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This study examined the effectiveness of a videogame-based phonetic
training program for improving Greek listeners’ perception of two
American English vowel contrasts (/1/—/i:/and/ae/—/a/). The game
implemented a high-variability phonetic training paradigm that
exposed listeners to multiple voices and lexical items, with speech
stimuli generated using synthetic voices. Training consisted of
approximately 1.5 hours of gameplay conducted in both quiet and
multitalker babble, at progressively lower target-to-masker ratios.
Before and after training, identification accuracy was assessed in quiet
and in babble. The experimental group showed clear performance
gains, whereas a no-training control group showed no improvement.
Learning was observed for both vowel contrasts, under both quiet and
babble conditions. Partial generalization was observed to untrained
voices, but not to untrained lexical items. The results suggest that
brief game-based phonetic training with synthetic speech can
effectively induce phonetic learning and limited generalization across
both quiet and adverse listening conditions. Broader and more robust
transfer may require more extended training and greater variability in
training materials.
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1. Introduction

Accurate perception of nonnative speech sounds can be challenging for adult learners, especially when the target contrasts
are absent from their native language. These difficulties often persist even after years of experience with a second
language, impairing communication and limiting the attainment of second-language proficiency (Best & Tyler, 2007,
Flege, 2003; McCandliss et al., 2002).

The most widely studied case of segmental difficulty involves Japanese learners’ struggle to distinguish English /r/ and /1/,
a phenomenon first examined over fifty years ago (Goto, 1971; Miyawaki et al., 1975) and still actively researched today
(e.g., Saito et al., 2022; Shinohara and Iverson, 2021). Another well-known example is the difficulty non-Hindi speakers
face in discriminating between dental and retroflex stops (Golestani & Zatorre, 2004; Werker & Tees, 1983). While less
prominent in the literature, English vowel contrasts present a strong challenge for many nonnative listeners. Learners
from languages with smaller vowel inventories frequently struggle to acquire the vowel distinctions found in English,
which has a large and densely packed vowel space (Georgiou, 2019; Ladefoged & Johnson, 2011). Greek learners are no
exception.

Modern Greek has a simple five-vowel system (/i e a o u/), with acoustically well-separated vowel categories (Arvaniti,
2007). In contrast, American English includes approximately three times as many vowels, with phonemes that occupy
overlapping regions of the vowel space (Arvaniti, 2007; Ladefoged & Johnson, 2011). This mismatch often leads Greek
listeners to assimilate multiple English vowels into a single native-language category (Georgiou, 2019; Iverson & Evans,
2007; Lengeris, 2009). Common examples include /1/—/i:/ (ship—sheep) and /@/—/A/ (lack—luck), which are frequently
confused and miscategorized (Georgiou, 2019; Lengeris, 2009; Lengeris & Hazan, 2010).

These perceptual challenges are typically interpreted through influential models of second-language speech perception
including the Perceptual Assimilation Model, the Speech Learning Model and the Native Language Magnet model (Best,
1994; Best & Tyler, 2007; Flege, 2003; Flege & Bohn, 2021; Kuhl et al., 2008). The idea that language-specific
phonological categories function as a “phonological sieve” through which nonnative sounds are filtered, can be traced
back to early structural phonology (Trubetzkoy, 1969; see discussion in Flege, 2003). Contemporary models of second-
language speech perception build on this intuition. The Native Language Magnet model, in particular, emphasizes the
warping of perceptual space due to early exposure to ambient native-language input, leading to neural commitment to
native sound patterns even before the end of the first year of life (Kuhl et al., 2008). This early specialization can explain
the persistent difficulties that adults face in perceiving nonnative speech. However, not all contrasts are equally difficult.
According to the Perceptual Assimilation Model, when two second-language sounds are assimilated into the same native-
language category—a process known as single-category assimilation—discrimination is expected to be particularly poor
(Best, 1994). This pattern may also occur in Greek learners of English, who appear to assimilate the /v/—/i:/ and /&/—/A/
contrasts to their native /i/ and /a/, respectively (Georgiou, 2019). The Speech Learning Model, and its revised version
(Flege, 2003; Flege & Bohn, 2021) highlight the role of age, experience, and linguistic input. While acknowledging age-
related decline in phonetic plasticity, it rejects the idea of a strict critical period and maintains that adults retain the ability
to acquire new phonetic categories. Together, these models help explain why certain vowel contrasts remain challenging
even after extensive exposure to a second language, and why targeted phonetic training may be necessary to support
phonetic learning.

It is well-documented that phonetic training can lead to significant perceptual improvements, even for challenging
contrasts (Iverson et al., 2005; Lively et al., 1993; Logan et al., 1991; McCandliss et al., 2002). A widely used method is
high-variability phonetic training, which emphasizes the use of multiple talkers and lexical items during training
(Bradlow, 2008; Iverson et al., 2005; Lively et al., 1993; Logan et al., 1991; Shinohara & Iverson, 2021; Uchihara
etal., 2025). In a seminal study, Lively et al. (1993) showed that training with multiple speakers promotes generalization
to untrained voices, whereas training with a single voice often results in talker-specific representations. Subsequent
studies have replicated and extended these findings across a range of nonnative contrasts and learner populations
(Lengeris & Hazan, 2010; Leong et al., 2018; Uchihara et al., 2025; Wang et al., 1999).

In terms of training structure, studies have typically employed explicit identification and discrimination tasks, with
immediate performance feedback (Bradlow, 2008). More recent work has explored alternative approaches, including
implicit and unsupervised learning paradigms, as well as the use of gamification in phonetic training (Guevara-Rukoz
etal.,2019; Lim et al., 2019; Lim & Holt, 2011; Saito et al., 2022; Vlahou et al., 2012; Vlahou et al., 2019; Wade & Holt,
2005). Gamification involves incorporating game-like elements such as visual feedback, points, or levels into non-game
contexts to enhance engagement and motivation (Deterding et al., 2011; Hamari et al., 2014). Work by Holt and
colleagues has demonstrated that game-based environments can produce perceptual gains comparable to, and in some
cases exceeding, those from traditional methods (Lim & Holt, 2011; Wade & Holt, 2005). In this context, sound
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categories are not explicitly taught; rather, learning occurs incidentally, as successful performance in the game depends
on the ability to distinguish the relevant speech sounds (Lim et al., 2019; Lim & Holt, 2011; Saito et al., 2022; Wade &
Holt, 2005).

A relatively less studied issue concerns the ecological validity of the listening environment during training. In everyday
settings, listeners must cope with background noise, reverberation, and competing talkers, yet most phonetic training
studies are conducted under idealized, quiet conditions. Some recent work has begun to address this gap. For example,
Vlahou et al. (2019) found that gamified training with reverberant speech from various rooms improved implicit learning
of a difficult Hindi contrast. Leong et al. (2018) showed that adaptive background noise during high-variability phonetic
training produced rapid learning of English speech sounds, with improvements generalizing to untrained sounds and
persisting six months later. Despite these promising findings, research on incorporating realistic adverse listening
conditions into phonetic training is still at an early stage.

Parallel developments in text-to-speech synthesis and Al voice generation offer new opportunities for research in speech
perception (e.g., King, 2014). Synthetic speech offers increased control over acoustic parameters and allows for rapid
generation of large stimulus sets without the time-consuming processes required for natural recordings (Nuesse et al.,
2019). Although early text-to-speech systems were limited by poor intelligibility, modern text-to-speech technologies
produce speech that is comparable to natural recordings (King, 2014; Nuesse et al., 2019). Recent work further shows that
participants perform equally well, or even slightly better, with synthetic speech in masked sentence recognition tests and
are unable to reliably indicate whether the speech comes from a human or synthetic talker (Calandruccio et al., 2025).
These findings are encouraging, but more work is needed to better understand the advantages and possible limitations of
using synthetic speech in phonetic training.

Motivated by these converging lines of research, this study investigates whether a videogame-based high variability
phonetic training program, with synthetic voices and both quiet and adverse listening conditions, can improve Greek
learners’ perception of two American English vowel contrasts: /i/—/i:/ (e.g., ship—sheep) and /&/—/a/ (e.g., lack—luck). As
noted above, these contrasts are often difficult for Greek listeners, due to the limited vowel inventory of their native
language which lacks distinct phonemic counterparts for many English vowels (Arvaniti, 2007; Georgiou, 2019;
Lengeris, 2009; Lengeris & Hazan, 2010).

Greece demonstrates very high English literacy, as reflected in its 8th-place global ranking in the EF English Proficiency
Index (EF Education First, 2023). English is widely taught from an early age through formal education, private tutoring
and cultural exposure to English via music and media. However, Greek learners often don’t pay attention to English
phonemic contrasts not used in their language. While some of them may perform well in quiet, focused listening tasks, we
expected their accuracy to decline in fast-paced, noisy conditions—situations that better reflect real-world communica-
tion challenges.

To investigate these effects, participants completed a training program that followed a high variability phonetic training
approach (Lively et al., 1993), with multiple words presented by four synthesized text-to-speech voices. The task was
presented within a custom videogame (PhonemeQuest) that incorporated adaptive difficulty and visual and auditory
reward elements. The game is publicly available as an open research prototype (see Data availability statement). As
players advanced, background babble was introduced and gradually increased in intensity. Before and after training,
participants were tested with trained and untrained words, produced by voices used during training, and with words
produced by unfamiliar voices.

We hypothesized that participants who completed the videogame-based training would show significant gains in vowel
identification accuracy from pre- to post-test, in both the quiet and the multitalker babble condition for the trained
speakers and tokens. Given the high-variability input, we also predicted partial generalization to untrained words and
voices, consistent with previous findings from high-variability phonetic training studies (Leong et al., 2018; Lively et al.,
1993; Uchihara et al., 2025). In contrast, we expected no significant improvement in a no-contact control group who
completed the same tests without any training.

2. Material and methods

2.1 Participants

Eighteen adult native speakers of Greek (9 female, 9 male; age range: 25-46 years) participated in the study. All reported
normal hearing and no history of speech or language disorders. English proficiency ranged from upper-intermediate to
advanced, based on years of formal instruction, language certifications (CEFR B2 or higher), and, in some cases, studies
abroad. Participants were randomly assigned to either an experimental group (n = 9), which completed approximately
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1.5 h of gamified phonetic training, or a control group (n=9), which received no training but completed the same pre- and
post-tests.

2.2 Stimuli

The speech stimuli consisted of 24 synthesized English words forming 12 minimal pairs (words differing by only one
phoneme, e.g., ran—run), targeting two vowel contrasts known to be difficult for Greek learners: /1-i:/ (e.g., bit-beet) and
/®-Aal (e.g., lack—luck). The full word list is shown in Table 1.

All stimuli were generated using six synthesized text-to-speech voices representing adult native speakers of American
English (three female), produced using a publicly available text-to-speech service (ttsfree.com). To ensure intelligibility,
the stimuli were pre-tested in a forced choice identification task by a native speaker of American English, who achieved
100% accuracy, confirming that the materials were clear and unambiguous.

A multitalker babble masker was used in both training and testing, created from the BKB sentence corpus (Bench et al.,
1979). Recordings from 12 different speakers were combined to form a single multitalker babble track. No additional
level normalization was applied prior to mixing, as the original BKB recordings are relatively uniform in overall level.
The resulting babble was approximately 1 minute in duration; when the available sentence material was exhausted,
segments were repeated to reach the target length.

All speech stimuli and the final babble track were amplitude normalized to a fixed RMS level and saved in 44.1 kHz,
16-bit WAV format.

2.3 Procedure
All participants were informed about the nature of the study and gave written informed consent prior to participation.

This experiment followed a standard pre-test—training—post-test design. Participants in the experimental group completed
an initial pre-test, three training sessions, and a final post-test, each lasting approximately 30 minutes, for a total
experiment duration of about 2.5 hours. Participants in the control group completed the same pre- and post-tests without
intervening training. Training sessions were conducted using PhonemeQuest, a Unity-based phonetic training video-
game. All sessions, including pre-test, training, and post-test, were completed within a minimum of three and a maximum
of five consecutive days.

2.3.1 Training

Figure 1B shows a visual schematic of the training procedure. Participants in the experimental group completed trials
within a 3D endless-runner style videogame, in which a character advanced through a desert or green landscape. In each
trial, two words forming a minimal pair (e.g., nut—gnat) were played in sequence, separated by a short interval. After
audio playback, two response pairs appeared in the 3D environment, one positioned behind the other. Each pair contained
two floating 3D objects (e.g., a cluster of nuts representing nut and a flying insect representing gnat), along with the
corresponding word labels. Players had to select the correct item from each pair, in the correct order (e.g., first nut, then
gnat), either by jumping through the object or passing underneath it. For training, each participant was exposed to six
minimal pairs (three per contrast), with item sets counterbalanced across participants. Four voices (2 female), the same for
all participants, were used during training.

Feedback was provided after each trial. A response was scored as correct only if the participant selected both words of the
pair in the correct order, resulting in a reward sound, a visual effect and a + 1 score increase (Figure 1B4). All other
response outcomes were logged in detail, including partial responses, incorrect selections and omissions at either
response position, but were classified as incorrect. Task difficulty adapted over time; three consecutive correct responses
led to a level increase, while any incorrect response led to a level decrease.

Table 1. Minimal pairs for the two target vowel contrasts.

Contrast Minimal pairs
-1/ bit-beet; still-steel; ship-sheep; dip-deep; bin-bean; fit-feet
NS cup-cap; run-ran; luck-lack; fun-fan; bud-bad; nut-gnat
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A Testing

Nut B Training

Score: 6

Figure 1. Task schematic of testing and training. A. Testing. In each trial, participants heard a single word from a
minimal pair (e.g., bit or beet) and performed a two-alternative forced-choice task (2AFC) by selecting the correct
matching word from two response options displayed on the left and right side of the screen. No feedback was
provided during testing. B. Training. (1) Each trial began with the player running through the game environment.
Two speech sounds (e.g., nut-gnat) were presented in sequence. Next, two response pairs appeared along the path,
each consisting of the same minimal pair (e.g., nut-gnat). The first pair appeared a short distance ahead of the player,
while the second farther along the path, behind the first pair. (2-3) The participant had to select the correct words in
the correct order by navigating to the appropriate items. (4) Correct responses to both items resulted in a + 1 point
score increase and a reward sound.

The game had 8 difficulty levels. As players progressed to higher levels, the game became more challenging along two
dimensions. First, character movement speed increased gradually across levels, requiring faster perceptual decisions and
responses. Second, multitalker babble was introduced at Level 6 at a target-to-masker ratio (TMR) of approximately
+1.5 dB, and increased in intensity at subsequent levels (Level 7: —3.5 dB; Level 8: —8.5 dB). The babble was presented
continuously throughout each trial and was not temporally synchronized with target word presentation.

Each training session consisted of two blocks, one for the /i-i:/ contrast and one for the /&-A/ contrast, with block order
counterbalanced across participants. Within blocks, speakers and items were randomized, and word order within each
pair was counterbalanced (five presentations in each order). Each session included 240 trials (4 speakers x 2 contrasts x
3 minimal pairs x 10 repetitions).

2.3.2 Testing
All participants completed the same pre- and post-test sessions, which consisted of a two-alternative forced-choice
(2AFC) identification task. On every trial, a single word from a minimal pair was presented through headphones (e.g.,

bit), and participants chose between the two corresponding written alternatives from that pair (e.g., bit vs. beet)
(Figure 1A). No feedback was provided during testing.
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Each phonetic contrast included six minimal pairs: the three that were used during training, plus three that served as
untrained items. All synthetic voices were presented during testing, the four used in training plus two additional voices
(one male and one female). Including untrained voices and items in testing allowed us to assess generalization of learning
beyond the specific trained stimuli. Stimuli were presented in two listening conditions: quiet and multitalker babble at
a —4 dB signal-to-noise ratio (SNR). Each test session followed a fixed order. First, trained voices were presented in quiet
for one phoneme contrast (order counterbalanced), followed by the second contrast. The same sequence was then
repeated with babble noise. In the final block, the two untrained voices were presented, first in quiet, then in babble. Trials
within each block were randomized. Each pre- and post-test session included 576 trials (6 speakers x 2 phonetic contrasts
x 2 listening conditions x 12 words per contrast x 2 repetitions).

2.3.3 Analysis

All analyses were conducted using mixed-effects models, with participants treated as random effects. We report two sets
of analyses. First, we examine whether training led to improved performance by analyzing pre- and post-test identifi-
cation accuracy. These analyses assess effects of condition (experimental vs. control), time (pre vs. post), and stimulus
familiarity (trained vs. untrained speakers and items), as well as listening condition (quiet vs. masked) and phonetic
contrast (/1-i:/ and /&—A/).

Second, we analyze performance during training to assess learning dynamics across sessions, using changes in achieved
difficulty level over time as the primary outcome measure.

Due to logging errors, one participant in the experimental group completed approximately 25% more pretest trials than
intended (distributed evenly across conditions), one participant was missing a single post-test trial, and session-1 training
data were not recorded for one participant (although the session was completed).

3. Results

3.1 Testing

To evaluate training effects, we analyzed accuracy from the 2AFC task administered at pre- and post-test (Figure 1A). In
this task, participants heard a single word (e.g., bit) presented either in quiet or in multitalker babble and selected the
matching written alternative from the corresponding minimal pair.

We fitted a generalized linear mixed-effects model (binomial link) implemented in Ime4 (Bates et al., 2015). The model
included fixed effects of condition (experimental, control), time (pre, post), speaker familiarity and item familiarity
(familiarity coded as trained: speakers/words presented during both training and testing, untrained: speakers/words
presented only during testing), with all two- and three-way interactions among these factors. We also included listening
condition (speech presented in quiet or masked with multitalker babble) and phoneme contrast (/1-i:/vs. /&—a/) as additive
predictors. The model was specified as:

accuracy ~ condition * time * speaker * item + listen + contrast + (1]|subj)

A maximal random-slopes structure resulted in near-perfect intercept—slope correlations, so a random-intercept model
was adopted (Baayen et al., 2008; Bates et al., 2015; Matuschek et al., 2017). There was a main effect of Speaker (5 =0.20,
p =.036), Listening Condition (# = 0.15, p <.001), and Contrast (f = —0.16, p <.001), as well as a significant Time x
Condition interaction (#=0.27, SE=0.11, z=2.47, p =.014). No other main effects or interactions reached significance
(all p > .09).

Figure 2 illustrates the Time x Condition interaction: the experimental group showed higher post-test vs. pre-test
accuracy, whereas the control group showed no change. Follow-up contrasts derived from the fitted model (computed on
the logit scale using the emmeans package; Lenth, 2024) indicated a significant pre-post improvement in the experimental
group (f =0.23, p <.001), but not in the control group (f = 0.02, p =.65).

Although higher-order interactions involving speaker and item familiarity were not statistically significant, we conducted
exploratory contrasts to examine whether this interaction differed across combinations of speaker and item familiarity.

The analysis showed that the experimental group improved for trained items from both trained speakers (8 = 0.38,
p <.001) and untrained speakers (= 0.34, p =.013), whereas no corresponding improvement was observed in the control
group (all p > .40). For untrained items, pre—post changes were not significant (all p > .17). Figure 3 illustrates these
effects.
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Figure 2. Pre- and post-test accuracy by group. Pre- and post-test accuracy in the 2AFC test for the experimental
and control groups, averaged across listening conditions, phoneme contrasts, speakers, and items. Boxplots show
the median (thick horizontal line) and interquartile range (box); whiskers extend to the most extreme values within
1.5 x the interquartile range. Diamonds indicate group means. Symbols are consistent across figures to identify the
same participants.

The omnibus test showed that performance was higher in the quiet condition (70.9%) than in the masked condition
(68.1%), as the multitalker babble degraded speech perception (Figure 4, left panel). The main effect of contrast shows
that overall accuracy was lower for the /&—a/ pair (68 %) than for /1-i:/ (71.1%), suggesting that the former is more difficult
for Greek listeners (Figure 4, right panel).

To confirm that the training effects were similar across the two vowel contrasts and listening conditions, we ran follow-up
analyses using emmeans. There was a significant pre—post improvement for both contrasts (/1-i:/, /@—a/) and for both
listening conditions (quiet, masked; all p <.0001). The control group showed no pre—post changes in either contrast or
listening condition (all p > .65). These effects are visualized in Figures 5 and 6.

Finally, the main effect of speaker (slightly higher accuracy for untrained voices) was unexpected. To explore whether it
reflects intelligibility differences present before training, we examined pre-test accuracy only. The two untrained voices
(05, 09) were already the most intelligible at baseline ( 0.70), exceeding all four trained voices (0.65-0.69; see
Appendix A, Figure A1). A simple-effects contrast confirmed this difference (trained — untrained: f= —0.14, SE=0.047,
z=-2.98, p=.003).

3.2 Training

Improvement in performance during training can be quantified in several ways, such as changes in score, number of
errors, or level progression. In this analysis, we focused on participants’ average level across trials and sessions. Higher
levels reflect successful performance under more challenging conditions, as they involved increased movement speed
and stronger multitalker babble. If participants improved over time, they should reach higher difficulty levels more
quickly in later sessions compared to earlier sessions and sustain them for more trials.

To examine this, trials in each session were grouped into bins of 80, and for each participant we calculated the mean level
per bin and session. Figure 7A shows the average level per bin and session at the group-level. Visual inspection suggests
that mean levels increased across sessions, and participants tended to reach higher levels earlier in later sessions. This
pattern is further illustrated in Figure 7B, which shows the distribution of difficulty levels across bins for each session.
Across sessions, higher levels (6-8) became more frequent and were reached earlier in the session.
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Figure 3. Pre- and post-test accuracy by group and familiarity. Pre- and post-test accuracy in the 2AFC identifi-
cation task for the experimental and control groups as a function of item and speaker familiarity. Results are shown
separately for trained and untrained speakers (rows) and items (columns), averaged across listening conditions and
phoneme contrasts. Boxplots and participant symbols are as in Figure 2.
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Figure 4. Accuracy by listening condition and vowel contrast. Accuracy in the 2AFC test as a function of listening
condition and phoneme contrast, averaged across groups and time. Boxplots and participant symbols as before.
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Figure 5. Pre- and post-test accuracy across listening conditions in the experimental group. Pre- and post-test
accuracy for the experimental group in quiet and masked conditions. Boxplots and participant symbols as before.
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Figure 6. Pre- and post-test accuracy by vowel contrast in the experimental group. Pre- and post-testaccuracy in
the 2AFC test for the experimental group across vowel contrasts (/1-i:/ and /ae-a/). Boxplots and participant symbols
as before.

To evaluate training-related improvement, a linear mixed-effects model was fitted in Ime4 (Bates et al., 2015) predicting
mean level as a function of Session (1-3) and Trial Bin (1-3), and their interaction, and random intercepts for participants:

mean level ~ Session * Bin + (1]|subj)

Fixed effects were evaluated using Type III F-tests with Satterthwaite degrees of freedom, and pairwise comparisons
were obtained using estimated marginal means (emmeans; Lenth, 2024). There were significant main effects of Session,
F(2,64)=10.68, p <.001, and Bin, F(1, 64) =10.52, p =.002, and no Session x Bin interaction, F(2, 64)=0.06, p =.94.
Pairwise comparisons (Tukey-adjusted) confirmed increases from Session 1 to 2 (p = .007) and from Session 1 to
3 (p < .001), with no difference between Sessions 2 and 3 (p =.32).
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Figure 7. Training performance across sessions and difficulty levels. Training performance across sessions.
(A) Mean difficulty level per session and trial bin (80 trials per bin). Error bars represent standard errors across
participants. (B) Distribution of difficulty levels across trial bins for each training session (data combined across
participants). Each stacked bar represents the proportion of trials completed at each level (1-8), with darker shades
indicating higher difficulty levels.

4. Discussion

This study examined whether brief training with a videogame-based program could improve Greek learners’ perception
of two challenging American English vowel contrasts: /1-i:/ and /&-A/. Participants completed about 1.5 hours of high-
variability phonetic training, conducted in both quiet and multitalker babble conditions, across three sessions. At post-
test, the experimental group showed clear improvement: accuracy increased by roughly 7% for trained items from trained
speakers, with partial generalization to untrained voices. These gains were not observed in the control group. These
findings are consistent with previous work showing that brief training can enhance nonnative segmental perception (e.g.,
Iverson et al., 2005; Lim and Holt, 2011; Vlahou et al., 2012; Vlahou et al., 2019) and offer initial support for the potential
usefulness of the training program.

Exploratory analysis suggested that performance gains in the experimental group were not restricted to the specific voices
used during training, indicating some degree of generalization. However, this transfer was only partial: listeners showed
improvement for trained items spoken by untrained voices (+6%), whereas gains for untrained items spoken by trained
voices were small (+3%), and no improvement was observed for untrained items produced by untrained speakers. The
training incorporated high variability phonetic training, with four different voices and three word pairs per contrast. Such
variability is thought to encourage learners to attend to stable, contrast-relevant cues rather than idiosyncratic features of
individual voices or words (Lively et al., 1993; although some recent accounts suggest that learners may instead rely on
simpler decision strategies, see Shinohara & Iverson, 2021). In this study, the amount of training was substantially smaller
than in most high variability phonetic training studies, which often span several hours or multiple weeks (e.g., Lively
et al., 1993; Pruitt et al., 2006; Shinohara and Iverson, 2021). With such limited exposure, the observed partial
generalization is unsurprising. A potentially fruitful direction for future work is to introduce talker and item variability
adaptively, gradually increasing diversity as performance on current words and talkers stabilizes (see e.g., Pruitt et al.,
2006).

As expected, overall performance was poorer in the masked condition, confirming that multitalker babble substantially
reduced performance. Importantly, however, there was learning for both contrasts across both listening conditions (see
Figures 5 & 6). Figure 7 further shows that during training participants reached higher difficulty levels across sessions and
maintained performance even as background babble increased and even dominated the signal (—8.5 dB TMR). The
babble used here represents a demanding masker type, combining energetic and informational interference, both of which
are known to affect non-native listeners more strongly than native listeners (Garcia Lecumberri et al., 2010; Jafari et al.,
2025; Leong et al., 2018). The —4 dB SNR used during masked testing is representative of many everyday listening
situations, such as conversations in cafeterias, classrooms, or busy offices, where speech remains intelligible for native
listeners but poses significant difficulty for nonnative listeners (Garcia Lecumberri et al., 2010). Taken together, the
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results suggest that training-related improvements can extend to acoustically challenging conditions similar to those
encountered in everyday communication.

It should be noted that, in natural listening environments, normal-hearing listeners typically benefit from spatial release
from masking, i.e., spatial separation between target and competing talkers (e.g., Freyman et al., 1999; Shinn-
Cunningham et al., 2001). Because spatial cues were not simulated in the present study, participants were deprived of
important cues that would facilitate speech segregation and intelligibility that normally supports speech-in-noise
perception. Thus, the multitalker babble used here likely represents an extra demanding listening scenario, suggesting
that the observed training-related gains might be more conservative estimates of potential real-world benefits.

A key feature of this study was the use of synthesized speech generated with text-to-speech systems. Synthetic speech
offers several practical advantages: it removes constraints such as limited speaker availability, enables precise control
over acoustic and prosodic parameters, and allows rapid creation of large stimulus sets. These features can be particularly
beneficial for high variability phonetic training research. Although there are concerns about naturalness of synthetic
voices, recent text-to-speech systems have improved substantially and can perform comparably to natural speech in
perception tasks (Calandruccio et al., 2025; Nuesse et al., 2019). In this study, an initial validation with a native speaker
confirmed that the phonetic stimuli were intelligible, and post-training results suggest that they induced learning. At the
same time, the two untrained voices were already more intelligible at pre-test than the trained voices. All voices were
obtained from the same text-to-speech platform and selected using the same procedure, and during our initial inspection
of the speech materials we did not find these voices more hyperarticulated or perceptually easier to understand than the
others. Their higher intelligibility may therefore reflect normal variability among the available synthetic voices, similar to
what is observed among natural voices. There is some evidence that there is more variability in recognition scores
between human and synthetic voices (Calandruccio et al., 2025), although additional work is needed to corroborate this
finding and assess its implications for the selection and design of text-to-speech voices in phonetic training research.
Overall, synthetic speech is a promising tool, but further work is needed to determine when and how it supports phonetic
learning.

The paired format of the task may have facilitated learning. Presenting minimal pairs in immediate succession (e.g., bit—
beet) likely promoted contrastive processing by drawing attention to the critical phonemic differences. Future work could
compare this format with a single-token identification task, which is already implemented in the game, to determine
whether the contrastive presentation offers any advantage. An additional manipulation of interest would be to vary
speaker identity within a trial. In the current version, both words of the minimal pair are produced by the same speaker,
which may reduce irrelevant acoustic variability and support early contrast formation. In future versions, using different
speakers for the two tokens could further enhance learning by encouraging abstraction over talker-specific characteristics,
thereby directing attention toward phonemic rather than idiosyncratic voice-related cues. At the same time, such a
manipulation would likely increase task difficulty by introducing additional acoustic variability within trials, which
might not be ideal during early stages of learning. Future work could examine how within-trial speaker variability affects
learning.

Informal brief self-reports after training suggested moderate increases in perceived phonemic awareness and high
engagement with the game. These subjective ratings should be interpreted with caution, but they suggest that the
game-based format may support motivation and sustained participation.

The present study was performed with adult Greek speakers with upper- to high English proficiency. Even in this
relatively experienced group, the short, 1.5-hr training led to measurable improvement. Larger effects might be expected
in less experienced learners with lower proficiency or younger populations, where phonological categories remain more
plastic (Flege, 2003; Flege & Bohn, 2021; Shinohara & Iverson, 2021). Analysis of the training data showed that most
participants improved their performance over the course of the game (Figure 7). However, interpretation of the level
distributions (Figure 7B) requires some caution, as difficulty was capped at level 8, such that participants who reached
this level could not progress further, reducing across-subject variability in later trial bins. Despite this ceiling effect, the
shift toward reaching higher levels earlier and staying there longer across sessions suggests an improved ability to handle
increased task difficulty.

Several limitations should be acknowledged. First, the sample size was small, which reduces statistical power and limits
the generalizability of the findings. Second, the study did not include follow-up testing, so it remains unclear whether the
observed improvements were retained over time. Third, the number of items per contrast was modest (only three during
training), which may have restricted the range of phonetic variation available to learners. In addition, the adaptive
procedure used —8.5 dB TMR as the highest difficulty level. While some level of background babble is useful for
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approximating adverse real-world listening conditions, very low TMRs risk shifting the task away from phonetic
discrimination, as the relevant acoustic cues become difficult to access. This also created a practical limitation during
training: two higher-performing participants reached the ceiling early, leaving little room for additional improvement
once the task became dominated by noise. Importantly, the primary goal of the training was to promote robust phonetic
learning and generalization, rather than performance in extremely adverse listening conditions. From this perspective,
future versions of the game would benefit from using a finer TMR progression and a narrower noise range (e.g., down to
—6 dB), which would better preserve access to phonetic cues while maintaining ecological validity. Increases in task
difficulty could then be achieved more effectively by adding more voices and tokens, thereby increasing phonetic and
talker variability—an approach more directly aligned with mechanisms known to support generalization in phonetic
learning—rather than relying on increasingly extreme babble levels. Finally, training was brief—approximately 1.5 hours
across three sessions. Although the observed improvements are encouraging, longer and more distributed training
schedules typically yield stronger and more stable learning.

Despite these limitations, the study provides initial evidence that a videogame-based high-variability phonetic training
with synthetic speech, delivered in both quiet and babble conditions, can support improvement in difficult English vowel
contrasts. Because the program is open-source, it can be adapted to other languages and learner groups, including those
whose native language has small vowel inventories, such as Spanish or Italian. A game-based format may help sustain
motivation, making the platform potentially useful for classroom and experimental applications.
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