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Investigating phonological theories with crowd-sourced data: The Inventory Size Hypothesis in the light of Lingua Libre

Data-driven research in phonetics and phonology relies massively on oral resources, and access thereto. We propose to explore a question in comparative linguistics using an open-source crowd-sourced corpus, Lingua Libre, Wikimedia's participatory linguistic library, to show that such corpora may offer a solution to typologists wishing to explore numerous languages at once. For the present proof of concept, we compare the realizations of Italian and Spanish vowels (sample size = 5000) to investigate whether vowel production is influenced by the size of the phonemic inventory (the Inventory Size Hypothesis), by the exact shape of the inventory (the Vowel Quality Hypothesis) or by none of the above. Results show that the size of the inventory does not seem to influence vowel production, thus supporting previous research, but also that the shape of the inventory may well be a factor determining the extent of variation in vowel production. Most of all, these results show that Lingua Libre has the potential to provide valuable data for linguistic inquiry.

Introduction

One of the main challenges in data-driven research on the phonetics-phonology interface is the access to reliable, exploitable oral resources in sufficient amounts. While linguists working on other linguistic levels such as semantics or syntax can use written data as a proxy for language production, phoneticians and phonologists are limited to oral data, thus relying on audio recordings for vocal languages or video recordings for signed languages. Accessing massive amounts of such data is difficult enough, especially for studies in language comparison, that require such amounts in not one, but at the very least two languages.

To overcome this challenge, researchers developed two strategies. On the one hand, they can collect their own corpora, e.g., the CMU Wilderness Corpus [START_REF] Black | Cmu wilderness multilingual speech dataset[END_REF] or its emanation, the VoxClamantis corpus [START_REF] Salesky | A corpus for large-scale phonetic typology[END_REF], or other types of language-specific laboratory recordings such as the TIMIT database for English [START_REF] John S Garofolo | Timit acousticphonetic continuous speech corpus[END_REF] or NCCFr for French [START_REF] Torreira | The nijmegen corpus of casual french[END_REF]. On the other hand, they can gather audio recordings from other sources such as TV or radio shows, as was done for instance in the framework of the international project OSEO Quaero (www.quaero. org/), or from audio books, as exemplified by the LibriSpeech corpus for English (Panayotov et al., 2015, www.openslr.org/12). Both options have the disadvantage of being overly costly, both in money and human resources, and sometimes not freely accessible to the community. A third path has been recently explored: crowd-sourced data, recorded by volunteers and therefore much less costly in time and money and generally opensource. The project Common Voice [START_REF] Ardila | Common voice: A massivelymultilingual speech corpus[END_REF], https://commonvoice.mozilla.org) for instance was launched in 2017 by Mozilla for the intended purpose of creating a free database for the development of speech recognition software. In March 2022, it contains ∼18,000 hours of speech, 14,000 of which have been validated by other speakers, in 87 languages.

In the present paper, we explore a similar project: Lingua Libre, a participatory linguistic media library developed by Wikimedia France (https: //lingualibre.org). It was launched in 2015, and, in March 2022, it counts ∼700,000 recordings in 148 languages across 775 speakers. This database is interesting to explore because it differs from Common Voice in the fact that its aim is not primarily the development of new technologies, or even linguistic inquiry in general, but patrimonial conservation of languages. Lingua Libre was used only once for academic purposes, i.e., to automatically estimate the transparency of orthographies in 17 languages [START_REF] Marjou | Oteann: Estimating the transparency of orthographies with an artificial neural network[END_REF]. With this study, we aim to show that such data can be easily processed and useful to answer phonological questions in linguistic typology. In this proof of concept, we explore the realization of vowels by comparing two Romance languages: Italian and Spanish.

The outline of the paper is as follows. In Section 2, we describe our research question to justify our choice of languages. In Section 3, we present our corpus and methodology. In Section 4, we provide an analysis of the vowels in Italian and Spanish. Section 5 concludes and discusses the results.

The Inventory Size Hypothesis vs the Vowel Quality Hypothesis

In this paper, we offer to use Lingua Libre to tackle the question of vowel production with regards to vowel inventory. Our research question stems from various theories regarding the shape of vowel inventories in the world's languages. Our study however focuses on synchronic phonetic variation with regards to phonological systems (on the phylogeny of vowel systems in the languages of the world, see Zhang and Gong (2022) and references therein).

The original Vowel Dispersion Theory (Liljencrants and [START_REF] Liljencrants | Numerical simulation of vowel quality systems: The role of perceptual contrast[END_REF][START_REF] Lindblom | Phonetic universals in vowel systems[END_REF] and a few years later the Adaptive Dispersion Theory [START_REF] Lindblom | Explaining phonetic variation: A sketch of the h&h theory[END_REF], stem from the H&H ("Hypoand Hyperspeech") model of communication, that assumes that speakers tend toward minimal and sufficient perceptual contrast, i.e., operate a trade-off between articulatory economy (hypospeech) and perceptual distinctiveness (hyperspeech). In the original works, these theories are the foundation for phylogenetic research on the distribution of vocalic categories in the languages of the world, for instance to explain why three-vowel systems usually display /a, i, u/ and not, say, /a, y, u/. Phoneticians however have particularly focused on one hypothesis that emerges from this model: The more vocalic categories the language has in its phonemic inventory, the less phonetic variation the corresponding vowel realizations will display. This is the hypothesis we ourselves focus on in the present paper, to which we will refer as the Inventory Size Hypothesis, henceforth ISH.

This hypothesis has been tested in a number of studies, with contradictory results. [START_REF] Allard Jongman | The Acoustic Vowel Space of Modern Greek and German[END_REF] on American English, Greek and German, [START_REF] Al-Tamimi | Does vowel space size depend on language vowel inventories? Evidence from two Arabic dialects and French[END_REF] on French and two dialects of Arabic and [START_REF] Larouche | Vowel space of french and inuktitut: An exploratory study of the effect of vowel density on vowel dispersion[END_REF] on Quebec French and Inuktitut support the ISH while [START_REF] Bradlow | A comparative acoustic study of english and spanish vowels[END_REF] on English and Spanish, [START_REF] Meunier | Production and perception of vowels: does the density of the system play a role? In hal archives ouvertes[END_REF] on English, Spanish and French, [START_REF] Recasens | Dispersion and variability in catalan five and six peripheral vowel systems[END_REF] on 5 dialects of Catalan, Lee (2012) on 5 dialects of Chinese and [START_REF] Heeringa | Cross-linguistic vowel variation in saterland: Saterland frisian, low german, and high german[END_REF] on 3 German languages, do not provide evidence in favor of the ISH, which can be due, for the last three at least, to the genetic and geographical closeness of the languages and possible bilingualism of the speakers. Studies on larger sets of languages however tend to invalidate the hypothesis: [START_REF] Engstrand | Effects of inventory size on the distribution of vowels in the formant space: preliminary data from seven languages[END_REF] found inconclusive results on 7 languages across 6 language families; [START_REF] Livijn | Acoustic distribution of vowels in differently sized inventories -hot spots or adaptive dispersion? PERILUS[END_REF] on 28 languages, Gendrot and Adda-Decker (2007) on 8 languages across 4 families, and Salesky et al. ( 2020) on 38 languages across 11 families, found no evidence for an effect of inventory size on the global acoustic space.

Building on these negative results, we suggest that it may not so much be the number of categories but their actual quality that influences the vowel's realizations. For instance, between two imaginary languages A and B displaying /a, e, i, o, u/ vs /a, e, i, y, o, u/ respectively, it is also possible that not all the categories in language B will display less variation than those in language A: Only [i] and possibly [u], which compete with /y/ in B but not in A, would show less variation in B than in A. We propose to refer to this restatement of the original hypothesis, as the Vowel Quality Hypothesis, henceforth VQH.

In this paper, we aim to test this alternative: Either the ISH is valid, and all the vowels of the system will be affected by the size of the inventory, or the VQH is more accurate, and only some vowels or some acoustic parameters will be affected depending on the other vowels comprised in the system. The third possible outcome is that neither the ISH nor the VQH is accurate.

To test our hypothesis, we focus on the F1 and F2 values of the vowels in two Romance languages: Spanish and Italian. Spanish has a limited vowel inventory, with only 5 categories /a, e, i, o, u/ while Italian has 7: /a, E, e, i, o, O, u/. Their inventories differ only in the number of degrees of aperture (Spanish has open, mid and closed vowels while Italian has open, mid-open, mid-closed and closed vowels), which manifest as variation on the first frequency, F1. If the ISH is valid, we expect vowel productions from each language to differ in both F1 and F2, while if the VQH is valid, we expect Spanish and Italian vowels to differ only in F1.

Materials and Methodology

As a crowd-sourcing tool, Lingua Libre allows any speaker to log in, fill in a profile with basic metadata for themselves of for other speakers, and record themselves or their guests reading lists of words in their language. The device detects pauses, which allows for the recording to end when the word has been read and the next recording to start automatically after, therefore effortlessly generating relatively short audio files for each word. Each audio file is supposed to be titled on the same template of 'Language -Speaker -Item'. For example, for the recording 'spa.-Marreromarcosolucionar.wav', the language is Spanish ('spa'), the speaker ID is 'Marreromarco', and the recorded item is 'solucionar', 'solve'. All audio files are under a Creative Commons licence, i.e., open-source.

First, the recordings are scrapped from the Lingua Libre database. In the present study, we extract a subsample of 500 items for /a, e, i, o, u/ in each language, to counter the fact that both languages have different amounts of data points and to also control for number of speakers (5) in each language. In total, we have 500 occurrences for each of the 5 vowels in both Italian and Spanish, which results in 5000 tokens. To avoid a potential sample bias, the sampling of tokens is conducted 10 times. We also took care to limit our investigation to the European variety of Spanish, to avoid any mismatch with the more limited geographical expansion of Italian.

Second, the recordings are segmented and aligned using WebMAUS [START_REF] Kisler | Multilingual processing of speech via web services[END_REF], the online open-access version of the MAUS software [START_REF] Schiel | Maus goes iterative[END_REF]. MAUS creates a pronunciation hypothesis graph based on the orthographic transcript of the recording (extracted from the name of the audio file) using a grapheme-to-phoneme converter. During this process, the orthographic transcription is converted to the Speech Assessment Methods Phonetic Alphabet (SAMPA). The signal is then aligned with the hypothesis graph and the alignment with the highest probability is chosen. Experiments have shown that the MAUS-based alignment is 95% accurate compared to human-based alignments [START_REF] Kipp | Maus goes iterative[END_REF].

Third, the selected vowels are extracted from the recordings and analyzed in terms of formants. For each recording of each vowel, the mean F1 and F2 of the entire sound are calculated. The mean formants are considered to attenuate the effect of co-articulation with the left and right contexts. Table 1 shows an example of the extracted and compiled data used in this study. Each occurrence of vowel is given a unique identifier to allow tracking it within a word that has several vowels. The language iso code is provided along with the values of F1 and F2. Finally, the recorded word and its contributor are also noted. For the whole process, the following R packages are used: emuR [START_REF] Raphael Winkelmann | emuR: Main Package of the EMU Speech Database Management System. R package version 2[END_REF], PraatR [START_REF] Albin | Praatr: An architecture for controlling the phonetics software "praat" with the r programming language[END_REF], and tidyverse [START_REF] Wickham | tidyverse: Easily install and load the Tidyverse[END_REF].

Vowel

4 Results: Shape of the inventory, more than size, influences vowel production

We focus on the F1 and F2 values for the 5 vowels that Spanish and Italian have in common, /a, e, i, o, u/. Our hypothesis is that, if the ISH is valid, we will find variation in both F1 and F2 for all vowels, while if the VQH is valid, we will find variation only in F1, especially in /a/, /e/ and /o/, which are in direct competition with /E/ and /O/. As general information, Figure 1 provides the mean values for F1 (top tier) and F2 (bottom tier) in Italian (left brackets) and Spanish (right brackets) for all 5 vowels of interest. It shows that F1 is significantly lower in Spanish for all 5 vowels, while F2 is statistically higher only for back vowels.

To test our hypotheses, however, we are less interested in F1 and F2 values in general than in their variation. Figure 2 shows the variation coefficient (standard deviation divided by the mean) of F1 (top tier) and F2 (bottom tier) for each replication of each vowel category in Italian (left brackets) and Spanish (right brackets). Each point represents the variation coefficient of a formant and a vowel for a replication. These results show that there is significantly less variation in F1 in Italian /a/, /e/, /o/ and /u/ than in Spanish, thus supporting the VQH. The difference between F2 variation coefficients is also significant but inverted for /e/, /i/, and /u/ where we observe more variation for Italian than for Spanish, thus invalidating the ISH. These results are also supported by the linear mixed models we conducted (in both Bayesian and non-Bayesian versions) based on the 500 data points from each of the 10 replications. First, Table 2 shows that the estimate for the variation of Spanish for F1 is five times larger than the one for F2. Furthermore, we also observe that the variation is generally larger for most of the vowels in F1 (except for /a/), while the variation varies for F2, in which the estimates are negative for /e/ and /i/. The same observation is found when comparing the overall areas covered by the polygons formed by the contours of F1 and F2. We conduct a 2D kernel density estimation [START_REF] Venables | Modern applied statistics with S, 4th ed edition. Statistics and computing[END_REF] to extract the contours of the area covered by the occurrences of each vowel in the two-dimensional space from F1 and F2. While there is generally more variation in Spanish than in Italian, this varies across vowels, as /e/ and /i/ tend to have a smaller formant space in general.

Conclusion and discussion

We used crowd-sourced data to test two competing hypotheses in language typology: The production of vowels is influenced either by the size of the inventory, or by its shape. Our proof-of-concept on Italian and Spanish shows that the size of the inventory does not influence the realization of vowels, but the exact quality of the vowels at hand does.

Our study also points to several caveats. First, all audio files were not properly labeled and were thus unusable. Moreover, from a human point of view, it should be noted that crowd-sourced data heavily rely on the participants' good will and that researchers have no choice but to trust the provided metadata. One possible solution to that last problem would be for Lingua Libre to propose a verification tool, as does Common Voice, to improve the reliability of the data and metadata. However, crowd-sourced data proved to be a promising tool for linguistic inquiry, especially to investigate language universals, and could thus be tested on more substantial sets of languages.
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 1 Figure 1: Distribution of formants for each of the 500 [a], [e], [i], [o], and [u] across the Italian and Spanish data extracted from Lingua Libre. The significance labels indicate the output of a wilcoxon test with bonferroni correction.

Figure 2 :

 2 Figure 2: The distribution of the variation coefficient for each of the 500 [a], [e], [i], [o], and [u] across the Italian and Spanish data extracted from Lingua Libre in each of the replications. The significance labels indicate the output of a wilcoxon test with bonferroni correction.

Table 1 :

 1 Example of the data extracted and compiled from Lingua Libre. Each column represents one data point.

	a	i	o
	9309 ita 664 1451 Speaker LangPao LangPao Rodelar 4238 48269 ID ita spa iso 315 628 F1 2494 1153 F2 Item rosa chimica todo

Table 2 :

 2 The output of linear mixed models based on the output of 10 vowel samplings with 500 tokens for each vowel in Italian and Spanish. The areas are counted as units of thousands. The abbreviations are read as fol-

lows: Pred = predictor, Est = estimate, CV = coefficient of variation, Dep.Var = Dependent variable.
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