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This study investigates how background noise in listening materials affects second 

language (L2) learners’ speech perception at the phoneme level, focusing on minimal-

pair discrimination. While noise is inevitable in real-world communication, most 

materials use clean audio. To explore optimal noise conditions, an AX task was 

conducted. Thirty-three Japanese participants listened to 44 minimal pairs differing in 

vowels or consonants. Pairs were presented under eight experimental presentation 

configurations (e.g., clean–clean, clean–noisy). Participants judged whether the words 

were identical. Accuracy rates were analyzed using generalized linear mixed-effects 

models and were lower for consonant pairs, especially when both words were noisy. 

Acoustically, F1 differences between words predicted higher accuracy, whereas F2 and 

peak frequency differences predicted lower accuracy, suggesting noise-induced 

misperception. These findings imply that indiscriminate noise may hinder L2 auditory 

processing. Listening materials can be designed to achieve an appropriate level of 

difficulty by considering how noise affects acoustic cues. 

 

INTRODUCTION 

 

L2 speech perception in English frequently presents a significant challenge for many Japanese 

learners of English as a foreign language (EFL). This difficulty is often exacerbated by a variety 

of factors inherent in real-life environments, which differ markedly from idealized classroom 

settings, even for learners at an advanced proficiency level (Osawa et al., 2018; Van 

Wijngaarden, 2002). 

 

In real-life communication, the presence of background noise is unavoidable. However, many 

listening materials used in language education consist of “clean” audio, i.e., no background 

noise. It has been pointed out that L2 learners may have become accustomed to these idealized 

listening conditions (Hodoshima, 2009). This discrepancy creates a significant gap between 

classroom training and real-world environments. Consequently, when encountering noisy 

conditions outside the classroom, L2 learners face compounded perceptual challenges, as L2 

learners are required to simultaneously manage not only the challenges of their limited language 

knowledge but also the perceptual difficulties arising from signal degradation (Lecumberri et al., 

2010). 

 

Previous research investigating speech perception in adverse conditions has largely focused on 

the influence of reverberation within indoor environments, such as classrooms. Studies have 
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consistently shown that factors such as reverberation time and ambient noise level significantly 

degrade speech intelligibility (Bradley, 1986). 

 

Despite these findings, the specific mechanisms by which various types of acoustic degradation 

led to listening difficulties remain underexplored, and acoustic analyses of individual phonemes 

under controlled noise types are still limited, particularly in Japanese EFL learners. Therefore, 

the present study aims to address this gap by investigating the effects of various noise 

environments on the phoneme-level lexical discrimination of Japanese EFL learners. 

 

LITERATURE REVIEW 

 

Speech Degradation Due to Reverberation in Indoor Environments 

 

Bradley (1986) conducted a widely cited study on classroom acoustics, noting that many 

contemporary recommendations for noise levels and reverberation times lacked a clear theoretical 

basis and led to inconsistent results. Masuda (2016) investigated the specific impact of 

reverberant listening environments on the identification of English consonants by Japanese 

listeners. The results confirmed that as reverberation time increases, consonant accuracy rates 

decrease.  

 

The Relationship Between Noise and Listening Materials 

 

The previous section investigated the effects of reverberation. Acoustically, reverberation reduces 

speech intelligibility primarily through delayed sound reflections that overlap with the speech 

signal. In contrast, background noise impairs perception through energetic masking. These 

phenomena occur simultaneously in real-world environments and exacerbate L2 listening 

difficulties, given that the present study focuses on how specific acoustic features are affected by 

noise, the following sections focus on the effects of background noise. 

 

Buck (2001) reported that white noise was once synthesized into audio tracks to intentionally 

reduce the amount of information available and increase task difficulty in his review of the history 

of listening assessment, but that this type of noise was disliked by learners. Consequently, test 

creators prioritized eliminating background noise. However, the potential validity of replacing 

noise with more realistic background sounds has also been highlighted. Hodoshima (2009) further 

demonstrated that word recognition in environments with noise and reverberation was 

significantly lower than in “clean” environments. This finding suggests that training learners 

exclusively with idealized, “clean” audio may be insufficient for preparing them for real-world 

listening challenges. 

 

However, simply adding noise may not be an effective solution. Hazan and Simpson (2000) 

explored “Cue-Enhancement,” the intentional acoustic exaggeration of phonemic features, to 

improve consonant intelligibility in noise. While this enhancement did improve accuracy for some 

consonants, it was ineffective for others (e.g., distinguishing /m/ from /n/) and, in some cases, 

counterproductive, causing misidentification (e.g., an enhanced /f/ being misperceived as an /s/). 

Such errors highlight the L2 phonological category formation, as learners may erroneously map 

distorted acoustic cues onto incorrect phonemic representations. This suggests that it is necessary 
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to observe how acoustic features of individual phonemes change in noise and to identify the 

appropriate degree of acoustic variation. 

 

The Influence of Background Noise on Speech Perception 

 

Fujita (2022) conducted a dictation task in noise and found that as the noise level increased, both 

the participants’ correct answer rates and their subjective “confidence level” (assessed via 

questionnaire) decreased. Furthermore, the type of noise is a critical variable. Broersma and 

Scharenborg (2010) investigated the perception of English consonants by native and non-native 

listeners under different noise types. Results revealed that non-native listeners found consonant 

identification particularly difficult, especially in multi-talker babble. L2 learners often struggle to 

dynamically adjust their cue weighting strategies when primary acoustic cues are masked. This 

finding underscores the need for detailed analysis of how specific noise types interact with the 

acoustic properties of specific phonemes. This finding also illustrates that noise can 

fundamentally alter the perceptual weighting of acoustic features. It implies that simply adding 

noise to listening materials is insufficient, and that a phoneme-level analysis is required to 

understand the resulting acoustic changes and their perceptual consequences. 

 

Based on these findings, Kanayama and Ono (2025) conducted a dictation task using three types 

of noise. Japanese EFL learners listened to sentences under three types of background noise: 

white noise, traffic noise (primarily the sound of vehicles in motion), and street noise 

(predominantly the sound of pedestrians walking) and five signal-to-noise ratio (SNR) levels and 

input the first and last words of each sentence. Figure 1 illustrates dictation accuracy across three 

types of noise. The x-axis represents SNR, ranging from −10 dB (Condition A, the least noisy) to 

−15 dB (Condition E, the noisiest). Furthermore, the upper panel corresponds to the first word of 

the sentence, while the lower panel represents the last word. Results showed that white noise 

significantly reduced both comprehension and ease of listening, while traffic and street noise had 

smaller effects, and the main effect of noise level and zero crossings were significant. This finding 

may be attributed to the fact that white noise possesses a uniform distribution of acoustic energy 

across all frequency bands, thereby masking a substantial portion of the speech information 

necessary for perception. For Japanese learners, zero crossings suggested that background noise 

affected perception of voiced consonants, which can be attributed to the degradation of high-

frequency acoustic cues associated with consonantal segments due to the presence of noise. These 

results indicate that specific types of noise and the resulting changes in acoustic features affect 

listening performance. Furthermore, the findings suggest that when adding noise to listening 

materials, it is necessary to observe how the noise alters the speech signal and to design the 

materials so that the noise provides an appropriate level of difficulty. 

 

Synthesizing these findings, while the general effects of masking on L2 perception are well 

established, the specific phoneme-level acoustic interactions under controlled noise types remain 

largely underexplored. 
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Figure 1 

Mean Answer Rate in Kanayama & Ono (2025) 

 
 

Research Questions 

 

As shown in Figure 1, the experiment conducted by Kanayama and Ono (2025) revealed that the 

accuracy rate for the final words of sentences was relatively high, suggesting the possible use of 

contextual information. Nonetheless, the effects on the perception of words, independent of 

contextual support, were not examined. Previous research has shown that certain phonemes 

become difficult to perceive under noisy conditions (Gat & Keith, 1978), and it is also known 

that L2 learners’ word recognition depends on their ability to distinguish individual phonemes 

(Meador et al., 2000). For this purpose, a lexical perception task was conducted using words 

designed to cover a wide range of English vowel and consonant phonemes. 

 

The primary objective was to quantitatively investigate the factors through which background 

noise impacts speech perception: 

 

1. How do different noise conditions interact with phoneme types to affect the accuracy of 

minimal pair discrimination? 

2. How do differences in specific acoustic features between paired words predict 

discrimination accuracy under noisy conditions? 

 

METHOD 

 

Participants and Materials 

 

A total of 33 Japanese university students participated. Audio stimuli consisted of 88 words in 

total, comprising 44 minimal pairs (e.g., shot [ʃɑt] vs. shut [ʃʌt]; cap [kæp] vs. gap [gæp]). These 

audio stimuli were generated using Google Cloud Text-to-Speech. The phonemes constituting 
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these pairs were selected based on the International Phonetic Association (1999) to ensure a broad 

representation: 

 

• vowel 

• plosive: /p/-/b/, /t/-/d/, /k/-/g/ 

• fricative: /θ/-/s/, /s/-/θ/, /s/-/ʃ/, /f/-/v/, /z/-/s/, /s/-/z/, /f/-/h/ 

• nasal: /n/-/ŋ/, /n/-/m/ 

• (lateral) approximant: /ɹ/-/l/ 

• affricate–approximant: /dʒ/-/j/ 

• affricate–fricative: /ʃ/-/tʃ/ 

• plosive–fricative: /v/-/b/, /ð/-/d/, /s/-/t/, /f/-/p/ 

 

The present study focuses on controlled non-speech noise types (e.g., pink and brown noise) to 

isolate acoustic masking effects. Based on the previous research (Kanayama, 2024), white noise 

was considered excessively detrimental. Therefore, pink noise and Brownian noise were used in 

the current study. Pink noise has an energy distribution that is proportional to 1/frequency. This 

was applied to word pairs differing in vowels. Brownian noise has an energy distribution that is 

proportional to 1/frequency². This was applied to word pairs differing in consonants. 

 

Data Collection Task 

 

An AX test was used, presenting pairs of words under 12 experimental presentation 

configurations (8 target, 4 filler), as shown in Figure 2. These configurations manipulated whether 

the words in the pair were “clean” or “noisy,” and whether the pair consisted of “different” words 

or the “same” word. 

 

Figure 2 

Audio Files and Experimental Presentation Configurations 

     
 

Procedure 

 

Figure 3 shows the actual experimental interface. The experiment was administered via PCIbex 

Farm. Prior to the main task, participants completed a set of practice trials. In the main task, the 

presentation order of all trials was randomized for each participant. In each trial, participants 

listened to a pair of words. An inter-stimulus interval (ISI) of 500 milliseconds was adopted to 

maintain temporal continuity while minimizing memory decay and strategic processing (cf. Choi 
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2019). They were tasked with judging whether the two words were the “same” or “different” by 

pressing a key (“F” for TRUE/Same, “J” for FALSE/Different).  

 

Figure 3 

PCIBex Farm Experimental Screen 

 
 

Data Analysis 

 

All stimuli were phonetically labeled using the Montreal Forced Aligner (MFA). Figure 4 

provides an example of this phonetic labeling. The set of acoustic features (formant frequencies, 

peak frequencies, acoustic intensity, and zero crossings) were extracted as mean values across the 

duration of the target phoneme, based on segmentations identified by the MFA, using Praat and 

Python. 

 

Figure 4 

Waveform and Phoneme Labeling 
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RESULTS 

 

Influence of Noise Conditions on Accuracy Rate 

 

Figure 5 shows the mean answer rate for each of the experimental presentation configurations. 

Accuracy was generally lower for “different” pair conditions (e.g., shot vs. shut) than for “same” 

pair conditions (e.g., shot vs. shot), indicating that discriminating minimal pairs in noise is 

inherently more difficult than matching a signal. A generalized linear mixed-effects model 

(GLMM) with a binomial error structure analyzed the binary dependent variable (1 = correct, 0 = 

incorrect). The variable cond represents eight types of experimental presentation configurations, 

while phoneme_type indicates whether the phoneme in the minimal pair differs in consonant or 

vowel. The GLMM model was fit: 

 

correct ~ cond × phoneme_type + (1 | subject) + (1 | item) 

 

For Japanese learners, the model (Table 1) showed a significant main effect of phoneme_type 

(Estimate = 0.935, SE = 0.352, 95% CI [0.25, 1.62], p = .008), indicating that vowels were easier 

to perceive than consonants. Significant interactions of cond2 ×phoneme_type (Estimate = 

1.618, SE = 0.508, 95% CI [0.62, 2.61], p = .001) and cond3 × phoneme_type (Estimate = 1.410, 

SE = 0.521, 95% CI [0.39, 2.43], p = .007) were also found. Figure 6 visualizes the predicted 

probabilities for vowels and consonants across the eight experimental presentation conditions. 

This interaction demonstrated that the perceptual difficulty for consonants was not uniform; it 

was reduced in specific conditions, particularly condition 2 (diff_clean_noisy) and condition 3 

(diff_noisy_clean). 

 

Figure 5 

Mean Answer Rate by Experimental Presentation Configurations 
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Table 1 

Results of the GLMM Analysis 

Variable Estimate SE z p 
 

(Intercept) 0.518 0.209 2.481 .013 * 

cond2 –1.267 0.287 –4.421 .000 *** 

cond3 –0.700 0.282 –2.485 .013 * 

cond4 –0.329 0.283 –1.164 .244   

cond5 0.579 0.290 1.993 .046 * 

cond6 –0.181 0.283 –0.641 .521   

cond7 0.501 0.288 1.743 .081 †  

cond8 –0.133 0.283 –0.471 .638   

vowel 0.935 0.352 2.659 .008 ** 

cond2:vowel 1.618 0.508 3.183 .001 ** 

cond3:vowel 1.410 0.521 2.708 .007 ** 

cond4:vowel 0.135 0.493 0.275 .784   

cond5:vowel –0.181 0.513 –0.353 .724   

cond6:vowel –0.067 0.491 –0.137 .891   

cond7:vowel –0.643 0.499 –1.287 .198   

cond8:vowel –0.095 0.491 –0.194 .846   

Note. †p < .10, * p < .05, ** p < .01, *** p < .001. 

 

Influence of Acoustic Features on Accuracy 

 

To assess the contribution of acoustic features, a second GLMM model was built. The model 

incorporated the absolute differences in acoustic feature values between the words in each pair as 

fixed effects, interacting with phoneme_type (Vowel/Consonant). The GLMM model was fit: 

 

correct ~ phoneme_type * peak_freq_3_diff + F1_diff + F2_diff + F3_diff + 

peak_freq_1_diff + peak_freq_2_diff + intensity_dB_diff + zero_crossings_diff + (1 | 

subject) + (1 | pair_ID) 

 

The analysis (Table 2) identified significant positive effects for F1_diff (Estimate = 0.27, SE = 

0.06, 95% CI [0.14, 0.40], p < .001). This indicates that a larger difference in F1 between two 

words increased the likelihood of a correct response. Conversely, significant negative effects 

were found for F2_diff (Estimate = –0.12, SE = 0.07, 95% CI [–0.26, 0.01], p = .068) and 

peak_freq_1_diff (Estimate = –0.28, SE = 0.09, 95% CI [–0.46, –0.10], p = .003) suggesting that 

larger differences in these specific features hindered correct identification. 
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Figure 6 

Predicted Probabilities of Correct Response (Vowel and Consonant) by Noise Condition 

 
 

Table 2 

GLMM Analysis of the Influence of Acoustic Features on Accuracy 

Variable Estimate SE z p   

(Intercept) 0.222 0.109 2.046 .041 * 

phoneme_typevowel 1.242 0.179 6.925 .000 *** 

peak_freq_3_diff 0.074 0.076 0.973 .331   

F1_diff 0.270 0.064 4.249 .000 *** 

F2_diff –0.124 0.068 –1.828 .068 †  

F3_diff –0.052 0.064 –0.806 .421   

peak_freq_1_diff –0.276 0.092 –2.999 .003 ** 

peak_freq_2_diff 0.131 0.067 1.948 .051 †  

intensity_dB_diff 0.120 0.077 1.568 .117   

zero_crossings_diff –0.080 0.060 –1.330 .184   

phoneme_typevowel:peak_freq_3_diff 0.319 0.103 3.102 .002 ** 

Note. †p < .10, * p < .05, ** p < .01, *** p < .001. 
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DISCUSSION 

 

Effects of Noise Conditions on Lexical Perception Task Accuracy 

 

The first research question concerned how different noise conditions affect discrimination 

accuracy. Consistent with previous findings, the presence of noise reduced learners’ ability to 

distinguish minimal pairs. The significant main effect of phoneme type indicated that consonants 

were more difficult to identify than vowels. This finding aligns with previous research (Broersma 

& Scharenborg, 2010) which has highlighted the specific vulnerability of L2 listeners regarding 

consonant perception in adverse conditions. 

 

Importantly, this difficulty varied considerably across noise conditions, as reflected in the 

significant interaction between condition and phoneme type. As shown in Figure 6, vowel 

discrimination remained relatively robust across conditions, whereas consonant discrimination 

declined markedly when noise was added. Accuracy was lowest in Condition 4 (noisy–noisy), 

suggesting that noise may reduce access to key acoustic cues required for consonant 

identification. We hypothesize that low-frequency-dominant noise will disproportionately affect 

voicing cues, whereas broader-spectrum noise may impact consonant clarity more generally. 

 

Furthermore, the decline in consonant accuracy in conditions where only one of the two words 

was noisy (Condition 2: clean–noisy; Condition 3: noisy–clean) leads us to speculate that 

performance may be affected not only by direct masking but also by increased cognitive 

demands. When comparing two acoustically mismatched stimuli, listeners may experience 

greater difficulty in auditory memory retention or mapping each stimulus onto phonological 

categories. These findings imply that the perceptual mechanisms underlying “same” judgments 

differ from those involved in “different” judgments, which require fine-grained acoustic 

discrimination. Thus, the results suggest that noise does not uniformly degrade perception but 

rather interacts with phoneme characteristics and task demands. Rather than simply adding noise, 

listening materials should be developed with a clear understanding of how specific noise 

conditions affect different types of phonemes. 

 

Effects of Acoustic Feature Changes Due to Noise on Lexical Perception Task Accuracy 

 

Regarding the second research question, larger differences in F1 were positively associated with 

correct responses. Because F1 is associated with vowel height, this finding is consistent with the 

generally high vowel accuracy observed; greater acoustic separation supports reliable 

discrimination even under noise. In contrast, larger differences in F2 and the first peak frequency 

were associated with lower accuracy. Rather than facilitating discrimination, these features may 

have been distorted by noise, thereby reducing their reliability and potentially leading to 

misinterpretation of the intended phonemic contrast. Noise may distort key acoustic cues such as 

voicing and formant structure, which may in turn affect phonological categorization processes. 

This pattern resembles the findings of Hazan and Simpson (2000), who reported that cue 

enhancement sometimes caused unexpected misidentification when listeners treated exaggerated 

cues as belonging to a different phonological category. This highlights the vulnerability of L2 

listeners’ cue weighting strategies; when background noise degrades reliable spectral cues, 

learners may struggle to dynamically adjust their perceptual weights, leading to decreased 
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accuracy. This finding suggests that L2 listeners rely heavily on bottom-up acoustic cues, and 

that noise selectively disrupts these cues depending on its spectral properties. 

 

A key contribution of this study, extending Kanayama and Ono (2025), is the phoneme-level 

focus enabled by minimal-pair discrimination, and the demonstration that noise type interacts 

with phoneme-specific acoustic properties in shaping L2 perception. This approach identified the 

specific acoustic dimensions that interact with noise to shape learners’ perceptual outcomes. 

 

Pedagogically, these findings highlight the limitations of simply adding noise to listening 

materials. For learners who already struggle with consonant discrimination, unsystematic use of 

noise may impose an excessive burden. Instead, instructional materials may benefit from careful 

calibration of noise type and intensity, informed by how noise modifies the acoustic cues of each 

phoneme. 

 

CONCLUSION 

 

This study investigated how background noise affects Japanese EFL learners’ perception of 

English minimal pairs, focusing on (a) differences across noise conditions and (b) the 

contribution of acoustic feature differences.  

 

First, background noise significantly reduced discrimination accuracy, particularly for 

consonants. This effect was strongest when noise was added to both words, highlighting the 

vulnerability of consonantal cues to masking. Second, acoustic feature differences predicted 

accuracy: larger F1 differences facilitated discrimination, whereas differences in F2 and peak 

frequencies decreased accuracy, suggesting that noise may distort specific spectral cues. 

 

Pedagogically, these results indicate that noise should not be incorporated into listening materials 

without careful consideration. Learners who face difficulty with consonant contrasts may be 

affected by certain noise conditions. Designing instructional materials based on how noise alters 

phonetic cues may help create tasks with appropriate difficulty. These findings suggest that 

listening instruction should incorporate varied noise conditions and target phonemes that are 

particularly vulnerable to acoustic masking. 

 

Several limitations should be noted. First, specific demographic data of the participants (e.g., 

exact age range, gender distribution, and individual proficiency scores) were not collected, which 

limits the ability to analyze the potential effects of individual learner differences. Second, only 

two types of noise were examined, as the study employed only acoustically controllable 

stationary noises to investigate the effects of noise on acoustic features. Consequently, other 

valid noise sources, such as multi-talker babble were not tested. Third, although several acoustic 

features were analyzed, the mechanisms by which noise modifies cue availability remain 

incompletely understood. 

 

One limitation of the present study concerns the potential influence of L1-specific structural 

factors on positional attention during speech processing. As pointed out by an anonymous 

reviewer, languages such as Japanese, which are verb-final, may bias listeners to attend more to 

utterance-final elements, whereas languages like English may exhibit different positional 
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weighting patterns. While the present study suggests that the observed advantage for utterance-

final words is better explained by processing dynamics—particularly L2 listeners’ reliance on 

bottom-up processing and incremental integration—we acknowledge that the current design does 

not allow us to fully disentangle L1 transfer effects from general processing mechanisms. Future 

research incorporating direct cross-linguistic comparisons will be necessary to clarify the relative 

contribution of these factors. 

 

Future research should therefore investigate how specific acoustic cues change in the presence of 

noise and how these changes relate to misperception. For example, building on the revised 

Speech Learning Model (Flege & Bohn, 2021), it may be predicted that noise-induced alterations 

of formant values lead to shifts away from learners’ established phonological categories, 

increasing the likelihood of misidentification. Experiments manipulating noise type and intensity 

could identify threshold levels beyond which accuracy declines or listening becomes subjectively 

difficult. Furthermore, while the present study focused on the distinction between vowels and 

consonants, future research should investigate how specific consonant categories, such as those 

defined by place of articulation, are distinctly affected by the type of noise. Additionally, 

analyzing interactions between the target phoneme and adjacent phonemes, as well as conducting 

dictation to investigate the use of contextual information, would provide a more comprehensive 

account of perceptual processes. Finally, comparing L2 learners with native speakers would help 

clarify which difficulties arise from general perceptual mechanisms and which are specific to 

learners’ phonological experience. Different types of noise may be strategically incorporated into 

listening tasks depending on the target phonetic features. The accumulation of such findings is 

expected to inform more effective pedagogical approaches and contribute to the development of 

listening materials that better prepare learners for real-world communication environments. 
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