2023).

We shall note that studies looking for phonetic and phonological correlations of
comprehensibility and nativelikeness, as well as systems for automatic pronunciation
assessment or feedback, tend to refer to a native model. As for automatic assessment, the
native model is inscribed in the architecture of the system (L2 productions are compared
to matching native instances to check for mispronunciations, e.g., deviations from the
native model). As for studies looking for phonetic correlates of comprehensibility, the
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phonological variables included in the analysis by Isaacs and Trofimovich (2012) and
Saito et al. (2017) (among others) are computed with reference to what a native speaker
would do (whether at the segmental or suprasegmental level): for instance, the ratio of
segmental errors in L2 speech essentially indicates segmental deviations with respect to
the pronunciation by a native speaker. Assessing L2 pronunciation in reference to a native
model is, of course, the most obvious approach that one can adopt: we shall call this type
of evaluation ‘extrinsic’, because it relies on external (native) data. Instead, the aim of this
article is to explore the possibility of implementing objective measures of what we shall
define as the ‘intrinsic” evaluation of L2 pronunciation, i.e., without relying on external
native data.

1.2. Reasons and Methods for the Intrinsic Evaluation of L2 Pronunciation

We believe that the attempt to evaluate L2 pronunciation intrinsically is interesting
and potentially advantageous from various perspectives. From a theoretical point of view,
the concept of intrinsic evaluation may respond to recent SLA trends avoiding direct
comparisons of L2 learners with native monolingual speakers (see previous section), as
well as to assessment approaches trying to abandon the focus on nativelikeness. From a
practical perspective, evaluating L2 pronunciations without a reference to a native model
has the notable advantage of eluding issues related to different native varieties; this may
be particularly convenient for languages with multiple standardised varieties, such as
English (General American, Southern British English, etc.), French, Spanish, and Portuguese.
Moreover, intrinsic evaluation can come in handy when researchers wish to evaluate the
pronunciation of L2 learners and do not dispose of comparable L1 data.

Having established that intrinsically evaluating L2 pronunciation implies desisting
from referring to a native model, we shall look for acoustic measures that allow us to
objectively assess L2 oral productions by exclusively examining L2 speech itself. In this
initial exploration, we will focus on vowels, whose acoustic properties are widely known
and relatively easily analysed. A possible approach for assessing L2 vowel pronunciation
intrinsically has been inaugurated by Mairano et al. (2019) and consists of quantifying
the development of new phonological categories in the L2. This approach is rooted in L2
phonology acquisition theories, and assumes that the production of new L2 vowel cate-
gories develops progressively during acquisition and is linked to perceptual discrimination.
Models of L2 phonology postulate that instances of L2 phonological categories which are
perceived as similar to existing categories in a learner’s L1 may be perceptually assimilated
to the L1 category. More specifically, the Perceptual Assimilation Model (PAM, Best and
Tyler 2007) predicts that a non-native contrast in which both sounds have the same closest
L1 equivalent will be mapped to the same L1 category, with L2 sounds being either equally
good instances of the L1 category (‘single category assimilation’, e.g., English /i:/ — /1/
mapped to /i/ by Frenchy listeners), or with one L2 sound being a better instance than the
other (‘goodness of fit assimilation’, e.g., French /y/ — /u/ mapped to /u/ by Spanishy;
listeners). L2 phonology models postulate a connection between L2 perception and L2
production, although the exact nature of this connection is much debated: for instance, the
original Speech Learning Model claimed that a correct perception of L2 sounds needed
to precede their production (Flege 1995), while the revised version of this model states
that perception and production ‘co-evolve without precedence’ (Flege and Bohn 2021).
Therefore, our assumption is that contrasts affected by single category or goodness-of-fit as-
similation by an L2 learner will mostly result in assimilated realisations in production, other
than in perception. For instance, Georgiou (2022) found that Greeky ; learners of English; »
could not discriminate perceptually English /i:/ — /1/, and realisations for these vowel
categories did not differ in their productions. Similarly, Spanishy ; learners of Frenchy, who
perceptually assimilate /y/ and /u/ are also likely to produce the same vowel /u/ for both
categories (see Racine and Detey 2018). For illustration purposes, Figure 1 shows simulated
/y/ and /u/ realisations by three fictional L2 learners who systematically distinguish, only
partially distinguish, and do not distinguish these vowel categories.
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Figure 1. Simulated instances of /y/ and /u/ for three fictional learners of Frenchy ;.

Based on these considerations, the intrinsic evaluation of L2 vowels can be imple-
mented by quantifying the amount of distance and/or overlap between realisations of the
two target phonological categories: a greater amount of overlap should indicate that the
L2 learner has not (fully) developed distinct phonological categories; vice versa, a smaller
amount of overlap should indicate that the L2 learner is able to produce distinct realisa-
tions for the two phonological categories. Vowel distance and overlap can be quantified
by a certain number of measures, such as Euclidean distance on the F1/F2 vowel space,
Mahalanobis distance, Bhattacharyya’s Affinity measure, Pillai score, among others. While
Pillai scores have seldom been used for L2 speech, they have been extensively studied in
the sociophonetic literature for investigating vowel mergers and splits, and there seems to
be growing consensus that Pillai scores perform best in quantifying vowel distance and
overlap (Nycz and Hall-Lew 2013; Kelley and Tucker 2020). They are a statistical measure
output from a Manova, and are easily computed on mainstream software for statistical
analysis (see Nycz and Hall-Lew 2013, for details); the score ranges from 0 (complete
overlap) to 1 (complete separation). One of their advantages is that there is no limit to the
number of dimensions over which overlap is computed, making it possible to include not
only F1 and F2, but, for example, duration and/or F3.

Finally, it should be noted that measures of vowel distance or overlap do not constitute
an intrinsic evaluation per se. In fact, Euclidean distances, Mahalanobis distances, and Pillai
scores have sometimes been used in the L2 literature to measure the distance or overlap
of L2 realisations with comparable native realisations (e.g., Flege et al. 1997; Kartushina
and Frauenfelder 2014; Perry and Tucker 2019); in this case, they are used to compute the
distance from (or overlap with) a native model, and therefore qualify as an extrinsic (rather
than intrinsic) evaluation. Studies having used these measures for intrinsic evaluations are
few and very recent (Mairano et al. 2019; Kabakoff et al. 2020; Baills et al. 2022; De Jonge
et al. 2022; Valenzuela Farias 2022; Leppik et al. 2023).

1.3. Aim of This Contribution

The goal of this article is to propound Pillai scores as a method for the intrinsic evalua-
tion of L2 vowels. We expand on a previous exploratory study (Mairano et al. 2019), and
apply Pillai scores to a larger cohort of participants and languages. While the original study
only analysed English;, data by Italian; ; and Frenchy; participants, we now add Englishy »
data by Spanishy; learners, as well as Frenchy, data by English; 1, Spanishy; and Italiany
learners. Intrinsic evaluation is compared to traditional native ratings of comprehensibility
and nativelikeness obtained by Englishy ; and Frenchy; speakers, respectively, for the two
types of data analysed. Furthermore, intrinsic vs. extrinsic evaluations are compared for
the Frenchy, data, using Pillai scores computed intrinsically (i.e., measuring the overlap
between vowel pairs for target contrasts; see above) and extrinsically (i.e., measuring the
overlap between native and non-native realisations for target phonemes).
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The speech data are taken from learner corpora designed for phonetic analysis, and are
presented in detail in Section 2, alongside the methods used for annotation, normalisation,
and acoustic parameter extraction. Sections 3.1 and 3.2 present the results of intrinsic evalu-
ation with Pillai scores for data of Englishy; and French; ; respectively, while Section 3.3
presents the results of an extrinsic evaluation using Pillai scores. Section 4 discusses the
results, outlines other possible methods for the intrinsic evaluation of L2 pronunciation,
envisages the extension of this paradigm to consonants and other pronunciation features,
and alerts users to a number of pitfalls and caveats. Section 5 provides a concise conclusion
promoting the use of intrinsic evaluation under certain circumstances.

2. Materials and Methods
2.1. Englishy, Data

The English; ; data analysed in this article comes from the IPCE (InterPhonology of
Contemporary English) learner corpus and includes 40 speakers: 15 Italiany; learners,
15 Frenchy ; learners, and 10 Spanishy ; learners. While the protocol for the IPCE learner
corpus includes numerous production tasks (word lists, readings, and dialogues; see Herry-
Bénit et al. 2021, for a complete description), we only used data from the read-aloud task of
a newspaper article (506 words).

The 15 Frenchy; learners were native speakers of metropolitan French (12 F, 3 M,
age = 24, SD = 6.59). Ten of them were students at the University of Lille, and five of them
were students at the University of Paris 13 Nanterre. Their L2 English level ranged from Bl
to C1 of the CEFR, and their age of first contact with English was 10.1 years on average
(SD =3.36). Some of them reported speaking other languages, namely Spanish (n = 4),
German (n = 2), Arabic (n = 1), Berber (n = 1), Italian (n = 1), and Portuguese (n = 1).

The 15 Italiany; learners (11 F, 4 M; age = 22.5, SD = 2.38) were students at the
University of Turin at the time of recording. Ten of them were from the Turin area, two of
them had grown up in other areas of northern Italy, two of them in southern Italy, and one
in Sardinia. Their L2 English level ranged from B1 to C1 of the CEFR, and their age of first
contact with English was 10.6 years, on average (SD = 3.36). All of them reported speaking
one or more other foreign languages, namely French (n = 5), Spanish (n = 5), German
(n =5), Arabic (n = 2), Russian (n = 2), Catalan (n = 1), Japanese (n = 1), and Portuguese
(n=1).

The 10 Spanishy ; learners (3 F, 7 M; age = 30.2, SD = 6.98) were from South America,
more precisely Peru (n = 5), Colombia (n = 3) and Chile (n = 2). Their L2 English level
ranged from B1 to C1 of the CEFR, and their age of first contact with English was 7.4 years
on average (SD = 2.84). Most of them lived in Paris or Lille at the time of recording
and therefore also spoke French (n = 9). One of them also spoke Italian, and another
spoke Portuguese and German. One participant lived in Chile and did not speak any
foreign language other than English. The fact that most L1 Spanish participants lived in
France at the time of recording may be considered a confound. Clearly, we do not exclude
some influence of French on their Englishy, performance, but these learners can clearly be
auditorily classified as Spanish accented; additionally, previous studies on /s/ voicing for
these participants (Mairano et al. 2021) did not reveal any strong influence of French.

Recording conditions and equipment varied for the three groups, but all participants
were recorded in a sound-attenuated or quiet room, in order to ensure good audio quality
suitable for acoustic analysis. Since Italian;; and Spanishy; learners had origins from
various regions (or countries, in the case of Spanishy; learners), their L1 vowel inventories
may have been affected by L1 regional variety, and we cannot exclude that this is reflected
in their L2 English production patterns. In effect, some studies have revealed differences
in L2 perception and L2 production depending on L1 regional variety (see Escudero et al.
2012; Escudero and Williams 2012; Marinescu 2013), although evidence for L2 production
is more controversial (see Simon et al. 2015). However, we do not consider potential L1
dialect effects on L2 vowels to be problematic within our study, given that our goal is to
measure the degree to which learners manage to distinguish L2 vowel categories. The fact
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that learners of a certain L1 variety may potentially find it more or less easy to distinguish
specific vowel contrasts, or that the phonetic patterns of their realisations may be different
across L1 dialects, only yields a richer and more heterogeneous testbed.

2.2. Frenchy, Data

The Frenchy , data analysed in this article includes Italiany 1, Spanishy 1, and Englishy 1
learners and were taken from three different corpora, respectively—ProSeg (Delais-Roussarie
et al. 2018), Coreil (Delais-Roussarie and Yoo 2010), and AixOx (Herment et al. 2014). As
a consequence, the L2 French data are more heterogeneous than the L2 English data. Al-
though the protocols of the various corpora differ, all of them include read speech, which
was therefore used for our analysis.

The 25 Italiany ; learners (21 F, 4 F; age = 25.28, SD = 3.7) from the ProSeg corpus were
learners of L2 French recruited at the University of Turin. Their self-reported proficiency
levels ranged from B1 to C1. While the ProSeg corpus includes various tasks, for the present
study we only considered the reading aloud of eight short passages.

The 13 Spanishy ; learners (6 F, 7 M; age = 25.4, SD = 8.8) from the Coreil corpus were
students at the Autonomous University of Mexico (UNAM). Their self-reported proficiency
level ranges from A2 to B2. We analysed read speech of short passages.

The 10 Englishy  learners (5 F, 5 M; age = 22, SD = 2) from the AixOx corpus were
students at the University of Oxford, and their proficiency level is reported to span from B1
to B2. They were recorded while reading the same short passages used in the Coreil corpus.

Since the AixOx corpus was designed to study English;, and Frenchy, phonology,
it includes recordings of Frenchy; and Englishy; learners speaking both French;, and
Englishy . So, apart from the recordings of 10 Englishy ; learners, we analysed the record-
ings of 10 French; ; speakers (5 F, 5 M; age = 35, SD = 14) in order to compute extrinsic L2
pronunciation models for comparison with intrinsic evaluation (see Section 3.3).

Recording conditions and equipment differ for the three groups of learners analysed,
but all corpora were designed for the study of L2 phonetics/phonology and provide a
sufficient audio quality for acoustic analysis.

2.3. Selection of Vowel Contrasts

We established that our method for the intrinsic evaluation of L2 vowels should
quantify the amount of overlap for difficult L2 contrasts. In particular, we need contrasts
for which the two items may be assimilated perceptually to the same category (in terms
of the PAM model, they may fall into single-category or category goodness assimilation;
see Section 1.2), on the assumption that their production will likewise be assimilated to a
single articulatory pattern.

For English; 5, we selected tense vs. lax vowel pairs, namely /i:/ — /1/, /a:/ — /e/,
/3:/ — /a/, and /u:/ — /uv/. We shall note that occurrences of neutralised vowels
/i/ and /u/ (also known as happy vowel and thank you vowel, respectively), occurring
in an unstressed word-final position as well as in unstressed syllable-final position, if
immediately followed by another vowel, were of course not included in the analysis of
/i:/— /1/ or /u:/ — /v/, given that this contrast is neutralised in this context. We also
chose not to consider the /o:/ — /p/ contrast, due to its neutralisation in many varieties
of English. Our Englishy, learners do not have a tense vs. lax contrast in their L1, and
unsurprisingly the production of these L2 sounds has been described as difficult in the
literature for Frenchy; (Méli and Ballier 2019), Spanishy; (Fullana Rivera and MacKay
2003), Italiany; (Flege et al. 1999) learners, as well as for learners of many other L1s such as
Greeky; (Georgiou 2022) and Catalany ; (Cebrian 2006). We therefore consider tense and lax
vowels as a potential case of category assimilation in L2 perception and production.

The main difficulties in Frenchy, are front rounded vowels (/y/, /&/, /ce/) and
nasal vowels (/&/, /a/, /3/, /&/), which are marked sounds and relatively infrequent
in the world’s languages. It seems reasonable to assume that front rounded vowels can
be assimilated to the corresponding primary cardinal vowels, i.e., either unrounded front
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vowels /i/, /e/, /e/, or rounded back vowels /u/, /o/, /o/. There is evidence in the
literature that /y/ tends to be assimilated to /u/ by English; (Ruellot 2011; Darcy et al.
2012; Liakin et al. 2015; Melnik-Leroy et al. 2022), Spanish;; (Racine and Detey 2018),
and Italiany ; learners (Pillot-Loiseau and Grando 2020); however, it seems that Englishy ;
learners tend to assimilate /@/ — /o/ (Darcy et al. 2012), while Spanishy; and Italiany ;
learners tend to assimilate /@/ — /e/ (Kartushina and Frauenfelder 2014; Mairano and
Santiago 2020). Therefore, we tested mid front rounded vowels against the corresponding
back rounded vowels for English;; learners, and against front unrounded vowels for
Spanishy; and Italian;; learners. As for nasal vowels, since the nasalisation feature is
absent in English, Spanish, and Italian, we can reasonably assume that such vowels will be
assimilated to the corresponding oral vowels. With the aim of simplifying the analysis, we
merged realisations of /o/ and /ce/, as well as /&/ and /&/ (see Santiago and Mairano
2021, for a similar approach). This is justified because (i) mid-close and mid-open vowels
are neutralised in many native varieties of French, and (ii) /@, ce/ are not distinguished
by spelling and /e, €/ only partially so, and they are often not taught in L2 classes. In
summary, we considered the following vowel contrasts in Frenchy,: /y/ — /u/, /&€/— /e,
e/, /a/—/a/, /3/ — /o,o/ for all learners; /o, e/ — /e, ¢/ for Italian ; and Spanish; ;
learners; /@, ce/ — /0, o/ for Englishy ; learners.

2.4. Data Preparation, Extraction, and Analysis

For all recordings, the canonical transcription was generated and forced-aligned to the
signal at word and phoneme level. For the Englishy ; data, we used Southern British English
transcriptions and acoustic model on WebMAUS (Kisler et al. 2017); for the French;, data,
we used Parisian French transcriptions and acoustic model on Easyalign (Goldman 2011). A
thorough manual verification of the transcription and alignment was then performed on
Praat (Boersma and Weenink 2023) by the authors. Transcription errors were fixed; misread
words, false starts, hesitations, and other disruptions were marked for exclusion. Other
than that, the phonetic transcription was edited as little as possible in order to reflect target
sounds, rather than actual realisations. For instance, the /i:/ in Peter was transcribed as [i:]
(target sound), irrespective of the actual realisations produced by learners.

For all target vowels, we extracted acoustic parameters via an ad hoc Praat script
written by the first author: for English;, vowels, we extracted F1, F2, and duration (the
latter being one of the primary cues for the tense-lax distinction); for Frenchy, vowels,
we extracted F1, F2 and F3 (the latter being an acoustic cue of labialisation). Addition-
ally, the following fluency metrics were calculated: AR (articulation rate, i.e., number of
phonemes per second excluding pauses), SR (speech rate, i.e., number of phonemes per
second including pauses), PSR (pause/speech ratio, i.e., total pause duration / total speech
duration), APL (average pause length). Formants were extracted from the midpoint of each
vowel (Rathcke et al. 2017) to minimise coarticulation effects, using the Burg method in
a band lower than 5.5 kHz for women and 5 kHz for men. Although /i:/ can be slightly
diphthongised in some dialects of English, it was treated as a monophthong (Ferragne and
Pellegrino 2010).

The data were saved in .csv format and imported into R (R Core Team 2023) for
analysis. We eliminated vowels marked as hesitations, false starts, and misreadings. In
order to address potential formant detection errors, we eliminated realisations for which
F1 or F2 was beyond 2.5 SDs from the mean of each vowel. It should be noted that some
authors use filters to eliminate detection errors, (e.g., Gendrot et al. 2016), but this approach
is not viable for L2 data, where some vowels may be deviant from a given L1 norm. After
this, we were left with 10,294 vowel realisations in English;, and 27,612 vowel realisations
in Frenchy, (see Table 1 for details). Raw values were then normalised with Neareyl’s
(formant intrinsic) method with the PhonTools library (version 0.2.2.1, Barreda 2015). Pillai
scores were computed for every participant and for every target contrast on R, running
Manovas with F1, F2 and duration for English; » data, and F1, F2, F3 for Frenchy, data. The
relation between Pillai scores and native ratings of comprehensibility and nativelikeness
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was estimated with linear mixed-effects models fitted with the Ime4 package (version 1.1.33,
Bates et al. 2015). p values were obtained with the ImerTest library (version 3.1.3, Kuznetsova
etal. 2017), and R? values with the MuMin library (version 1.47.5, Bartori 2023).

Table 1. Total number of tokens analysed per vowel for English;» and Frenchy . Figures in parenthe-
ses give the tokens analysed for control Frenchy ; speakers.

English
/i:/ /1/ /az/ /e/ /ua:/ /u/ /3:/ /a/
1177 5078 418 1433 707 419 221 841
French
/y/ /u/ /9, e/ /e e/ /0,9/ /a/ /€/ /a/ /5/

1721(235) 1271 (272)

1107 (238) 8739 (1818) 2957 (485) 6447 (1263) 1427 (321) 2342 (483) 1601 (289)

2.5. Native Ratings

We collected native ratings of comprehensibility and nativelikeness for all learners with
the aim of verifying how intrinsic the pronunciation assessment correlates with human
judgments. Native ratings were obtained via an online experiment on the LimeSurvey
platform (Limesurvey Project Team 2012) from 5 native speakers of English (3 Southern
British English speakers and 2 General American English speakers), and 5 native speakers of
French (four speakers of Parisian French and 1 speaker of Southern French from Toulouse),
all of whom were blind to the aim of our research. All raters had L2 teaching experience of
English and French in various countries, and had therefore been exposed to foreign accents.
Four sentences were extracted from the recordings of each learner (the same four sentences
were used for all English;, learners; meanwhile this was not possible for Frenchy,, since
the ProSeg corpus did not have the same texts as Coreil and AixOx).

Every native listener rated all the audio stimuli (4 sentences x 40 speakers of Englishy »
=160 stimuli, 4 sentences x 43 speakers of Frenchy , = 172 stimuli) extracted from the record-
ings and presented in random order. Participants could listen to the audio samples as many
times as they wished, and provided ratings of nativelikeness and comprehensibility on
separate ten-point Likert scales. The intra-class correlation (ICC) coefficients calculated on
ratings averaged over the 4 sentences produced by each learner were high for nativelikeness
as well as comprehensibility, and for English as well as French (see Table 2). Unsurprisingly,
ratings for nativelikeness were globally lower than for comprehensibility (see Table 2),
and both were correlated with each other (R = 0.73 for the English data, R = 0.76 for the
French data). Ratings of comprehensibility were comparable across Englishy ; and Frenchy ,,
whereas ratings for nativelikeness were lower for Frenchy, than for Englishy,: this may
be because French;, learners were on average less nativelike than English; , learners, or
because French listeners were stricter in their evaluations. For the final analysis, ratings
provided by different listeners for the same learner were averaged in order to obtain single
datapoints.

Table 2. Information about native ratings performed on a 10-point Likert scale.

Englishy, Frenchj,
Comprehensibility Nativelikeness Comprehensibility Nativelikeness
Mean 7.2 (SD =1.84) 5.28 (SD =1.69) 7.29 (SD =1.58) 3.46 (SD =2.04)
ICC 0.90 (CI = 0.84, 0.94) 0.95 (CI =0.92,0.97) 0.91 (CI =0.86, 0.94) 0.88 (CI =0.81, 0.92)

3. Results
3.1. Intrinsic Evaluation of English;, Vowels with Pillai Scores

The intrinsic evaluation of the English;, vowel contrasts obtained with Pillai scores
was compared with native judgments in order to analyse their relation. Figure 2 shows
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Pillai scores obtained for every English;, learner and target vowel contrast, plotted with
native judgments of comprehensibility and nativelikeness for the same learner.
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Figure 2. By—participant Pillai scores for each English; , target vowel contrast, plotted with native
ratings of comprehensibility (above) and nativelikeness (below).

The results show a connection between Pillai scores and native ratings: in order to
evaluate this relation statistically, we fitted linear mixed-effects models predicting compre-
hensibility and nativelikeness with Pillai scores for each vowel contrast, with a random
intercept for L1. The results of the models are reported in Table 3 and indicate that the best
predictors of comprehensibility were Pillai scores for /i:/ — /1/, /a:/ — /ee/, and to a
lesser extent /u:/ — /u/.

Table 3. Output of the models predicting comprehensibility (above) and nativelikeness (below)
on the basis of Pillai scores. Models were fitted separately, with one single fixed effect and with a
random intercept for L1, e.g., Comprehensibility ~ Pillai score for /i:/ — /i/ + (11L1). Marginal R, values
estimated the amount of variance accounted for by fixed effects, while conditional R; values refer
to the amount of variance accounted for by fixed and random effects combined. Asterisks indicate
statistical significance.

fi:l — W/ laz:l — le/ [3:/—Ial I/ — [l
' Models predicting comprehensibility
P Val“e’iffe(’crt fixed <0.001 *** 0.002 ** 0.071 0.036 *
marginal R? 0.252 0.22 0.097 0.1
Conditional R? 0.423 0.452 0.203 0.236

Models predicting nativelikeness
p value for fixed

effect 0.002 ** 0.003 ** 0.188 0.041 *
Marginal R? 0.201 0.185 0.05 0.086
Conditional R? 0.458 0.503 0.248 0.312

The same scenario applies to models of nativelikeness, where Pillai scores for
/i:/ — /1/ and /a:/ — /e/ are the best predictors, followed by /u:/ — /uv/. Instead,
Pillai scores for /3:/ — /a/ were not significant predictors of comprehensibility or
nativelikeness.
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Combined models including all three significant Pillai scores were able to fit the data
satisfactorily for comprehensibility (marginal R? = 0.394; conditional R? = 0.701) as well as
nativelikeness (marginal R? = 0.335; conditional R? = 0.709). We also verified the relation
of Pillai scores with fluency metrics. Pillai scores for /a:/ — /e/ and /u:/ — /v/ were
significant predictors of fluency metrics (all p values < 0.009 for predicting SR and AR).

3.2. Intrinsic Evaluation of Frenchy, Vowels with Pillai Scores

A similar analysis was carried out for French;, data. Figure 3 shows Pillai scores
obtained for every Frenchy ; learner and for target vowel contrasts involving front rounded
vowels /y/ and /@, ce/, plotted with native judgments of comprehensibility and native-
likeness for the same learners. Figure 4 illustrates vowel contrasts involving nasal vowels.
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Figure 3. By—participant Pillai scores for Frenchy , target vowel contrasts involving front rounded
vowels, plotted with native ratings of comprehensibility (above) and nativelikeness (below).

The results are less clear-cut than for English;,, and only the contrast /y/ — /u/
seems tightly related to native ratings. As in the previous analysis, we fitted linear mixed-
effects models predicting comprehensibility and nativelikeness with each Pillai score, with
arandom intercept for L1. The results of the models are reported in Table 4 and confirm that
the only relevant predictor of comprehensibility is the Pillai score for /y/ — /u/. Contrasts
involving front mid vowels were treated in separate models for Englishy; vs. Spanishy;
and Italian; ; learners due to different predictions for these L1 groups; however, none of
them seemed to reflect ratings of nativelikeness. We shall remind the reader that mid-close
and mid-open vowels were conflated in the same category (see Section 2.3); however, we
also ran the analysis with separate categories, and the results did not change. Among
the contrasts involving nasal vowels, Pillai scores for /d/ — /a/ and to a lesser extent
/&/ — /e, €/ tend to significance as predictors of comprehensibility, and the chart shows
that this trend is particularly strong for Spanish; ; learners.
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Figure 4. By—participant Pillai scores for French;, target vowel contrasts involving nasal vowels,
plotted with native ratings of comprehensibility (above) and nativelikeness (below).

Table 4. Output of the models predicting comprehensibility (above) and nativelikeness (below) on
the basis of Pillai scores. Models were fitted separately, with one single fixed effect and with a random
intercept for L1, e.g.: Comprehensibility ~ Pillai score for /y/ — /u/ + (11L1). The model for /@, e/ — /o,
o/ only included Englishy ; learners, so this was fitted as a simple linear model (adj. R? =0.176 for
comprehensibility; 0.229 for nativelikeness). Asterisks indicate statistical significance.

/o, e/ - /o, of /o, el - e, e/

Iyl - la/ (Engry) (Spi1 & Itra) 18l -1e, el lal - la/ 15/ - o, of
Models predicting comprehensibility
p value for <0.001 *** 0.126 0.078 0.084 0.052 0.765
fixed effect

Marginal R? 0.087 / 0.002 0.020 0.035 <0.001

Conditional R2 0.749 / 0.803 0.703 0.75 0.69

Models predicting nativelikeness

ngeﬂue’“;ffe(ft <0.001 *** 0.092 0.325 0.027 * 0.021 * 0.836
Marginal R? 0.146 / 0.009 0.05 0.07 <0.001
Conditional R? 0.624 / 0.668 0.56 0.649 0.523

A similar scenario applies for predictions of nativelikeness, where the Pillai score for
/y/ — /u/ is the best predictor. In this case, Pillai scores for /&/ — /e, ¢/ and /a/ — /a/ are
also significant, although their contribution seems to be limited, with marginal R? values of
0.05 and 0.07, respectively.

3.3. Extrinsic Evaluation of Frenchr, Vowels with Pillai Scores

Since Frenchy ; control data are available in the AixOx corpus, we used it to perform an
extrinsic evaluation of Frenchy ; vowel realisations. Although extrinsic evaluation is usually
achieved via measures other than Pillai scores, it is entirely possible to use Pillai scores to
measure the amount of overlap between realisations for a given vowel by one (or more) L2
learner(s) and a cohort of L1 control speakers. In this case, a smaller amount of overlap
should indicate a closer-to-target (i.e., more native-like) pronunciation. Therefore, we
computed Pillai scores for realisations of the five marked Frenchy, vowels (/y/, /8/, /€/,
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/d/, /5/) by each L2 learner, and the corresponding vowels produced by the 10 Frenchy ;
control speakers. Figure 5 illustrates the values obtained, plotted with native judgments of
comprehensibility and nativelikeness for the same learners.

ul - Iyl le, €l - Io, cel /o, ol - /@, cel
10.0 4
7.54 8
// \ \ e ‘g
s 2 o 3
< =
5.0 %.
=
R =0.50 R=-0.38 R=-052 | &
o 2.5 L1
£
© =e= English
] )
> 10.04 Italian
T R =0.45 R =-0.36 R =-0.56
z Spanish
7.5 2
g.
50 g
ﬁ
gl
/ \ \ ’
25+ 2 ’ X

00 02 04 06 0800 02 04 06 08.0 02 04 06 08
Pillai score

Figure 5. By-participant Pillai scores for French; ; target vowel contrasts computed extrinsically (i.e.,
in reference to L1 data), plotted with native ratings of comprehensibility (above) and nativelike-
ness (below).

The results of the extrinsic evaluation do not seem to correlate with native ratings
any better than those calculated intrinsically (see Section 3.2). It should be noted that
we would expect negative correlations in this case, since lesser overlap (i.e., lower Pillai
scores) should correspond to closer-to-target realisations (and therefore higher ratings).
Yet, as illustrated in the charts, this is not always the case. Once more, we fitted linear
mixed-effects models predicting comprehensibility and nativelikeness with each Pillai
score, with a random intercept for L1. The results of the models are reported in Table 5,
and show that no extrinsically computed Pillai score seems to be a significant predictor of
comprehensibility or nativelikeness.

Table 5. Output of the models predicting comprehensibility (above) and nativelikeness (below) on
the basis of Pillai scores calculated extrinsically. Models were fitted with one single fixed effect and
with a random intercept for L1, e.g., Comprehensibility ~ Pillai score for /i:/ + (11L1).

Iyl lol I8l /al 15l
Models predicting comprehensibility
E;ﬂ“e‘;ffe‘ft 0.43 0.224 0.299 0.307 0.716
Marginal R2 0.004 0.01 0.007 0.007 <0.001
Conj‘;;lonal 0.694 0.704 0.703 0.695 0.693
Models predicting nativelikeness

p value for

b o affout 0.184 0.32 0.358 0.141 0.954
Marginal R2 0.018 0.01 0.009 0.023 <0.001
Conditional 0.542 0.538 0.54 0.542 0.523

R2
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4. Discussion
4.1. Considerations on the Intrinsic Evaluation of L2 Vowels

The results have shown that the intrinsic evaluation of vowels with Pillai scores
correlates with native ratings of comprehensibility and nativelikeness for some but not
all contrasts. For our English;, data, Pillai scores for /i:/ — /1/, /a:/ — /e/ and to a
lesser extent /u:/ — /u/ are significant predictors of comprehensibility and nativelikeness,
accounting for a substantial amount of variance in native ratings, but not for /3:/ — /a/.
For our Frenchy, data, Pillai scores for /y/ — /u/ are the only significant predictor of
comprehensibility and nativelikeness, accounting for a substantial amount of variance in
ratings, while Pillai scores for /&/ — /e, ¢/ and /d/ — /a/ are significant predictors of
nativelikeness but only marginal predictors of comprehensibility, and Pillai scores for /g,
e/ —/o,9/,/9,c/ — /e e/, /3/ — /o,o/ are not significant predictors.

The first question that arises from these results is whether native ratings are indeed an
appropriate point of comparison for Pillai scores of vowel contrasts. Obviously, ratings of
comprehensibility and nativelikeness are global scores that reflect a multitude of factors. Itis
well known that both comprehensibility and nativelikeness are complex and multi-faceted:
they depend on many parameters, both at the segmental and suprasegmental levels (Munro
and Derwing 1999; Crowther et al. 2022; Kang 2010; Isaacs and Trofimovich 2012; Saito
et al. 2017; Saito 2021), and vowel accuracy is just one aspect of such complex constructs.
Native ratings of comprehensibility and nativelikeness are global evaluations reflecting
this multidimensional complexity, while Pillai scores for vowel contrasts provide a precise
measure for a single specific phenomenon. We do not know how much weight native
listeners attribute to vowel accuracy vs. other parameters when judging comprehensibility
or nativelikeness, and this is likely to vary by listener, as well as by vowel: some speakers
may be more sensitive to non-target-like prosody rather than segmental features, or some
vowel contrasts may be more relevant than others in affecting native listeners’ judgments.
So, it would be unreasonable to expect measures of vowel overlap to explain a large
amount of variance in global native ratings. On the other hand, various features may
progress together during the process of L2 pronunciation acquisition: there is evidence
that pronunciation training on some aspects leads to improvements in other aspects too,
for example, training in prosody can bring improvements in segmental features (Dahmen
et al. 2023). This means that, although vowel accuracy is merely one of many parameters
that contribute to shaping listeners’ impressions of comprehensibility or nativelikeness, it
may itself be correlated to other segmental or suprasegmental parameters. So, with some
caveats in mind, we think it is tenable to use global native ratings as a point of comparison
for measures of L2 vowel pronunciation, as long as we do not expect them to explain all or
most variance in native judgments.

This brings us to another question raised by our results, namely why certain vowel
contrasts are significant predictors of comprehensibility and nativelikeness, and others
are not. Although we do not have a definitive answer to this issue, it is interesting to
note that vowel contrasts at the corners of the vowel chart (/i:/ — /1/, /a:/ — /a&/,
/u:/ — /u/ for Englishy; /y/ — /u/, /a/ — /a/ for French;,) are better predictors
than vowel contrasts involving mid or central vowels (/3:/ — /a/ for English;,; /g,
e/ —/0,09/,/9,¢/ —/e €/, /€/ — /e €/, /3/ — /0,5/ for French;,). Moreover, among
vowel contrasts at the corners of the vowel chart, those involving front vowels (/i:/ — /1/,
/a:/ — /@/ in Englishy»; /y/ — /u/ in Frenchy ) are more highly significant and account
for a larger amount of variance than those involving mainly back vowels. The reason for
this asymmetry is not clear, but some explanations are possible. Typological studies have
revealed that vowel systems in the world’s languages tend to be organised so that vowels
are distributed preferably on the periphery of the vowel space, and more packed in the
front than in the back of the oral cavity (see, for instance, Crothers 1978). The asymmetry
in our results may have its roots in these universal trends, and may depend on a higher
sensitivity on the part of listeners to vowels situated at the corners of the vowel space, and
to the front vs. back. Alternatively, it may be that these vowels are where learners vary
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most in pronunciation, thereby having greater consequences on comprehensibility and
nativelikeness.

4.2. Intrinsic vs. Extrinsic Evaluation of L2 Vowels

Interestingly, none of the Pillai scores computed extrinsically to measure the overlap
between L1 and L2 realisations of the same vowel in French;, were significant predictors
of native judgments of comprehensibility or nativelikeness. This comes as a surprise, as we
would expect more target-like vowels to reflect higher ratings of nativelikeness, despite the
multifaceted nature of such ratings, as discussed above. We do not have a clear explanation
for this. This may be because realisations that are not necessarily target-like but clearly
distinct from other categories are perceived as sufficiently comprehensible and nativelike.
Or it may be that consistency is more important than target-likeness, so that a speaker
producing a vowel category as non-target-like but in a coherent way can be better rated
than a learner producing some target-like and some non-target-like realisations for the same
vowel. However, we find it encouraging to observe that Pillai scores calculated intrinsically
are stronger predictors of comprehensibility and nativelikeness than Pillai scores calculated
extrinsically. This is a sign that the intrinsic evaluation of L2 pronunciation is possible, and
can provide new and different insights with respect to traditional L1-anchored methods.

4.3. Other Possible Methods for Intrinsic Evaluation

In this article, we have used Pillai scores to quantify the overlap between vowel
categories as a measure of L2 pronunciation. As explained in Section 1, Pillai scores
have some advantages over other statistics measuring distance and/or overlap across
distributions. Yet, other approaches are conceivable. A plethora of simple and complex
machine learning algorithms are used for the extrinsic evaluation of L2 pronunciation:
models are trained on L1 speech and then used to classify L2 speech. But, it is equally
possible to use machine learning techniques and apply the principles of intrinsic evaluation.
For instance, Mairano et al. (2019) trained LDA (linear discriminant analysis) models on
realisations of vowel pairs produced by each Englishy ; learner, and then let the models re-
classify the same L2 data: higher classification accuracy indicated more distinct realisations
for different vowel categories. LDA is an extremely simple machine learning technique for
supervised classification, but it is of course possible to extend the same principle and use
more sophisticated algorithms. It is also conceivable to use techniques for unsupervised
classification: we can imagine feeding realisations for vowel pairs produced by an L2
learner to a clustering algorithm, on the assumption that successful clustering (i.e., a
clustering that is able to separate realisations for target vowel categories) will be indicative
of more distinct L2 vowel realisations. One final word concerns the applicability of intrinsic
evaluation to segments other than vowels, and to suprasegmental features. In this article,
we focused on vowels as the simplest starting point, since the literature about vowels
in L1 and L2 abounds, and acoustic correlates of vowels are widely known and easily
measured. However, it is definitely possible to apply the same principles to L2 consonants
or suprasegmental characteristics (but consider the limitations outlined in Section 4.4).

4.4. Caveats and Limitations of Intrinsic Evaluation

Algorithms of intrinsic evaluation such as the one presented in this paper have se-
vere limitations. The first limitation is that they cannot be implemented within a CAPT
(computer-assisted pronunciation training) system providing real-time feedback for single
words: by definition, Pillai scores (and the underlying principle of intrinsic evaluation)
compute the overlap between two distributions in a multidimensional space, so they need
distributions, not single realisations. This brings us to the second limitation, which has to do
with data availability: while extrinsic evaluation uses a previously trained model based
on L1 data, intrinsic evaluation relies on L2 data produced by learners themselves, and
therefore needs a certain number of realisations for each vowel category produced by each



Languages 2023, 8, 280

150f18

learner; more precisely, it needs to evaluate two distributions for each learner, one for each
vowel category.

Finally, the third and most problematic limitation of (raw) intrinsic evaluation algo-
rithms is that they may positively evaluate realisations that are completely off target. For
instance, let us consider the English vowel contrast /i:/ — /1/; if a learner consistently
realised this as [i:] — [a:], the resulting Pillai score would be high since the two vowel
categories are brightly distinct, but this would miss the fact that [a:] is completely off-target
and would certainly not be well accepted by listeners as a realisation of /1/. Similarly, if the
/i:/ — /1/ contrast is consistently realised as [1] for /i:/ and [i:] for /1/, the Pillai score
will again be high, despite the fact that realisations are inverted and therefore probably
unacceptable by listeners. These examples are fairly unrealistic, but other cases may be
more real and still problematic. Let us consider consonants, and more particularly voice
onset time (VOT). It is well-established that English has a distinction between long-lag
and short-lag VOT, while Romance languages have a distinction between negative and
short-lag VOT (Lisker and Abramson 1964). Romance learners of Englishy , therefore tend
to reinterpret the native (long-lag vs. short-lag) contrast in terms of L1 patterns (short-lag
vs. negative VOT), and a raw intrinsic approach would consider this as acceptable, since
the two phonological categories are realised as non-native-like, but neatly distinct. We
think this limitation can be overcome by specifying some minimal characteristics for L2
realisations to be considered on target: in the /i:/ — /1/ example, one may specify that
only realisations in the upper-left quarter of the vowel space count as on target, and that
/i:/ needs to be higher and/or more front than /1/; in the VOT example, only positive VOT
values may count as on target.

5. Conclusions

In summary, on the basis of our results, we find it justifiable to use measures of vowel
overlap such as Pillai scores to evaluate vowel pronunciation in an L2 intrinsically. This
allows researchers to assess features of L2 pronunciation without the need to refer to L1
data. Such measures are meant to reflect the development of phonological categories in
learners’ productions, and need to be applied to selected target contrasts. Apparently, the
corners of the vowel chart, and more particularly the front axis, are preferable locations for
the selection of target vowel contrasts, reflecting comprehensibility and nativelikeness.

That said, we do not claim that intrinsic evaluation is the ultimate solution for L2
pronunciation assessment, and we are fully aware of the limitations of this approach. We
merely propound it as a viable alternative to avoid referring to an L1 model, in the spirit
of considering the interlanguage as a system in its own right, which does not need to be
evaluated by reference to a native model. It is important to stress that intrinsic evaluation
via Pillai scores is not designed to reflect the target-likeness of vowel realisations. It is meant
to reflect the development of phonological categories for new L2 sounds, and as such may
be particularly relevant within acquisitional research. Some learners aim to sound native-
like, and will prefer to be assessed in reference to a given L1 model. Intrinsic evaluation
will not suit those learners, but (i) will possibly be fairer to learners who do not aim for a
native-like pronunciation; (ii) will meet the practical needs of some L2 speech researchers
having to assess specific phonetic features of L2 learners’ speech, and not disposing of (or
not wishing to refer to) comparable L1 data; (iii) may be useful within longitudinal studies
analysing the effects of training on specific contrasts, as it will allow researchers to track
the progressive development of new phonological categories in learners’ productions.
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