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 model of vowel systems in a population of artificial agents.

The goals are: (1) to test one specific hypothesis of the relevance of a loan phoneme to the observed changes in the chain shift, and (2) to address on the basis of our Xumi data some general questions of interpretation related to synchronic vowel chain shifts. Our simulation results shed light on a complex scenario of change in Xumi that involves both system-internal factors and a system-external factor (the addition of a loan phoneme). Our simulation results also suggest that the particular combination of mechanisms and constraints in the model's settings-random acoustic noise, self-organization, and contrast maintenance-is a viable hypothesis for vowel chain shifting. Our study demonstrates that computational simulations are helpful in evaluating different approaches to a specific instance of sound change.

Introduction

This paper applies computer modeling to a study of one concrete scenario of change in Xumi (旭米), an unwritten Tibeto-Burman language, spoken in one mountain valley in Sichuan Province in the People's Republic of China. 1 Despite its small area of distribution, the language is spoken in two dialects with limited mutual intelligibility. Many consistent phonetic changes between the two dialects can be observed, but investigation of the origin and course of individual changes is difficult to pursue because all available evidence is synchronic. In this study we aim to tackle this difficulty through computer modeling.

Naturally, computer modeling cannot replace missing historical data, but it can supplement traditional methods of linguistic analysis by providing a possibility of testing alternative hypotheses related to a specific instance of sound change. In addition to specific hypothesis testing, application of computer modeling to a concrete scenario of change, be it even in a little-known language, such as Xumi, may be useful in furthering our understanding of the type of change being modeled and of the key parameters that may underlie related processes in other real-world languages.

Our study focuses on a vowel chain shift in Xumi. Previous analyses (Chirkova and Chen, 2013;Chirkova et al., 2013) identify a common system of eight vowels in its two dialects. One dialect is described as having an additional (i.e. ninth) vowel phoneme, which it arguably borrowed from a contact variety of Tibetan (Kami). The previous analyses also suggest that the addition of the ninth loan vowel phoneme led to a series of related changes in the phonetic realization of the eight native vowel phonemes in that dialect. In other words, it led to a vowel chain shift: a series of related sound changes that are causally connected (Labov, 1994: 118-121). 1 This language is also known as Shixing (史兴), see [START_REF] Chirkova | Shixing, a Tibeto-Burman language of South-West China: A grammatical sketch with two appended texts[END_REF] for a detailed introduction and a grammatical sketch.

In order to evaluate this hypothesis, we used the agent-based model of vowel systems developed by Bart de Boer (2000, 2001) (see [START_REF] De Boer | Self-organization in vowel systems[END_REF]de Boer, : 445-453, 2001: 38-54 : 38-54 for detailed descriptions of the original model and the underlying settings). 2 Agent-based models are designed to explore how iterated interactions among independent autonomous entities (agents) gradually lead to collective behaviours at the population level (for overviews see de [START_REF] De Boer | Computer modeling as a tool for understanding language evolution[END_REF][START_REF] Bonabeau | Agent-based modeling: Methods and techniques for simulating human systems[END_REF][START_REF] Gilbert | Agent-Based Models[END_REF][START_REF] Gong | Computer simulation as a scientific approach in evolutionary linguistics[END_REF][START_REF] Gong | Modeling language evolution: Examples and predictions[END_REF][START_REF] Railsback | Agent-Based and Individual-Based Modeling: A Practical Introduction[END_REF][START_REF] Wagner | Progress in the simulation of emergent communication and language[END_REF]. Each agent is equipped with predefined or evolved mechanisms that enable interaction with other agents. By manipulating these mechanisms and ways of communication between agents, it is possible to simulate various phenomena in the human socio-cultural environment. One advantage of agent-based models is that existing models can be easily expanded and adapted to new research goals [START_REF] Belew | Computation and the natural sciences[END_REF][START_REF] De Boer | Computer modeling as a tool for understanding language evolution[END_REF]), as we did in the present study. De [START_REF] De Boer | Self-organization in vowel systems[END_REF][START_REF] De Boer | The Origins of Vowel Systems[END_REF] model was originally developed to study the formation of vowel systems. It provides support for the thesis that self-organization plays an important role in determining the structure of vowel systems. Self-organization is defined as a process in which patterns at the global level are properties that spontaneously emerge from the numerous local interactions among the individual components (cf. Camazine et al., 2001: 8;de Boer, 2001: 24). An advantage of de Boer's model for our investigation is that it is based on a realistic representation of vowels in the articulatory and acoustic spaces, hence allowing for a realistic replication of the vowel systems of the two dialects of Xumi.

De Boer's model already includes in its original architecture a number of mechanisms that have been argued to underlie vowel chain shifts in real-world languages, more specifically: (i) emergence of patterns through self-organizational pathways (e.g. [START_REF] Liljencrants | Numerical simulation of vowel quality systems: The role of perceptual contrast[END_REF], and (ii) phonetic variation due to random noise in production and 2 The original program has been kindly provided to us by Bart de Boer. perception, which steadily introduces new phonetic variants [START_REF] Bybee | Phonology and Language Use[END_REF][START_REF] Pierrehumbert | Exemplar dynamics: word frequency, lenition, and contrast[END_REF][START_REF] Pierrehumbert | Word-specific phonetics[END_REF][START_REF] Wedel | Exemplar models, evolution and language change[END_REF]. 3 We adapted de Boer's model to the chain shift scenario in Xumi by building in the constraint of contrast maintenance, one of the defining criteria of vowel chain shifts (as explained by Labov, 1994: 115-291;[START_REF] Martinet | Function, structure and sound change[END_REF][START_REF] Martinet | Économie des changements phonétiques[END_REF]and others). We generally followed the original model for all remaining settings. We manipulated some key parameters (such as acoustic noise ratio) and evaluated the results in relation to our empirical data (see section 5). Overall, we accept the known limitations and assumptions of de Boer's model, which may not correspond directly to actual features of real-world languages (as acknowledged by de Boer; see [START_REF] De Boer | Self-organization in vowel systems[END_REF]de Boer, : 463, 2002: 40-41 : 40-41 for discussion). 4 We used the adapted system to run two sets of simulations: (i) an eight-vowel system, initialized on the observed vowel parameters of the eight-vowel dialect of Xumi (hereafter referred to as "eight-vowel simulations"); and (ii) a nine-vowel system, where a ninth vowel is added to the eight-vowel system (hereafter "nine-vowel simulations"). The goal of the eight-vowel simulations was to analyze any potential change due to system-internal factors and mechanisms (random noise, self-organization, and contrast maintenance). The goal of the 3 These mechanisms have been explored in exemplar-based models of language (e.g. [START_REF] Blevins | Evolutionary Phonology: The Emergence of Sound Patterns[END_REF][START_REF] Pierrehumbert | Exemplar dynamics: word frequency, lenition, and contrast[END_REF][START_REF] Pierrehumbert | Word-specific phonetics[END_REF] for an overview and discussion, see Wedel, 2006 and references therein) and tested in an agent-based model of vowel chain shift by [START_REF] Ettlinger | An exemplar-based model of chain shifts[END_REF]. [START_REF] Ettlinger | An exemplar-based model of chain shifts[END_REF] argues that the changes in a chain shift result from the self-organizing behavior of exemplar-based categories. The self-organizing behavior is such that when one vowel moves, another fills the gap. In contrast to the present study, vowels in Ettlinger's model are defined in a one-dimensional space, and the chain shift scenario only involves two vowel phonemes. 4 These limitations and assumptions include direct feedback on imitative success and lack of phonological context. nine-vowel simulations was to test the specific hypothesis of the relevance of the ninth loan vowel phoneme to the set of changes in the nine-vowel dialect. In addition to that specific hypothesis, the two sets of simulations also allowed us to address on the basis of our Xumi data some general issues of interpretation raised by synchronic vowel chain shifts. These include (summarized on the basis of [START_REF] Gordon | Small-Town Values and Big-City Vowels: A Study of the Northern Cities Shift in Michigan[END_REF]Gordon, : 194-219, 2002)): (i) how can an ongoing chain shift be identified and studied? (ii) how to establish whether changes are interrelated? (iii) how to establish the chronology of changes? (iv) how to determine whether contrast preservation plays a role in a given change? and (v) should one expect all links in a chain to reflect the influence of contrast preservation?

The simulation results were evaluated on the basis of the acoustic distances between the evolved vowels in the two sets of simulations, respectively, and the empirically observed vowels in the nine-vowel dialect of Xumi. Contrary to the previous analysis of the vowel chain shift in Xumi as resulting from the addition of a loan phoneme to the eight-vowel system (Chirkova et al., 2013), our simulation results suggest that the vowel chain shift in Xumi should rather be understood as a combined effect of system-internal factors and a system-external factor (the addition of a loan phoneme). The simulation results also suggest that all changes in the phonetic realization of the vowel phonemes in the nine-vowel dialect are interrelated and reflect the influence of contrast preservation. They also provide insights as to the chronology of some changes in the nine-vowel system. In sum, our simulation results suggest agent-based modeling as a promising tool to study synchronic chain shifts.

The remainder of this paper is structured as follows. Section 2 provides basic information about the vowel systems of the two dialects of Xumi and about the set of changes observed in the nine-vowel dialect. Section 3 briefly outlines the model architecture and simulation settings. Section 4 summarizes the simulation results for the two sets of simulations. Section 5 evaluates the generality of the simulation results under different numbers of population and imitation games, and different acoustic noise ratios. Section 6 summarizes the findings of the study and discusses potential avenues for future research. The paper concludes with an appendix that provides a detailed description of the model used in our simulations. Of the two UX vowels ([ɐ] and [ɔ]) that correspond to one vowel in LX ([ɑ]), UX [ɔ] is typically found in loanwords from the local dialect of Tibetan, Kami (as in the example above), which is in close contact with UX. For these reasons, Chirkova et al. (2013) analyse UX [ɔ] as a loan phoneme from Kami Tibetan.

The oral vowel systems of the two dialects are presented in the vowel charts of Figure 1, where vowels are plotted on their relative F1/F2 values. The data in this figure are based on a set of 50 high frequency cognate words, containing all vowels of Xumi in different consonantal contexts. Two speakers were chosen for this figure, one for each dialect of Xumi, to represent the general patterns observed across this data set. 7 Vowels are numbered to allow for convenient comparison between the two systems. Note that while most phonemic vowel categories in UX were established on the basis of cognates in both dialects; UX vowels 5 and 8, which were considered to be most markedly distinct in their realization from the corresponding vowels in LX, were assigned IPA symbols on the basis of their closest phonetic realization. ba), [ɤ] (as in [tsɤ⁵⁵] 'crown of a head', LX [tso⁵⁵]), and [əʊ] (as in [ɕəʊ⁵⁵] 'meat', LX

[ɕo⁵⁵]). 7 Both speakers are male and in their sixties.

Lower Xumi

Upper Xumi The previous analysis of UX (Chirkova et al., 2013) argues that the addition of the loan phoneme /ɔ/ triggered the following changes in the realization of the eight native vowel phonemes:

(1) Fronting and raising of vowel 8 (LX [ɑ] to UX [ɐ])

(2) Raising and centering of vowel 5 (LX [ɐ] to UX [ɜ])

(3) Raising of vowel 2 (/e/), thereby coming into close approximation with vowel 1 (/i/)

(4) Backing of vowel 4 ([ʉ]) and its merger with vowel 6 ([u]) in some environments (such as after alveolars) 8

(5) Raising of vowel 7 (/o/), thereby coming into close approximation with vowels 6 (/u/) and 4 (/ʉ/) 9 8 For example, the words 'to wipe' and 'to count' are homophonous in UX, both /su⁵⁵/, but they are minimally contrastive in LX, /sʉ⁵⁵/ and /su⁵⁵/, respectively.

The set of changes in the phonetic realization of UX vowel phonemes is summarized in Figure 2, on the basis of the data in Figure 1. Vowels are normalized using the [START_REF] Nearey | Phonetic Feature Systems for Vowels[END_REF] vowel-extrinsic method on the NORM website (http://ncslaap.lib.ncsu.edu/tools/norm/; [START_REF] Kendall | Vowels: Vowel Manipulation, Normalization, and Plotting in R. R package, version 1.1. Software Resource[END_REF][START_REF] Thomas | NORM: The vowel normalization and plotting suite[END_REF]. In sum, changes in UX include changes in the positioning of most vowel phonemes (more precisely, 2, 4, 5, 7, 8), and conditioned merger (involving vowels 4 and 6). Given that these changes appear interrelated, while distinctions between most vowels are preserved, this set of changes matches the two definitional criteria of vowels chain shifts: (1) the requirement that a chain shift involve a series of (at least two) interrelated changes, (2) the requirement that these changes do not result in any loss of contrast in the phonemic system (e.g. Labov, 1994: 118-119;[START_REF] Martinet | Function, structure and sound change[END_REF]Martinet, : 126, 1955; see [START_REF] Gordon | Small-Town Values and Big-City Vowels: A Study of the Northern Cities Shift in Michigan[END_REF]Gordon, : 194, 2002 for a detailed discussion). Accordingly, we refer to the set of changes in UX as a vowel chain shift. 10 For the purposes of our pilot investigation, we chose to simplify the complex change scenario in UX by excluding merger to focus only on the vowel chain shift interpretation of the observed changes. Obviously, the exclusion of merger prevents full generalization of the simulation results.

Simulation Model and Settings

In our simulations, vowel chain shift is modelled in a population of artificial agents. In our model, agents are small computer programs that operate autonomously. They can produce, perceive, and remember speech sounds (vowels), which are stored by agents as prototypes.11 

In the articulatory space, vowels are described using three dimensions: (i) frontness-backness of the tongue position, (ii) height of the tongue, and (iii) rounding/spreading of the lips. In the acoustic space, vowels are represented in terms of the first four formant values. The model adopts a two-dimensional acoustic space. The two dimensions are: (i) F1 (or the first formant), and (ii) F2' (F2 prime or the second effective formant), which is an aggregate value calculated from the F2, F3, and F4 formant frequencies (Carlson et al., 1970;[START_REF] Bladon | A two-formant model and the cardinal vowels, speech transmission laboratory[END_REF]. In order to take human perception into account, the acoustic space uses the Bark scale instead of Hz to represent formant frequencies.

Agents synthesize, perceive, and update vowels during imitation games. Imitation games are pairwise interactions between agents, in which agents imitate each other as best they can.

The only possible outcomes of the games are success or failure [START_REF] De Boer | Self-organization in vowel systems[END_REF](de Boer, : 449-450, 2001: 51;: 51;[START_REF] Steels | The synthetic modeling of language origins[END_REF][START_REF] Steels | Synthesising the origins of language and meaning using co-evolution, selforganisation and level formation[END_REF]. Imitation games may be simplifications of real linguistic interactions, but they involve the same functional pressures that occur in real language (such as pressures toward ease of production and processing, and ease of learning) (de Boer, 2006: 17).

Agents start and end simulations with the same fixed amount of vowels in their repertoires (eight in the one set of simulations, nine in the other set). They cannot add or delete vowels non-randomly during imitation games. Moreover, during those games, agents preserve phonemic contrast between vowel prototypes. To that end, each vowel prototype is assigned a tag, indicating the phonemic category to which it belongs. (A single vowel category cannot have more than one vowel prototype.) Communication between agents is subject to random acoustic noise, which is applied by shifting the formant frequencies by a random percentage. The acoustic noise ratio in the original simulations is set to 0.1. This is because simulations with that acoustic noise ratio result in vowel systems that have a realistic number of vowels (de Boer, 2000: 457-458). (Changes of the acoustic noise ratio and their impact on simulation results are discussed in section 5.)

Each game involves two randomly chosen agents: a speaker and a hearer. The speaker selects a vowel from his repertoire and produces it. The hearer tries to imitate the vowel, using the vowel prototypes in his own repertoire. The game is deemed successful if, at the end of a game round, the speaker hears the vowel imitated by the hearer as the same vowel he (i.e.

the speaker) originally produced. Otherwise, the game is considered to have failed. During imitation games, agents can (i) move produced vowels closer to the perceived vowel; (ii) add new vowels that are a close imitation of the perceived vowel; (iii) discard vowels that have been used successfully in less than 50% of all imitation games; and (iv) shift away from each other those vowels with different tags that come too close to each other in either articulatory or acoustic space, and that, for that reason, can be easily confused because of the acoustic noise.

The list of vowels in each agent's vowel repertoire is updated depending on the outcome of the imitation games. Throughout each game round, speaker and hearer cannot look into each other's prototype repertoires. Any update of the vowel repertoire of an agent makes use exclusively of local information and of the vowels perceived by that agent.

The input data for our simulations consisted of the values of the three articulatory parameters (tongue position, p; tongue height, h; and lip roundness, r) of the eight vowels of Lower Xumi, and of the ninth phoneme /ɔ/ in Upper Xumi (see equations 1-4 in the appendix;

the values of these parameters were set in the range between 0.0 and 1.0). The p and r values were assigned on the basis of the empirically observed vowels. There were two degrees of rounding (r) in the original data (with the initial values of 1.0 for rounded vowels and 0.0 for unrounded vowels), and three degrees of position (p) (with the initial values of 0.0 for front vowels, 0.5 for central vowels, and 1.0 for back vowels). The value of tongue height (h) was estimated on the basis of the relative position of each vowel on the vertical axis.

Following the original settings in de Boer's model, we calculated the formant frequencies of vowels for our simulations directly from their articulatory positions with an interpolation function, based on information on formant frequencies in Vallée (1994) (as detailed in de Boer, 2001: 44-45). As a result, the input vowel data in our simulations are approximations (rather than exact replications) of the empirically observed vowels (as in Figure 1). The calculated values are summarized in Table 1. We used these input data in two sets of simulations: (i) eight-vowel simulations: an eightvowel system, based on the LX values; and (ii) nine-vowel simulations: a nine-vowel system, based on the LX values and the ninth phoneme /ɔ/. In both sets of simulations, all vowels in each agent's repertoire had a distinct tag (1 to 8 in the eight-vowel simulations, and 1 to 9 in the nine-vowel simulations), and the corresponding articulatory and acoustic parameter values (see Table 1).

Figure 3 shows the initial positions of the nine vowels in the acoustic space in the two sets of simulations. We conducted ten simulation runs in each set to collect sufficient data for analysis. In each run, there was a 100-agent population, who randomly conducted a total of one million imitation games for all agents combined (i.e. approximately ten thousand games per agent).

Every 20,000 games, we recorded the acoustic parameter values of all vowel prototypes in each agent's repertoire. In order to trace the movements of vowel prototypes, we also calculated the average acoustic parameter values of all distinct vowel prototypes across all agents and illustrated these average vowel prototypes in the two-dimensional acoustic space.

The results of both sets of simulations were evaluated on the basis of the acoustic distances between the evolved vowels and the empirically observed vowels in the two dialects of Xumi.

Simulation Results

Figure (1) The two sets of simulations result in stable (eight-and nine-) vowel systems, shared each throughout the population of agents.

(2) Among all movements of vowels in the system, those of the front vowels 1, 2, and 3 had the largest range (that is, the largest distance between start-positions and end-positions).

(3) As a result of many rounds of communication between agents who preserve phonemic contrast between distinct vowels, most vowels in the two sets of simulations changed their position in the vowel space in a coordinated fashion, thereby approximating some changes in the phonetic realizations of vowels phonemes in Upper Xumi.

In relation to the first observation, we evaluated the stability of the two systems by tracing the articulatory and acoustic distances between all pairs of distinct vowel prototypes in all agents. Figure 5 shows the average values of these distances over ten runs for the evolved eight-vowel system (Figure 5 and equations 2, 3, and 6 in the appendix). It should be noted that while vowel mapping based on F1 and F2' is more successful than F1 and F2 in separating the front high and mid rounded and unrounded vowels, presentation based on F1 and F2' is not very natural for front vowels (Carlson, et al., 1970(Carlson, et al., , 1975: 57-61;: 57-61;[START_REF] Fant | Speech Sounds and Features[END_REF]Fant, , 2005: 205;: 205;[START_REF] Fant | Auditory matching of vowels with two formant synthetic sound[END_REF]Vaissière, 2011: 55). More precisely, only /o/ and /u/ yield a mean F2' which equals F2. Variation in the matches between F2 and F2' for other vowels ranges from 12 to 31 percent. The largest percent range occurs for front vowels, whose mean F2' is between F3 and F4 (Rosner and Pickering, 1994: 146-147). The variation in the matches between F2 and F2' introduces discontinuities in the weighting function of the second effective formant in our model. As a result, a small variation in the p, h, and r values in the articulatory space leads to large, noncontinuous variation in the acoustic space for the front vowels, while the corresponding variation for all other vowels is more gradual.

In The following observations are in order. Of the two sets of simulations, the evolved vowels in the eight-vowel simulations appear to better match the empirically observed UX vowels and to better approximate the changes in the realizations of some UX vowel phonemes (as discussed in section 2, see also Figure 2).

With one exception (the evolved vowel 8, which is minimally close to the empirically observed vowel 5 instead of vowel 8), the evolved vowels in the eight-vowel simulations are minimally close to their corresponding UX vowels. The average minimal distance between the evolved vowels and the empirically observed vowels is around 0.5 Bark. The larger than average minimal distances between the evolved vowels 2 and 3 and the empirically observed vowels 2 and 3 are likely due to the discontinuities in the weighing function of the second effective formant. Note that despite the pronounced movements to the center of the vowel space, the evolved front vowels are still the best matches for the empirically attested front vowels in terms of minimal acoustic distances. Again, with the exception of the evolved vowel 8, the evolved vowels 2, 4, and 7 in the eight-vowel simulations are near-minimally close to the empirically observed UX vowels 1, 6, and 4, respectively. This suggests that as a result of many rounds of communication, the evolved vowels 2, 4, and 7 moved towards the evolved vowels 1, 6, and 4, respectively. These movements approximate the shifting of vowel 2 towards vowel 1, of vowel 4 towards vowel 4, and of vowel 7 towards vowel 4 in UX (as discussed in section 2, Figure 2).

By contrast, in the nine-vowel simulations, we observe two mismatches between the evolved vowels and the corresponding UX vowels. The evolved vowel 2 is minimally close to the empirically observed vowel 6, and it is near-minimally close to the empirically observed vowel 2. The evolved vowel 7 is minimally close to the empirically observed vowel 4, and it is near-minimally close to the empirically observed vowel 7. As a result, the evolved vowel 2 in the nine-vowel simulations shifts in a trajectory that is different from the one observed in UX (that is, towards vowel 6 instead of towards vowel 1, as in UX). The average minimal distance between most evolved vowels in the nine-vowel simulations and the empirically observed UX vowels (between 0.5 and 1 Bark) is also larger than that in the eight-vowel simulations.

Overall, the addition of the ninth vowel to the eight-vowel system generally leads to changes that approximate less well the positioning of UX vowels and changes in their realization. One exception can be noted: the evolved vowel 8 in the nine-vowel simulations matches better the position of the empirically observed vowel 8 than the evolved vowel 8 in the eight-vowel simulations. In other words, in relation to the set of changes in UX, the addition of the ninth vowel may only be relevant to the changes in the positioning of vowel 8.

Consequently, we tentatively conclude that in order to locally affect the changes in the positioning of that vowel and not of other vowels, the addition of the ninth vowel to the eightvowel system should be relatively recent. In sum, seen from our simulation results, changes in the realization of vowel phonemes in UX appear to be a combined result of system-internal factors (random acoustic noise, self-organization, contrast maintenance) and a systemexternal factor (the addition of the loan phoneme). Contrary to the previous analysis of Xumi (Chirkova et al. 2013), which regards the ninth loan phoneme as the trigger of the changes in UX, our simulations results suggest that the role of the ninth vowel in that set of changes is limited, so that the participation of the ninth vowel in the changes may be relatively recent.

In relation to the questions of interpretation raised by synchronic chain shifts, our simulation results suggest that all changes in the positioning of UX vowels may indeed be interrelated and proceed more or less simultaneously. All changes reflect the influence of contrast preservation. Our simulation results also provide indications as to the chronology of some changes in the nine-vowel system (as in the case of the relatively recent addition of vowel 9). All in all, our study suggests that agent-based modeling may serve as a useful tool to evaluate whether a certain set of changes constitutes a chain shift and, more generally, to study chain shifts.

Generality of the Simulation Results

This section describes additional simulations conducted in order to test the sensitivity of the simulation results to the input parameters of the simulations. We chose the following three parameters (population size, number of imitation games, and acoustic noise ratio), which we consider to be of most direct impact on the results of our simulations. All additional simulations are illustrated on the basis of the eight-vowel system.

Size of the population and the number of imitation games. Additional simulations consist of (i) a total of ten million imitation games in a 100-agent population (Figure 7 The results of the additional simulations are consistent with those presented in section 4

and based on one million imitation games for all agents combined in a 100-agent population.

That is to say, our additional simulations also result in a stable eight-vowel system shared throughout the populations of agents. The ratio of successful imitation games to all imitation games is high (over 0.99) in all three sets of simulations. This entails that throughout all imitation games, agents can successfully imitate each other and the system of phonemic contrasts remains unchanged. In sum, the simulation results of this model are not critically dependent on either the number of agents in a population or the number of imitation games.

Accordingly, the results summarized in section 4 are likely to be representative as the general findings of our study.

Results of changing acoustic noise ratio.

In order to reflect the effects of the acoustic noise level on the simulation results, we ran three additional sets of simulations. Simulations results are illustrated on the basis of the eight-vowel system with the acoustic noise ratio set to 0.05 (Figure 8 The results of these additional simulations confirm the findings by de Boer (2000,2001) that the acoustic noise ratio of 0.1 gives the most realistic results (de Boer 2000: 457-458). If the acoustic noise ratio is below 0.1 (as in Figure 8(a)), the ratio of successful imitation games to all imitation games is high, but vowel movements are distinct from those observed empirically. For example, described impressionistically, the movement of vowel 8

in Figure 8(a) is that of raising, whereas in Figures 4(a) and 4(b), it is that of fronting. If, on the other hand, the acoustic noise ratio is above 0.1, the ratio of successful imitation games to all imitation games drops significantly, as shown in Figure 8(d). In other words, if the acoustic noise ratio is above 0.1, distinct vowel prototypes may come too close to each other so as to cause confusion. As a result, the number of vowels that the agents can distinguish reliably decreases. This is the case for vowels 5 and 8 in Figure 8(b), and for vowels 2, 3 and 5, on the one hand, and vowels 4 and 6, on the other hand, in Figure 8(c).

Summary and Discussion

In this study, we used computer modeling as a tool (i) to test one specific hypothesis of the relevance of the ninth loan vowel phoneme to the set of changes in the realization of the vowel phonemes in Upper Xumi, and (ii) to address on the basis of our Xumi data some general questions of interpretation related to synchronic vowel chain shifts. In relation to the specific hypothesis, a comparison of our simulation results with the empirically observed vowels of Upper Xumi suggests, in contrast to the previous analysis of that dialect, that the set of changes in Upper Xumi are likely to be a combined effect of system-internal factors and a system-external factor (the addition of a loan phoneme). In relation to the questions of interpretation raised by synchronic vowel shifts, our study suggests that agent-based modeling may be a useful tool for exploring such issues (including the interrelatedness of changes and their chronology). Our study also shows that the particular combination of mechanisms and constraints in the settings of the model used in our simulations (random noise, selforganization, and contrast maintenance) may be a viable hypothesis for vowel chain shifting, consistent with our empirical study. We hope that the adapted model (as presented in the appendix) can be applied to more cases of ongoing and completed vowel chain shifts so as to further refine the model and to contribute to a better understanding of these shifts. To our knowledge, our simulations for the first time demonstrate the effect of self-organization in relation to a real-world scenario of change.

It should be emphasized that the present study is a pilot investigation and the obtained results are of an exploratory and preliminary nature. Much remains to be done both in terms of the documentation and description of the two dialects of Xumi, on the one hand, and modeling, on the other hand. In relation to the documentation and description of Xumi, the series of changes in the phonetic realization of the vowels phonemes and the merger of some vowel phonemes in Upper Xumi need to be investigated in greater detail, involving a more systematic acoustic and perceptual analysis and a larger number of speakers.

In relation to modeling, more complex models need to be designed to take into account the possibility of vowel merger and to integrate a full articulatory synthesizer (e.g. as discussed in [START_REF] Gabioud | Articulatory models in speech synthesis[END_REF]) so as to address the problem of discontinuities in the weighting function of the second effective formant. The accuracy of the results may also be further improved by taking into account phonological conditioning factors, which would be of particular importance in the case of UX vowel /o/ that appears to shift along multiple trajectories (see footnote 6).

In this study we used one specific model to explore a synchronic vowel chain shift in Xumi-de Boer's model of vowel systems in a population of artificial agents. Naturally, other models using different parameters might offer different explanations of the Xumi data. One could think, for instance, of one-dimensional models for vowel shifts (as in [START_REF] Ettlinger | An exemplar-based model of chain shifts[END_REF][START_REF] Stanford | Revisiting transmission and diffusion: An agent-based model of vowel chain shifts across large communities[END_REF] or of models based on co-articulation, tone or vowel harmony. Such models might illuminate other facets of Xumi vowel chain shift, thereby furthering our understanding of Xumi, and more generally, enhancing the potential of applying computer modeling to studies of concrete scenarios of change in real-world languages.

Appendix: Model Description

The phenomenon of vowel chain shift in Xumi is modeled in a population of artificial agents.

In our model, agents are small computer programs that operate autonomously. They can produce, perceive, and remember speech sounds (vowels) in a human-like way. For this purpose, each agent is equipped with a realistic articulatory synthesizer and an acoustic perception model.

The articulatory synthesizer of each agent takes as inputs the values of three articulatory parameters widely used to describe vowels, namely, tongue position (p), tongue height (h), and lip roundness (r). The values of these parameters are set in the range between 0.0 and 1.0. For tongue position, 0.0 means most to the front, and 1.0 most to the back. For tongue height, 0.0 means the lowest, and 1.0 the highest. In the case of r, 0.0 defines least rounded vowels, and 1.0 defines most rounded vowels. The articulatory synthesizer calculates as outputs the first four formant frequencies of the corresponding vowels on the basis of [START_REF] Maeda | Compensatory articulation during speech: Evidence from the analysis and synthesis of vocal tract shapes using an articulatory model[END_REF] articulatory model, as in equation ( 1). Note that in order to increase the speed of the simulations, and also due to the difficulty of mapping the abstract parameters of position, height, and rounding to the degrees of freedom of Maeda's model, a choice was made in the original model by de Boer to calculate the formant frequencies directly from the articulator positions, using an interpolation function, based on information on formant frequencies in Vallée (1994: 162-164;see de Boer, 2001: 44-45).

𝑭𝟏 = -𝟑𝟗𝟐 + 𝟑𝟗𝟐𝒓 𝒉 𝟐 + 𝟓𝟗𝟔 -𝟔𝟔𝟖𝒓 𝒉 + -𝟏𝟒𝟔 + 𝟏𝟔𝟔𝒓 𝒑 𝟐 + 𝟑𝟒𝟖 -𝟑𝟒𝟖𝒓 𝒉 𝟐 + -𝟒𝟗𝟒 + 𝟔𝟎𝟔𝒓 𝒉 + 𝟏𝟒𝟏 -𝟏𝟕𝟓𝒓 𝒑 + 𝟑𝟒𝟎 -𝟕𝟐𝒓 𝒉 𝟐 + -𝟕𝟗𝟔 + 𝟏𝟎𝟖𝒓 𝒉 𝟕𝟎𝟖 -𝟑𝟖𝒓 𝑭𝟐 = -𝟏𝟐𝟎𝟎 + 𝟏𝟐𝟎𝟖𝒓 𝒉 𝟐 + 𝟏𝟑𝟐𝟎 -𝟏𝟑𝟐𝟖𝒓 𝒉 + 𝟏𝟏𝟖 -𝟏𝟓𝟖𝒓 𝒑 𝟐 + 𝟏𝟖𝟔𝟒 -𝟏𝟒𝟖𝟖𝒓 𝒉 𝟐 + -𝟐𝟔𝟒𝟒 + 𝟏𝟓𝟏𝟎𝒓 𝒉 + -𝟓𝟔𝟏 + 𝟐𝟐𝟏𝒓 𝒑 + -𝟔𝟕𝟎 + 𝟒𝟗𝟎𝒓 𝒉 𝟐 + 𝟏𝟑𝟓𝟓 -𝟔𝟗𝟕𝒓 𝒉 + 𝟏𝟓𝟏𝟕 -𝟏𝟏𝟕𝒓 𝑭𝟑 = 𝟔𝟎𝟒 -𝟔𝟎𝟒𝒓 𝒉 𝟐 + 𝟏𝟎𝟑𝟖 -𝟏𝟏𝟕𝟖𝒓 𝒉 + 𝟐𝟒𝟔 + 𝟓𝟔𝟔𝒓 𝒑 𝟐 + -𝟏𝟏𝟓𝟎 + 𝟏𝟐𝟔𝟐𝒓 𝒉 𝟐 + -𝟏𝟒𝟒𝟑 + 𝟏𝟑𝟏𝟑𝒓 𝒉 + -𝟑𝟏𝟕 -𝟒𝟖𝟑𝒓 𝒑 + 𝟏𝟏𝟑𝟎 -𝟖𝟑𝟔𝒓 𝒉 𝟐 + -𝟑𝟏𝟓 + 𝟒𝟒𝒓 𝒉 + 𝟐𝟒𝟐𝟕 -𝟏𝟐𝟕𝒓 𝑭𝟒 = ( -𝟏𝟏𝟐𝟎 + 𝟏𝟔𝒓 𝒉 𝟐 + 𝟏𝟔𝟗𝟔 -𝟏𝟖𝟎𝒓 𝒉 + 𝟓𝟎𝟎 + 𝟓𝟐𝟐𝒓 )𝒑 𝟐 + -𝟏𝟒𝟎 + 𝟐𝟒𝟎𝒓 𝒉 𝟐 + -𝟓𝟕𝟖 + 𝟐𝟏𝟒𝒓 𝒉 + -𝟔𝟗𝟐 -𝟒𝟏𝟗𝒓 +( 𝟏𝟒𝟖𝟎 -𝟔𝟎𝟐𝒓 𝒉 𝟐 + -𝟏𝟐𝟐𝟎 + 𝟐𝟖𝟗𝒓 𝒉 + 𝟑𝟔𝟕𝟖 -𝟏𝟕𝟖𝒓 ) 𝒑 (1)
The acoustic perception model is used to calculate the distance between a perceived vowel and vowels already stored in the agent's repertoire. The model adopts a twodimensional acoustic space. The two dimensions are: (i) F1 (or the first formant), and (ii) F2' (F2 prime or the second effective formant), which is an aggregate value calculated from the F2, F3, and F4 formant frequencies (Carlson et al., 1970;[START_REF] Bladon | A two-formant model and the cardinal vowels, speech transmission laboratory[END_REF]. In order to take human perception into account, the acoustic space uses the Bark scale instead of Hz to represent formant frequencies. The F2' prime value of a vowel prototype is calculated in the perception model by using Mantakas et al.'s (1986) method, as in equations ( 2) and ( 3):

𝑭𝟐′ = 𝑭𝟐 if 𝑭𝟑 -𝑭𝟐 > 𝒄 ( 𝟐 -𝒘𝟏 𝑭𝟐 + 𝒘𝟏𝑭𝟑)/𝟐. 𝟎 if 𝑭𝟑 -𝑭𝟐 ≤ 𝒄 and 𝑭𝟒 -𝑭𝟐 > 𝒄 (𝒘𝟐𝑭𝟐 + 𝟐 -𝒘𝟐 𝑭𝟑)/𝟐. 𝟎 -𝟏. 𝟎 if 𝑭𝟒 -𝑭𝟐 ≤ 𝒄 and 𝑭𝟑 -𝑭𝟐 < 𝑭𝟒 -𝑭𝟑 ( 𝟐 + 𝒘𝟐 𝑭𝟑 -𝒘𝟐𝑭𝟒)/𝟐. 𝟎 -𝟏. 𝟎 if 𝑭𝟒 -𝑭𝟐 ≤ 𝒄 and 𝑭𝟑 -𝑭𝟐 ≥ 𝑭𝟒 -𝑭𝟑 (2) 𝒘𝟏 = 𝟏 -𝑭𝟑 -𝑭𝟐 /𝒄 𝒘𝟐 = ( 𝑭𝟒 -𝑭𝟑 -𝑭𝟑 -𝑭𝟐 )/(𝑭𝟒 -𝑭𝟐) (3) 
Formant frequencies are converted into the Bark scale by using equation ( 4):

𝑩𝒂𝒓𝒌 = 𝒍𝒏(𝑯𝒛 𝟐𝟕𝟏. 𝟑𝟐) 𝟎. 𝟏𝟕𝟏𝟗 + 𝟐. 𝟎 if 𝑯𝒛 > 𝟐𝟕𝟏. 𝟑𝟐 (𝑯𝒛 -𝟓𝟏) 𝟏𝟏𝟎 else (4)
Based on p, h, and r values, the articulatory distance (D art ) between two vowel prototypes (a and b) is calculated as a Euclidean distance in the articulatory space, as in equation ( 5):

𝑫 𝒂𝒓𝒕 (𝒂, 𝒃) = (𝒑 𝒂 -𝒑 𝒃 ) 𝟐 + (𝒉 𝒂 -𝒉 𝒃 ) 𝟐 + (𝒓 𝒂 -𝒓 𝒃 ) 𝟐 (5) 
Based on F1 and F2', the acoustic distance (D aco ) between two vowel prototypes (a and b)

is calculated as a weighted Euclidean distance in the acoustic space, as in equation ( 5), where λ determines the relative weight of F2' with respect to F1. In de Boer's original model, λ is set to 0.3. This is based on human articulation experiments and empirical data [START_REF] Lindblom | The speech homunculus and a problem of phonetic linguistics[END_REF][START_REF] Schwartz | The dispersion-focalization theory of vowel systems[END_REF], which suggest that that is a realistic value.

𝑫 𝒂𝒄𝒐 (𝒂, 𝒃) = (𝑭𝟏 𝒂 -𝑭𝟏 𝒃 ) 𝟐 + 𝝀(𝑭𝟐 𝒂 ! -𝑭𝟐 𝒃 ! ) 𝟐 (6) 
Agents synthesize, perceive, and update vowels during imitation games. Imitation games are pairwise interactions between agents, which can only have success or failure as their outcome [START_REF] De Boer | Self-organization in vowel systems[END_REF](de Boer, : 449-450, 2001: 51;: 51;[START_REF] Steels | The synthetic modeling of language origins[END_REF][START_REF] Steels | Synthesising the origins of language and meaning using co-evolution, selforganisation and level formation[END_REF]. Depending on the precise outcome of an interaction, agents can update their vowel repertoires.

Agents store vowels as prototypes. Following de Boer (2000: 449), this term is used in the machine learning sense of the word, as referring to the central point of a category. Each vowel prototype has an articulatory and an acoustic realization. The articulatory realization is produced by the synthesizer. The acoustic realization is perceived using the perception model.

For every vowel that is perceived, the agents find the vowel prototype that is closest to the perceived vowel in terms of acoustic distance. The perceived vowel is then recognized as an instance of the prototype in the listener's repertoire. Each vowel prototype has two counters, which record all occurrences of total and successful uses of that vowel prototype in previous imitation games (hereafter termed use and success counts, respectively). The ratio of these two counts is a measure of the successfulness of a vowel. Interactions between the agents are subject to acoustic noise, which is applied by shifting the formant frequencies by a random percentage. The level of acoustic noise determines the articulatory and acoustic thresholds used to assess the articulatory and acoustic distances between the produced and perceived vowels in the perception model. Following the original settings of de Boer's model, the acoustic noise ratio in our simulations is set to 0.1 (see equation 7). The acoustic noise is calculated using equation ( 7). Fi is the actually produced ith formant frequency of a given vowel prototype, u i is randomly chosen from a uniform distribution within the range [-ѱ ac /2, ѱ ac /2], and ѱ ac indicates the maximum level of acoustic noise. Following the original setting in de Boer's model, ѱ ac in the present model is set to 0.1.

𝑭𝒊 = 𝑭𝒊 𝟏 + 𝒖 𝒊 𝒊 = 𝟏, 𝟐, 𝟑, 𝟒; -𝝍 𝒂𝒄 /𝟐 ≤ 𝒖 𝒊 ≤ 𝝍 𝒂𝒄 /𝟐 (7) 
The acoustic noise ratio determines the articulatory threshold (T art ) and the acoustic threshold (T aco ), as in equation ( 8):

𝑻 𝒂𝒓𝒕 = 𝟑𝝍 𝒂𝒄 and 𝑻 𝒂𝒄𝒐 = 𝐥𝐧 (𝟏 + 𝝍 𝒂𝒄 ) 𝟎. 𝟏𝟕𝟏𝟗 -𝐥𝐧 (𝟏 -𝝍 𝒂𝒄 ) 𝟎. 𝟏𝟕𝟏𝟗 (8) 
Each game involves two randomly chosen agents, a speaker and a hearer. Each game round consists of five stages:

(1) Production by the speaker (subject to acoustic noise),

(2) Comprehension by the hearer (in relation to the vowel prototypes in the hearer's repertoire),

(3) Imitation (or re-production) by the hearer (subject to acoustic noise), (4) Comprehension by the speaker (in relation to the vowel prototypes in the speaker's repertoire),

(5) Prototype update by the hearer.

The game is judged successful if the vowel prototype, as perceived by the speaker at stage 4, is judged identical to the one produced by the speaker at stage 1. Otherwise, the game is considered to have failed.

The number of vowels in each agent's vowel repertoire is fixed. This is different from de Boer's original model, in which an agent's vowel repertoire is initially empty and the number of vowels in the repertoire increases through the random addition of new vowels in the acoustic space during imitation games (with the probability of 1% for most simulations).

In our simulations, the agents start and end simulations with the same fixed amount of vowels in their repertoires and they cannot add or delete vowels non-randomly.

In order to keep vowel prototypes distinct during simulations, each vowel prototype is assigned a tag, indicating the phonemic category to which it belongs. A single vowel category cannot have more than one vowel prototype. This is again distinct from de Boer's original model, in which vowel prototypes are only differentiated by their articulatory or acoustic parameters.

During imitation games, agents can perform the following operations:

(1) Move produced vowels closer to the perceived vowel (the "shift closer" operation).

This operation is performed by replacing the articulatory parameter values of perceived vowel by those of one of its six neighbours in the acoustic space. These are the vowels that are reached by changing either the value of p, h, or r in the positive or negative directions by the pre-established amount of 0.05. (This pre-established amount reflects the minimum difference in p, h, r value between two prototypes).

(2) Add new vowels that are a close imitation of the perceived vowel. In failed games, the hearer first judges whether the perceived vowel is strong. Strong vowels are those vowels whose success/use ratio is above the pre-established threshold of 0.7 (which means that that vowel was successfully used in 70% of all imitation games). If the perceived vowel is strong, the hearer makes no adjustment to it, but adds a new prototype in its repertoire to imitate that vowel in future games. The articulatory parameters of the newly added prototype are set as follows. First, the hearer randomly initializes a set of p, h, and r values for the newly-added prototype, and then continuously modifies these values by increasing or decreasing them by the pre-established amount of 0.05 (see (1) above). That operation is performed until both the articulatory and acoustic distances between the newly added prototype and the imitation vowel produced by the hearer are within the articulatory and acoustic thresholds. The counters of total and successful use of the newly added prototype are both set to 0. This is because that prototype has not been previously used in either production or comprehension.

(3) Throw bad vowels out of the system. Bad vowels are those vowels whose success/use ratio is below the pre-established threshold of 0.5 after they have been used at least 5 times.

(4) The final operation, which we added to the original set-up in order to incorporate the mechanism of contrast maintenance is the "shift away" operation. The "shift away" operation is designed to preserve contrast between distinct vowel prototypes. It is the exact opposite of the "shift closer" operation. It applies to (i) distinct vowels, whose articulatory and acoustic distances are within the articulatory and acoustic thresholds, and (ii) those perceived vowels in failed games, whose success/use ratio is below 0.7. The "shift away" operation consists of replacing the articulatory parameter values of the vowel in question by those of one of its six neighbours in the acoustic space. The purpose of this operation is to increase the acoustic distance between the modified prototype, on the one hand, and other prototypes in the agent's repertoire and/or other perceived vowel prototypes, on the other hand, so as to lower the chance of confusing the former with the latter in future games.

The list of vowels of an agent is updated depending on the outcome of the imitation games. Throughout each game round, the speaker and the hearer cannot look into each other's prototype repertoires. Any update of the vowel repertoire of an agent only makes use of local information and the vowels perceived by that agent.
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1. Video S1. The movements of all vowel prototypes for all agents in two runs in the eightvowel simulations.

2. Video S2. The movements of all vowel prototypes for all agents in two runs in the ninevowel simulations.

3. Tables 23: Acoustic distances between the average evolved vowels in the two sets of simulations, respectively, and the empirically observed vowels in Upper Xumi. 
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 8 /ɑ/, realized as [ɑ] in LX and corresponding to two phonemes, [ɐ] and [ɔ], in UX (as in 'to jump': LX [tsɑ⁵⁵], UX [tsɐ⁵⁵]; and 'tailor': LX [zu³³bɑ³⁵], UX [zu³³bɔ⁵⁵], cf. Kami Tibetan [zu³³bɔ⁵⁵], Written Tibetan bzo ba).

Figure 1 :

 1 Figure 1: Oral vowel systems of Lower Xumi and Upper Xumi
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 2 Figure 2: Changes in the phonetic realization of the vowel phonemes in UX. Plot of Nearey
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  (a)), 0.15 (Figure 8(b)), and 0.2 (Figure 8(c)), with 10 simulations in each case.

Figure 8 Figure 8 :

 88 Figure 8(d) compares the ratio of successful imitation games to all imitation games for four

Table 1

 1 

		: p, h, r, F1-F4, and F1-F2' values of the Lower and Upper Xumi vowels used in our
	simulations.						
	Tag, IPA p	h	r F1 (Hz) F2 (Hz) F3 (Hz) F4 (Hz) F1 (Bark) F2' (Bark)
	1, /i/	0.0 1.0 0.0	252	2202	3242	3938	1.83	15.62
	2, /e/	0.0 0.6 0.0	353	2089	2645	3479	3.53	14.20
	3, /ɛ/	0.0 0.4 0.0	444	1952	2482	3427	4.87	13.77
	4, /ʉ/	0.5 0.6 1.0	364	1277	2006	2994	3.72	11.34
	5, /ɐ/	0.5 0.2 0.0	580	1337	2203	3285	6.42	11.53
	6, /u/	1.0 1.0 1.0	276	740	2177	3506	2.10	7.84
	7, /o/	1.0 0.6 1.0	364	803	2134	3498	3.70	8.31
	8, /ɑ/	1.0 0.0 0.0	703	1074	2356	3486	7.54	10.00
	9, /ɔ/	1.0 0.4 1.0	440	859	2161	3479	4.81	8.70

Table 2 :

 2 Acoustic distances (in Bark) between average evolved vowels in the eight-vowel simulations (on the vertical axis) and the empirically observed vowels in Upper Xumi (on the horizontal axis). The positions of the empirically observed vowels are based on Figure3. The minimal distances are indicated in bold.

	The evolved vowels in the eight-vowel simulations	1 2 3 4 5 6 7	1 0.36 1.61 3.14 2.15 4.60 3.48 3.58	2 1.67 1.51 3.00 2.11 4.45 3.47 3.49	3 3.37 2.41 1.42 3.22 1.91 4.33 2.90	Upper Xumi vowels 4 5 2.22 3.97 1.79 2.64 1.76 1.94 0.50 3.17 3.19 0.45 1.51 3.93 1.29 2.18	6 2.63 1.75 2.71 0.83 4.02 0.59 1.75	7 3.61 2.09 1.50 2.09 1.87 2.38 0.52	8 4.85 3.55 1.84 4.07 0.57 4.73 2.90	9 4.44 2.94 1.35 3.13 0.94 3.45 1.59
		8	5.93	5.77	2.88	4.70	1.09	5.52	3.34	1.19	2.29

Table 3 :

 3 Acoustic distances (in Bark) between average evolved vowels in the nine-vowel simulations (on the vertical axis) and the empirically observed vowels in Upper Xumi (on the horizontal axis). The positions of the empirically observed vowels are based on Figure3. The minimal distances are indicated in bold.

	Upper Xumi vowels

Tone notation in Xumi and Kami is provided in the numerical five-scale pitch system developed by Yuen Ren[START_REF] Chao | ə sɩstəm əv "toun-lɛtəz[END_REF].

Note that /o/ has multiple allophones in UX including in addition to [o̝ ], also [ɵ] (as in [tʰɵ⁵⁵wɔ⁵⁵] 'hammer', LX [tʰo⁵⁵wɑ⁵⁵], cf. Kami Tibetan /tʰu⁵⁵wɔ⁵⁵/, Written Tibetan tho

Note that Xumi chain shift is different from the most familiar cases of vowel chain shifts (such as the Northern Cities Shift in American English) in that not all changes can be clearly represented by one vowel entering the space previously occupied by another (cf.Gordon 2002: 260-261).

The term "prototype" refers to the central point of a category.
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Vowel Chain Shift in Xumi

The previous descriptions of the two dialects of Xumi (Lower Xumi or [LX], and Upper Xumi [or UX]) (Chirkova and Chen, 2013;Chirkova et al., 2013) identified on the basis of cognate vocabulary a common system of eight vowels: 5