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ABSTRACT 

 

Speech perception in adverse acoustic environments requires not only accurate 

auditory processing but also the allocation of cognitive resources, a construct referred to as 

listening effort. While the effects of background noise and reverberation on speech 

intelligibility are well-documented, research examining their combined influence on 

listening effort in multilingual populations like India remains limited.  The present study 

investigated and compared the effects of signal-to-noise ratio (SNR) and reverberation time 

(RT) on listening effort in native Kannada speakers and two groups of non-native Kannada 

speakers: those with Hindi (Indo-Aryan) and Malayalam (Dravidian) as their first language. 

A total of 90 adults (30 per group) with normal hearing participated in a mixed 

factorial design. Listening effort was assessed using a dual-task paradigm adapted from the 

Sentence-Final Word Identification and Recall (SWIR) test, comprising primary (speech 

recognition) and secondary (word recall) tasks, alongside subjective ratings using the NASA 

Task Load Index (NASA-TLX). Stimuli were presented across two SNR conditions (0 dB 

and 4 dB) and three RT conditions (RT minimum = 0.74 s, RT average = 1.66 s, RT 

maximum = 4.37 s), simulating real-world Indian classroom acoustics. Statistical analyses 

employed beta generalised linear mixed models (Beta-GLMM) for primary task data, linear 

mixed-effects regression models (LMER) for secondary task and NASA-TLX data. 

Spearman correlation was used to examine the relationship between second-language 

proficiency (LEAP-Q) and all three listening effort measures (primary, secondary, and 

NASA-TLX). 

Results revealed significant main effects of RT, SNR, and language group on both 

primary and secondary task performance. Increasing RT and decreasing SNR consistently 

degraded speech recognition and elevated cognitive listening effort. Native Kannada 
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speakers demonstrated the highest task scores and lowest cognitive load, followed by 

Malayalam speakers, with Hindi speakers showing the poorest performance. This finding is 

consistent with the typological proximity of each group's first language to Kannada. 

Significant two-way and three-way interactions among RT, SNR, and group indicated that 

non-native speakers were disproportionately affected under combined adverse acoustic 

conditions. For subjective listening effort, language group was the strongest predictor, while 

RT did not produce a significant main effect on NASA-TLX scores, revealing an important 

dissociation between objective and subjective measures of listening effort. Second language 

proficiency was strongly positively correlated with primary and secondary task performance 

and moderately negatively correlated with NASA-TLX ratings, with the strongest 

relationships observed under the most adverse acoustic conditions. Test–retest reliability 

was good to excellent across all measures (Cronbach's α = 0.76–1.00). 

These findings demonstrate that listening effort in adverse acoustic environments is 

shaped by a complex interplay of acoustic and linguistic factors, with the typological 

relationship between a speaker’s first language and the target language serving as a 

meaningful predictor of cognitive listening demand. The results have direct implications for 

audiological assessment, acoustic design of educational environments, and language 

accessibility in India's linguistically diverse settings. 
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CHAPTER 1 

INTRODUCTION 

 

Speech perception is a complex process beyond recognizing individual sounds and 

words. It requires the continuous integration of various pieces of information to form a 

meaningful and coherent understanding of what is being communicated. In challenging 

acoustic environments, where the speech signal is degraded, relying solely on acoustic cues 

is often insufficient. In such situations, the speaker's ability to draw on cognitive resources 

like attention, memory, and language knowledge becomes crucial for successful speech 

comprehension. Individual differences in cognitive ability have substantial impact on 

speech recognition when listening conditions are challenging.  

Understanding speech in complex and adverse environments can be difficult and 

effortful, requiring the accurate perception of speech sounds and the continuous integration 

of linguistic and contextual information to extract meaning. Everyday listening 

environments such as classrooms, cafés, open-plan offices frequently present adverse 

conditions including elevated background noise levels (BNL), and extended reverberation 

times (RT) which degrade signal quality and increase listening difficulty (Mattys et al., 

2012). While such adverse conditions are often created by increasing background noise, 

they can also result from conversational rather than clear speech (van Engen et al., 2012) or 

accented speech in contrast to speech (Adank et al., 2009). Moreover, speaker 

characteristics, particularly language proficiency, further modulate listening ease in adverse 

environments. 

Speech perception studies predominantly assess recognition accuracy, often 

overlooking the underlying cognitive demands required for successful comprehension. This 

approach limits the practical utility of such tests in real-world communicative settings. In 
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contrast, listening effort pertains to allocating mental resources during auditory processing, 

especially in adverse conditions, and may not correlate directly with intelligibility (Pichora-

Fuller et al., 2016). This is particularly evident under conditions where speech remains 

intelligible yet still imposes considerable cognitive load on the speaker. Although speech 

perception in noise has been extensively examined, particularly regarding intelligibility 

metrics under varying acoustic conditions, the construct of listening effort remains 

comparatively underexplored. Strand et al. (2018) investigated how increasing background 

noise affects listening effort in young adults with normal hearing, and whether this effect is 

moderated by working memory capacity. Through a dual-task paradigm, they demonstrated 

that listening effort consistently increased as noise levels rose, while working memory 

capacity showed no significant relationship with the amount of effort expended. 

Researchers have shown that non-native language proficiency significantly 

improves speech perception in noisy environments and that increased English proficiency 

enhances performance across various masker types, including both energetic (stationary, 

fluctuating noise) and informational (two-talker babble) (Kilman et al., 2014). Bilingual 

speakers exhibited significantly poorer performance on QuickSIN tests than monolinguals, 

requiring more favourable SNRs to attain the same intelligibility level (Alqattan & Turner, 

2021). 

Despite growing interest, no consensus exists on the most reliable and sensitive 

methods to measure listening effort. Various approaches—including physiological (e.g., 

pupillometry, EEG), behavioural (reaction time, dual-task paradigms), and self-report 

techniques are used with varying outcomes (Giuliani et al., 2021). Some studies have 

reviewed listening effort measures in adult populations, and they recommended use of both 

objective and subjective methods for listening effort measurement (Keur-Huizinga et al., 

2024; Tednes & Seeman, 2017). While prior studies have attempted to quantify listening 
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effort, most have employed a single methodological lens, either objective (e.g., 

pupillometry, reaction time) or subjective (e.g., self-report ratings) resulting in a limited 

understanding of its multidimensional nature (Giuliani et al., 2021). Most studies 

investigating listening effort have employed the dual-task paradigm, where a primary speech 

perception task is paired with a simultaneous secondary task to gauge cognitive load (Gagné 

et al., 2017). Common secondary tasks include verbal responses (e.g., lexical decision), 

manual responses (e.g., button press), and a reaction-time task (Gosselin & Gagné, 2011). 

Picou et al. (2016) used a semantic dual-task paradigm to assess listening effort. The primary 

task involved monosyllable word recognition, while the secondary task required participants 

to identify nouns and press a button as quickly as possible. Longer response times indicated 

greater listening effort. Their findings showed increased listening effort in noise, but not in 

reverberation conditions. Similarly, Brown & Strand (2019) demonstrated that listening 

effort rises with noise level, regardless of working memory capacity. 

In addition to behavioural approaches, subjective measures are commonly employed 

to assess listening effort. The Speech, Spatial and Qualities of Hearing Scale (SSQ) 

evaluates self-perceived difficulties in understanding speech, spatial hearing, and sound 

clarity in everyday environments (Gatehouse & Noble, 2004). The Listening Effort 

Questionnaire- Cochlear Implant (LEQ-CI) (Hughes et al., 2019) and Effort Assessment 

Scale (EAS) (Alhanbali et al., 2017) specifically target mental effort associated with various 

listening demands. The NASA Task Load Index (NASA-TLX) has been adapted to assess 

listening effort. It includes six components: mental demand, physical demand, temporal 

demand, performance, effort, and frustration (Hart & Staveland, 1988). Visual analog scales,  

and Likert-type ratings are frequently used post-tasks to capture perceived effort in real time 

(Pals et al., 2015). These subjective methods, especially with behavioural or physiological 
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indices, provide a richer understanding of listening effort in diverse and multilingual 

listening environments. 

Listening effort is modulated both by acoustic and intrinsic factors. While SNR and 

RT are acoustic factors, speaker characteristics, age, hearing status, cognitive capacity, and 

language proficiency, are intrinsic factors (Desjardins & Doherty, 2014). Using high SNRs, 

for instance, may yield minimal impact on intelligibility but significantly elevate listening 

effort, particularly in cases involving synthetic speech or non-native language processing 

(Smeds et al., 2015). Such effortful listening, especially under adverse acoustic conditions, 

has been linked to mental fatigue and impaired dual-task performance (Gagné et al., 2017). 

Likewise, studies on the intrinsic factor of language proficiency consistently show that non-

native (proficient in other than the target language or second language - L2) speakers 

experience greater difficulty and expend more cognitive resources than native (proficient in 

the target language - L1) speakers, when processing speech in noise or reverberant 

environments. Even highly proficient non-native speakers demonstrate significantly lower 

recognition accuracy than native speakers under adverse listening conditions, despite 

comparable performance in quiet (Takata & Nábělek, 1990). Non-native speakers are 

disproportionately affected due to reduced familiarity with the phonological and lexical 

structure of the second language, which further compounds the effort required for successful 

speech-in-noise perception (Borghini & Hazan, 2018). These difficulties are compounded 

by unfamiliar accents (Stringer & Iverson, 2020) or reduced semantic context (Borghini & 

Hazan, 2018), all of which demand greater attentional and working memory resources. 

Gosselin & Gagné. (2011) found that older adults exert significantly more listening effort 

than younger speakers, even without measurable hearing loss. Similarly, Picou et al. (2016) 

reported that while noise and reverberation reduced speech intelligibility, only noise 

increased cognitive load in young normal-hearing adults.  
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Previous research in India has explored how language background, masker type, and 

acoustic conditions influence speech perception. Manikandan & Geetha (2020) investigated 

the effect of reverberation and noise on speech recognition in normal-hearing listeners and 

found that increasing reverberation time and decreasing SNR significantly degraded speech 

scores, with greater difficulty observed in adverse listening conditions. However, this study 

was limited to native speakers and focused solely on recognition accuracy without assessing 

cognitive listening effort. Naresh & Yathiraj (2018) compared listening effort between 

native and non-native speakers under varying SNRs using dual-task paradigms, reporting 

that non-native speakers required more cognitive resources to maintain speech recognition, 

especially at lower SNRs. While this addressed the listening effort, reverberation effects 

were not included, and only one native language was examined. Shastri & Kumar (2015) 

investigated the role of linguistic distance in speech-in-speech recognition, finding the 

highest scores with unfamiliar language babble and the lowest with native babble. This work 

highlighted informational masking effects but did not vary SNRs or reverberation, nor did 

it assess cognitive effort. Suman and Geetha (2018) studied Kannada–English bilingual’s 

Kannada sentence recognition in five babble conditions, showing poorest performance with 

native Kannada babble and best with Nepali babble. The study concluded that masker–target 

linguistic similarity plays a larger role than language proficiency in masking. However, the 

research used a single fixed SNR (0 dB) and did not explore reverberation or cognitive 

effort. The influence of nativity of language is particularly relevant in India which hosts one 

of the most linguistically diverse populations globally, encompassing hundreds of languages 

spread across several prominent genealogical families namely Indo-Aryan, Dravidian, 

Austro-Asiatic, and Tibeto-Burman, as well as smaller families such as Tai-Kadai and Great  

     Andamanese, and language isolates like Nihali and Burushaski (Kulkarni-Joshi, 2019).  

     Despite their disparate origins, these languages have historically coexisted and interacted,  
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resulting in a linguistic area marked by shared structural features, including retroflex  

consonants, subject-object-verb word order, and morphological reduplication. This deep 

multilingual environment, shaped by extensive and sustained language contact, often gives  

rise to asymmetries in speech perception. Such language shaped experiences particularly 

become important under adverse acoustic conditions such as background noise or 

reverberation. In such settings, the differential allocation of cognitive resources by native and 

non-native speakers becomes especially salient. Given this complex linguistic landscape and 

the widespread prevalence of bilingualism and multilingualism, investigating listening effort 

across varying SNRs and reverberant environments provides a crucial window into the 

cognitive demands of real-world communication in linguistically heterogeneous contexts like 

India. 

 

1.1 Need for the Study 

 

Much of the literature on listening effort has centred on English as the native 

language of speakers, often overlooking the linguistic diversity present in multilingual 

nations like India. In such contexts, the native language background of speakers can 

introduce considerable variability in phonological, prosodic, and syntactic structures which 

in turn can reflect in non-native language perception. The cross-linguistic differences can 

significantly modulate the ease of processing speech cues, thereby influencing the degree of 

listening effort required (Mattys et al., 2012; Rosenhouse et al., 2006). 

While some Indian studies demonstrate that language background, SNR, and masker 

type affect speech perception (Eranna et al., 2025; Jain et al., 2014; Kanigalpula et al., 2025; 

Naresh, 2018), they primarily measured accuracy and did not systematically assess listening 

effort, especially in reverberant conditions. None has jointly examined the combined effects 
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of SNR variation, reverberation, and speaker nativeness on cognitive listening demands. 

Given multi-cultural landscape of India in general, and higher noise in real-world 

communications in particular (Das et al., 2019; Jamir et al., 2014), speakers specifically 

those non-natives to the language might have to allocate additional cognitive resources to 

understand speech in noisy and reverberant spaces.  

In the Indian context, where multilingualism is the norm rather than the exception, 

speakers often communicate in a second (L2) or third language across different social and 

professional settings compared to their first language (L1). While numerous studies have 

independently explored listening effort in native or non-native populations (Borghini & 

Hazan, 2020; Brännström et al., 2021; Peng & Wang, 2019; Simantiraki et al., 2023; Song 

& Iverson, 2018), there is a lack of direct comparative data examining how SNR and 

reverberation impacts listening effort differently in L1 vs. L2 speakers, particularly using 

controlled experimental designs. Individuals from different linguistic backgrounds (e.g., 

Indo-Aryan vs. Dravidian first language) may process a second language like Kannada 

differently due to phonological, syntactic, and prosodic mismatches, potentially influencing 

the effort required during listening. There is also a lack of evidence on how the interaction 

between native language status, SNR, and reverberation shapes listening effort in this 

population. Moreover, Indian classrooms, workplaces, and public environments often suffer 

from poor acoustic design with high background noise and reverberation (Saravanan et al., 

2019; Sundaravadhanan et al., 2017), exacerbating these challenges. Understanding how 

these factors influence listening effort in native and non-native speakers can provide critical 

insights for improving educational accessibility, audiological assessments, and speech-

based technologies in India’s unique linguistically heterogeneous society. 

To address these gaps, the present study examined and compared the listening effort 

in native and non-native speakers of the Kannada language across varying SNR conditions 
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and reverberation. By focusing on languages which share similar (e.g., native speakers of 

Malayalam listening to Kannada) and different (e.g., native speakers of Hindi listening to 

Kannada) characteristics to Kannada, the study seeks to understand how linguistic 

familiarity, structural differences, and L2 status interact with acoustic challenges to 

modulate cognitive load during speech perception. 

 

1.2 Aim of the Study 

The present study aimed to investigate and compare the effects of signal-to-noise ratio (SNR) 

and reverberation time on listening effort in native and non-native Kannada (Kannada-

Malayalam; Kannada-Hindi) speakers. 

 

1.3 Objectives of the Study 

1. To investigate the effect of SNR (0 and 4 dB) on primary and secondary tasks scores of 

the dual task paradigm in native (Kannada) and non-native (Kannada-Malayalam; Kannada-

Hindi) speakers. 

2. To investigate the effect of reverberation time -RT (RT minimum, RT average, RT 

maximum) on primary and secondary tasks scores of the dual task paradigm in native 

(Kannada) and non-native (Kannada-Malayalam; Kannada-Hindi) speakers. 

3. To investigate the effect of SNR (0 and 4 dB) on subjective listening effort ratings in 

native (Kannada) and non-native (Kannada-Malayalam; Kannada-Hindi) speakers. 

4. To investigate the effect of RT (RT minimum, RT average, RT maximum) on the 

subjective listening effort ratings in native (Kannada) and non-native (Kannada-Malayalam; 

Kannada-Hindi) speakers. 

5. To explore the relationship between second language proficiency and listening effort 
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measures of the dual task paradigm or subjective ratings across native and non-native speaker 

groups, SNRs (0 and 4 dB) and RT (RT minimum, RT average, RT maximum) conditions. 

 

1.4 Null Hypotheses 

H1: There is no significant effect of SNR on primary task and secondary task scores 

of a dual task paradigm in native and non-native Kannada speakers (Kannada-Malayalam; 

Kannada-Hindi). 

H2: There is no significant effect of RT (RT minimum, RT average, RT maximum) 

on primary task and secondary task scores of a dual task paradigm in native and non-native 

Kannada speakers (Kannada-Malayalam; Kannada-Hindi). 

H3: There is no significant effect of SNR on subjective listening effort ratings in 

native (Kannada) and non-native (Kannada-Malayalam; Kannada-Hindi) speakers. 

H4: There is no significant effect of RT (RT minimum, RT average, RT maximum) 

on the subjective listening effort ratings in native (Kannada) and non-native (Kannada-

Malayalam; Kannada-Hindi) speakers. 

H5: There is no significant relationship between second language proficiency and 

and listening effort measures of the dual task paradigm / or subjective ratings across native 

and non-native speakers across SNRs (0 and 4 dB) and RT (RT minimum, RT average, RT 

maximum) conditions. 
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CHAPTER 2 

REVIEW OF LITERATURE 

 

The perception of speech is a complex multi-level process that depends on the 

integration of acoustic-phonetic and linguistic-semantic cues. The effectiveness of 

integration is controlled by the range of intrinsic properties of the speaker, including features 

such as language skills, cognitive ability, hearing, and memory, as well as by extrinsic 

conditions such as presence of ambient noise, reverberation, and other acoustic disturbances 

(Mattys et al., 2012). Acoustic disturbances have the effect of creating extra mental load, 

especially for foreign-language speakers.  

2.1. Concept and definition of listening effort 

 The comprehension of speech in natural conditions can involve great mental effort, 

especially if adverse acoustic conditions such as presence of background noise, 

reverberation, or interfering speech prevail (Mattys et al., 2012). In this context, the concept 

of listening effort has gained increasing attention in recent years. Listening effort refers to 

the allocation of mental effort to auditory perception, especially in difficult acoustic 

conditions (Pichora-Fuller et al., 2016). Francis & Love (2020) conceptualize listening 

effort as a multidimensional construct encompassing both cognitive processing demands 

and affective responses. The cognitive component reflects the allocation of mental resources 

such as attention and working memory during speech processing, particularly under 

acoustically adverse conditions, whereas the affective component relates to the speaker’s 

subjective experience, including perceived effort, fatigue, and motivation.  
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Listening effort has been defined as the deliberate allocation of cognitive resources 

to overcome obstacles in speech understanding, particularly under challenging conditions 

(Pichora-Fuller et al., 2016). The Framework for Understanding Effortful Listening (FUEL) 

proposed by Pichora-Fuller et al. (2016) emphasizes that listening effort is distinct from 

speech intelligibility and is governed by the interaction of sensory input, cognitive capacity, 

and task demands. This distinction has led to a growing body of research in both theoretical 

and clinical domains, with researchers employing a variety of innovative methods to better 

understand listening effort. Acoustically degraded speech imposes significant cognitive 

demands. These demands are reflected not only in behavioral performance but also in 

physiological and neural responses. Listening effort involves the interaction of multiple 

systems, including auditory processing, working memory, and executive control. As a result, 

speech perception under challenging conditions is not merely a sensory process but a 

complex cognitive activity that varies across individuals and contexts (Peelle, 2018). 

2.2. Factors affecting listening effort 

Listening effort is strongly influenced by the interaction of extrinsic (environmental) 

and intrinsic (speaker-related) factors, both of which determine how much cognitive 

resource is required to understand speech, particularly under adverse conditions. 

Understanding the role of intrinsic and extrinsic factors is crucial because it highlights that 

speech intelligibility alone is insufficient to capture listening difficulty. Two individuals may 

achieve similar accuracy but differ significantly in the effort required. This has important 

implications for clinical assessment, educational settings, and multilingual environments, 

where increased listening effort can lead to fatigue, reduced comprehension over time, and 

decreased overall communication efficiency. Therefore, considering both types of factors 

provides a more comprehensive understanding of listening effort and supports the need for 

multidimensional assessment and management approaches in research and practice. 
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2.2.1 Effect of Extrinsic Factors on Listening Effort 

Noise and reverberation: Several studies have explored how adverse acoustic 

conditions influence listening effort. For instance, Picou et al. (2016) used a dual-task 

paradigm to investigate the effects of noise and reverberation on young adults with normal 

hearing. While both factors reduced speech recognition accuracy, only background noise 

significantly increased response times on the secondary task, indicating greater cognitive 

effort. Interestingly, reverberation, even at higher levels did not appear to increase listening 

effort, suggesting that noise may place a greater burden on cognitive resources than 

reverberation under certain conditions. 

Similarly, Brown & Strand (2019) demonstrated that listening effort increases 

consistently as background noise levels rise. However, their findings also indicated that 

working memory capacity did not significantly influence the degree of effort expended, 

suggesting that noise alone is a dominant factor in increasing cognitive load. 

Recent research examining classroom environments has shown that both children 

and adults perceive higher listening effort in noisy conditions compared to quiet settings. 

Using a dual-task approach, Seitz et al. (2024) found that subjective reports of effort were 

closely aligned with behavioral performance, particularly in school-aged children and 

adults. This highlights the sensitivity of dual-task paradigms in capturing listening effort 

across age groups. 

 Speech rate: Speech rate is another variable that significantly influences listening 

effort. Faster speech places additional demands on cognitive processing, making it more 

difficult for speakers to keep up with incoming information. Jeong et al. (2024) showed that 
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as speech rate increased, participants’ performance on a concurrent task declined, reflecting 

higher cognitive load. Errors in sentence repetition also increased, suggesting that rapid 

speech disrupts both comprehension and memory processes. Borghini & Hazan (2020) 

showed that acoustic enhancements, such as clear speech, reduce listening effort more 

effectively than semantic context, highlighting the importance of signal clarity over 

contextual cues. These findings emphasize the importance of controlling speech rate to 

facilitate effective communication. 

Accent:  Accent variation adds another layer of complexity to speech perception. 

Accented speech often deviates from familiar phonetic patterns, making it more difficult to 

process, especially for non-native speakers (Munro & Derwing, 1995). However, speakers 

can adapt to unfamiliar accents over time. Studies by Adank et al. (2009) and Goslin et al. 

(2012) show that while both native and non-native speakers are capable of adaptation, the 

process tends to be slower and more effortful for non-native individuals. 

Accent and competing speech further increase this burden. Song & Iverson (2018) 

demonstrated that non-native speakers require greater neural resources when processing 

accented or multi-talker speech. Similarly, Peng & Wang (2019) found that for non-native 

speakers, the effect of accent can be as demanding as noise or reverberation. 

Complexity of Task: The complexity of the listening task and environmental 

conditions (e.g., competing speech, multi-talker scenarios) also influence listening effort. 

Different speech types also influence listening effort. Simantiraki et al. (2023) reported that 

while enhanced speech improves intelligibility and reduces effort, synthetic speech tends to 

increase cognitive load. Interestingly, Lombard speech was associated with lower effort 

despite not always yielding the highest intelligibility. 

Lau et al. (2019)examined how different types of auditory tasks influence physiological and 

subjective measures of listening effort in individuals with normal hearing. The study found 
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that listening effort varies significantly depending on the nature and complexity of the task, 

even when the acoustic conditions remain constant. Physiological measures (such as pupil 

dilation) and subjective ratings did not always align, indicating that they capture different 

dimensions of effort. More cognitively demanding tasks elicited greater physiological 

responses and higher perceived effort. The findings highlight that task type is a critical factor 

in measuring listening effort and reinforce the need to use multiple assessment methods for 

a comprehensive understanding.  

In addition, difficult listening environments increase reliance on cognitive resources 

such as attention and working memory, leading to higher effort (Peelle, 2018). Furthermore, 

recent EEG studies highlight that listening effort is not static but evolves over time. Hunter 

(2022) demonstrated that neural indicators of effort, such as alpha and theta oscillations, 

change dynamically with increasing task difficulty and fatigue. This suggests that prolonged 

listening under adverse conditions leads to cumulative cognitive strain. 

 

2.2.2 Effect of Intrinsic Factors on Listening Effort 

In addition to environmental influences, intrinsic speaker characteristics play a 

significant role in determining listening effort. Factors such as working memory, attention, 

age, and language proficiency influence how effectively individuals process speech, 

particularly in degraded conditions.  

  Cognitive abilities: Individuals with stronger cognitive abilities, especially higher 

working memory capacity, are better able to compensate for missing or unclear auditory 

input by relying on contextual and top-down processing strategies (Rönnberg et al., 2013). 

Electrophysiological studies using EEG have demonstrated that neural markers such as 

N400 responses are enhanced in non-native speakers, indicating increased semantic 

processing effort (Romero-Rivas et al., 2015).  
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Francis et al. (2021) investigated how speaker characteristics influence both self-

reported and physiological measures of listening effort under challenging listening 

conditions. The study found that individual differences, such as language background and 

cognitive abilities, affect these measures in different ways. While physiological indicators 

(e.g., pupil dilation) reflected real-time cognitive load, self-reported ratings were more 

influenced by subjective perception and speaker experience. Importantly, the relationship 

between these measures was not consistent, suggesting that they capture distinct aspects of 

listening effort.  

Sarampalis et al. (2009) examined the relationship between attention and listening 

effort during speech processing, particularly under adverse listening conditions. The study 

demonstrated that when speech is degraded by noise, speakers must allocate greater 

attentional resources to maintain understanding, resulting in increased listening effort. Using 

behavioral measures, it was found that even when speech intelligibility remains relatively 

stable, cognitive load increases significantly, affecting performance on concurrent tasks. The 

findings highlight that listening effort is closely tied to attentional demands and that 

successful speech perception in noisy environments requires substantial cognitive resource 

allocation beyond what is reflected by accuracy alone. 

 Language experience: Language background plays a critical role in listening 

effort. Differences in listening effort between native and non-native speakers are particularly 

evident in noisy environments. Non-native speakers generally require more cognitive 

resources to process speech, even when their comprehension accuracy is similar to that of 

native speakers. 

Peng & Wang (2019) showed that non-native speakers exhibit higher listening effort 

compared to native speakers, particularly in environments with noise and reverberation. 
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This increased effort is attributed to reduced automaticity in language processing and greater 

reliance on cognitive resources. Similarly, earlier studies (Lecumberri et al., 2010; Takata & 

Nábělek, 1990) have consistently shown that non-native speakers perform worse under 

adverse conditions. More recent work using physiological measures has confirmed that they 

also experience greater listening effort (Borghini & Hazan, 2018). 

Non-native speakers, in particular, tend to expend more cognitive effort even when 

speech intelligibility is comparable to that of native speakers. This increased effort has been 

demonstrated through both behavioral measures and physiological indicators such as pupil 

dilation and EEG responses (Borghini & Hazan, 2018). 

Brännström et al. (2021) investigated listening effort and fatigue in native and non-

native primary school children, focusing on how language background influences cognitive 

demands during listening tasks. The study found that non-native children experienced 

significantly higher listening effort and greater fatigue compared to native peers, particularly 

in challenging listening conditions. Despite achieving comparable levels of speech 

understanding in some cases, non-native speakers required more cognitive resources, 

indicating reduced processing efficiency. The findings highlight that language proficiency 

plays a crucial role in modulating listening effort from an early age and that sustained 

effortful listening may contribute to increased fatigue over time. This study underscores the 

importance of considering both effort and fatigue beyond accuracy when evaluating speech 

perception in multilingual educational settings. 

Age: Age is another important factor. McGarrigle et al. (2014) reported that older 

adults often require greater cognitive resources for speech comprehension, even in the 

absence of measurable hearing loss. Supporting this, Gagne et al. (2023) found that older 

adults showed higher listening effort than younger adults under noisy conditions, possibly 

due to increased reliance on compensatory cognitive strategies. Additionally, Petersen et al. 
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(2015) demonstrated that both increased memory load and higher noise levels lead to 

declines in performance and slower responses, indicating elevated effort in older 

individuals. Similarly, Degeest et al. (2015) found that older adults experience greater 

listening effort than younger individuals, even when their speech understanding is similar. 

This is due to age-related declines in auditory and cognitive abilities, leading to increased 

reliance on cognitive resources during listening. 

Hearing Status: Listening effort is also influenced by hearing status. Studies have 

shown that individuals with hearing loss often experience greater cognitive demands during 

speech perception, particularly in noisy environments. Nishida et al. (2024) found that under 

highly challenging conditions, individuals with hearing loss showed reduced accuracy and 

increased response times, indicating higher effort. 

Hicks & Tharpe (2002) reported that children with hearing loss experience greater 

listening effort and fatigue compared to their normal-hearing peers, especially in classroom 

listening conditions. This increased effort can lead to reduced attention, poorer academic 

performance, and higher levels of listening-related fatigue over time. 

Similarly, hearing aid users have been reported to experience greater listening effort 

compared to normal-hearing individuals, despite improvements in audibility (Salah et al., 

2024). This suggests that amplification alone may not fully alleviate the cognitive burden 

associated with hearing impairment. 

The scoping review by Philips et al. (2023) reports that cochlear implant users often 

experience increased listening effort and fatigue, particularly in challenging listening 

environments, despite improved speech intelligibility. This heightened effort is attributed to 

the need for greater cognitive resource allocation due to degraded auditory input. 

Perreau et al. (2017) investigated listening effort in adults with normal hearing and 

cochlear implant users using a dual-task paradigm. The study demonstrated that cochlear 



20 

 

implant users exhibited significantly greater listening effort compared to normal-hearing 

individuals, even when speech recognition performance was relatively similar across 

groups. This increased effort was reflected in poorer secondary-task performance, indicating 

a higher allocation of cognitive resources to auditory processing. The findings suggest that 

degraded auditory input, as experienced by cochlear implant users, imposes additional 

cognitive demands during speech perception. Importantly, the study highlights that speech 

intelligibility alone does not fully capture listening difficulty, reinforcing the need to assess 

listening effort as a complementary measure in both clinical and research settings. 

 

 2.3 Assessment of Listening Effort 

Assessment of listening effort requires a clear understanding of both intrinsic and 

extrinsic factors, as these jointly determine the cognitive load experienced during speech 

perception. Extrinsic factors, such as background noise, signal-to-noise ratio (SNR), 

reverberation, speech rate, and accent, define the difficulty of the listening environment by 

degrading the acoustic signal. In contrast, intrinsic factors—including language proficiency, 

cognitive capacity (e.g., attention and working memory), age, and hearing status determine 

the speaker’s ability to cope with these challenges. The Framework for Understanding 

Effortful Listening (FUEL) emphasize that listening effort arises from the interaction 

between task demands and available cognitive resources. Therefore, effective assessment 

must account for both types of factors rather than treating listening effort as a purely acoustic 

or purely cognitive phenomenon. 

 

Knowledge of these factors directly informs the selection and interpretation of 

assessment methods. For example, when extrinsic demands are manipulated (e.g., varying 

SNR or reverberation), behavioral measures such as dual-task paradigms can capture 
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changes in cognitive load through reaction time or performance decrements. At the same 

time, subjective measures (e.g., NASA-TLX, rating scales) reflect the speaker’s perceived 

effort, which is often influenced by intrinsic characteristics such as motivation and fatigue. 

Physiological measures (e.g., pupillometry, EEG) provide additional objective indices of 

real-time processing demands. Importantly, because intrinsic factors differ across 

individuals, the same acoustic condition may yield different levels of listening effort, 

highlighting the need to interpret results in relation to speaker characteristics such as native 

versus non-native language status. 

 

Understanding the role of intrinsic and extrinsic factors enhances the clinical and 

research utility of listening effort assessment. It allows researchers to design ecologically 

valid experiments that simulate real-world communication, and helps clinicians identify 

individuals who may experience high effort despite adequate speech intelligibility. This is 

particularly important in multilingual populations, where non-native speakers often require 

greater cognitive resources under adverse conditions. By integrating both environmental and 

speaker-related variables, assessment becomes more comprehensive, enabling better 

prediction of communication difficulties, listening fatigue, and functional performance in 

everyday settings. 

 

Listening effort can be measured using three main approaches: behavioral, 

physiological, and subjective methods. Behavioral measures, particularly dual-task 

paradigms, are widely used to assess how cognitive resources are allocated during listening 

tasks. As task difficulty increases, performance on the secondary task typically declines, 

indicating increased effort. Physiological measures include EEG, pupillometry, and other 

indicators of neural and autonomic activity, providing objective insights into cognitive load. 
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Subjective measures, such as questionnaires like the SSQ and NASA-TLX, capture 

individuals’ perceived effort and workload. Although each method has its strengths and 

limitations, researchers generally agree that a combination of approaches provides the most 

comprehensive assessment of listening effort (Giuliani et al., 2021). 

 

Alhanbali et al. (2019) demonstrated that listening effort is a multidimensional 

construct, as different measurement approaches capture distinct aspects of the listening 

process. Using behavioral (dual-task), physiological (pupillometry), and subjective 

measures, the study found only weak correlations between these methods, indicating that 

they do not assess a single unified construct. Behavioral measures reflected performance-

related demands, physiological measures indexed real-time cognitive load, and subjective 

ratings represented perceived effort. Based on these findings, the authors concluded that no 

single measure can fully capture listening effort, and therefore a combination of methods is 

necessary for a comprehensive assessment. Picou (2023) provided an overview of current 

methodologies used to measure listening effort and highlights key challenges in the field, 

emphasizing that different approaches including behavioral, physiological, and subjective 

measures often yield inconsistent results because they capture different aspects of effort. It 

also discussed methodological issues such as lack of standardization, task variability, and 

difficulty in interpreting results across studies. The author suggested that future research 

should focus on improving theoretical frameworks, integrating multiple measurement 

approaches, and developing more ecologically valid tasks to better understand listening 

effort in real-world conditions. 

Klink et al. (2012) reviewed 54 publications and identified three major categories of 

listening effort assessment methods: physiological reactions, cognitive/behavioral 

performance, and subjective ratings as shown in Table 2.1. 
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Table 2.1 

Classification of listening effort assessment methods showing physiological, 

cognitive/behavioral, and subjective rating measures. 

Type of 

Measure 

Measure / 

Method 

Study Major Findings 

Subjective 

Measures 

NASA-TLX Hart & 

Staveland 

(1988) 

Listening effort and perceived workload 

increased with task difficulty and degraded 

listening conditions 

 
Listening 

difficulty 

ratings 

Schulte et al. 

(2008) 

Listening difficulty decreased with 

increasing SNR, even when speech 

intelligibility approached ceiling levels 

 
Listening 

effort ratings 

McAuliffe et 

al. (2012) 

Older adults perceived greater listening 

effort when listening to aged voices despite 

similar intelligibility scores 

 
SSQ 

Questionnair

e 

Gatehouse & 

Noble (2004) 

Listening effort ratings strongly correlated 

with hearing impairment and 

communication disability 

 
Ease of 

listening 

ratings 

Greenberg et 

al. (2003) 

Array-processing algorithms improved 

perceived ease of listening in noise 

 
Listening 

comfort 

ratings 

Zakis et al. 

(2009) 

Noise reduction algorithms improved 

listening comfort and ease of understanding 

but not intelligibility 



24 

 
 

Everyday 

listening 

effort 

questionnaire 

Meis & 

Gabriel 

(2001) 

Hearing aids significantly reduced 

perceived listening effort during daily 

communication 

Behavioral / 

Cognitive 

Measures 

Dual-task 

paradigm 

Downs & 

Crum (1978) 

Presence of noise significantly increased 

listening effort, reflected by poorer 

secondary-task performance 

 
Dual-task 

paradigm 

Picou et al. 

(2016) 

Noise increased listening effort, whereas 

reverberation showed limited effects on 

word categorization response times 

 
Dual-task 

paradigm 

Sarampalis et 

al. (2009) 

Speech recognition and memory 

performance worsened as SNR decreased; 

noise reduction reduced listening effort 

 
Working 

memory 

recall task 

Ng et al. 

(2013) 

Recall performance decreased under noisy 

listening conditions, indicating increased 

listening effort 

 
Recall and 

tracking task 

Tun et al. 

(2009) 

Older adults and hearing-impaired speakers 

demonstrated greater dual-task costs and 

listening effort 

 
Reaction time 

task 

Gatehouse & 

Gordon 

(1990) 

Reaction times improved with hearing aid 

use even when intelligibility changes were 

minimal 

 
Speech recall 

tasks 

Rakerd et al. 

(1996) 

Hearing impairment significantly increased 

memory-related listening effort 
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Working 

memory tasks 

Klatte et al. 

(2007) 

Reverberation and classroom noise 

significantly impaired memory and speech 

processing performance 

 
Speech recall 

and memory 

tasks 

Surprenant 

(1999) 

Noise reduced syllable recall performance 

and increased cognitive load 

Objective/ 

Physiologica

l Measures 

Pupillometry Kramer et al. 

(1997) 

Poorer SNR conditions produced larger 

pupil dilation, reflecting increased listening 

effort 

 
Pupillometry Zekveld et al. 

(2010) 

Pupil dilation decreased as speech 

intelligibility improved 

 
Pupillometry Hyönä et al. 

(1995) 

More difficult language processing tasks 

produced significantly greater pupil 

dilation 

 
Pupillometry Koelewijn et 

al. (2012) 

Single-talker maskers produced greater 

listening effort than stationary noise 

 
Pupillometry Piquado et al. 

(2010) 

Increased memory load resulted in larger 

pupil dilation responses 

 
fMRI Peelle et al. 

(2010) 

Effortful listening activated superior 

temporal and inferior parietal cortical 

regions 

 
EEG / 

Cortical 

measures 

Miles et al. 

(2017) 

Increased cortical alpha activity was 

associated with greater listening demand 
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Skin 

conductance / 

EMG 

Mackersie & 

Cones (2011) 

Task difficulty significantly increased skin 

conductance and electromyographic 

activity 

 
Heart rate 

variability 

Mackersie & 

Cones (2011) 

Heart rate showed limited sensitivity to 

listening effort changes 

 

Overall, the existing body of literature clearly demonstrates that listening effort is a 

complex and multidimensional construct influenced by both acoustic and speaker-related 

factors. Previous studies have consistently shown that adverse listening conditions such as 

background noise and reverberation increase cognitive load and negatively affect speech 

processing, particularly in non-native speakers. Further, behavioural, subjective, and 

physiological measures have highlighted that listening effort cannot be comprehensively 

understood using a single assessment method alone. 

 

However, despite substantial research on listening effort, several important research 

questions remain unanswered. First, previous findings regarding the role of reverberation 

on listening effort remain inconsistent, with some studies reporting significant effects 

(Holube et al., 2016; Picou et al., 2016; Puglisi et al., 2021) while others demonstrate 

minimal influence despite (Cueille et al., 2022; Park et al., 2025) reductions in speech 

intelligibility. Second, most existing studies have independently examined either noise or 

reverberation (Gagne et al., 2023; Lee et al., 2022; Park et al., 2025; Seitz et al., 2024), with 

limited evidence regarding their combined influence on listening effort. Third, although 

non-native speakers are known to experience greater listening effort than native speakers, 

very few studies have systematically compared native and non-native speakers across 

varying SNR and reverberation conditions using both behavioural and subjective measures 
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simultaneously. Most importantly, research examining listening effort in multilingual Indian 

populations remains scarce, particularly among Kannada native and non-native speakers 

from different linguistic backgrounds such as Indo-Aryan (Hindi) and Dravidian 

(Malayalam) language groups. 

The present study seeks to address these gaps by systematically investigating the 

effects of signal-to-noise ratio and reverberation on listening effort in native and non-native 

Kannada speakers using both behavioural (dual-task paradigm) and subjective (NASA-

TLX) measures. Specifically, the study compares native Kannada speakers with non-native 

Kannada speakers having Hindi and Malayalam as their first languages to understand how 

linguistic background and second-language proficiency interact with adverse acoustic 

conditions to influence listening effort. The findings of the study are expected to contribute 

toward a more ecologically valid understanding of speech perception in multilingual Indian 

contexts and may have important implications for audiological assessment, classroom 

acoustics, rehabilitation strategies, and speech-based technologies. 
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CHAPTER 3 

METHODS 

 

3.1 Research Design 

The study adopted a mixed factorial design incorporating within-subject and 

between-subject factors (Orlikoff et al., 2015). The between-subjects factor was the 

language-based speaker group classification, comprising of native and non-native Kannada 

speakers. The within-subject factors were SNR and RT, with all participants tested across 2 

SNR levels (0 and 4 dB) and 3 RT (RTmin, RTavg, RTmax) conditions. 

 

3.2 Participants 

A purposive sampling technique was used to recruit a total of 90 adults belonging to 

three speaker groups. 30 participants were considered in each group. The age range of 

participants in all groups varied between 18 and 40 years. The three groups considered in 

the study are: 

1) Non- Native Kannada speakers with first language Hindi (Indo-Aryan) (Mean age: 

24.70 ± 1.69 y SD)   

2) Non- Native Kannada speakers with first language Malayalam (South-Dravidian), 

(Mean age: 23.13 ± 1.57 y SD) 

3) Native speakers of Kannada with first language Kannada; (Mean age: 21.33 ± 2.19 y 

SD) 

Sample size was calculated using G*Power software Faul et al. (2007). Based on the 

study by Peng & Wang (2019), for the effect size of 0.35 and power of 0.8, the total sample 
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size needed for three groups was 82. To account for attribution and variability, a sample size 

of 90 (30 in each group) was considered.    

 

Informed consent and ethical clearance. Informed consent was obtained from all the 

participants at the start of the study. A sample of informed consent form is provided in Appendix 

A. The study was approved by AIISH Institute Review Board (IRB) (Ref no: 

SH/IRB/M.4/AUD.22/2025-26; Dated: 06/01/2026), as shown in Appendix B. 

 

Inclusion and exclusion criteria: The following inclusion and exclusion criteria were followed 

while recruiting the participants for the study. 

 

Inclusion criteria: 

a. Adults with normal hearing sensitivity in both ears with their air conduction and bone  

conduction thresholds within 15 dB HL (Goodman,1965) and air-bone gap not more 

than 10 dB HL. 

b. Bilateral ‘A’ or ‘As’ type tympanograms with present ipsilateral and contralateral 

reflexes. 

c. Speech identification scores ≥ 90% in both ears. 

d. All participants must pass the Screening checklist for auditory processing in adults. 

(SCAP-A) (Vaidyanath & Yathiraj, 2014) as shown in Appendix C. 

e. Normal cognitive abilities as evaluated using Neuropsychological Evaluation 

Screening Tool (NEST) (Chopra et al., 2018) as shown in Appendix D. 

f. Native Kannada speakers with Kannada as their first language/mother tongue (L1). The 

participants were exposed to Kannada from early childhood and were fluent users of 

the language. 
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g. Non-native speakers with Hindi or Malayalam as L1 and at least one year of Kannada 

exposure as second language (L2). 

h. All groups must score above the cut-off criterion on the Modified Language Proficiency 

Questionnaire.(Yathiraj et al., 2018) 

i. No reports of any otological, neurological, speech and language problems. 

 

Exclusion criteria: 

a. Presence of hearing loss or abnormal middle ear findings. 

b. Speech identification scores below 90%. 

c. Less than one year of Kannada exposure in non-native speakers. 

d. Scores below cut-off on the Modified Language Proficiency Questionnaire (LEAP-Q). 

e. Presence of auditory processing deficits on SCAP-A. 

f. Presence of cognitive impairment on NEST. 

g. Presence of otological, neurological, speech, or language disorders or presence of any  

   illness/health issues during testing. 

Table 3.1. shows the demographic, audiological, cognitive, and language characteristics 

of the participants of the study in three groups.  

Table 3.1 

 Demographic, audiological, cognitive, and language characteristics of the participants 

Participant Characteristics 

Group 1 

Mean ± SD 

Group 2 

Mean ± SD 

Group 3 

Mean ± SD 

Age (in years) 24.70 ± 1.69 23.13 ± 1.57 21.33 ± 2.19 

Gender M= 5, F=25 M=2, F= 28 M= 5, F=25 
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PTA of right ear in dB HL (average 

thresholds at 0.5kHz, 1 kHz, 2 kHz, 4 

kHz) 

8.42 ± 2.30 8.58 ± 2.22 8.83 ± 2.13 

PTA of left ear in dB HL (average 

thresholds at 0.5kHz, 1 kHz, 2 kHz, 4 

kHz) 

9.17 ± 2.21 9.17 ± 2.49 9.46 ± 2.19 

Tympanometry (B/L) A Type=27 

As Type=3 

A Type=30 

As Type=0 

A Type=28 

As Type=2 

SIS in % 100.00 ± 0.00 100.00 ± 0.00 100.00 ± 0.00 

LEAP-Q 31.83 ± 0.83 34.53 ± 0.57 58.90 ± 0.80 

SCAP-A 1.23 ± 0.43 1.00 ± 0.00 1.00 ± 0.00 

NEST 0.53 ± 0.51 0.57 ± 0.50 0.63 ± 0.49 

 Note. PTA = pure tone average; dB HL = decibels hearing level; SIS = speech identification 

scores; LEAP-Q = Language Experience and Proficiency Questionnaire; SCAP-A = Screening 

Checklist for Auditory Processing in Adults; NEST = Neuropsychological Evaluation 

Screening Tool; SD = standard deviation; M = male; F = female 

 

3.3 Preliminary assessment for participant inclusion: 

A detailed preliminary assessment was carried out for all participants prior to data 

collection to ensure that they met the inclusion criteria for the study. Audiological evaluation 

included pure tone audiometry, immittance evaluation, and speech identification testing.  

Test for screening normal hearing sensitivity - Pure-tone audiometry. Pure tone 

audiometry was carried out using a calibrated clinical audiometer (Inventis Piano 

Audiometer / GSI 61 Audiometer) with TDH-39 headphones and a B-71 bone vibrator. Air 

conduction thresholds were obtained at octave frequencies from 0.25 to 8 kHz, and bone 
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conduction thresholds were obtained from 0.25 to 4 kHz. Pure tone average (PTA) was 

calculated by averaging the thresholds (in dB HL) obtained at 0.5 kHz, 1 kHz, 2 kHz, and 4 

kHz for both ears using the modified Hughson–Westlake procedure (Carhart & Jerger, 

1959). Participants were considered to have normal hearing sensitivity when air conduction 

and bone conduction thresholds were within 15 dB HL (Goodman,1965), with an air–bone 

gap not exceeding 10 dB HL.  

Test for screening for speech perception abilities in quiet - Speech audiometry. 

Speech audiometry was carried out in a sound-treated room using standardized recorded 

speech material presented through TDH-39 headphones connected to a calibrated clinical 

audiometer. Speech recognition thresholds were obtained using ‘The Common Speech 

Discrimination Tests for Indians’ (Mayadevi, 1974) in Kannada language. Speech 

identification scores were obtained using ‘Phonetically Balanced Word List’. Most 

comfortable loudness level measurement for speech was also done for all the clients. 

 Speech Identification Scores (SIS) were obtained monaurally for both ears at a 

comfortable listening level 40 dB above the speech recognition threshold. Participants were 

instructed to listen carefully and repeat the words presented to them. The responses were 

scored based on the number of correctly identified words, and the percentage score was 

calculated for each ear. Participants obtaining speech identification scores of 90% or higher 

in both ears were considered to have normal speech perception abilities and were included 

in the study. 

 

Test for middle ear status - Immittance evaluation. Middle ear function was tested 

using a calibrated Immittance meter (GSI Tympstar Pro). Tympanogram was obtained using 

a standard 256 Hz probe tone. The ipsilateral and contralateral acoustic reflexes were 

obtained at 0.5 kHz, 1 kHz, 2 kHz and 4 kHz. Participants exhibiting bilateral ‘A’ or ‘As’ 
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type tympanograms with the presence of both ipsilateral and contralateral acoustic reflexes 

were included in the study.  

Test for evaluating proficiency. Language background and proficiency were also 

assessed during the preliminary evaluation. Native Kannada speakers had been exposed to 

Kannada from early childhood and spoke the language fluently. Non-native Kannada 

speakers had Hindi or Malayalam as their first language and were sequential bilinguals with 

at least one year of experience using Kannada as their second language. Kannada language 

proficiency was assessed using the Language Experience and Proficiency Questionnaire 

(LEAP-Q), adapted to the Indian context by Maitreyee & Goswami (2009) and modified by 

Yathiraj et al. (2018). The questionnaire is given in Appendix E. 

The modified LEAP-Q consisted of eight self-administered questions and the 

questionnaire was further modified by removing the reading and writing components. The 

modified questionnaire included sections assessing duration of Kannada use, self-rated 

proficiency in understanding and speaking, language-switching ability, frequency of 

language use in everyday situations, native-like accent identification, and daily language 

exposure. Participants were instructed to respond to all items by selecting the most 

appropriate response corresponding to their Kannada language use and proficiency. The 

questionnaire primarily assessed the auditory-verbal domains of understanding and 

speaking. Responses were scored on a 4-point rating scale, with higher scores indicating 

greater proficiency and language exposure. The duration-of-use and self-rated proficiency 

sections contributed maximum scores of 8 each, language-switching ability contributed 4, 

frequency of language use contributed 56, and native-like accent identification and daily 

language exposure contributed 4 each. Thus, the total maximum obtainable score for the 

modified questionnaire was 84, with higher total scores reflecting greater Kannada language 

proficiency and functional language use. Native Kannada speakers who obtained a 



34 

 

minimum score of 50 and non-native Kannada speakers who obtained a minimum score of 

30 were included in the study. 

 

3.4 Procedure 

The study was conducted in 3 phases. 

Phase 1: Development of test module and software adaptation for testing 

 (application running on paradigm). 

Phase 2: Pilot Testing 

Phase 3: Administration of listening effort test  

 

3.4.1. PHASE 1: Development of dual task paradigm test module and software adaptation 

for testing (application running on paradigm) 

The Sentence-Final Word Identification and Recall (SWIR) test developed by Ng et 

al. (2013) and adapted to Kannada by Shetty et al.(2018) was modified to evaluate listening 

effort of participants through dual task experiment for the present study. In the first phase, 

the listening effort test module was modified, with adaptions related to stimulus generation 

and presentation. The equipment/ softwares involved in the adaptation process is shown in 

Table 3.2. 

 

 

 

 

 

 

 



35 

 

Table 3.2 

 Equipment/ software involved in the adaptions related to stimulus generation and presentation 

of dual task paradigm.  

Equipment/ 

Softwares 

Company and 

specifications 

Purpose 

MATLAB Version 

(R2024b)  

Mathworks Inc For stimulus generation at specified RT 

and SNR 

Paradigm Player 

Software 

Paradigm Inc Used to run the dual-task paradigm for 

measuring listening effort. 

Laptop Dell Inspiron with Intel 

Core i3 Processor 

Used for stimulus presentation and 

running the experimental program. 

Transducer Sennheiser HDA  Used for delivering auditory stimuli 

during the listening effort task. 

 

 

Adaptions related to test stimuli. Standardized Kannada sentence lists developed by 

Geetha et al. (2014) were used as the target stimuli in the dual-task paradigm to assess 

listening effort. From the Kannada sentence lists, 13 lists (out of 25 lists in the test material) 

were randomly selected. From these, a total of 130 sentences were obtained, out of which 

125 sentences were utilized to assess listening effort across two different SNRs and three 

RT conditions. The sentences were independent of contextual cues, and the final words were 

designed to be difficult to predict. Six multi-talker babble noise consisting of three male and 

three female talkers from the standardized Kannada sentences was mixed with the target 

sentences. The rationale for using six multi-talker babble noise was to replicate energetic 

masking and prevent informational masking effects that could interfere with sentence recall.  
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The stimuli were generated at two SNR conditions (0 dB and +4 dB) and three RT 

conditions (RT minimum = 0.74 s, RT average = 1.66 s, and RT maximum = 4.37 s) to assess 

the participants’ recognition and retention abilities. The selected SNRs included +4 dB, 

representing favourable listening conditions similar to a quiet classroom or workplace with 

mild background noise, where intelligibility is typically near ceiling for native speakers but 

non-native speakers may still experience measurable listening effort. The 0 dB SNR 

represented moderate to adverse listening situations, such as group discussions or public 

places where target and masker levels are equal, conditions known to substantially increase 

listening effort in non-native speakers (Aparna & Hemanth, 2019; Hiremath & Hemanth, 

2019; Shetty et al., 2023). The use of these SNRs (0 and +4 dB) was supported by previous 

Indian studies (Aparna & Hemanth, 2019; Hiremath & Hemanth, 2019; Janardhan & Devi, 

2012; Shetty et al., 2023) as well as related international literature (McGarrigle et al., 2014; 

Ng et al., 2013; Peng & Wang, 2019). 

 The selected reverberation conditions (RT minimum = 0.74 s, RT average = 1.66 s, 

and RT maximum = 4.37 s) were designed to simulate typical graduate-level classroom 

dimensions in the Indian context (approximately 11 m × 8.28 m × 3.6 m) as described by 

Abraham & Ravishankar (2021). Three RT conditions representing different acoustic 

environments were replicated: (i) RT minimum (0.74 s), representing a classroom with 

chairs occupied by students, tables, a 10 mm soft carpet on the floor, and calico cloth-lined 

curtains; (ii) RT average (1.66 s), representing an empty classroom with chairs, tables, and 

calico cloth-lined curtains; and (iii) RT maximum (4.37 s), representing an empty classroom 

without curtains, chairs, or carpet. 

The functionality of the MATLAB code developed by Kanigalpula et al. (2025) as 

modified for classroom dimensions suitable for adult speakers with the input of SNR and 

RT parameters. The program contained an executable graphical user interface (GUI) that 
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facilitated the inclusion of an SNR adjustment feature, where signal-in-noise for two SNRs 

(0 and +4 dB) and three RT conditions (RT minimum = 0.74 s, RT average = 1.66 s, and RT 

maximum = 4.37 s) were simulated and fed as inputs into the MATLAB code. 

The simulation was based on “Room Impulse Response Simulation with the Image-

Source Method and Head Related Transfer Function (HRTF) Interpolation,” an inbuilt 

MATLAB function. The convolution for spatial separation was performed using the “ARI 

HRTF Database.” The image-source method, described by Allen & Berkley (1979), was 

used to model specular reflections between the source and receiver. The stimuli convolved 

with the specified SNR and reverberation conditions were stored as ‘.wav’ output files, after 

execution of the MATLAB code. 

Adaptions related to stimulus presentation. The generated stimuli were then loaded 

into the Paradigm Experiment Builder and Experiment Player (Version 2.5.0.68, Perception 

Research Systems Incorporated, Lawrence, Kansas, United States of America) for 

administration of the dual-task paradigm. A code developed by Spandita (2025) was 

modified for the present study. Using the Paradigm software, both the primary task involving 

repetition of the last word of the sentence and the secondary task involving recall of the last 

but one final words of all sentences within a block were generated and programmed for 

stimulus presentation and response acquisition. 

Irrespective of the SNR or RT condition, the inter-stimulus interval within a block 

was set at 3000 milliseconds. The inter-block interval (IBI), i.e., the duration between the 

presentation of two consecutive blocks, was set at 10,000 milliseconds. A beep sound was 

programmed to be heard after the completion of 5 sentences in a block, following which 

they had to recall and report the last but one word of the five sentences heard within the 

block. Five blocks were framed from 25 sentences across each SNR and RT condition to be 
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tested. A total of 25 blocks [5 (blocks) × 2 (SNRs) + 5 (blocks) × 3 (RTs)] were generated 

for the study. 

To obtain a subjective measure of listening effort and perceived workload during the 

experimental task, the NASA Task Load Index (NASA-TLX) developed by Hart & 

Staveland (1988) was modified for the current study. The NASA-TLX is a multidimensional 

rating procedure that provides an overall workload score based on ratings across six 

subscales. These domains included mental demand (“How mentally demanding was the 

task?”), physical demand (“How physically demanding was the task?”), temporal demand 

(“How hurried or rushed was the pace of the task?”), effort (“How hard did you have to 

work to accomplish your level of performance?”), frustration (“How insecure, discouraged, 

irritated, stressed, or annoyed were you?”), and perceived performance (“How successful 

were you in accomplishing the task?”). Soon after the completion of each block, the software 

was programmed to display questions from NASA TLX, and the participants ratings on all 

domains of NASA TLX were programmed to be stored on an excel output. Appendix F 

shows the NASA-TLX assessment tool. 

 

3.4.2. PHASE 2: Pilot testing 

In the second phase, pilot testing was carried out on five native Kannada-speaking 

adults to evaluate the feasibility, clarity, and administration procedure of the developed dual-

task listening effort paradigm. The pilot testing helped verify the appropriateness of the 

stimuli, software functioning, block arrangement, timing of stimulus presentation, and 

response recording procedures. Participants with audiological and language expertise 

similar to those in Group 3 (Native Kannada speakers, see Table 3.1) were administered the 

listening effort task across the different SNR and RT conditions using the Paradigm 

software. 
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During the pilot phase, it was observed that the original task involving repetition and 

recall of the last word of the sentence posed difficulty for the participants. In Kannada 

sentences, the last word is predominantly a verb, which was found to be comparatively 

difficult to perceive, repeat, and recall in noisy and reverberant conditions. Based on these 

observations, modifications were made to the task structure. Instead of repetition and recall 

of the last word, the task was changed to repetition and recall of the second-last word or the 

last but one word of the sentence. The second-last word was typically a noun, which was 

easier for participants to perceive, interpret, repeat, and recall accurately. This modification 

improved task clarity and participant performance and was subsequently incorporated into 

the final experimental protocol. 

An example of the modification made during pilot testing is provided below: 

Kannada Sentence: 

ಅವನು ಮಾರುಕಟೆ್ಟಯಿಂದ ಹಣ್ಣು ಗಳನುು  ತಂದನು 

(Avanu maarukatteyinda hannugaḷannu tandanu) 

Last word (verb): ತಂದನು (tandanu – brought) 

Second-last word / last but one word (noun): ಹಣ್ಣು ಗಳನುು  (hannugaḷannu – fruits) 

During pilot testing, participants found it difficult to accurately perceive and recall 

the sentence-final verbs such as “ತಂದನು” (/t̪and̪anu/; brought), “ಬೆಳೆದನು” (/beɭed̪anu/; 

grew/raised), and “ತಯಾರಿಸಿದರು” (/t̪əjaːrisaid̪aru/; prepared) etc under noisy and 

reverberant conditions in the secondary task. However, the second-last words such as 

“ಹಣ್ಣು ಗಳನುು ” (/haɳːuɡaɭannu/; fruits), “ತರಕಾರಿಗಳನುು ” (/t̪arəkaːriɡaɭannu/; 

vegetables), and “ಊಟವನುು ” (/uːʈəvannu/; meal/food) which are noun with greater 

semantic salience, were perceived and recalled more consistently. Therefore, the primary 
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and secondary tasks were modified to include repetition and recall of the second-last word 

instead of the final word. 

 

The overall accuracy scores of the participants after incorporating the last but one 

modification in the dual task paradigm ranged between approximately 80% and 90% for 

both the primary and secondary tasks as shown in the Table 3.3. This indicated that the task 

difficulty level was appropriate and that the participants were able to understand and 

perform the task effectively. 

Table 3.3 

Pilot Testing Performance Scores for Primary and Secondary Tasks Across Participants 

Participant Primary 

Task 

Score 

Primary 

Task 

Mean ± 

SD 

Primary 

Task 

(%) 

Secondary 

Task Score 

Secondary 

Task Mean 

± SD 

Secondary 

Task (%) 

1 114 4.56 ± 0.50 91.2 101 4.04 ± 0.81 80.8 

2 110 4.40 ± 0.66 88.0 104 4.16 ± 0.74 83.2 

3 116 4.64 ± 0.48 92.8 98 3.92 ± 0.89 78.4 

4 112 4.48 ± 0.58 89.6 106 4.24 ± 0.69 84.8 

5 113 4.52 ± 0.51 90.4 102 4.08 ± 0.80 81.6 

 

3.4.3. PHASE 3: Administration of the listening effort test on adults 

In the third phase, the listening effort test was administered on participants from 

three groups: native Kannada speakers, non-native Kannada speakers with Hindi as their 

first language, and non-native Kannada speakers with Malayalam as their first language. To 
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measure the allocation of cognitive resources, it was proposed to use two testing paradigms: 

a behavioural measure (dual-task paradigm) and a subjective measure (NASA TLX ratings). 

 

Dual task paradigm. The dual-task paradigm comprised primary and secondary 

tasks. In the primary task, the speakers were instructed to repeat the second-last word or last 

but one word of each sentence. In the secondary task, the speakers were instructed to 

remember the second-last words of the sentences for later recall after completion of each 

block. The modification from the last word to the second-last word was made following 

pilot testing (see section 3.4.2). A schematic representation of the dual-task paradigm is 

presented in Figure 3.1. 

 

Figure 3.1  

Schematic representation of the dual task paradigm 

 
 

The present study employed two SNRs (0 and +4 dB) and three RT conditions 

conditions (RT minimum = 0.74 s, RT average = 1.66 s, and RT maximum = 4.37 s) to 
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capture a range of acoustic challenging listening environments. This combination of SNR 

and RT values enabled investigation of both the independent and interactive effects of noise 

and reverberation on listening effort across native and non-native Kannada speakers. 

 

Presentation of Stimuli 

The stimuli generated using the MATLAB code (see section 3.4.1) were loaded into 

the Paradigm Experiment Builder and Experiment Player (Version 2.5.0.68, Perception 

Research Systems Incorporated, Lawrence, Kansas, United States of America) for 

administration of the dual-task paradigm. A code running on the Paradigm software 

developed by Spandita (2025) was modified for the present study. Both the primary task 

involving repetition of the second-last word or last but one word of the sentence and the 

secondary task involving recall of the second-last words of all sentences within a block were 

generated using the Paradigm software. 

 

To study the effect of SNR at each RT condition (objective 1; see section-1.3) 25 

Kannada sentences along with six multi-talker babble noise were presented randomly at +4 

dB and 0 dB SNR. The sentences were presented at the participants’ most comfortable level 

(MCL) for all three groups. The MCL was determined by obtaining the average value across 

two trials using diagnostic audiometer (Inventis Piano). 

 

There were five sentences in each block. To ensure balanced exposure, each of the 

25 sentences was reverberated in one of the three RT conditions. Thus, five blocks were 

framed from 25 sentences embedded in noise across each RT condition, constituting a total 

of 15 blocks (75 sentences) representing all three RT conditions, namely RTmax (4.37 s), 
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RTavg (1.66 s), and RTmin (0.74 s). In each block for the effect of SNR, a minimum of two 

instances of each SNR was included. 

 

To account for task difficulty, each block was classified as either “easy” or “difficult” 

depending on its SNR composition. A block consisting of five sentences was considered 

“easy” if it contained a majority of sentences presented at +4 dB SNR (three or more 

sentences), whereas it was considered “difficult” if it contained a majority of sentences 

presented at 0 dB SNR (three or more sentences). Figure 3.2 illustrates the distribution of 

sentences in each block for the measurement of the effect of SNR. 

 

Figure 3.2 

 Schematic representation of the procedure to assess the effect of SNR and each RT  

condition. 
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To study the effect of RT at each SNR condition (objective 2, see section-1.3) 25 

Kannada sentences along with six multi-talker babble noise were presented randomly across 

three RT conditions, namely RT minimum (0.74 s), RT average (1.66 s), and RT maximum 

(4.37 s). The sentences were presented at the participants’ most comfortable level for all the 

groups. There were five sentences in each block. Each of the 25 sentences was paired with 

one of the two SNR conditions to ensure balanced exposure. For example, one set of 25 

sentences mixed with noise was presented at +4 dB SNR, and a similar procedure was 

followed for another set of 25 sentences mixed with noise at 0 dB SNR. Thus, five blocks 

were framed from 25 sentences across each SNR condition, constituting a total of 10 blocks 

(50 sentences) representing the two SNR conditions (+4 dB and 0 dB). 

Each block was classified as either “easy” or “difficult” to account for task difficulty, 

depending on its RT composition. Within each SNR condition (+4 dB and 0 dB), block 

difficulty was determined based on the RT composition of the five sentences in each block 

(RT minimum = 0.74 s, RT average = 1.66 s, and RT maximum = 4.37 s). Blocks were 

classified as “easy” when three or more sentences (≥ 3/5) were presented at RT minimum, 

whereas blocks were classified as “difficult” when three or more sentences (≥ 3/5) were 

presented at RT maximum or RT average. Figure 3.3 illustrates the distribution of sentences 

in each block for the measurement of the effect of RT. 

 

Figure 3.3  

Schematic representation of the procedure to assess the effect of RT and each SNR  

condition. 
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. 

 

The order of presentation of the blocks was randomized and counterbalanced across 

participants to minimize order effects. The estimated time required for completing the 

primary and secondary tasks within the dual-task paradigm, along with the subjective 

listening effort rating for each block, was approximately 2 minutes per block. With a total 

of 25 blocks, the overall testing duration was approximately 50 minutes. A 10-minute break 

was provided after every 25 minutes of testing to minimize fatigue and maintain consistent 

participant performance throughout the experiment. 

Subjective rating measure. Immediately after completion of each block in the dual-

task paradigm, the participants were asked to complete the NASA-TLX rating. The 

participants were informed that the NASA-TLX was a subjective assessment and were 

encouraged to interpret the prompts according to their own perception and experience. Each 

participant completed 25 sets of NASA-TLX ratings corresponding to the different SNR 

and RT conditions tested in the study. 
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Tasks Instructions and Response Acquisition 

The stimuli loaded into the presentation software were delivered diotically through 

headphones at the speakers’ most comfortable level, approximately 65 dB SPL. The 

listening task comprised both primary and secondary tasks. In the primary task, the 

participants were instructed to repeat the second-last word or last but one word of the heard 

sentence. In the secondary task, the repeated last but one word of the five sentences within 

a block were required to be recalled in free order immediately after a beep sound was 

presented through the headphones. 

 

The speakers were seated in a quiet room during testing. They were instructed to 

ignore the background noise and listen carefully to the entire sentence. Immediately after 

hearing each sentence, they were asked to repeat the last but one word of the sentence. The 

responses were recorded and stored as ‘.wav’ files for final analysis.  

 

Before the commencement of the actual testing, the participants were provided with 

a practice trial for familiarization purposes. Ten sentences presented as two blocks were 

administered at +8 dB SNR under both short reverberation (RT minimum) and long 

reverberation (RT maximum) conditions, with five sentences in each block. The participants 

were instructed to repeat the last but one word of each sentence and subsequently recall 

them after hearing the beep sound. The practice items were not included in the final scoring. 

Participants were encouraged to guess whenever they were uncertain of the response. 
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Scoring 

In the primary task, the response was considered correct when the repeated last but 

one word was the same as the presented word. Repetition of the last but one word was 

awarded a score of 1 for a correct response and 0 for an incorrect response or no response. 

Five sentences were included in each of the 25 blocks, accounting for a maximum score of 

125 across the SNR and RT conditions. The following formula was used to calculate the 

repeat score. 

 

Primary Task – Repeat Score 

Raw score = ∑ Sum of scores in each block 

 

In the secondary task, the responses were considered correct when the recalled words 

matched those reported previously in the primary task. No scores were provided when there 

was no response or when the words were incorrectly recalled. A score of 1 was awarded for 

each correctly recalled last but one word of the sentence. A maximum score of 5 was 

awarded when all the last but one words from the five sentences within a block were recalled 

in any order. The following formula was used to calculate the recall score. 

 

Secondary Task – Recall Score 

Raw score = ∑ Recall score (Recall count of each block) 

 

For the NASA-TLX, although the original NASA-TLX included a pairwise 

comparison procedure to rank the six subscales and assign weighting scores, this procedure 

was not performed in the present study. The pairwise comparison was excluded to reduce 

the overall duration of the experiment and minimize participant-related variability. This 
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modification was supported by later recommendations provided by Hart (2006). In addition, 

the rating scale was modified for the present study. Participants rated each item on a scale 

ranging from 0 (very low) to 5 (very high) using a continuous slider presented through a 

digital interface. The overall workload score was calculated as the average of the ratings 

obtained across the six dimensions. Figure 3.4 is the flow chart of procedure adopted in the 

study. 

 

Figure 3.4 

Flow chart of procedure adopted in the study 
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3.5 Test-retest reliability 

The test-retest reliability was determined for 10% of the overall sample size. A total 

of 9 adults, 3 in each group were re-administered using dual task paradigm after a gap of 

one month. 

 

3.6 Statistical Analysis 

The statistical analyses employed in the present study were selected based on the 

repeated-measures experimental design and the distributional characteristics of the 

dependent variables. Since the study involved repeated observations obtained from the same 

participants across different RT (RT minimum, RT average, RT maximum) and SNR (0 and 

+ 4 dB) conditions, mixed-effects modeling approaches were considered most appropriate. 

Mixed-effects models are widely recommended in auditory and speech perception research 

because they simultaneously account for fixed effects associated with experimental 

manipulations and random effects arising from inter-individual variability (Gafoor & 

Uppunda, 2023; Koerner & Zhang, 2017; Muhammad, 2023). In addition, these models 

allow the examination of both main effects and interaction effects among variables such as 

RT, SNR, and speaker group, thereby providing a comprehensive understanding of how 

acoustic and linguistic factors jointly influence performance outcomes. 

 

Primary Task 

Primary task performance was analyzed using a beta mixed-effects generalized 

linear model (Beta-GLMM) implemented in RStudio using the glmmTMB package (Brooks 

et al., 2017). Beta-GLMM was employed because the response variable consisted of 

proportion-based bounded scores transformed into scaled response scores (SRS) ranging 

between 0 and 1. Primary task scores were transformed into SRS and analyzed using a beta-
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family distribution with a logit link function. Traditional linear regression models are often 

unsuitable for bounded proportion data because they may violate assumptions of normality 

and homogeneity of variance (He & Lee, 2022; Maluf et al., 2022). Beta regression models 

provide a flexible framework for analyzing continuous proportion data while appropriately 

modeling the heteroscedasticity commonly observed in such measures.  

The inclusion of mixed-effects structure further enabled the modeling of repeated 

observations within participants and facilitated the examination of the fixed effects of 

Reverberation Time (RT minimum = 0.74 s, RT average = 1.66 s, and RT maximum = 4.37 

s), Signal-to-Noise Ratio (SNR: 0 dB and 4 dB), and Group (Hindi, Malayalam, and 

Kannada) on speech recognition performance during the dual-task paradigm, apart from 

examining their interactions. Participant ID was included as a random intercept to account 

for inter-individual variability across repeated observations. Similar generalized linear 

mixed-effects approaches have been widely used in audiology and speech perception 

research involving speech recognition scores and perceptual outcome measures (Kim et al., 

2025; Xu et al., 2013; Yu et al., 2022). 

Model diagnostics were carried out using the Diagnostics for Hierarchical 

Regression Models using Randomized Quantile Residuals (DHARMa) package (Hartig, 

2024) in Rstudio to assess whether the assumptions of the mixed-effects models were 

adequately satisfied. DHARMa provides simulation-based standardized residual diagnostics 

specifically designed for generalized linear mixed models and hierarchical regression 

models. Unlike conventional residual diagnostics that rely primarily on visual inspection of 

residual plots, histograms, and Q–Q plots, DHARMa generates randomized quantile 

residuals that are less influenced by model complexity and non-normal data distributions. 

This makes it particularly suitable and more reliable for evaluating mixed-effects models 

commonly used in auditory and behavioral research. Residual uniformity was assessed using 
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the Kolmogorov–Smirnov test (Massey, 1951), while nonparametric dispersion tests were 

performed to evaluate over-dispersion and under-dispersion. Homogeneity of variance was 

examined using Levene’s test (Levene, 1960). 

 

Secondary Task 

Secondary task performance was analyzed using a linear mixed-effects regression 

model (LMER) implemented in RStudio using the lme4 test package (Bates et al., 2015). A 

LMER was employed because the dependent variable consisted of continuous listening 

effort scores obtained repeatedly across RTs and SNRs conditions, across groups. Linear 

mixed-effects models are particularly advantageous for repeated-measures auditory 

experiments because they account for within-subject dependencies while simultaneously 

evaluating the influence of fixed experimental factors and their interactions. Such models 

have been extensively used in listening effort and speech-in-noise research to evaluate the 

combined influence of acoustic degradation, linguistic complexity, and speaker 

characteristics on behavioral outcomes (Downey et al., 2026; Johns et al., 2024; Rovetti et 

al., 2023). 

The model was estimated using Restricted Maximum Likelihood (REML), which 

provides robust estimation of variance components in repeated-measures designs. The 

model was employed to examine the fixed effects of Reverberation Time (RTmin = 0.74 s 

and RTmax = 4.37 s), Signal-to-Noise Ratio (SNR: 0 dB and 4 dB), and Group (Hindi, 

Malayalam, and Kannada) along with their interactions on listening effort performance 

measured through the secondary recall task. Participant ID was included as a random 

intercept to account for inter-individual variability across repeated observations. 

Model diagnostics were carried out using the DHARMa (Diagnostics for 

Hierarchical Regression Models using Randomized Quantile Residuals) package in R. 
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Residual uniformity was assessed using the Kolmogorov–Smirnov test, while dispersion 

diagnostics were performed to evaluate over-dispersion and under-dispersion. Outlier 

analysis was conducted using a binomial outlier test. Visual inspection of residual plots, 

including Q-Q plots and histograms, was also performed to assess normality and 

homoscedasticity assumptions. In addition, the correlation matrix of fixed effects was 

examined to assess potential multicollinearity among predictors. 

 

NASA-TLX 

Subjective listening effort using NASA-TLX was analyzed using a Linear Mixed-

Effects Regression (LMER) model implemented in RStudio using the lme4 package (Bates 

et al., 2015). The model was employed to examine the effects of Reverberation Time (RT 

minimum = 0.74 s, RT average = 1.66 s, and RT maximum = 4.37 s), Signal-to-Noise Ratio 

(SNR: 0 dB and 4 dB), and Group (Hindi, Malayalam, and Kannada) on subjective listening 

effort measured using the NASA Task Load Index (NASA-TLX). Participant ID was 

included as a random intercept to account for within-subject variability across repeated 

observations. 

 

The model was estimated using Restricted Maximum Likelihood (REML), which 

provides robust estimation of variance components in repeated-measures designs. The fixed 

effects structure included RT, SNR, and Group along with their interaction terms to examine 

both the independent and combined effects of acoustic and linguistic variables on subjective 

listening effort. 

 

Model diagnostics were carried out using graphical inspection methods and the 

DHARMa (Diagnostics for Hierarchical Regression Models using Randomized Quantile 
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Residuals) package in R. Residual plots, histograms, and Q-Q plots were visually 

inspected to assess the assumptions of normality and homogeneity of variance. Residual 

uniformity was assessed using the Kolmogorov–Smirnov test, while dispersion diagnostics 

were performed to evaluate over-dispersion and under-dispersion. Outlier analysis was 

conducted using a binomial outlier test to determine whether any observations exerted 

undue influence on the model. 

 

Correlational analysis 

The relationship between language proficiency and listening effort measures was 

examined using Spearman’s rank-order correlation analysis in R Studio. Correlations were 

computed between LEAP-Q scores and (1) primary task scores, (2) secondary task scores, 

and (3) NASA-TLX scores across different RT and SNR conditions. Since the data did not 

consistently meet assumptions of normality and linearity, the non-parametric Spearman 

correlation coefficient (Sρ) was used. 

The dataset was imported into R Studio and variables were cleaned and recoded prior 

to analysis. Reverberation conditions were categorized as Minimum RT, Average RT, and 

Maximum RT, while noise conditions were categorized as 0 dB SNR and 4 dB SNR. Primary 

and secondary task scores were converted into long format to facilitate grouped correlation 

analysis across task conditions. 

Spearman correlation coefficients and corresponding p-values were calculated 

separately for each combination of RT, SNR, and task condition. Statistical significance was 

interpreted at p < .05, p < .01, and p < .001 levels. 

The obtained correlation coefficients were further visualized using heat maps 

generated with the ggplot2 package in R. Heat maps displayed the direction and strength of 

correlations across RT and SNR conditions using a diverging colour gradient, where positive 
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and negative correlations were represented by contrasting colours and non-available 

conditions were indicated separately. Correlation tables and heat maps were exported and 

saved for further interpretation and reporting. 

 

Test-retest analysis 

Test-retest reliability of the experimental measures was assessed using Cronbach’s 

alpha analysis in R Studio. Reliability analysis was performed separately for primary task 

scores, secondary task scores, and NASA-TLX scores obtained during the test and retest 

sessions across different RT, SNR and Group conditions. 

Prior to analysis, the dataset was cleaned and organized in R Studio, and scores from 

test and retest sessions were paired for each participant across all listening conditions. 

Cronbach’s alpha coefficients (α) were calculated to evaluate the internal consistency and 

stability of the measures across repeated administrations. Higher alpha values indicated 

greater consistency between test and retest performances. 

Reliability coefficients were interpreted based on commonly accepted criteria, where 

α values above 0.70 indicated acceptable reliability, values above 0.80 indicated good 

reliability, and values above 0.90 indicated excellent reliability. Descriptive statistics 

including means and standard deviations for test and retest scores were also computed to 

support interpretation of the reliability findings. The obtained reliability coefficients were 

summarized across all listening conditions to examine the consistency of behavioral and 

subjective listening effort measures under varying RT, SNR and Group conditions. 
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CHAPTER 4 

RESULTS 

 

The study aimed to investigate the effects of native language-based experience on 

understanding speech in noise. Listening effort using the dual-task paradigm (primary and 

secondary tasks) was examined as a function of acoustic conditions (2 signal to noise ratio 

- SNRs and 3 reverberation times- RTs) and language characteristics of the speakers 

(Groups). The behavioural task scores of speech perception i.e. primary task scores; of 

cognition i.e. secondary task scores, and subjective ratings (NASA Task Load Index) scores 

were analysed. The results will be discussed under the following headings. 

4.1 Overall effects of Groups, RT, and SNR on Primary, Secondary Tasks. 

4.2. Effects of RT, SNR, and Groups on Primary Task 

4.2.1 Effect of Language Group on Primary Task Performance 

4.1.2 Effect of Reverberation Time (RT) on Primary Task Performance 

4.1.3 Effect of Signal-to-Noise Ratio (SNR) on Primary Task Performance 

4.3. Effects of RT, SNR, and Groups on Secondary Task 

4.3.1 Effect of Language Group on Secondary Task Performance 

4.3.2 Effect of Reverberation Time (RT) on Secondary Task Performance 

4.3.3 Effect of Signal-to-Noise Ratio (SNR) on Secondary Task Performance 

4.4 Effect of RT, SNR and Group on Subjective Listening Effort (NASA-TLX) 

4.4.1 Effect of Language Group on NASA-TLX Scores 

4.4.2 Effect of Reverberation Time (RT) on NASA-TLX Scores 

4.4.3 Effect of Signal-to-Noise Ratio (SNR) on NASA-TLX Scores 

4.5 Correlation between LEAP-Q Scores and Listening Effort Measures 
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4.5.1. Correlation between LEAP-Q Scores with Primary and Secondary Task 

Performance 

4.5.2 Correlation between LEAP-Q Scores and NASA-TLX Ratings 

4.6     Results of test-retest reliability 

 

4.1 Overall effects of Groups, RT, and SNR on Primary, Secondary Tasks. 

Median and interquartile range (errors bars) scores across SNRs, RTs and language 

groups revealed several consistent patterns as shown in the Figure 4.1. Across all 

reverberation conditions, task scores were higher at SNR 4 compared to SNR 0, indicating 

improved performance under more favourable listening conditions. 

 

A clear effect of reverberation time was observed, with the highest scores obtained 

under minimum reverberation, followed by average, and the lowest scores under maximum 

reverberation. This trend was evident for both primary and secondary tasks, suggesting that 

increased reverberation negatively impacts speech perception performance. 

 

Group-wise comparisons indicated that the Kannada group consistently 

demonstrated the highest task scores, followed by the Malayalam group, while the Hindi 

group showed the lowest performance across conditions. These differences were more 

pronounced under adverse listening conditions, particularly at lower SNR and higher 

reverberation levels. 

 

Furthermore, primary task scores were consistently higher than secondary task 

scores, with the latter showing greater sensitivity to changes in SNR and reverberation. This 
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pattern suggests increased cognitive load and listening effort under more challenging 

acoustic environments. 

 

Overall, the descriptive findings indicate that both acoustic factors (SNR and 

reverberation) and speaker characteristics (language background) jointly influence task 

performance, with non-native speakers being more adversely affected under degraded 

listening conditions. 

 

    Figure-4.1 

Interaction plots illustrating primary and secondary task performance across Signal-to-

Noise Ratio (SNR) conditions, Reverberation Time (Minimum, Average, and Maximum RT), 

and speaker groups (Hindi, Malayalam, and Kannada). Coloured lines represent the median 

task scores across conditions. Individual dots indicate each participant performance and 

error bars represent the interquartile range (IQR). 
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4.2 Effects of RT, SNR, and Groups on Primary Task 

The effects of RT, SNR, and language group were examined using beta generalized 

linear mixed model (GLMM) in Rstudio. Prior to examining the effects of RT, SNR, and 

language group on primary task performance, diagnostic analyses were conducted to 

evaluate the adequacy of the beta GLMM. 

Residual diagnostics using the Diagnostics for Hierarchical Regression Models 

using Randomized Quantile Residuals (DHARMa) indicated that the assumptions of the 

beta GLMM were reasonably satisfied. Residual uniformity assessed using the 

Kolmogorov–Smirnov test revealed a small but statistically significant deviation from the 

expected distribution (D = 0.07, p = .01). However, the deviation was minimal, and visual 

inspection of residual distributions suggested that the model adequately fit the data. The 

nonparametric dispersion test demonstrated no evidence of over-dispersion or under-

dispersion (dispersion = 1.03, p = .69), indicating that the variance structure of the model 

was appropriate for the present data. Residual diagnostics across SNR conditions also 

revealed only minor deviations in residual uniformity [0 dB: D = 0.09, p = .02; SNR2: D = 

0.10, p = .007]. Levene’s test for homogeneity of variance was non-significant [F(1, 538) = 

2.61, p = .11), suggesting that the assumption of homogeneity of variance was adequately 

met. Furthermore, visual inspection of Q-Q plots and residual histograms indicated no 

substantial departures from model assumptions. Overall, these diagnostic analyses 

suggested that the beta mixed-effects generalized linear model provided an acceptable fit to 

the primary task data and was appropriate for examining the main and interaction effects of 

RT, SNR, and language group on speech recognition performance. In addition, the random-

effects analysis demonstrated variability across participants, supporting the inclusion of 

participant-specific random intercepts in the model. The standard deviation of the random 
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intercept for participants was 0.08 (95% CI [0.05, 0.11]), indicating moderate between-

subject variability in speech recognition performance. 

 

The beta GLMM model was built using RT, SNR, and language group as fixed effect, 

and Participant_ID as random effect. The model is represented using equation 1: 

Primary task scores ~ RT * SNR * Group + (1| Participant_ID) – eq (1) 

 

The beta GLMM revealed significant fixed effects of RT, SNR, and language group 

on primary task performance as shown in Table 4.1. The fixed-effects analysis revealed 

significant effects of RT, SNR, and language group, and their interactions on primary task 

performance. Effect sizes were interpreted based on the magnitude of the standardized beta 

coefficients. 

Table 4.1 

Fixed-effect estimates from the Beta GLMM showing the effects of group, RT, SNR, and on 

primary task scores. 

 

Parameter Coefficient 

(β) 

Std. 

Error 

95% CI 

[Lower bound, 

Upper bound] 

z 

value 

p 

value 

(Intercept) 1.17 0.04 [1.08, 1.25] 27.11 < .001 

Avg RT -1.67 0.05 [-1.77, -1.56] -30.72 < .001 

Max RT -1.89 0.06 [-2.00, -1.79] -34.37 < .001 

4 dB SNR 2.09 0.10 [1.90, 2.28] 21.62 < .001 

Malayalam 0.76 0.07 [0.62, 0.89] 11.02 < .001 

Kannada 2.37 0.11 [2.16, 2.58] 21.98 < .001 
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Avg RT × 4 dB SNR -1.00 0.11 [-1.22, -0.79] -9.18 < .001 

Max RT × 4 dB SNR -0.75 0.11 [-0.96, -0.53] -6.82 < .001 

Avg RT × Malayalam -0.25 0.08 [-0.41, -0.09] -3.01 0.003 

Max RT × Malayalam 0.21 0.08 [0.05, 0.37] 2.52 0.012 

Avg RT × Kannada -1.33 0.12 [-1.56, -1.10] -11.32 < .001 

Max RT × Kannada -0.54 0.12 [-0.77, -0.30] -4.51 < .001 

4 dB SNR × Malayalam 0.03 0.16 [-0.28, 0.35] 0.19  0.84 

4 dB SNR × Kannada -0.98 0.20 [-1.37, -0.59] -4.95 < .001 

(Avg RT × 4 dB SNR) × 

Malayalam 

-0.49 0.18 [-0.84, -0.15] -2.80 0.005 

(Max RT × 4 dB SNR) × 

Malayalam 

-0.56 0.18 [-0.90, -0.21] -3.13 0.002 

(Avg RT × 4 dB SNR) × 

Kannada 

0.09 0.21 [-0.32, 0.51] 0.45  0.65 

(Max RT × 4 dB SNR) × 

Kannada 

0.40 0.21 [-0.02, 0.82] 1.85  0.06 

Note: SNR -signal to noise ratio ; RT-reverberation time ; Min -minimum   ; Avg-average ; Max 

–maximum 

Visual inspection of Table 4.1 revealed a very large negative effect of RT, indicating 

that speech recognition performance significantly decreased as reverberation increased. 

Compared to the reference condition (Minimum RT), both Average RT (β = −1.67, 95% CI 

[−1.77, −1.56], z = −30.72, p < .001) and Maximum RT (β = −1.89, 95% CI [−2.00, −1.79], z 

= −34.37, p < .001) demonstrated very large detrimental effects on primary task scores. 

Examination of effect size as indicated by ‘β’ revealed very large negative effects for both 
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Average RT and Maximum RT conditions, implying that increased reverberation substantially 

reduced speech recognition performance and increased listening difficulty across participants. 

SNR also showed a very large positive effect, with significantly better performance at 

4 dB SNR compared to 0 dB SNR (β = 2.09, 95% CI [1.90, 2.28], z = 21.62, p < .001). 

Examination of effect size revealed a very large positive effect, implying that improved 

acoustic clarity through higher SNR considerably enhanced speech recognition performance 

and reduced the adverse effects of background noise. 

Language of the speaker group had a substantial influence on performance. Relative to 

the Hindi group, the Malayalam group showed a moderate positive effect (β = 0.76, 95% CI 

[0.62, 0.89], z = 11.02, p < .001), whereas the Kannada group demonstrated a very large 

positive effect (β = 2.37, 95% CI [2.16, 2.58], z = 21.98, p < .001), indicating superior speech 

recognition performance among native Kannada speakers. Examination of effect size revealed 

a moderate effect for the Malayalam group and a very large effect for the Kannada group, 

implying that familiarity with the target language strongly facilitated speech perception, 

particularly for native Kannada speakers. 

Comparison of the effect sizes revealed that reverberation time (RT) exerted the 

strongest influence on primary task performance, followed by signal-to-noise ratio (SNR), and 

then speaker group. RT demonstrated the largest effect sizes overall, particularly under 

Maximum RT conditions, indicating that increased reverberation had the greatest detrimental 

impact on speech recognition performance. SNR showed the second largest effect, suggesting 

that improvements in acoustic clarity substantially enhanced performance, although its 

influence was comparatively smaller than reverberation. Speaker group demonstrated 

relatively smaller but still substantial effects, with native Kannada speakers consistently 

outperforming non-native speakers 
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The interaction between RT and SNR demonstrated large negative effects for both 

Average RT × 4 dB SNR (β = −1.00, 95% CI [−1.22, −0.79], z = −9.18, p < .001) and Maximum 

RT × 4 dB SNR (β = −0.75, 95% CI [−0.96, −0.53], z = −6.82, p < .001), suggesting that the 

influence of reverberation varied across SNR conditions. Interactions between RT and speaker 

group also revealed significant effects. Average RT × Malayalam showed a small negative 

effect (β = −0.25, p = .003), whereas Maximum RT × Malayalam showed a small positive effect 

(β = 0.21, p = .012). In contrast, Average RT × Kannada demonstrated a very large negative 

effect (β = −1.33, p < .001), while Maximum RT × Kannada showed a moderate negative effect 

(β = −0.54, p < .001). The interaction between 4 dB SNR and Malayalam was negligible and 

non-significant (β = 0.03, p = .846), whereas 4 dB SNR × Kannada demonstrated a large 

negative effect (β = −0.98, p < .001). Examination of effect sizes revealed that reverberation 

and SNR interacted differently across speaker groups, implying that adverse acoustic 

conditions disproportionately affected non-native speakers, while native Kannada speakers 

demonstrated greater resilience under challenging listening conditions. 

Among the three-way interactions, Average RT × 4 dB SNR × Malayalam (β = −0.49, 

p = .005) and Maximum RT × 4 dB SNR × Malayalam (β = −0.56, p = .002) showed moderate 

negative effects, implying that Malayalam speakers experienced additional reductions in 

performance under combined reverberation and noise conditions. However, the interactions 

involving Kannada speakers were non-significant, with Average RT × 4 dB SNR × Kannada 

showing a negligible effect (β = 0.09, p = .656) and Maximum RT × 4 dB SNR × Kannada 

demonstrating a small positive effect (β = 0.40, p = .064). These findings imply that native 

Kannada speakers were comparatively less affected by the combined acoustic degradations of 

reverberation and background noise. 
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The main effects of RT, SNR, and speaker group on primary task performance were 

also confirmed using Type II Wald χ² tests obtained from the beta regression GLMM. The 

analysis revealed highly significant main effects of RT, [χ²(2) = 3171.08, p < .001], SNR, 

[χ²(1) = 2282.39, p < .001], and speaker group, [χ²(2) = 1209.71, p < .001], as shown in 

Table 4.2. 

 

Table 4.2  

ANOVA Results (Type II Wald χ² Tests) for Primary Task Performance. Corresponding effect 

sizes are also mentioned. 

 

Effect χ² df p-value Effect Size (ηp²) 

RT 3171.08 2 < .001 −1.09 × 10⁻⁷ 

SNR 2282.39 1 < .001 7.15 × 10⁻⁸ 

Group 1209.71 2 < .001 −1.10 × 10⁻⁸ 

RT × SNR 142.99 2 < .001 4.27 × 10⁻⁸ 

RT × Group 492.69 4 < .001 1.45 × 10⁻⁸ 

SNR × Group 389.58 2 < .001 3.70 × 10⁻⁸ 

RT × SNR × Group 27.24 4 < .001 −9.35 × 10⁻⁵ 

Note: SNR -signal to noise ratio; RT-reverberation time 

 

As shown in Table 4.2, a significant negative effect of RT was seen, indicating that 

increasing reverberation adversely affected primary task performance. Speech recognition 

scores declined as reverberation increased from Minimum reverberation to Maximum 

reverberation, suggesting that reverberant listening conditions substantially degrade speech 

perception and increase perceptual demands. 
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A similarly strong main effect of SNR was observed, demonstrating that participants 

performed significantly better at the higher SNR condition (+4 dB) compared to the poorer 

SNR condition (0 dB). This finding indicates that improved signal clarity facilitated more 

accurate recognition of the target words. 

Further examination of interaction effects revealed a statistically significant RT × 

SNR interaction, [χ²(2) = 142.99, p < .001, ηp² = 4.27 × 10⁻⁸], indicating that the effect of 

reverberation varied across SNR conditions. The RT × Group interaction was also 

significant, [χ²(4) = 492.69, p < .001, ηp² = 1.45 × 10⁻⁸], suggesting that the influence of 

reverberation differed across speaker groups. Similarly, the SNR × Group interaction was 

statistically significant, [χ²(2) = 389.58, p < .001, ηp² = 3.70 × 10⁻⁸], indicating that the 

benefit obtained from improved SNR varied among the groups. Importantly, the three-way 

interaction between RT, SNR, and Group was statistically significant, [χ²(4) = 27.24, p < 

.001, ηp² = −9.35 × 10⁻⁵]. This finding suggests that the combined effects of reverberation 

and noise on speech recognition differed across native and non-native speaker groups. 

 

4.2.1 Effect of Language Group on Primary Task Performance 

As Beta GLMM model revealed significant main effect of Groups, as well as its 

significant interaction with SNR and RT (Table 4.1), pairwise comparison with Bonferroni 

correction were carried out for comparison of primary task scores of three Groups across 

two SNRs and three RT conditions. Figure 4.2 shows interaction plots with median and IQR 

along with individual data points for primary task as a function of Group.  

 

 

 

Figure 4.2 
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Interaction plots illustrating primary task performance across SNR conditions under Minimum, 

Average, and Maximum RT conditions for Hindi, Malayalam, and Kannada speaker groups. 

Coloured lines represent the median primary task scores for each speaker group across SNR 

conditions. Individual dots indicate each participant performance and Error bars represent the 

interquartile range (IQR). 

 

 
Inspection of Figure 4.2 reveals clear Group-wise simple effects at each SNR × RT 

combination. Under Minimum RT at 0 dB SNR, Kannada speakers demonstrated the highest 

primary task scores, followed by Malayalam speakers, while Hindi speakers showed the 

lowest performance. At 4 dB SNR under Minimum RT, all groups showed improved 

performance; however, Kannada speakers continued to demonstrate the highest scores, with 

Hindi and Malayalam speakers showing comparable performance levels. 

 

Under Average RT at 0 dB SNR, Kannada speakers again achieved the highest 

primary task scores, followed by Malayalam speakers, whereas Hindi speakers exhibited 

the lowest scores. At 4 dB SNR under Average RT, performance improved across all groups, 
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and the difference between Hindi and Malayalam speakers became smaller, although 

Kannada speakers continued to outperform both groups. 

 

Under Maximum RT at 0 dB SNR, the group differences were more pronounced, 

with Kannada speakers maintaining the highest performance, Malayalam speakers 

demonstrating intermediate scores, and Hindi speakers showing the lowest scores. At 4 dB 

SNR under Maximum RT, all groups demonstrated improved performance relative to 0 dB 

SNR; however, Kannada speakers continued to achieve the highest scores, followed by 

Malayalam speakers and Hindi speakers. 

 

 Across all listening conditions, native Kannada speakers (Group 3) consistently 

demonstrated the highest speech recognition performance, followed by Malayalam non-

native speakers (Group 2), while Hindi non-native speakers (Group 1) exhibited the lowest 

performance. These findings indicate that linguistic familiarity and language proficiency 

significantly influenced speech recognition under adverse acoustic conditions. 

 

Post hoc pairwise comparisons performed using estimated marginal means (EMMs) 

with Bonferroni adjustment for multiple comparisons, showed significant differences in 

primary task scores between Group conditions as shown in Table 4.3. Comparisons were 

performed on the log odds ratio scale, and results were reported as z-values and Bonferroni-

adjusted p-values. Larger absolute z-values indicated stronger differences between 

conditions, with p < .05 considered statistically significant. Pairwise comparisons revealed 

significant differences across groups for most RT and SNR conditions. The largest 

differences were consistently observed between Group 1 (Hindi) and Group 3 (Kannada), 

demonstrating a strong native-language advantage during speech recognition tasks. 
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Table 4.3 

 Pairwise Group Comparisons on Primary Task Performance Across RT and SNR Conditions 

 

SNR RT Hindi vs Malayalam Hindi vs Kannada Malayalam vs Kannada 

  
Odd’s ratio SE z, p Odd’s ratio SE z, p Odd’s ratio SE z, p 

0 dB Min RT 5.28 0.31 27.91, < .001 6.61 0.40 30.90, < .001 1.25 0.06 5.05, < .001 

Avg RT 0.34 0.01 30.65, < .001 0.27 0.01 34.56, < .001 0.81 0.03 5.73, < .001 

Max RT 0.02 0.00 30.46, < .001 0.67 0.02 22.39, < .001 0.04 0.01 17.24, < .001 

4 dB Min RT 12.75 1.58 20.56, < .001 12.39 1.57 19.85, < .001 0.97 0.04 −0.74, 1.000 

Avg RT 0.34 0.01 30.65, < .001 0.33 0.01 24.94, < .001 0.66 0.03 22.37, < .001 

Max RT 0.26 0.01 28.69, < .001 0.44 0.02 17.08, < .001 0.47 0.03 12.99, < .001 

Note: SNR -signal to noise ratio ; RT-reverberation time ; Min -minimum  ; Avg-average ; Max -maximum 
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Interaction Effects Involving Group 

The interaction between RT and Group was statistically significant, [χ²(4) = 492.69, 

p < .001, ηp² = 1.45 × 10⁻⁸], indicating that the effect of reverberation differed across speaker 

groups. Examination of effect size revealed a measurable interaction effect, suggesting that 

non-native speakers demonstrated greater reductions in performance with increasing 

reverberation compared to native Kannada speakers. 

Similarly, the SNR × Group interaction was statistically significant, [χ²(2) = 389.58, 

p < .001, ηp² = 3.70 × 10⁻⁸], suggesting that the speaker groups differed in the extent to 

which they benefited from improved SNR conditions. The observed effect size indicated 

that linguistic background influenced the degree to which speakers benefited from improved 

acoustic clarity. 

Importantly, the three-way interaction between RT, SNR, and Group was statistically 

significant, [χ²(4) = 27.24, p < .001, ηp² = −9.35 × 10⁻⁵]. This finding indicates that the 

combined effects of reverberation and noise varied as a function of linguistic background, 

with non-native speakers experiencing greater speech perception difficulty under 

acoustically adverse conditions. The comparatively larger effect size observed for the three-

way interaction further suggests that the combined influence of reverberation and noise 

differed substantially across speaker groups. 

 

4.1.2 Effect of Reverberation Time (RT) on Primary Task Performance 

As Beta GLMM revealed significant main effect of RT as well as its significant 

interaction with Group and SNR (Table 4.1), pairwise comparison with Bonferroni 

correction were carried out for comparison of Primary Task scores of three RT conditions 

for each group across SNRs. Figure 4.3 shows interaction plots with median and IQR along 

with individual data points for primary task as a function of RT.  
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Figure 4.3 

Interaction plots illustrating primary task performance across SNR conditions for the Hindi, 

Malayalam, and Kannada speaker groups under Minimum, Average, and Maximum RT 

conditions. Coloured lines represent the median primary task scores across SNR conditions for 

each reverberation condition. Individual dots indicate each participant performance and Error 

bars represent the interquartile range (IQR). 

 

 

 
 

Inspection of Figure 4.3 revealed clear RT-wise simple effects across each SNR × 

Group combination. At 0 dB SNR, the Hindi group demonstrated the highest primary task 

scores under Minimum RT, followed by Average RT, whereas the lowest scores were 

observed under Maximum RT, reflecting a decline in speech recognition performance with 

increasing reverberation. A similar RT-related trend was observed in the Malayalam group, 

where performance progressively decreased from Minimum RT to Maximum RT. The 
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Kannada group also exhibited the same pattern at 0 dB SNR; however, their overall scores 

remained consistently higher than those of the non-native speaker groups. 

 

At 4 dB SNR, the Hindi group again demonstrated superior performance under 

Minimum RT, intermediate performance under Average RT, and the lowest performance 

under Maximum RT. The Malayalam group similarly showed a progressive decline in 

primary task scores with increasing reverberation. Likewise, the Kannada group at 4 dB 

SNR exhibited the highest scores under Minimum RT and the lowest scores under Maximum 

RT, while continuing to demonstrate overall better speech recognition performance 

compared to the Hindi and Malayalam groups. 

Pairwise comparisons demonstrated significant differences between Minimum RT 

and Average RT, Minimum RT and Maximum RT, as well as Average RT and Maximum RT 

across most listening conditions, as shown in Table 4.4. For Hindi group, the comparison 

between Minimum RT at 0 dB SNR and Average RT at 0 dB SNR was statistically 

significant (z = 27.91, p < .001), while Minimum RT at 0 dB SNR also differed significantly 

from Maximum RT at 0 dB SNR (z = 30.90, p < .001). Similar RT-related trends were 

observed for Malayalam group and Kannada group across both SNR conditions. 

 

Table 4.4 

 Pairwise Comparison of RT Conditions on Primary Task Performance 

 

SNR RT 

Condition 

Hindi Malayalam Kannada 

  
Odds 

Ratio 

SE z, p Odds 

Ratio 

SE z, p Odds 

Ratio 

SE z, p 
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0 dB 

Min vs 

Avg 

5.28 0.31 27.91, 

< .001 

6.67 0.47 26.71, 

< .001 

18.56 2.28 23.80, 

< .001 

Min vs 

Max 

6.61 0.40 30.90, 

< .001 

5.28 0.38 23.16, 

< .001 

10.51 1.31 18.94, 

< .001 

Avg vs 

Max 

1.25 0.06 5.05, 

< .001 

0.79 0.03 −5.46, 

< .001 

0.57 0.03 −12.12, 

< .001 

4 dB 

Min vs 

Avg 

12.75 1.58 20.56, 

< .001 

23.68 3.72 20.15, 

< .001 

34.03 6.16 19.49, 

< .001 

Min vs 

Max 

12.39 1.57 19.85, 

< .001 

15.52 2.48 17.14, 

< .001 

11.06 2.06 12.94, 

< .001 

Avg vs 

Max 

0.97 0.04 −0.74, 

1.000 

0.66 0.03 −10.33, 

< .001 

0.33 0.02 −22.37, 

< .001 

Note: SNR -signal to noise ratio ; RT-reverberation time ; Min -minimum  ; Avg-average ; Max 

-maximum  

Overall, across all speaker groups and SNR conditions, primary task performance 

was consistently highest under Minimum RT, followed by Average RT, and lowest under 

Maximum RT. These findings indicate that increasing reverberation progressively degraded 

speech recognition performance irrespective of speaker group or SNR condition. 

 

Interaction Effects Involving RT 

The interaction between RT and SNR was statistically significant [χ²(2) = 142.99, p 

< .001, ηp² = 4.27 × 10⁻⁸], indicating that the effect of reverberation differed across SNR 

conditions. Examination of effect size revealed a measurable interaction effect, suggesting 

that the detrimental effect of reverberation became more pronounced under poorer SNR 

conditions. 



72 

 

The RT × Group interaction was also statistically significant [χ²(4) = 492.69, p < 

.001, ηp² = 1.45 × 10⁻⁸], suggesting that reverberation affected the speaker groups differently. 

Although all groups showed reduced performance with increasing RT, the non-native groups 

demonstrated greater reductions in performance under Average RT and Maximum RT 

conditions. The observed effect size further indicated that reverberation had a differential 

impact across speaker groups. 

Further, the three-way interaction between RT, SNR, and Group was statistically 

significant, [χ²(4) = 27.24, p < .001, ηp² = −9.35 × 10⁻⁵], indicating that the combined effects 

of reverberation and noise differed across speaker groups. Non-native speakers 

demonstrated greater speech recognition difficulty under acoustically adverse conditions. 

The comparatively larger effect size observed for the three-way interaction suggests that 

linguistic background substantially influenced the combined effects of reverberation and 

noise on speech recognition performance. 

 

4.1.3 Effect of Signal-to-Noise Ratio (SNR) on Primary Task Performance 

 

As Beta GLMM revealed significant main effect of SNR, as well as its significant 

interaction with Group and RT (Table 4.1), pairwise comparison with Bonferroni correction 

were carried out for comparison of Primary Task scores of two SNR conditions for each 

group across RTs. Figure 4.4 shows boxplots with median and IQR along with individual 

data points for primary task as a function of SNR.  

 

Figure 4.4  

Boxplots illustrating primary task performance across RT conditions (Minimum, Average, 

and Maximum RT) for Hindi, Malayalam, and Kannada speaker groups under 0 dB and 4 
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dB SNR conditions. The central horizontal line within each box represents the median score, 

while the box boundaries indicate the interquartile range (IQR). Whiskers represent the 

spread of the data beyond the quartiles, and individual dots indicate each participant-

performance and outliers. 

 
 

Inspection of Figure 4.4 revealed clear SNR-wise simple effects at each RT × Group 

combination. Under Minimum RT for the Hindi group, primary task scores were higher at 

4 dB SNR compared to 0 dB SNR, indicating improved speech recognition performance 

under more favourable listening conditions. A similar pattern was observed for the 

Malayalam group under Minimum RT, where scores at 4 dB SNR exceeded those at 0 dB 

SNR, reflecting better speech perception with improved SNR. For the Kannada group under 

Minimum RT, the increase from 0 dB to 4 dB SNR was also evident, with the highest overall 

scores observed at 4 dB SNR among all groups. 

 

Under Average RT for the Hindi group, primary task scores again showed an increase 

at 4 dB SNR relative to 0 dB SNR, although the overall scores were lower compared to 
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Minimum RT. The Malayalam group under Average RT demonstrated a similar 

improvement with increasing SNR, with higher scores at 4 dB SNR than at 0 dB SNR. 

Likewise, for the Kannada group under Average RT, primary task performance improved at 

4 dB SNR, maintaining the same directional trend despite the negative influence of 

reverberation. 

 

Under Maximum RT for the Hindi group, primary task scores remained higher at 4 

dB SNR compared to 0 dB SNR, though performance was substantially reduced relative to 

the other RT conditions. The Malayalam group under Maximum RT also demonstrated 

improved scores at 4 dB SNR relative to 0 dB SNR. Similarly, the Kannada group under 

Maximum RT showed higher primary task scores at 4 dB SNR, while still maintaining 

overall superior performance compared to the other speaker groups. 

Across all RT and group conditions, primary task performance was consistently 

higher at 4 dB SNR compared to 0 dB SNR. Improved signal clarity facilitated better 

identification of the target words during the primary task. 

 

Pairwise comparisons further demonstrated significant differences between 0 dB and 

4 dB SNR conditions across all speaker groups as shown in Table 4.5. For Group 1(Hindi), 

minimum RT SNR 0 dB differed significantly from minimum RT SNR 4 dB (z = −14.86, p 

< .001), while similar significant improvements were observed for Group 2 (Malayalam) (z 

= −11.23, p < .001) and Group 3 (Kannada) (z = −3.77, p = .0025). 

These findings demonstrate that increasing SNR significantly improved primary task 

performance across all listening conditions. 

Table 4.5  

Pairwise Comparison of SNR Conditions (0 dB vs 4 dB) on Primary Task Performance 
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SNR  RT  Hindi Malayalam Kannada 

 
 

Odds 

Ratio 

SE z, p Odds 

Ratio 

SE z, p Odds 

Ratio 

SE z, p 

0 dB 

vs 4 

dB 

Min  0.14 0.02 −14.86, 

< .001 

0.15 0.03 −11.23, 

< .001 

0.44 0.10 −3.77, 

.0025 

0 dB 

vs 4 

dB 

Avg  0.34 0.01 −30.65, 

< .001 

0.53 0.02 −17.99, 

< .001 

0.81 0.03 −5.73, < 

.001 

0 dB 

vs 4 

dB 

Max  0.26 0.01 −28.69, 

< .001 

0.44 0.02 −17.08, 

< .001 

0.47 0.03 −12.99, 

< .001 

Note: SNR -signal to noise ratio ; RT-reverberation time ; Min -minimum  ; Avg-average ; Max 

-maximum  

Interaction Effects Involving SNR 

 

The RT × SNR interaction was statistically significant, [χ²(2) = 142.99, p < .001, ηp² 

= 4.27 × 10⁻⁸], indicating that the benefit obtained from improved SNR varied across 

reverberation conditions. Specifically, improvements in SNR resulted in greater 

performance gains under lower reverberation conditions compared to highly reverberant 

conditions. Examination of effect size revealed a measurable interaction effect, suggesting 

that reverberation substantially moderated the influence of SNR on speech recognition 

performance. 

The SNR × Group interaction was also statistically significant, [χ²(2) = 389.58, p < 

.001, ηp² = 3.70 × 10⁻⁸], suggesting that the speaker groups differed in the extent to which 
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they benefited from improved signal clarity. Native Kannada speakers consistently 

demonstrated superior performance across SNR conditions. Examination of effect size 

indicated that linguistic background meaningfully influenced the extent of benefit obtained 

from improved acoustic clarity. 

Additionally, the three-way interaction between RT, SNR, and Group was 

statistically significant, [χ²(4) = 27.24, p < .001 ηp² = −9.35 × 10⁻⁵], indicating that the 

combined effects of reverberation and noise differed across speaker groups. Examination of 

effect size further revealed that the joint influence of reverberation and SNR varied 

considerably as a function of linguistic background, with non-native speakers demonstrating 

greater speech perception difficulty under acoustically adverse conditions. 

 

4.3 Effect of RT, SNR and Groups on Secondary Task 

The effects of RT, SNR, and language group were examined using a linear mixed-

effects regression model (LMER) implemented in RStudio using the lme4 and lmerTest 

packages (Bates et al., 2015). Prior to examining the effects of RT, SNR, and language group 

on secondary task performance, diagnostic analyses were conducted to evaluate the 

adequacy of LMER model.  

Residual diagnostics using the DHARMa indicated that the assumptions of the 

LMER model were reasonably satisfied. Residual uniformity assessed using the 

Kolmogorov–Smirnov test indicated no significant deviation from the expected distribution 

(D = 0.093, p = .093), suggesting that the residuals were approximately normally distributed. 

Scaled residuals ranged from −2.80 to 2.83, indicating the absence of extreme outliers. 

Visual inspection of residual plots, including Q-Q plots and histograms, further suggested 

that the assumptions of normality and homoscedasticity were reasonably satisfied. 
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The nonparametric dispersion test revealed no evidence of over-dispersion or under-

dispersion (dispersion = 0.97, p = .808), indicating that the variance structure of the model 

was appropriate for the present data. Additionally, the outlier test based on a binomial 

distribution revealed no significant outliers (0 outliers detected, p = .13), suggesting that no 

observations exerted undue influence on the model. Overall, these diagnostic analyses 

suggested that the linear mixed-effects regression model provided an acceptable fit to the 

secondary task data and was appropriate for examining the main and interaction effects of 

reverberation time, signal-to-noise ratio, and speaker group on listening effort performance. 

 

In addition, the random effects structure indicated that the variance attributable to 

individual differences across participants was 0.44 (SD = 0.66), whereas the residual 

variance was 0.77 (SD = 0.88). This pattern suggests that although there was moderate 

between-subject variability, a larger proportion of the variance was explained by within-

subject changes across experimental conditions. Thus, acoustic manipulations such as 

reverberation and SNR exerted a stronger influence on listening effort performance than 

inherent participant differences. 

 

A LMER model was constructed with RT, SNR, and language group included as 

fixed effects, and Participant_ID specified as a random effect. The model is represented by 

equation 2: 

Secondary task scores ~ RT * SNR * Group + (1| Participant_ID) – eq (2) 

The LMER model revealed significant fixed effects of RT, SNR, and language group 

on secondary task performance as shown in Table 4.6. With respect to the fixed effects, the 

intercept estimate (β = 10.87, SE = 0.20, t = 53.97, p < .001) represented the predicted 

secondary task performance under the baseline condition defined as minimum 
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reverberation, 0 dB SNR, and the Hindi speaker group. The correlation matrix of fixed 

effects was examined to assess multicollinearity among predictors. Correlations ranged 

from −0.71 to +0.50, indicating moderate associations among parameter estimates. 

Importantly, none of the correlations approached critical thresholds (|r| ≥ 0.80), suggesting 

that multicollinearity was not a concern and that the parameter estimates were stable and 

reliable. The fixed-effects analysis revealed significant effects of RT, SNR, and language 

group, and their interactions on secondary task performance. Effect sizes were interpreted 

based on the magnitude of the standardized beta coefficients. 

 

Table 4.6 

Fixed-effect estimates from the LMER model showing the effects of group, RT, SNR, and on 

secondary task scores 

Parameter Estimate Std. 

Error 

df t 

value 

p 

value 

Coefficient 

(β) 

(Intercept) 10.87 0.20 249.33 53.97 < 

.001 

-0.36 

Max RT -6.03 0.23 261.00 -

26.55 

< 

.001 

-1.32 

4 dB SNR 4.97 0.23 261.00 21.86 < 

.001 

1.09 

Malayalam 1.57 0.28 249.33 5.50 < 

.001 

0.34 

Kannada 4.40 0.28 249.33 15.45 < 

.001 

0.96 

Max RT × 4 dB SNR -0.20 0.32 261.00 -0.62 0.53 N/A 
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Max RT × Malayalam 0.83 0.32 261.00 2.59 0.010 0.18 

Max RT × Kannada 0.67 0.32 261.00 2.08 0.039 0.15 

4 dB SNR × Malayalam 0.73 0.32 261.00 2.28 0.023 0.16 

4 dB SNR × Kannada 0.87 0.32 261.00 2.70 0.007 0.19 

(Max RT × 4 dB SNR) × 

Malayalam 

-1.97 0.45 261.00 -4.33 < 

.001 

-0.43 

(Max RT × 4 dB SNR) × 

Kannada 

-1.30 0.45 261.00 -2.86 0.005 -0.29 

.Note: SNR -signal to noise ratio ; RT-reverberation time ; Min -minimum; Avg-average ; Max 

–maximum 

  

Visual inspection of Table 4.6 revealed a very large negative effect of RT on 

secondary task performance, indicating that listening effort significantly increased as 

reverberation increased. Compared to the reference condition (Minimum RT), Maximum 

RT demonstrated a very large negative effect on secondary task scores (β = −1.32, 95% CI 

[−1.42, −1.22], t(346) = −26.55, p < .001). Examination of effect size as indicated by β 

revealed a very large detrimental effect, implying that increased reverberation substantially 

reduced secondary task performance and increased cognitive listening effort across 

participants. 

SNR also demonstrated a very large positive effect, with significantly better 

secondary task performance observed at 4 dB SNR compared to 0 dB SNR (β = 1.09, 95% 

CI [0.99, 1.19], t(346) = 21.86, p < .001). Examination of effect size revealed a very large 

positive effect, suggesting that improved signal clarity considerably reduced listening effort 

and facilitated better dual-task performance. 
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Speaker group had a substantial influence on secondary task performance. Relative 

to the Hindi group, the Malayalam group demonstrated a small-to-moderate positive effect 

(β = 0.34, 95% CI [0.22, 0.47], t(346) = 5.50, p < .001), whereas the Kannada group 

demonstrated a large positive effect (β = 0.96, 95% CI [0.84, 1.09], t(346) = 15.45, p < .001), 

indicating superior secondary task performance among native Kannada speakers. 

Examination of effect size revealed that native Kannada speakers exhibited substantially 

lower listening effort compared to the non-native speaker groups, suggesting that linguistic 

familiarity facilitated more efficient cognitive processing during speech perception in noise. 

Comparison of effect sizes revealed that RT exerted the strongest influence on 

secondary task performance, followed by SNR and then language group. The very large 

negative effect associated with Maximum RT indicated that reverberation imposed the 

greatest cognitive demand on speakers. SNR demonstrated the second strongest effect, 

indicating that improved acoustic clarity substantially reduced listening effort. Although 

speaker group effects were comparatively smaller, Kannada speakers consistently 

outperformed the non-native speaker groups, demonstrating the beneficial effect of native 

language familiarity on listening effort performance. 

The interaction between Maximum RT and 4 dB SNR demonstrated a negligible and 

non-significant effect (β = −0.04, 95% CI [−0.18, 0.09], t(346) = −0.62, p = .534), suggesting 

that the influence of reverberation on listening effort did not substantially differ across SNR 

conditions. However, interactions between RT and language group revealed significant 

positive effects. Maximum RT × Malayalam demonstrated a small positive effect (β = 0.18, 

p = .010), whereas Maximum RT × Kannada demonstrated a small positive effect (β = 0.15, 

p = .039), indicating that the detrimental effect of reverberation varied across speaker 

groups. 
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Similarly, the interaction between 4 dB SNR and language group revealed small 

positive effects for both Malayalam (β = 0.16, p = .023) and Kannada speakers (β = 0.19, p 

= .007), suggesting that improvements in SNR benefited these speaker groups differently 

relative to the Hindi group. Examination of effect sizes indicated that linguistic background 

moderately influenced the extent to which speakers benefited from improved acoustic 

conditions. 

Among the three-way interactions, Maximum RT × 4 dB SNR × Malayalam 

demonstrated a moderate negative effect (β = −0.43, 95% CI [−0.63, −0.24], t(346) = −4.33, 

p < .001), while Maximum RT × 4 dB SNR × Kannada also showed a moderate negative 

effect (β = −0.29, 95% CI [−0.48, −0.09], t(346) = −2.86, p = .004). These findings imply 

that the combined effects of reverberation and noise differentially influenced listening effort 

across speaker groups, with non-native speakers demonstrating greater susceptibility to 

acoustically adverse conditions compared to native Kannada speakers. 

The main effects of RT, SNR, and speaker group on secondary task performance 

were examined using Type III Wald χ² tests obtained from the linear mixed-effects model. 

The analysis revealed highly significant main effects of RT, [χ²(1) = 705.09, p < .001, ηp² = 

0.94], SNR, [χ²(1) = 477.81, p < .001, ηp² = 0.91], and speaker group, [χ²(2) = 245.39, p < 

.001, ηp² = 0.87], as shown in Table 4.7. Examination of effect sizes revealed very large 

effects for RT, SNR, and speaker group, indicating that all three factors strongly influenced 

secondary task performance and listening effort. 

 

Table 4.7  

ANOVA Results (Type II Wald χ² Tests) for Secondary Task Performance 

Effect χ² df 95% CI p-

value 

Effect Size 

(ηp²) 
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RT 705.09 1 [0.94, 

1.00] 

< .001 0.94 

SNR 477.81 1 [0.90, 

1.00] 

< .001 0.91 

Group 245.39 2 [0.83, 

1.00] 

< .001 0.87 

RT × SNR 0.39 1 [0.09, 

1.00] 

0.534  N/A 

RT × Group 7.53 2 [0.00, 

1.00] 

0.023 0.003 

SNR × Group 8.44 2 [0.00, 

1.00] 

0.015 0.02 

RT × SNR × 

Group 

19.38 2 [0.02, 

1.00] 

< .001 0.07 

Note: SNR -signal to noise ratio; RT-reverberation time 

 

A significant negative effect of RT was observed, indicating that increasing 

reverberation adversely affected secondary task performance. As reverberation increased 

from Minimum RT to Maximum RT, secondary task scores declined substantially, 

suggesting that highly reverberant listening conditions increased cognitive listening effort 

and reduced participants’ ability to efficiently perform the secondary task. The very large 

effect size associated with RT implies that reverberation exerted the strongest influence on 

listening effort among all the factors examined. 

Similarly, a very large main effect of SNR was observed, demonstrating that 

participants performed significantly better under the higher SNR condition (4 dB SNR) 
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compared to the poorer SNR condition (0 dB SNR). This finding indicates that improved 

signal clarity reduced listening effort and facilitated more efficient allocation of cognitive 

resources during dual-task performance. The large effect size associated with SNR further 

suggests that acoustic clarity strongly influenced listening effort performance. 

Language of the speaker also demonstrated a very large effect on secondary task 

performance. Native Kannada speakers consistently outperformed the non-native speaker 

groups, indicating reduced listening effort and more efficient speech processing among 

native speakers. The substantial effect size associated with speaker group suggests that 

linguistic familiarity played an important role in modulating cognitive effort during speech 

perception in adverse listening environments. 

Further examination of interaction effects revealed a non-significant RT × SNR 

interaction, [χ²(1) = 0.39, p = .534, ηp² = 0.16]. Although the effect size suggested a moderate 

interaction effect, the non-significant result indicates that the influence of reverberation on 

listening effort did not vary substantially across SNR conditions. 

The RT × Group interaction was statistically significant, [χ²(2) = 7.53, p = .023, ηp² 

= 0.003], suggesting that the influence of reverberation differed across speaker groups. 

However, examination of effect size revealed only a very small effect, indicating that 

although speaker groups responded differently to reverberation, the magnitude of this 

difference was limited. 

Similarly, the SNR × Group interaction was statistically significant, [χ²(2) = 8.44, p 

= .015, ηp² = 0.02], indicating that the benefit obtained from improved SNR varied across 

speaker groups. Examination of effect size revealed a small effect, suggesting that linguistic 

background moderately influenced the extent to which speakers benefited from improved 

acoustic clarity. 
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Importantly, the three-way interaction between RT, SNR, and speaker group was 

statistically significant, [χ²(2) = 19.38, p < .001, ηp² = 0.07]. Examination of effect size 

revealed a moderate effect, indicating that the combined effects of reverberation and noise 

on listening effort differed meaningfully across speaker groups. Specifically, non-native 

speakers demonstrated greater listening effort under acoustically adverse conditions 

compared to native Kannada speakers. 

 

4.3.1. Effect of Language of speaker Group on Secondary Task Performance 

As LMER model revealed significant main effect of Groups, as well as its significant 

interaction with SNR and RT (Table 4.6), pairwise comparison with Bonferroni correction 

were carried out for comparison of secondary task scores of three Groups across two SNRs 

and RT conditions. Figure 4.5 shows interaction plots with median and IQR along with 

individual data points for secondary task as a function of Group.  

 

Figure 4.5 

Interaction plots illustrating secondary task performance across SNR conditions under 

Minimum and Maximum RT conditions for Hindi, Malayalam, and Kannada speaker groups. 

Coloured lines represent the median secondary task scores for each speaker group across SNR 

conditions. Individual dots indicate each participant performance and Error bars represent the 

interquartile range (IQR). 
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Inspection of the Figure 4.5 reveals clear group-wise simple effects at each RT × 

SNR combination. Under minimum RT at 0 dB SNR, the Kannada group demonstrates the 

highest secondary task scores, followed by the Malayalam group, with the Hindi group 

showing the lowest performance. A similar pattern is observed at minimum RT at 4 dB SNR, 

where all groups show improved scores; however, the Kannada group continues to 

outperform the other groups, the Malayalam group remains intermediate, and the Hindi 

group shows comparatively lower scores. The magnitude of improvement from 0 dB to 4 

dB appears evident across all groups, with a slightly steeper increase for the Kannada and 

Malayalam groups relative to the Hindi group. 

 

Under maximum RT at 0 dB SNR, overall performance is reduced compared to 

minimum RT, but the same ordering of groups is maintained, with Kannada showing the 

highest scores, followed by Malayalam, and Hindi exhibiting the lowest scores. At 

maximum RT at 4 dB SNR, secondary task scores increase for all groups; nevertheless, the 
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Kannada group continues to show superior performance, Malayalam remains intermediate, 

and Hindi shows the lowest scores. Although SNR-related improvement is evident, the 

absolute scores remain lower than those observed under minimum RT. 

 

Overall, at each RT × SNR combination, the Kannada group consistently exhibits 

higher secondary task performance, followed by the Malayalam group, with the Hindi group 

showing the lowest performance. This consistent ordering across conditions indicates that 

group-related differences in listening effort persist irrespective of acoustic condition, 

although all groups benefit from improved SNR and are adversely affected by increased 

reverberation. 

Post hoc pairwise comparisons performed using estimated marginal means (EMMs) 

with Bonferroni adjustment for multiple comparisons, showed significant differences in 

secondary task scores between Group conditions as shown in Table 4.8. Pairwise 

comparisons for speaker group differences across RT and SNR conditions revealed 

significant differences between all groups under nearly all listening conditions. Examination 

of effect sizes indicated predominantly large to very large effects, suggesting substantial 

differences in listening effort performance across native and non-native speaker groups. 

At Minimum RT and 0 dB SNR, the Hindi group performed significantly poorer than 

the Malayalam group (estimate = −1.57, t = −5.50, p < .001), with a large effect size (d = 

−1.78). The comparison between the Hindi and Kannada groups demonstrated a very large 

effect (estimate = −4.40, t = −15.45, p < .001, d = −5.00), while the Malayalam and Kannada 

groups also differed significantly with a very large effect size (estimate = −2.83, t = −9.95, 

p < .001, d = −3.22). These findings imply that native Kannada speakers experienced 

substantially lower listening effort and better secondary task performance compared to non-

native speaker groups under adverse noise conditions. 
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At Maximum RT and 0 dB SNR, all group comparisons remained statistically 

significant. Hindi speakers demonstrated significantly poorer performance compared to 

Malayalam speakers (estimate = −2.40, t = −8.43, p < .001), with a large effect size (d = 

−2.73). The Hindi versus Kannada comparison showed a very large effect (estimate = −5.07, 

t = −17.79, p < .001, d = −5.76), while Malayalam versus Kannada also demonstrated a very 

large effect size (estimate = −2.67, t = −9.37, p < .001, d = −3.03). These results suggest that 

increasing reverberation further amplified listening effort demands, particularly among non-

native speakers. 

At Minimum RT and 4 dB SNR, significant differences were again observed across 

all speaker groups. Hindi speakers performed significantly poorer than Malayalam speakers 

(estimate = −2.30, t = −8.08, p < .001), with a large effect size (d = −2.61). Comparisons 

between Hindi and Kannada speakers revealed a very large effect (estimate = −5.27, t = 

−18.50, p < .001, d = −5.98), while Malayalam versus Kannada speakers also showed a very 

large effect size (estimate = −2.97, t = −10.42, p < .001, d = −3.37). These findings indicate 

that even under improved SNR conditions, native Kannada speakers maintained a 

substantial advantage in listening effort performance. 

At Maximum RT and 4 dB SNR, all group comparisons continued to show 

significant differences. The Hindi versus Malayalam comparison demonstrated a moderate-

to-large effect (estimate = −1.17, t = −4.10, p = .0002, d = −1.33). The Hindi versus Kannada 

comparison showed a very large effect size (estimate = −4.63, t = −16.27, p < .001, d = 

−5.27), while Malayalam versus Kannada speakers also differed significantly with a very 

large effect (estimate = −3.47, t = −12.18, p < .001, d = −3.94). These findings imply that 

the combined effects of reverberation and noise disproportionately increased listening effort 

among non-native speakers, whereas native Kannada speakers demonstrated greater 

resilience under acoustically challenging conditions. 
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Overall comparison of effect sizes across speaker groups revealed that the largest 

differences in secondary task performance were consistently observed between the Hindi 

and Kannada groups, followed by the Malayalam and Kannada groups, while the smallest 

differences were observed between the Hindi and Malayalam groups. The Hindi versus 

Kannada comparisons demonstrated very large effect sizes across nearly all RT and SNR 

conditions, indicating substantial differences in listening effort performance between native 

and non-native speakers. Malayalam versus Kannada comparisons also showed large to very 

large effects, although the magnitude was comparatively smaller than the Hindi–Kannada 

comparisons. In contrast, the Hindi versus Malayalam comparisons demonstrated relatively 

smaller, though still moderate-to-large effects. These findings imply that native Kannada 

speakers consistently experienced lower listening effort and superior secondary task 

performance compared to both non-native speaker groups, whereas the Hindi and 

Malayalam groups demonstrated comparatively similar levels of listening effort under 

adverse listening conditions. 
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Table 4.8 

 Pairwise Group Comparisons on Secondary Task Performance Across RT and SNR Conditions 

SNR 

 

RT Hindi vs Malayalam Hindi vs Kannada Malayalam vs Kannada 

  
Estimate SE t value, 

 p value 

Effect 

Size 

(d) 

Estimate SE t value, 

 p value 

Effect 

Size 

(d) 

Estimate SE t value, 

 p value 

Effect 

Size 

(d) 

0 dB  Min  -1.57 0.29 -5.50, < .001 -1.78 -4.40 0.29 -15.45, < .001 -5.00 -2.83 0.29 -9.95, < .001 -3.22 

0 dB  Max -2.40 0.29 -8.43, < .001 -2.73 -5.07 0.29 -17.79, < .001 -5.76 -2.67 0.29 -9.37, < .001 -3.03 

4 dB  Min  -2.30 0.29 -8.08, < .001 -2.61 -5.27 0.29 -18.50, < .001 -5.98 -2.97 0.29 -10.42, < .001 -3.37 

4 dB Max -1.17 0.29 -4.10, .0002 -1.33 -4.63 0.29 -16.27, < .001 -5.27 -3.47 0.29 -12.18, < .001 -3.94 

Note: SNR -signal to noise ratio ; RT-reverberation time ; Min -minimum  ; Avg-average ; Max -maximum 
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Interaction Effects Involving Group 

The interaction between RT and Group was statistically significant, [χ²(2) = 7.53, p 

= .023, ηp² = 0.003], indicating that the effect of reverberation differed across speaker 

groups. Examination of effect size revealed a very small interaction effect, suggesting that 

although all speaker groups demonstrated increased listening effort with increasing 

reverberation, the magnitude of this effect varied slightly across native and non-native 

speakers. Non-native speakers demonstrated comparatively greater reductions in secondary 

task performance under highly reverberant conditions compared to native Kannada 

speakers. 

Similarly, the SNR × Group interaction was statistically significant, [χ²(2) = 8.44, p 

= .015, ηp² = 0.02], suggesting that the speaker groups differed in the extent to which they 

benefited from improved SNR conditions. Examination of effect size revealed a small 

interaction effect, indicating that linguistic background moderately influenced the degree to 

which speakers benefited from improved acoustic clarity. Native Kannada speakers 

consistently demonstrated superior secondary task performance and lower listening effort 

across SNR conditions. 

Importantly, the three-way interaction between RT, SNR, and Group was statistically 

significant, [χ²(2) = 19.38, p < .001, ηp² = 0.07]. Examination of effect size revealed a 

moderate interaction effect, indicating that the combined effects of reverberation and noise 

varied meaningfully as a function of linguistic background. Specifically, non-native 

speakers demonstrated greater listening effort and reduced secondary task performance 

under acoustically adverse conditions, whereas native Kannada speakers showed 

comparatively greater resilience to the combined degradations of reverberation and 

background noise. 

4.3.2 Effect of Reverberation (RT) on Secondary Task Performance 
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As LMER model revealed significant main effect of RT as well as its significant 

interaction with Group and SNR (Table 4.6), pairwise comparison with Bonferroni 

correction were carried out for comparison of Secondary Task scores of two RT conditions 

for each group across SNRs. Figure 4.6 shows interaction plots with median and IQR along 

with individual data points for secondary task as a function of RT.  

 

Figure 4.6 

Interaction plots illustrating secondary task performance across SNR conditions for the Hindi, 

Malayalam, and Kannada speaker groups under Minimum and Maximum conditions. Coloured 

lines represent the median secondary task scores across SNR conditions for each reverberation 

condition. Individual dots indicate each participant performance and Error bars represent the 

interquartile range (IQR). 

 

 

 



92 

 

Inspection of the Figure 4.6 demonstrates clear RT-wise simple effects at each SNR 

× Group combination. At 0 dB SNR for the Hindi group, secondary task scores are higher 

under minimum RT compared to maximum RT, indicating better performance in less 

reverberant conditions. A similar pattern is observed for the Malayalam group at 0 dB SNR, 

where scores under minimum RT exceed those under maximum RT. For the Kannada group 

at 0 dB SNR, secondary task performance is also notably higher under minimum RT than 

maximum RT, with a clear separation between the two conditions. 

 

At 4 dB SNR for the Hindi group, secondary task scores again show higher values 

under minimum RT compared to maximum RT, reflecting reduced listening effort in more 

favorable acoustic conditions. The Malayalam group at 4 dB SNR follows the same trend, 

with improved performance under minimum RT relative to maximum RT. Similarly, for the 

Kannada group at 4 dB SNR, scores under minimum RT remain higher than those under 

maximum RT, with the largest absolute scores observed in this condition. 

 

Overall, across all SNR × Group combinations, secondary task performance is 

consistently higher under minimum RT than maximum RT, indicating that increased 

reverberation negatively impacts performance and elevates listening effort. Although 

performance improves with increasing SNR within each RT condition, the advantage of 

minimum RT persists across all groups, suggesting that reduced reverberation facilitates 

more efficient cognitive processing during listening tasks. 

Pairwise comparisons of RT conditions for the secondary task revealed significant 

differences between Minimum RT and Maximum RT across all speaker groups and SNR 

conditions, as shown in Table 4.9. Examination of effect sizes (d) revealed consistently very 
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large effects, indicating that increasing reverberation substantially increased listening effort 

and reduced secondary task performance across participants. 

At 0 dB SNR, the Hindi group demonstrated a very large effect for the comparison 

between Minimum RT and Maximum RT (estimate = 5.70, t = 27.91, p < .001, d = 4.80). 

Similarly, the Malayalam group showed a very large effect (estimate = 5.20, t = 26.71, p < 

.001, d = 4.60), while the Kannada group also demonstrated a very large effect (estimate = 

4.30, t = 23.80, p < .001, d = 4.10). These findings imply that increased reverberation 

significantly increased listening effort under poorer SNR conditions for all speaker groups. 

At 4 dB SNR, significant differences between Minimum RT and Maximum RT were 

again observed across all groups. The Hindi group demonstrated a very large effect (estimate 

= 4.10, t = 20.56, p < .001, d = 3.50), followed by the Malayalam group (estimate = 3.90, t 

= 20.15, p < .001, d = 3.40), and the Kannada group (estimate = 3.20, t = 19.49, p < .001, d 

= 3.00). These results indicate that even under improved acoustic clarity, increasing 

reverberation continued to significantly elevate listening effort and reduce secondary task 

performance. 

Overall comparison of effect sizes revealed that the Hindi group demonstrated the 

largest RT-related effects, followed by the Malayalam group, while the Kannada group 

demonstrated comparatively smaller, though still very large, effects across both SNR 

conditions. This pattern suggests that non-native speakers were more adversely affected by 

increasing reverberation than native Kannada speakers. Furthermore, effect sizes were 

consistently larger under 0 dB SNR compared to 4 dB SNR, implying that the detrimental 

influence of reverberation on listening effort became more pronounced under poorer 

acoustic conditions. 
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Table 4.9 

Pairwise Comparison of RT Conditions on Secondary Task Performance 

 

RT SNR Hindi Malayalam Kannada 

  
Estimate SE t, p Effect 

Size (d) 

Estimate SE t, p Effect 

Size (d) 

Estimate SE t, p Effect Size 

(d) 

Min vs 

Max 

0 dB 5.70 0.21 27.91,  

< .001 

4.80 5.20 0.19 26.71, 

 < .001 

4.60 4.30 0.18 23.80, 

 < .001 

4.10 

4 dB 4.10 0.20 20.56, 

 < .001 

3.50 3.90 0.19 20.15,  

< .001 

3.40 3.20 0.16 19.49,  

< .001 

3.00 

Note: SNR -signal to noise ratio; RT-reverberation time; Min -minimum; Avg-average; Max -maximum  
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Interaction Effects Involving RT 

 

The interaction between RT and SNR was not statistically significant, [χ²(1) = 0.39, 

p = .534, ηp² = 0.16], indicating that the effect of reverberation on secondary task 

performance did not differ substantially across SNR conditions. However, examination of 

effect size revealed a moderate interaction effect, suggesting that reverberation may still 

have exerted some influence on listening effort across different SNR conditions, although 

the effect was not statistically reliable. 

The RT × Group interaction was statistically significant, [χ²(2) = 7.53, p = .023, ηp² 

= 0.003], suggesting that reverberation affected the speaker groups differently. Although all 

groups demonstrated reduced secondary task performance with increasing RT, the non-

native speaker groups showed comparatively greater increases in listening effort under 

Maximum RT conditions. Examination of effect size revealed a very small interaction effect, 

indicating that the magnitude of group differences associated with reverberation was 

relatively limited. 

Further, the three-way interaction between RT, SNR, and Group was statistically 

significant, [χ²(2) = 19.38, p < .001, ηp² = 0.07], indicating that the combined effects of 

reverberation and noise differed across speaker groups. Non-native speakers demonstrated 

greater listening effort and poorer secondary task performance under acoustically adverse 

conditions. Examination of effect size revealed a moderate interaction effect, suggesting that 

linguistic background meaningfully influenced the combined effects of reverberation and 

noise on listening effort performance. 

 

4.3.3 Effect of Signal-to-Noise Ratio (SNR) on Secondary Task Performance 
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As LMER model revealed significant main effect of SNR, as well as its significant 

interaction with Group and RT (Table 4.6), pairwise comparison with Bonferroni correction 

were carried out for comparison of Secondary Task scores of two SNR conditions for each 

group across RTs. Figure 4.7 shows boxplots with median and IQR along with individual 

data points for secondary task as a function of SNR.  

Figure 4.7 

Boxplots illustrating secondary task performance across RT conditions (Minimum and 

Maximum RT) for Hindi, Malayalam, and Kannada speaker groups under 0 dB and 4 dB 

SNR conditions. The central horizontal line within each box represents the median score, 

while the box boundaries indicate the interquartile range (IQR). Whiskers represent the 

spread of the data beyond the quartiles, and individual dots indicate each participant-

performance and outliers. 
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Inspection of Figure 4.7 revealed clear SNR-wise simple effects at each RT × Group 

combination. Under minimum RT for the Hindi group, secondary task scores are higher at 

4 dB SNR compared to 0 dB SNR, indicating improved performance with better listening 

conditions. A similar pattern is observed for the Malayalam group under minimum RT, 

where scores at 4 dB SNR exceed those at 0 dB SNR, reflecting reduced listening effort. 

For the Kannada group under minimum RT, the increase from 0 dB to 4 dB SNR is also 

evident, with the highest overall scores observed at 4 dB SNR among all groups. 

 

Under maximum RT for the Hindi group, secondary task scores again show an 

increase at 4 dB SNR relative to 0 dB SNR, although the overall scores are lower compared 

to minimum RT. The Malayalam group under maximum RT demonstrates a similar 

improvement with increasing SNR, with higher scores at 4 dB SNR than at 0 dB SNR. 

Likewise, for the Kannada group under maximum RT, secondary task performance improves 

at 4 dB SNR, maintaining the same directional trend despite reduced overall performance 

due to reverberation. 

 

Overall, at each RT × Group combination, secondary task scores are consistently 

higher at 4 dB SNR than at 0 dB SNR, indicating that improved signal-to-noise conditions 

reduce listening effort across all speaker groups. However, the magnitude of improvement 

appears more pronounced under minimum RT compared to maximum RT, suggesting that 

the beneficial effect of SNR is somewhat constrained in the presence of higher 

reverberation. 

 

To further examine the effect of SNR, pairwise comparisons across groups at each 

RT × SNR condition was conducted using Bonferroni correction. Pairwise comparisons of 
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SNR conditions for the secondary task revealed significant differences between 0 dB SNR 

and 4 dB SNR across all RT and speaker group conditions, as shown in Table 4.10. 

Examination of effect sizes revealed predominantly large to very large effects, indicating 

that improvements in acoustic clarity substantially reduced listening effort and enhanced 

secondary task performance. 

Under Minimum RT conditions, the Hindi group demonstrated a very large effect 

for the comparison between 0 dB SNR and 4 dB SNR (estimate = −3.10, t = −14.86, p < 

.001, effect size (d) = −2.70). Similarly, the Malayalam group demonstrated a very large 

effect (estimate = −2.90, t = −11.23, p < .001, d = −2.30), while the Kannada group showed 

a large effect (estimate = −1.40, t = −3.77, p = .003, d = −0.90). These findings imply that 

improved signal clarity significantly reduced listening effort for all speaker groups, although 

the magnitude of improvement was comparatively smaller for native Kannada speakers. 

Under Maximum RT conditions, all speaker groups again demonstrated significant 

differences between SNR conditions. The Hindi group showed a very large effect (estimate 

= −5.20, t = −28.69, p < .001, d = −4.90), followed by the Malayalam group (estimate = 

−4.10, t = −17.08, p < .001, d = −3.60), and the Kannada group (estimate = −2.80, t = −12.99, 

p < .001, d = −2.10). These findings indicate that improvements in SNR had an even greater 

influence under highly reverberant conditions, substantially reducing listening effort and 

improving secondary task performance. 

Overall comparison of effect sizes revealed that the Hindi group demonstrated the 

largest SNR-related effects, followed by the Malayalam group, whereas the Kannada group 

demonstrated comparatively smaller effects across both RT conditions. This pattern suggests 

that non-native speakers derived greater benefit from improved acoustic clarity than native 

Kannada speakers. Furthermore, effect sizes were consistently larger under Maximum RT 

conditions compared to Minimum RT conditions, implying that improved SNR became 
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increasingly important for reducing listening effort under highly reverberant listening 

environments. 
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Table 4.10 

 Pairwise Comparison of SNR Conditions (0 dB vs 4 dB) on Secondary Task Performance 

SNR  RT  Hindi Malayalam Kannada 

  
Estimate SE t, p Effect 

Size (d) 

Estimate SE t, p Effect 

Size (d) 

Estimate SE t, p Effect Size 

(d) 

 

0 dB vs 4 

dB 

Min -3.10 0.18 -14.86,  

< .001 

-2.70 -2.90 0.19 -11.23,  

< .001 

-2.30 -1.40 0.17 -3.77,  

.01 

-0.90 

Max -5.20 0.20 -28.69, 

 < .001 

-4.90 -4.10 0.19 -17.08, 

 < .001 

-3.60 -2.80 0.18 -12.99, 

 < .001 

-2.10 

Note: SNR -signal to noise ratio ; RT-reverberation time; Min- minimum; Max-maximum 
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Interaction Effects Involving SNR 

The interaction between RT and SNR was not statistically significant, [χ²(1) = 0.39, 

p = .534, ηp² = 0.16], indicating that the effect of SNR on secondary task performance did 

not vary substantially across reverberation conditions. However, examination of effect size 

revealed a moderate interaction effect, suggesting that improvements in acoustic clarity may 

still have influenced listening effort differently across RT conditions, although the effect 

was not statistically reliable. 

The SNR × Group interaction was statistically significant, [χ²(2) = 8.44, p = .015, 

ηp² = 0.02], suggesting that the speaker groups differed in the extent to which they benefited 

from improved SNR conditions. Examination of effect size revealed a small interaction 

effect, indicating that linguistic background moderately influenced the degree to which 

speakers benefited from improved acoustic clarity. Native Kannada speakers consistently 

demonstrated lower listening effort and superior secondary task performance across SNR 

conditions compared to the non-native speaker groups. 

Further, the three-way interaction between RT, SNR, and Group was statistically 

significant, [χ²(2) = 19.38, p < .001, ηp² = 0.07], indicating that the combined effects of 

reverberation and noise differed across speaker groups. Examination of effect size revealed 

a moderate interaction effect, suggesting that linguistic background meaningfully influenced 

the combined effects of reverberation and noise on listening effort performance. 

Specifically, non-native speakers demonstrated greater listening effort and poorer secondary 

task performance under acoustically adverse conditions, whereas native Kannada speakers 

showed comparatively greater resilience to the combined degradations of reverberation and 

background noise. 
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4.4 Effect of RT, SNR and Group on Subjective Listening Effort (NASA-TLX) 

 

Subjective listening effort was assessed using the NASA Task Load Index (NASA-

TLX) across varying SNR and RT conditions in native and non-native Kannada speakers. 

The NASA-TLX scores obtained across conditions were analyzed using a Linear Mixed-

Effects Regression (LMER) model, with RT, SNR, and Group included as fixed effects and 

Participant ID included as a random effect. Prior to examining the effects of RT, SNR, and 

language group on NASA-TLX, diagnostic analyses were conducted to evaluate the 

adequacy of the model. 

Residual diagnostics for the NASA-TLX were evaluated using the DHARMa 

package to assess the adequacy of the linear mixed-effects regression model. Visual 

inspection of the DHARMa residual plots demonstrated generally acceptable residual 

behaviour, although slight deviations from residual uniformity were observed. The 

Kolmogorov–Smirnov test for uniformity was statistically significant (D = 0.113, p < .001), 

indicating a modest deviation from the expected residual distribution. However, the 

deviation was relatively small and the visual inspection of residual plots, histograms, and 

Q-Q plots suggested that the residuals reasonably approximated the expected distribution.  

Further diagnostic testing revealed that the dispersion test was non-significant 

(dispersion = 0.98, p = .816), indicating no evidence of over-dispersion or under-dispersion 

within the model. Similarly, the outlier test was non-significant (p = .906), suggesting that 

the observed number of outliers did not substantially exceed the expected frequency. These 

findings indicated that the residual deviations were limited and did not severely violate 

model assumptions.  

Due to the slight deviation identified by the Kolmogorov–Smirnov test, alternative 

modelling approaches including Gamma and Beta regression models were also explored. 
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However, these alternative models demonstrated comparatively poorer model fit, with 

greater evidence of residual deviation, dispersion, and outlier presence than the LMER 

model. Therefore, the linear mixed-effects regression model was retained as the final model 

for analysis. 

To further account for the modest residual deviations and improve the robustness of 

statistical inference, robust standard errors were computed using the clubSandwich package 

with CR2 correction factors (coef_test(model_lmm, vcov = "CR2")). The inclusion of robust 

standard errors provided more reliable parameter estimates and significance testing despite 

minor departures from residual assumptions. 

Model fit indices including Akaike Information Criterion (AIC) and Bayesian 

Information Criterion (BIC) were additionally examined to compare competing models. The 

retained LMER model demonstrated comparatively better fit (i.e. lower values of AIC, BIC) 

and greater model stability relative to the alternative Gamma and Beta regression models, 

further supporting its suitability for analysing secondary task performance. Appendix G 

gives the details of AIC and BIC across models.  

A LMER model was constructed with RT, SNR, and language group included as 

fixed effects, and Participant_ID specified as a random effect. The model is represented by 

equation 3: 

NASA task scores ~ RT * SNR * Group + (1| Participant_ID) – eq (2) 

The LMER model revealed fixed effects of RT, SNR, and speaker group on NASA-

TLX scores, as shown in Table 4.11. The fixed-effects analysis demonstrated significant 

main effects of SNR and speaker group, along with selected interaction effects, on subjective 

listening effort performance. However, the main effects of RT were statistically non-

significant. Effect sizes were interpreted based on the magnitude of the standardized beta 

coefficients (β). 
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Table 4.11 

Fixed-effect estimates from the LMER model showing the effects of group, RT, SNR, and on 

NASA-TLX scores. 

Parameter Estimate SE 95% CI [Lower 

bound, Upper 

bound] 

t 

value 

p 

value 

Coefficient 

(β) 

(Intercept) 27.43 0.12 [0.27, 0.74] 4.22 < .001 0.51 

Avg RT 0.26 0.10 [-0.14, 0.24] 0.55 0.581 N/A 

Max RT 0.46 0.08 [-0.06, 0.25] 1.22 0.221 N/A 

4 dB SNR -0.79 0.07 [-0.30, -0.03] -2.36 0.019 -0.16 

Malayalam -2.66 0.17 [-0.89, -0.22] -3.24 0.001 -0.55 

Kannada -6.16 0.17 [-1.61, -0.94] -7.51 < .001 -1.28 

Avg RT × 4 dB SNR 0.94 0.13 [-0.05, 0.44] 1.55 0.122 N/A 

Max RT × 4 dB 

SNR 

0.70 0.10 [-0.06, 0.35] 1.40 0.162 N/A 

Avg RT × 

Malayalam 

0.14 0.14 [-0.24, 0.30] 0.22 0.828 N/A 

Max RT × 

Malayalam 

1.50 0.11 [0.10, 0.53] 2.85 0.004 0.31 

Avg RT × Kannada 0.59 0.14 [-0.14, 0.39] 0.90 0.367 N/A 

Max RT × Kannada 1.43 0.11 [0.08, 0.51] 2.70 0.007 0.30 

4 dB SNR × 

Malayalam 

0.45 0.10 [-0.10, 0.29] 0.95 0.340 N/A 

4 dB SNR × 

Kannada 

0.05 0.10 [-0.18, 0.20] 0.10 0.918 N/A 
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(Avg RT × 4 dB 

SNR) × Malayalam 

0.88 0.18 [-0.17, 0.53] 1.03 0.305 N/A 

(Max RT × 4 dB 

SNR) Malayalam 

-0.74 0.15 [-0.44, 0.14] -1.04 0.301 N/A 

(Avg RT × 4 dB 

SNR) × Kannada 

-0.23 0.18 [-0.40, 0.30] -0.26  0.793 N/A 

(Max RT × 4 dB 

SNR) × Kannada 

-0.07 0.15 [-0.30, 0.28] -0.10 0.923 N/A 

Note: SNR -signal to noise ratio ; RT-reverberation time ; Min -minimum   ; Avg-average ; Max 

–maximum 

Visual inspection of Table 4.11 revealed relatively small effects of RT on the 

subjective listening effort scores. Compared to the reference condition (Minimum RT), both 

Average RT (β = 0.05, 95% CI [−0.14, 0.24], t = 0.55, p = .581) and Maximum RT (β = 0.09, 

95% CI [−0.06, 0.25], t = 1.22, p = .221) demonstrated small positive effects that were 

statistically non-significant. Examination of effect size as indicated by β revealed negligible 

to small effects for both Average RT and Maximum RT conditions, implying that 

reverberation alone did not substantially influence subjective listening effort ratings 

measured using NASA-TLX scores. 

SNR demonstrated a small negative effect, with significantly lower NASA-TLX 

scores observed at 4 dB SNR compared to 0 dB SNR (β = −0.16, 95% CI [−0.30, −0.03], t 

= −2.36, p = .019). Examination of effect size revealed a small effect, implying that 

improved acoustic clarity modestly reduced perceived listening effort and task demand 

among participants. 

Speaker group demonstrated comparatively stronger effects on subjective listening 

effort. Relative to the Hindi group, the Malayalam group showed a moderate negative effect 
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(β = −0.55, 95% CI [−0.89, −0.22], t = −3.24, p = .001), whereas the Kannada group 

demonstrated a large negative effect (β = −1.28, 95% CI [−1.61, −0.94], t = −7.51, p < .001). 

Examination of effect sizes revealed that native Kannada speakers consistently reported 

lower subjective listening effort compared to non-native speaker groups, implying that 

linguistic familiarity reduced the perceived cognitive demand associated with speech 

perception tasks. 

The interaction between RT and SNR demonstrated small positive effects for both 

Average RT × 4 dB SNR (β = 0.20, p = .122) and Maximum RT × 4 dB SNR (β = 0.15, p = 

.162); however, these interactions were statistically non-significant. These findings imply 

that the influence of reverberation on subjective listening effort did not substantially differ 

across SNR conditions. 

Interactions between RT and speaker group revealed differential effects across 

groups. Average RT × Malayalam demonstrated a negligible effect (β = 0.03, p = .828), 

whereas Maximum RT × Malayalam showed a moderate positive effect (β = 0.31, p = .004). 

Similarly, Average RT × Kannada demonstrated a small effect (β = 0.12, p = .367), while 

Maximum RT × Kannada demonstrated a moderate positive effect (β = 0.30, p = .007). 

These findings suggest that increases in reverberation under Maximum RT conditions 

produced relatively greater increases in subjective listening effort among Malayalam and 

Kannada speakers. 

The interactions between 4 dB SNR and speaker groups demonstrated negligible to 

small effects. The interaction between 4 dB SNR and Malayalam showed a small positive 

effect (β = 0.09, p = .340), whereas 4 dB SNR × Kannada demonstrated a negligible effect 

(β = 0.01, p = .918). These findings imply that improvements in acoustic clarity produced 

relatively similar reductions in subjective listening effort across speaker groups. 
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Among the three-way interactions, Average RT × 4 dB SNR × Malayalam 

demonstrated a small positive effect (β = 0.18, p = .305), whereas Maximum RT × 4 dB 

SNR × Malayalam showed a small negative effect (β = −0.15, p = .301). Similarly, Average 

RT × 4 dB SNR × Kannada demonstrated a negligible negative effect (β = −0.05, p = .793), 

while Maximum RT × 4 dB SNR × Kannada also showed a negligible negative effect (β = 

−0.01, p = .923). However, all three-way interactions were statistically non-significant, 

suggesting that the combined effects of reverberation and noise on subjective listening effort 

did not differ substantially across speaker groups. 

Comparison of effect sizes revealed that speaker group exerted the strongest 

influence on NASA-TLX scores, followed by SNR, whereas RT demonstrated the smallest 

effects overall. The Kannada group demonstrated the largest effect size in reducing 

subjective listening effort, followed by the Malayalam group, indicating that native speakers 

consistently perceived lower listening effort compared to non-native speakers. In contrast, 

reverberation demonstrated only negligible to small effects on subjective listening effort 

ratings, suggesting that participants perceived workload was influenced more strongly by 

linguistic familiarity and acoustic clarity than by reverberation alone. 

 

The main effects of RT, SNR, and speaker group on NASA-TLX scores were 

examined using Type III Wald chi-square tests obtained from the LMER model, as shown 

in Table 4.12. The analysis revealed a non-significant main effect of RT [χ²(2) = 1.51, p = 

.469, ηp² = 0.06], indicating that reverberation alone did not significantly influence 

subjective listening effort ratings. Examination of effect size revealed a small effect, 

implying that increases in reverberation produced only minimal changes in perceived 

workload and listening effort. 
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A statistically significant main effect of SNR was observed [χ²(1) = 5.55, p = .019, 

ηp²  = 2.13 × 10⁻⁴], indicating that subjective listening effort differed across SNR conditions. 

Examination of effect size revealed a negligible effect, suggesting that improved acoustic 

clarity at 4 dB SNR only modestly reduced perceived listening effort among participants. 

Language group of the speakers demonstrated a highly significant main effect on 

NASA-TLX scores [χ²(2) = 56.76, p < .001, ηp² = 0.38]. Examination of effect size revealed 

a large effect, indicating that linguistic background strongly influenced subjective listening 

effort ratings. Native Kannada speakers consistently reported lower listening effort 

compared to non-native speaker groups, implying that familiarity with the target language 

substantially reduced perceived cognitive demand during speech perception tasks. 

The RT × SNR interaction was non-significant [χ²(2) = 3.19, p = .203, ηp² = 5.10 × 

10⁻³]. Examination of effect size revealed a negligible interaction effect, suggesting that the 

influence of reverberation on subjective listening effort did not vary substantially across 

SNR conditions. 

The RT × Group interaction was statistically significant [χ²(4) = 11.18, p = .03, ηp² 

= 8.17 × 10⁻³], indicating that reverberation affected speaker groups differently. 

Examination of effect size revealed a negligible to small interaction effect, implying that the 

effect of reverberation on subjective listening effort varied slightly across language groups, 

with non-native speakers demonstrating comparatively greater increases in perceived effort 

under adverse reverberation conditions. 

The SNR × Group interaction was non-significant [χ²(2) = 1.10, p = .58, ηp² = 1.54 

× 10⁻³]. Examination of effect size revealed a negligible effect, suggesting that 

improvements in SNR produced relatively similar reductions in subjective listening effort 

across speaker groups. 
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Similarly, the three-way interaction between RT, SNR, and Group was non-

significant [χ²(4) = 4.95, p = .29, ηp² = 2.30 × 10⁻³]. Examination of effect size revealed a 

negligible interaction effect, indicating that the combined influence of reverberation and 

noise on subjective listening effort did not substantially differ across speaker groups. 

Comparison of effect sizes revealed that speaker group exerted the strongest 

influence on NASA-TLX scores, followed by RT, whereas SNR demonstrated the smallest 

overall effect. The large effect associated with speaker group indicates that linguistic 

familiarity played the most important role in determining perceived listening effort. In 

contrast, RT and SNR demonstrated comparatively negligible to small effects, suggesting 

that subjective workload ratings were influenced more strongly by linguistic background 

than by acoustic degradation alone. 

Table 4.12 

ANOVA Results (Type II Wald χ² Tests) for NASA-TLX Performance 

 

Effect χ² df 95% CI p value Effect Size (ηp²) 

RT 1.51 2 [0.04, 1.00] 0.469 N/A 

SNR 5.55 1 [0.00, 1.00] 0.019 2.13 × 10⁻⁴ 

Group 56.76 2 [0.25, 1.00] < .001 0.38 

RT × SNR 3.19 2 [0.00, 1.00] 0.203 N/A 

RT × Group 11.18 4 [0.00, 1.00] 0.025 8.17 × 10⁻³ 

SNR × Group 1.10 2 [0.00, 1.00] 0.578 N/A 

RT × SNR × Group 4.95 4 [0.00, 1.00] 0.292 N/A 

Note: SNR -signal to noise ratio ; RT-reverberation time  
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4.4.1 Effect of Language Group on NASA-TLX Scores 

As LMER model revealed significant main effect of Groups, as well as its significant 

interaction with SNR and RT (Table 4.11), pairwise comparison with Bonferroni correction 

were carried out for comparison of NASA-TLX scores of three Groups across two SNRs 

and three RT conditions. Figure 4.8 shows boxplots with median and IQR along with 

individual data points for NASA-TLX as a function of Group.  

.  

Figure 4.8 

Boxplots illustrating NASA-TLX performance across RT conditions (Minimum, Average and 

Maximum RT) for Hindi, Malayalam, and Kannada speaker groups under 0 dB and 4 dB 

SNR conditions. The central horizontal line within each box represents the median score, 

while the box boundaries indicate the interquartile range (IQR). Whiskers represent the 

spread of the data beyond the quartiles, and individual dots indicate each participant-

performance and outliers. 
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 Inspection of the figure 4.8 reveals clear group-wise differences in subjective 

listening effort across all acoustic conditions. Across both SNR conditions, Hindi-speaking 

non-native Kannada speakers consistently demonstrated the highest NASA-TLX scores 

across Minimum, Average, and Maximum RT conditions, indicating greater perceived 

listening effort. Malayalam-speaking speakers showed comparatively lower NASA-TLX 

scores than the Hindi group, whereas native Kannada speakers consistently exhibited the 

lowest listening effort across conditions. 

 

Under the 0 dB SNR condition, subjective listening effort increased slightly with 

increasing reverberation time across all groups. The difference between groups was 

particularly evident under Average RT and Maximum RT conditions, where native Kannada 

speakers demonstrated noticeably lower NASA-TLX scores compared to the non-native 

speaker groups. Similar patterns were observed under the 4 dB SNR condition, although 

overall listening effort appeared slightly reduced relative to the 0 dB SNR condition. 

 

The figure also demonstrates that the variability in NASA-TLX scores differed 

across groups. Kannada speakers showed relatively wider distributions and lower median 

scores under certain RT conditions, whereas Hindi speakers exhibited consistently elevated 

NASA-TLX scores with comparatively smaller variability. Malayalam speakers 

demonstrated intermediate performance between the two groups. 

 

Overall, the graphical pattern suggests that linguistic familiarity with Kannada 

reduced perceived listening effort, while adverse acoustic conditions, particularly increased 

reverberation, contributed to greater subjective workload. These findings visually support 
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the significant main effect of speaker group and reverberation time observed in the mixed-

effects analysis. 

 

Post hoc pairwise comparisons performed using estimated marginal means (EMMs) 

with Bonferroni adjustment for multiple comparisons, showed significant differences in 

NASA-TLX scores between Group conditions as shown in Table 4.13. Pairwise 

comparisons of NASA-TLX scores across RT and SNR conditions revealed significant 

differences between speaker groups under several listening conditions, as shown in Table 

4.13. Overall, Kannada speakers consistently demonstrated significantly lower NASA-TLX 

scores compared to both Hindi and Malayalam speakers, indicating reduced perceived 

listening effort among native Kannada speakers. Examination of effect sizes revealed 

predominantly large effects for comparisons involving Kannada speakers, suggesting that 

linguistic familiarity substantially reduced subjective listening effort. 

 

 



113 

 

Table 4.13 

 Pairwise Group Comparisons on NASA-TLX Performance Across RT and SNR Conditions 

SNR RT Hindi vs Malayalam 

 

Hindi vs Kannada 

 

Malayalam vs Kannada 

  
Estimate SE  t p d Estimate SE  t p d Estimate SE  t p d 

 
Min 2.66 0.82  3.24 0.005 0.87 6.16 0.82  7.51 < .001 2.02 3.50 0.82  4.27 < .001 1.15 

0 dB Avg 2.52 0.93  2.72 0.022 0.83 5.57 0.93  6.01 < .001 1.83 3.05 0.93  3.29 0.004 1.00 

 Max 1.16 0.84  1.38 0.509 N/A 4.73 0.84  5.64 < .001 1.55 3.58 0.84  4.26 < .001 1.17 

 Min 2.21 0.81  2.73 0.022 0.72 6.11 0.81  7.57 < .001 2.01 3.91 0.81  4.84 < .001 1.28 

4 dB Avg 1.18 0.87  1.36 0.532 N/A 5.74 0.87  6.61 < .001 1.89 4.57 0.87  5.26 < .001 1.50 

 Max 1.44 0.82  1.76 0.245 N/A 4.75 0.82  5.80 < .001 1.56 3.31 0.82  4.04 0.0003 1.09 

Note: SNR -signal to noise ratio ; RT-reverberation time ; Min -minimum  ; Avg-average ; Max -maximum
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At 0 dB SNR under Minimum RT conditions, significant differences were observed 

between Hindi and Malayalam speakers (t = 3.24, p = .005, d = 0.87), Hindi and Kannada 

speakers (t = 7.51, p < .001, d = 2.02), and Malayalam and Kannada speakers (t = 4.27, p < 

.001, d = 1.15). Examination of effect sizes revealed a moderate effect for Hindi versus 

Malayalam and large effects for comparisons involving Kannada speakers, implying 

substantially lower listening effort among native Kannada speakers. 

A similar pattern was observed at 0 dB SNR under Average RT conditions. 

Significant differences were obtained between Hindi and Malayalam speakers (t = 2.72, p = 

.022, d = 0.83), Hindi and Kannada speakers (t = 6.01, p < .001, d = 1.83), and Malayalam 

and Kannada speakers (t = 3.29, p = .004, d = 1.00). Examination of effect sizes again 

revealed moderate to large effects, indicating that Kannada speakers continued to experience 

lower subjective listening effort even under increased reverberation. 

Under Maximum RT at 0 dB SNR, the comparison between Hindi and Malayalam 

speakers was non-significant (t = 1.38, p = .509, d = 0.38), demonstrating only a small effect. 

However, Hindi versus Kannada (t = 5.64, p < .001, d = 1.55) and Malayalam versus 

Kannada (t = 4.26, p < .001, d = 1.17) comparisons remained significant with large effect 

sizes, suggesting that Kannada speakers maintained lower perceived listening effort even 

under highly adverse acoustic conditions. 

At 4 dB SNR under Minimum RT conditions, significant differences were observed 

between Hindi and Malayalam speakers (t = 2.73, p = .022, d = 0.72), Hindi and Kannada 

speakers (t = 7.57, p < .001, d = 2.01), and Malayalam and Kannada speakers (t = 4.84, p < 

.001, d = 1.28). Examination of effect sizes revealed moderate to very large effects, implying 

that improved acoustic clarity further reduced subjective listening effort among Kannada 

speakers. 
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At 4 dB SNR under Average RT conditions, the Hindi versus Malayalam comparison 

was non-significant (t = 1.36, p = .532, d = 0.39), indicating only a small effect. In contrast, 

Hindi versus Kannada (t = 6.61, p < .001, d = 1.89) and Malayalam versus Kannada (t = 

5.26, p < .001, d = 1.50) comparisons demonstrated large effect sizes, suggesting 

substantially lower NASA-TLX scores among Kannada speakers. 

Similarly, under Maximum RT at 4 dB SNR, Hindi versus Malayalam comparisons 

remained non-significant (t = 1.76, p = .245, d = 0.47), while Hindi versus Kannada (t = 

5.80, p < .001, d = 1.56) and Malayalam versus Kannada (t = 4.04, p = .0003, d = 1.09) 

comparisons remained statistically significant with large effect sizes. These findings 

indicate that native Kannada speakers consistently experienced lower subjective listening 

effort across all reverberation and SNR conditions. 

Comparison of effect sizes across conditions revealed that the largest effects were 

consistently observed for Hindi versus Kannada comparisons, followed by Malayalam 

versus Kannada comparisons, whereas Hindi versus Malayalam comparisons demonstrated 

comparatively smaller effects. Overall, Kannada speakers exhibited the lowest subjective 

listening effort ratings, followed by Malayalam speakers, while Hindi speakers 

demonstrated the highest perceived listening effort. These findings imply that linguistic 

familiarity played a major role in reducing subjective listening effort across varying acoustic 

conditions. 

 

Interaction Effects Involving Group 

The interaction between RT and Group was statistically significant, [χ²(4) = 11.18, 

p = .025, ηp² = 8.17 × 10⁻³], indicating that the effect of reverberation differed across speaker 

groups. Examination of effect size revealed a negligible to small interaction effect, 

suggesting that increases in reverberation produced relatively greater increases in subjective 
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listening effort among non-native speakers compared to native Kannada speakers. Although 

all speaker groups demonstrated changes in NASA-TLX scores across reverberation 

conditions, non-native speakers tended to report comparatively higher listening effort under 

adverse reverberation conditions. 

Similarly, the SNR × Group interaction was non-significant [χ²(2) = 1.10, p = .578, 

ηp² = 1.54 × 10⁻³], suggesting that the speaker groups did not differ substantially in the extent 

to which they benefited from improved SNR conditions. Examination of effect size revealed 

a negligible interaction effect, implying that improved acoustic clarity produced relatively 

similar reductions in subjective listening effort across speaker groups. 

Importantly, the three-way interaction between RT, SNR, and Group was non-

significant [χ²(4) = 4.95, p = .292, ηp² = 2.30 × 10⁻³]. This finding indicates that the combined 

effects of reverberation and noise on subjective listening effort did not vary substantially as 

a function of linguistic background. Examination of effect size revealed a negligible three-

way interaction effect, suggesting that the combined influence of reverberation and noise 

produced relatively comparable patterns of subjective listening effort across native and non-

native speaker groups. 

 

4.4.2 Effect of Reverberation Time (RT) on NASA-TLX Scores 

As LMER model revealed a differential and small effect of RT as well as its 

interaction with Group and SNR (Table 4.11), pairwise comparison with Bonferroni 

correction were carried out for comparison of NASA-TLX scores of three RT conditions for 

each group across SNRs. Figure 4.9 shows boxplots with median and IQR along with 

individual data points for NASA-TLX as a function of RT. 

Figure 4.9 
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Boxplots illustrating NASA-TLX performance across SNR conditions for the Hindi, 

Malayalam, and Kannada speaker groups under Minimum, Average, and Maximum RT 

conditions. The central horizontal line within each box represents the median score, while the 

box boundaries indicate the interquartile range (IQR). Whiskers represent the spread of the 

data beyond the quartiles, and individual dots indicate each participant-performance and 

outliers. 

 

 
 

Inspection of the figure 4.9 revealed clear RT-wise simple effects at each SNR × 

Group combination. Across both SNR conditions, subjective listening effort generally 

increased from Minimum RT to Maximum RT across all speaker groups. Hindi-speaking 

non-native Kannada speakers consistently demonstrated the highest NASA-TLX scores 

across all RT conditions, indicating greater perceived listening effort. In contrast, native 

Kannada speakers exhibited comparatively lower NASA-TLX scores across conditions, 

reflecting reduced cognitive workload during speech perception. Malayalam-speaking 

speakers showed intermediate performance between the Hindi and Kannada groups. 
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Under both 0 dB SNR and 4 dB SNR conditions, increases in reverberation time 

were associated with slight increases in NASA-TLX scores, particularly under Maximum 

RT conditions. This trend suggests that increased reverberation imposed greater perceptual 

and cognitive demands on speakers. The effect of RT appeared more prominent among the 

non-native speaker groups, especially the Hindi-speaking group, whereas native Kannada 

speakers demonstrated relatively lower listening effort even under adverse reverberation 

conditions. 

 

The figure also demonstrates variability in NASA-TLX scores across participants. 

Kannada speakers showed comparatively wider score distributions and lower median 

values, whereas Hindi speakers exhibited consistently elevated scores with relatively 

smaller variability. Malayalam speakers demonstrated moderate variability with a few lower 

outlier values under some RT conditions. 

 

Overall, the graphical pattern indicates that increasing reverberation elevated 

subjective listening effort across groups, while linguistic familiarity with Kannada reduced 

the cognitive demands associated with speech perception under adverse acoustic conditions. 

These findings visually support the significant main effect of RT and speaker group 

observed in the mixed-effects analysis. 

Pairwise comparisons of RT conditions on NASA-TLX scores across SNR and 

speaker groups revealed differential effects of reverberation on subjective listening effort, 

as shown in Table 4.14. Overall, significant differences were more evident under the 4 dB 

SNR condition compared to the 0 dB SNR condition. Examination of effect sizes revealed 

predominantly negligible to moderate effects, indicating that reverberation produced 
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comparatively smaller influences on subjective listening effort than on objective task 

performance. 

At 0 dB SNR for the Hindi group, none of the RT comparisons were statistically 

significant. The comparisons between Minimum RT and Average RT (t = −0.55, p = 1.00, d 

= −0.08), Minimum RT and Maximum RT (t = −1.22, p = .66, d = −0.15), and Average RT 

and Maximum RT (t = −0.42, p = 1.00, d = −0.07) demonstrated negligible to small effects, 

suggesting minimal changes in subjective listening effort across reverberation conditions. 

For the Malayalam group at 0 dB SNR, significant differences were observed 

between Minimum RT and Maximum RT (t = −5.25, p < .001, d = −0.64) and between 

Average RT and Maximum RT (t = −3.24, p = .004, d = −0.51). Examination of effect sizes 

revealed moderate negative effects, implying that higher reverberation substantially 

increased perceived listening effort among Malayalam speakers. However, the comparison 

between Minimum RT and Average RT was non-significant (t = −0.86, p = 1.00, d = −0.13), 

indicating only a small effect. 

Similarly, for the Kannada group at 0 dB SNR, the comparison between Minimum 

RT and Maximum RT was statistically significant (t = −5.05, p < .001, d = −0.62), 

demonstrating a moderate negative effect. The comparison between Average RT and 

Maximum RT demonstrated a small to moderate effect (t = −2.15, p = .10, d = −0.34), 

although it did not reach statistical significance following correction for multiple 

comparisons. The comparison between Minimum RT and Average RT remained non-

significant (t = −1.83, p = .20, d = −0.28). 

At 4 dB SNR, stronger RT-related effects were observed across groups. For the Hindi 

group, significant differences were observed between Minimum RT and Average RT (t = 

−3.05, p = .007, d = −0.39) and between Minimum RT and Maximum RT (t = −3.44, p = 

.002, d = −0.38), indicating small to moderate increases in listening effort with increasing 
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reverberation. However, the comparison between Average RT and Maximum RT was non-

significant (t = 0.10, p = 1.00, d = 0.01). 

For the Malayalam group at 4 dB SNR, significant differences were observed 

between Minimum RT and Average RT (t = −5.66, p < .001, d = −0.73) and between 

Minimum RT and Maximum RT (t = −5.72, p < .001, d = −0.63), demonstrating moderate 

negative effects. These findings suggest that reverberation substantially increased subjective 

listening effort among Malayalam speakers even under improved SNR conditions. In 

contrast, the comparison between Average RT and Maximum RT remained non-significant 

(t = 0.74, p = 1.00, d = 0.10). 

Likewise, for the Kannada group at 4 dB SNR, significant differences were observed 

between Minimum RT and Average RT (t = −3.98, p < .001, d = −0.51) and between 

Minimum RT and Maximum RT (t = −7.47, p < .001, d = −0.83). Examination of effect sizes 

revealed moderate effects, with the largest effect observed for the Minimum RT versus 

Maximum RT comparison. The comparison between Average RT and Maximum RT did not 

reach statistical significance (t = −2.34, p = .06, d = −0.31). 

Comparison of effect sizes across conditions revealed that the largest RT-related 

effects were observed in the Malayalam and Kannada groups under 4 dB SNR conditions, 

particularly for Minimum RT versus Maximum RT comparisons. In contrast, the Hindi 

group demonstrated comparatively smaller effects across RT conditions. Overall, Maximum 

RT conditions consistently produced higher NASA-TLX scores compared to Minimum RT 

conditions, indicating increased perceived listening effort with increasing reverberation. 
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Table 4.14 

Pairwise Comparison of RT Conditions on NASA-TLX Performance 

 

SNR RT Hindi Malayalam Kannada 

 

                      Estimate SE t p d Estimate  SE 

 

t p d Estimate   SE t p d 

 
Min vs Avg -0.26 0.47 -0.55 1.00 N/A -0.40 0.47 -0.86 1.00 N/A -0.85 0.47 -1.83 0.20 N/A 

0 dB Min vs Max -0.46 0.37 -1.22 0.66 N/A -1.96 0.37 -5.25 < .001 -0.64 -1.88 0.37 -5.05 < .001 -0.62 

 
Avg vs Max -0.20 0.48 -0.42 1.00 N/A -1.56 0.48 -3.24 0.004 -0.51 -1.03 0.48 -2.15 0.10 N/A 

 
Min vs Avg -1.20 0.39 -3.05 0.007 -0.39 -2.23 0.39 -5.66 < .001 -0.73 -1.57 0.39 -3.98 < .001 -0.51 

4 dB Min vs Max -1.16 0.34 -3.44 0.002 -0.38 -1.93 0.34 -5.72 < .001 -0.63 -2.52 0.34 -7.47 < .001 -0.83 

 
Avg vs Max 0.04 0.41 0.10 1.00 N/A 0.30 0.41 0.74 1.00 N/A -0.95 0.41 -2.34 0.06 N/A 

Note: SNR -signal to noise ratio ; RT-reverberation time ; Min -minimum  ; Avg-average ; Max -maximum  

 

 

 

 



122 

 

Interaction Effects Involving RT 

The RT × SNR interaction was non-significant [χ²(2) = 3.19, p = .203, ηp² = 5.10 × 

10⁻³], indicating that the effect of reverberation on NASA-TLX scores did not vary 

substantially across SNR conditions. Examination of effect size revealed a negligible 

interaction effect, suggesting that changes in reverberation produced relatively similar 

subjective listening effort ratings across both SNR conditions. 

The RT × Group interaction was statistically significant [χ²(4) = 11.18, p = .025, ηp² 

= 8.17 × 10⁻³], suggesting that reverberation affected speaker groups differently. 

Examination of effect size revealed a negligible to small interaction effect, implying that 

increases in reverberation produced comparatively greater increases in subjective listening 

effort among non-native speakers relative to native Kannada speakers. Although all groups 

demonstrated changes in NASA-TLX scores across reverberation conditions, Malayalam 

and Hindi speakers tended to report relatively higher listening effort under adverse 

reverberation conditions. 

Further, the three-way interaction between RT, SNR, and Group was non-significant 

[χ²(4) = 4.95, p = .292, ηp² = 2.30 × 10⁻³], indicating that the combined effects of 

reverberation and noise on subjective listening effort did not differ substantially across 

speaker groups. Examination of effect size revealed a negligible interaction effect, 

suggesting that the combined influence of RT and SNR produced relatively similar patterns 

of subjective listening effort across native and non-native speaker groups. 

 

4.4.3 Effect of Signal-to-Noise Ratio (SNR) on NASA-TLX Scores 

As LMER model revealed small but significant main effect of SNR, as well as its 

significant interaction with Group and RT (Table 4.11), pairwise comparison with 

Bonferroni correction were carried out for comparison of NASA-TLX scores of two SNR 
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conditions for each group across RTs. Figure 4.10 shows boxplots with median and IQR 

along with individual data points for NASA-TLX as a function of SNR.  

 

Figure 4.10 

Boxplots illustrating NASA-TLX performance across RT conditions (Minimum, Average, and 

Maximum RT) for Hindi, Malayalam, and Kannada speaker groups under 0 dB and 4 dB SNR 

conditions. The central horizontal line within each box represents the median score, while the 

box boundaries indicate the interquartile range (IQR). Whiskers represent the spread of the 

data beyond the quartiles, and individual dots indicate each participant-performance and 

outliers. 

 
 

Inspection of Figure 4.10 revealed clear SNR-wise simple effects at each RT × Group 

combination. Overall, higher NASA-TLX scores were observed under the 0 dB SNR 

condition compared to the 4 dB SNR condition, indicating greater perceived listening effort 

in poorer signal-to-noise conditions. 
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Across all RT conditions, Hindi-speaking non-native Kannada speakers 

demonstrated consistently higher NASA-TLX scores than Malayalam-speaking and native 

Kannada speakers under both SNR conditions. Native Kannada speakers showed 

comparatively lower subjective listening effort across conditions. Malayalam-speaking 

speakers exhibited intermediate performance between the Hindi and Kannada groups. 

The influence of SNR appeared more prominent under Average RT and Maximum 

RT conditions, where listening effort tended to increase further in the 0 dB SNR condition. 

In contrast, relatively lower NASA-TLX scores were observed in the 4 dB SNR condition, 

particularly under Minimum RT. These findings suggest that poorer signal clarity combined 

with increased reverberation elevated subjective listening effort, especially among non-

native speakers. 

Pairwise comparisons of SNR conditions on NASA-TLX scores across RT and 

speaker groups revealed relatively small effects of SNR on subjective listening effort, as 

shown in Table 4.15. Significant differences between 0 dB and 4 dB SNR conditions were 

observed only under selected RT and speaker group combinations. Examination of effect 

sizes revealed predominantly negligible to small effects, indicating that changes in SNR 

produced comparatively limited influences on perceived listening effort. 

Under Minimum RT conditions, the Hindi group demonstrated a statistically 

significant difference between 0 dB and 4 dB SNR (t = 2.36, p = .019, d = 0.26), indicating 

a small effect. Similarly, the Kannada group also demonstrated a significant difference (t = 

2.21, p = .027, d = 0.24), suggesting slightly lower NASA-TLX scores under the improved 

SNR condition. However, the Malayalam group did not demonstrate a significant difference 

(t = 1.01, p = .315, d = 0.11), indicating only a negligible effect of SNR. 
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Under Average RT conditions, the Malayalam group demonstrated a statistically 

significant difference between 0 dB and 4 dB SNR (t = −2.93, p = .003, d = −0.49), revealing 

a moderate negative effect. This finding suggests that improvements in SNR substantially 

reduced subjective listening effort among Malayalam speakers under moderate 

reverberation conditions. In contrast, the Hindi (t = −0.30, p = .768, d = −0.05) and Kannada 

(t = 0.06, p = .956, d = 0.01) groups demonstrated negligible and non-significant effects. 

Under Maximum RT conditions, none of the speaker groups demonstrated 

statistically significant differences between SNR conditions. The Hindi group showed a 

negligible effect (t = 0.24, p = .810, d = 0.03), the Malayalam group demonstrated a small 

effect (t = 1.00, p = .319, d = 0.12), and the Kannada group also showed a negligible effect 

(t = 0.30, p = .768, d = 0.04). These findings indicate that improvements in SNR under 

highly reverberant conditions did not substantially reduce subjective listening effort. 

Comparison of effect sizes across conditions revealed that the largest SNR-related 

effect was observed for the Malayalam group under Average RT conditions, followed by the 

Hindi and Kannada groups under Minimum RT conditions. Overall, the observed effect sizes 

ranged from negligible to moderate, suggesting that SNR exerted comparatively smaller 

effects on subjective listening effort relative to speaker group differences. These findings 

imply that linguistic familiarity contributed more strongly to perceived listening effort than 

improvements in acoustic clarity alone. 
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Table 4.15 

Pairwise Comparison of SNR Conditions (0 dB vs 4 dB) on NASA-TLX Performance 

RT SNR  

 

 

Hindi Malayalam Kannada 

  
Estimate SE t p d Estimate  SE t p d     Estimate  SE          t p d 

Min  0 dB vs 4 dB 0.79 0.34 2.36 0.019 0.26 0.34 0.34 1.01 0.315 N/A 0.74 0.34 2.21 0.027 0.24 

Avg  0 dB vs 4 dB -0.15 0.51 -0.30 0.768 N/A -1.49 0.51 -2.93 0.003 -0.49 0.03 0.51 0.06 0.956 N/A 

Max  0 dB vs 4 dB 0.09 0.37 0.24 0.810 N/A 0.37 0.37 1.00 0.319 N/A 0.11 0.37 0.30 0.768 N/A 

Note: SNR -signal to noise ratio ; RT-reverberation time ; Min -minimum  ; Avg-average ; Max -maximum  
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Interaction Effects Involving SNR 

The RT × SNR interaction was non-significant [χ²(2) = 3.19, p = .203, ηp² = 5.10 × 

10⁻³], indicating that the effect of SNR on NASA-TLX scores did not vary substantially 

across reverberation conditions. Examination of effect size revealed a negligible interaction 

effect, suggesting that improvements in acoustic clarity produced relatively similar changes 

in subjective listening effort across different RT conditions. Similarly, the SNR × Group 

interaction was non-significant [χ²(2) = 1.10, p = .58, ηp² = 1.54 × 10⁻³], indicating that the 

speaker groups did not differ substantially in the extent to which they benefited from 

improved SNR conditions.  

Further, the three-way interaction between RT, SNR, and Group was non-significant 

[χ²(4) = 4.95, p = .29, ηp² = 2.30 × 10⁻³]. This finding indicates that the combined effects of 

reverberation and noise on subjective listening effort did not vary substantially across 

speaker groups. Examination of effect size revealed a negligible interaction effect, 

suggesting that the combined influence of RT and SNR produced relatively comparable 

patterns of perceived listening effort across all speaker groups. 

 

 

4.5 Correlation between LEAP-Q Scores and Listening Effort Measures 

Spearman correlation analysis was carried out to examine the relationship between 

second language proficiency, as measured using the LEAP-Q, and listening effort measures 

obtained from the dual-task paradigm i.e. primary and secondary task scores. In addition, 

spearman correlation was also measured between LEAP-Q scores and subjective workload 

ratings obtained using NASA-TLX. These were obtained separately for two SNRs (0 and 4 

dB), and three RTs conditions (minimum, average, and maximum). 
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4.5.1. Correlation between LEAP-Q Scores with Primary and Secondary Task 

Performance 

Figure 4.11 presents a heat map of Spearman’s correlation coefficients, along with 

the corresponding p-values for significant relationships between LEAP-Q scores and 

performance on primary and secondary tasks across the panels. As shown in Figure 4.11, 

strong positive correlations were observed between LEAP-Q scores and both primary and 

secondary task performance across most RT and SNR conditions. 

 

For the primary task, at 0 dB SNR, very strong positive correlations were observed 

across minimum RT (rs = 0.90, p < .001), average RT (rs = 0.91, p < .001), and maximum 

RT (rs = 0.91, p < .001) with LEAP-Q scores. Similarly, at 4 dB SNR, significant positive 

correlations were observed at Minimum RT (rs= 0.63, p < .001), Average RT (rs = 0.52, p < 

.001), and Maximum RT (rs = 0.88, p < .001).  

 

For the secondary task, strong positive correlations were also observed between 

LEAP-Q scores and task performance. At 0 dB SNR, strong correlations were obtained at 

Minimum RT (rs = 0.83, p < .001) and Maximum RT (rs = 0.90, p < .001). At 4 dB SNR, 

similarly strong positive correlations were observed at Minimum RT (rs = 0.87, p < .001) 

and Maximum RT (rs = 0.88, p < .001). Correlation values for the Average RT condition 

were not computed due to methodological constraints and insufficient data. Specifically, 

blocks were categorized only as ‘easy’ or ‘difficult,’ where difficult blocks contained three 

average or maximum RT trials, while easy blocks consisted of three minimum RT trials (See 

method, section 3.4). This structure precluded meaningful calculation of average RT. 
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Overall, the heat map in Figure 4.11 demonstrates that higher Kannada language 

proficiency was consistently associated with better performance in both the primary and 

secondary tasks. The strongest correlations were observed under acoustically adverse 

conditions, particularly at 0 dB SNR and Maximum RT conditions.  

 

Figure 4.11 

Heat map showing Spearman correlation coefficients between LEAP-Q scores and primary 

and secondary task performance across different SNR and RT conditions. 

 

 
Note: *** - p < 0.001 

4.5.2 Correlation between LEAP-Q Scores and NASA-TLX Ratings 

The relationship between LEAP-Q scores and subjective listening effort ratings 

obtained using NASA-TLX is presented in Figure 4.12. Moderate negative correlations 

were observed across all RT and SNR conditions. 

At 0 dB SNR, significant negative correlations were observed at Minimum RT (rs = 

−0.45, p < .001), Average RT (rs = −0.48, p < .001), and Maximum RT (rs = −0.35, p < .001). 
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Similarly, at 4 dB SNR, significant negative correlations were observed between LEAP-Q 

and NASA-TLX scores at Minimum RT (rs = −0.48, p < .001), Average RT (rs = −0.48, p < 

.001), and Maximum RT (rs = −0.37, p < .001). 

 

Figure 4.12 

 Heat map showing Spearman correlation coefficients between LEAP-Q scores and NASA-TLX 

ratings across different SNR and RT conditions. 

 
Note: *** - p < 0.001 

 

4.6 Results of test-retest reliability 

To ensure the consistency of the measurements after one-month, 9 participants (10 

% data) were re-tested on dual task paradigm measures and subjective ratings. Test-retest 

analysis was performed using Cronbach's alpha on Primary task, secondary task and 

NASA-TLX. The results are presented in Table 4.16, Table 4.17 and Table 4.18. 
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Table 4.16 

Test–retest reliability Cronbach’s alpha values for all groups across SNR and RT conditions for primary task performance 

SNR RT Hindi Malayalam Kannada 

  
Test Retest 

 
Test Retest 

 
Test Retest 

 

  Mean ± SD Mean ± SD α Mean ± SD Mean ± SD α Mean ± SD Mean ± SD α 

0 dB Min 20.33 ± 1.15 19.38 ± 2.08 0.83 22.33 ± 0.58 22.23 ± 0.58 0.98 24.00 ± 0.00 24.00 ± 0.00 0.99 

0 dB Avg 9.00 ± 1.00 9.93 ± 1.53 0.89 13.00 ± 1.00 12.24 ± 1.00 0.84 15.33 ± 0.58 15.00 ± 0.00 0.99 

0 dB Max 7.67 ± 1.53 7.33 ± 1.53 0.96 14.00 ± 1.00 13.67 ± 1.15 0.98 18.33 ± 1.15 18.33 ± 0.58 0.99 

4 dB Min 24.67 ± 0.58 24.00 ± 1.00 0.93 24.67 ± 0.58 24.33 ± 0.58 0.97 25.00 ± 0.00 25.00 ± 0.00 0.99 

4 dB Avg 16.67 ± 0.58 16.33 ± 0.58 0.98 16.33 ± 0.58 16.67 ± 0.58 0.98 17.00 ± 0.00 17.00 ± 0.00 1.00 

4 dB Max 18.53 ± 0.58 18.13 ± 1.00 0.97 19.67 ± 1.15 19.00 ± 0.00 0.97 21.67 ± 0.58 20.00 ± 0.00 0.98 

Note. SNR = signal-to-noise ratio; RT = reverberation time; Min = minimum; Avg = average; Max = maximum; α = Cronbach’s alpha. 
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Table 4.17 

Test–retest reliability Cronbach’s alpha values for all groups across SNR and RT conditions for secondary task performance 

SNR RT Hindi Malayalam Kannada 

  
Test Retest 

 
Test Retest 

 
Test Retest 

 

  Mean ± SD Mean ± SD α Mean ± SD Mean ± SD α Mean ± SD Mean ± SD α 

0 dB Min 11.00 ± 1.00 10.03 ± 0.58 0.88 12.33 ± 1.15 12.00 ± 1.73 0.98 15.00 ± 0.00 15.12 ± 0.00 0.96 

0 dB Max 4.00 ± 0.00 4.67 ± 0.58 0.96 7.00 ± 0.00 6.67 ± 1.53 0.98 8.67 ± 1.53 8.77 ± 1.15 0.98 

4 dB Min 16.33 ± 2.08 15.00 ± 1.73 0.89 18.00 ± 0.00 17.33 ± 0.58 0.97 19.33 ± 1.15 19.00 ± 1.00 0.97 

4 dB Max 10.00 ± 1.00 9.10 ± 1.00 0.87 10.67 ± 1.15 10.00 ± 0.00 0.97 14.00 ± 0.00 13.67 ± 0.58 0.98 

Note. SNR = signal-to-noise ratio; RT = reverberation time; Min = minimum; Avg = average; Max = maximum; α = Cronbach’s alpha. 
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Table 4.18 

Test–retest reliability Cronbach’s alpha values for all groups across SNR and RT conditions for NASA–TLX scores 

 

SNR RT Hindi 
  

Malayalam 
  

Kannada 
  

  
Test Retest 

 
Test Retest 

 
Test Retest 

 

  
Mean ± SD Mean ± SD α Mean ± SD Mean ± SD α Mean ± SD Mean ± SD α 

0 dB Min 26.60 ± 3.91 24.67 ± 3.81 0.83 27.33 ± 0.90 26.00 ± 2.24 0.88 20.80 ± 3.10 22.33 ± 3.20 0.84 

0 dB Avg 27.50 ± 3.99 25.67 ± 4.03 0.86 27.00 ± 0.00 26.00 ± 2.37 0.86 22.00 ± 3.10 22.33 ± 3.39 0.89 

0 dB Max 26.67 ± 3.73 25.67 ± 3.85 0.88 27.17 ± 0.72 26.00 ± 2.26 0.81 22.00 ± 4.67 22.33 ± 3.23 0.77 

4 dB Min 25.83 ± 4.33 24.67 ± 3.79 0.76 26.83 ± 1.42 26.00 ± 2.22 0.84 20.00 ± 2.91 21.33 ± 3.18 0.86 

4 dB Avg 26.11 ± 4.54 24.67 ± 3.91 0.84 27.44 ± 0.53 26.00 ± 2.29 0.84 20.67 ± 3.16 22.33 ± 3.28 0.81 

4 dB Max 26.60 ± 3.98 24.67 ± 3.81 0.81 28.13 ± 0.52 27.00 ± 2.24 0.79 22.40 ± 4.79 22.33 ± 3.20 0.79 

Note. SNR = signal-to-noise ratio; RT = reverberation time; Min = minimum; Avg = average; Max = maximum; α = Cronbach’s alpha. 
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The test–retest reliability analysis demonstrated good to excellent reliability across 

all three measures, namely the primary task, secondary task, and NASA–TLX scores, as 

indicated by the Cronbach’s alpha (α) values for all groups obtained across the different 

SNR and RT conditions. In general, Cronbach’s alpha values greater than 0.70 are 

considered acceptable, values above 0.80 indicate good reliability, and values above 0.90 

indicate excellent reliability. 

For the primary task performance (Table 4.16), the Cronbach’s alpha values ranged 

from 0.83 to 1.00 across the three groups and listening conditions, indicating good to 

excellent test–retest reliability. The Kannada group demonstrated the highest reliability 

overall, with alpha values consistently ranging from 0.98 to 1.00 across all SNR and RT 

conditions, suggesting highly stable performance between the test and retest sessions. The 

Malayalam group also showed strong reliability, with alpha values ranging from 0.84 to 

0.98. Similarly, the Hindi group exhibited good reliability across conditions, with alpha 

values ranging from 0.83 to 0.98. These findings suggest that the primary task measure was 

highly consistent and reproducible across repeated administrations. 

For the secondary task performance (Table 4.17), Cronbach’s alpha values ranged 

from 0.87 to 0.98, indicating good to excellent reliability across all groups and conditions. 

The Malayalam and Kannada groups demonstrated particularly strong reliability, with most 

alpha values above 0.97. The Hindi group showed slightly lower but still acceptable to 

excellent reliability values ranging from 0.87 to 0.96. The consistently high alpha values 

across the secondary task conditions indicate that the dual-task measure yielded stable and 

dependable responses across repeated testing sessions. 

For the NASA–TLX scores (Table 4.18), the Cronbach’s alpha values ranged from 

0.76 to 0.89, reflecting acceptable to good reliability across the groups and conditions. The 

Kannada group demonstrated relatively high reliability overall, with alpha values ranging 
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from 0.77 to 0.89. The Malayalam group showed alpha values between 0.79 and 0.88, while 

the Hindi group demonstrated alpha values ranging from 0.76 to 0.88. Although a few 

conditions showed comparatively lower alpha values, all values remained within the 

acceptable reliability range. These findings indicate that the NASA–TLX provided 

reasonably stable subjective workload ratings across repeated administrations. 

Overall, the obtained Cronbach’s alpha values across all three measures support the 

strong test–retest reliability of the experimental procedures and outcome measures used in 

the present study. The findings suggest that the primary task, secondary task, and NASA–

TLX measures were sufficiently stable and reliable for assessing listening effort across 

varying SNR and reverberation conditions in native and non-native Kannada speakers. 
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CHAPTER 5 

DISCUSSION 

The present study sought to investigate and compare the effects of signal-to-noise 

ratio (SNR), reverberation time (RT), and language background on listening effort in native 

Kannada speakers and two groups of non-native Kannada speakers (Hindi, & Malayalam as 

first language) using a dual-task paradigm and the NASA Task Load Index (NASA-TLX).  

Prior to interpreting the main findings, the test-retest reliability of the measures was 

assessed in a subset of nine participants, three from each language group (Hindi, Malayalam, 

and Kannada) who completed all experimental conditions a second time after a one-month 

interval. Cronbach's alpha coefficients were computed for each measure across all RT and 

SNR conditions for each group. For the primary task, alpha values ranged from 0.83 to 1.0 

across all conditions and groups, while in the secondary task, alpha values ranged from 0.87 

to 0.98, both reflecting excellent reliability (Table 4.16, Table 4.17). For the NASA-TLX 

(subjective listening effort), alpha values ranged from 0.76 to 0.89, reflecting acceptable to 

good reliability across all conditions (Table 4.18). Across all three language groups, all RT 

conditions, and both SNR levels, the test and retest mean scores were closely comparable, 

with no systematic directional shift between sessions. Taken together, these results confirm 

that the primary task, secondary task, and NASA-TLX measures used in the present study 

demonstrate good to excellent stability over time, and that the observed group, RT, and SNR 

effects reported in the results chapter reflect genuine and reproducible differences in 

listening effort rather than measurement artefact. 

The discussion that follows is organised around the seven major areas of findings: 

(1) the effect of language of speaker group on primary and secondary task performance, (2) 

the effect of reverberation time on primary and secondary task performance, (3) the effect 

of SNR on primary and secondary task performance, (4) the effect of group, RT, and SNR 
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on subjective listening effort (NASA-TLX), (5) interaction effects of RT, SNR, and Group 

on primary task, secondary task, and NASA-TLX, (6) the relationship between second 

language proficiency (LEAP-Q) and listening effort measures and (7) dissociation between 

objective and subjective measures of listening effort. 

 Each section discusses the observed findings, provides explanations for the 

findings, while drawing both supporting and contradicting evidences from the existing 

literature where relevant. 

5.1 Effect of Language of the Speaker Group on Primary and Secondary Task 

Performance 

One of the most consistent and robust findings of the present study was that native 

Kannada speakers outperformed both non-native groups (with Malayalam and Hindi as first 

language – L1) on both the primary (speech recognition) and secondary (recall/ memory) 

tasks across two SNR and three RT conditions. The Kannada group demonstrated the highest 

primary task scores (Table 4.3), reflecting superior speech recognition accuracy, while 

simultaneously exhibiting the highest secondary task scores (Table 4.8), which are 

indicative of lower cognitive listening effort in the dual-task framework. The Hindi group 

consistently showed the lowest performance on both measures, with the Malayalam group 

occupying an intermediate position throughout. (Table 4.3, Table 4.8 and Figure 4.1) 

These group differences in primary task performance reflect well-documented 

phenomena in the speech perception literature concerning native and non-native speakers. 

It is widely established that non-native speakers experience greater difficulty understanding 

speech in adverse acoustic environments compared to native speakers, even when their 

proficiency in the target language is relatively high (Borghini & Hazan, 2018; Lecumberri 

et al., 2010; Meador et al., 2000; van Wijngaarden et al., 2002). Takata & Nábělek (1990) 

demonstrated in one of the earlier systematic investigations that non-native Japanese 
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speakers obtained significantly lower speech recognition scores in noise compared to their 

native American counterparts, despite performing comparably in quiet conditions. This 

native-speaker advantage under degraded conditions has been replicated extensively and 

forms a robust backdrop against which the current findings can be situated. In the present 

study, both Malayalam and Hindi speakers showed lower recognition accuracy, with the 

degradation becoming steeper as RT and noise conditions worsened, suggesting that non-

native speakers are disproportionately disadvantaged in complex acoustic environments. 

The mechanism underlying this disadvantage is generally attributed to the reduced 

automaticity and lexical efficiency of second language (L2) processing. When listening in 

an L2, speakers must rely more heavily on effortful, controlled processes rather than the 

fast, automatic speech decoding that characterises native-language listening (Lecumberri et 

al., 2010). In adverse conditions, where the acoustic signal is already compromised, this 

additional processing load can overwhelm available cognitive resources, leading to both 

poorer recognition accuracy and increased listening effort. Borghini & Hazan (2018) 

confirmed, using physiological measures of pupil dilation, that non-native English speakers 

demonstrated objectively higher listening effort compared to native speakers even when 

recognition accuracy was similar, underscoring the important distinction between 

performance and effort. 

The gradient between groups with Hindi speakers showing the lowest performance 

relative to Malayalam speakers who fell in between native Kannada and Hindi groups is a 

particularly informative finding (Table 4.3, Table 4.8 and Figure 4.1). This gradient likely 

reflects the degree of linguistic proximity between the L1 and Kannada. Kannada and 

Malayalam are both Dravidian languages and share substantial phonological, 

morphological, and syntactic features including similar consonant inventory, vowel 

structure, and agglutinative morphology (Krishnamurti, 2003). Malayalam speakers 
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listening to Kannada would therefore encounter a phonological landscape that is 

considerably more familiar than what Hindi speakers face. Hindi, an Indo-Aryan language, 

differs markedly from Kannada in its segmental phonology, prosodic structure, and syntactic 

organisation. Malayalam exhibits a relatively denser and more contrast-rich phonological 

system compared to Hindi, particularly in its vowel inventory and segmental distinctions 

(Geethakumary, 2002). Malayalam possesses a relatively rich phonological system with 

phonemic vowel length and a larger segmental inventory compared to Hindi, which has a 

more symmetrical and relatively smaller vowel system ((Namboodiripad, 2016; Ohala & 

Ohala, 1992) According to dispersion theory, vowel systems are organized to maximize 

perceptual distinctiveness, and languages with larger inventories tend to exhibit greater 

contrast density in acoustic space (Liljencrants et al., 1972; Schwartz et al., 1997). Given 

the close phonological and typological similarity between Malayalam and Kannada as 

Dravidian languages, Malayalam speakers show better mapping of Kannada phonetic 

categories. The greater phonological and typological distance between Hindi and Kannada 

likely meant that Hindi speakers had a less efficient phonological parsing system when 

processing Kannada speech, resulting in greater cognitive effort and poorer speech 

recognition accuracy.  

This explanation is consistent with the linguistic distance hypothesis, which 

proposes that the degree of structural similarity between an L1 and a target language 

influences both the ease of acquisition and the cognitive demands of real-time processing in 

that language (Ringbom, 2006). Shastri & Kumar (2015), working within an Indian 

multilingual context, found that recognition of Malayalam phone contrasts was influenced 

by the linguistic relationship between the speaker's L1 and the target language, with greater 

typological distance producing poorer phonological identification, in native speakers of 

Hindi and native speakers of Malayalam population. This reflects how shared phonological 
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features between two Dravidian languages (Malayalam and Kannada) create both 

advantages and interference in processing. While that study did not focus on listening effort 

per se, it supports the broader point that linguistic background shapes speech perception 

outcomes in meaningful ways. The current data extend this line of work by demonstrating 

that it is not just recognition accuracy but also the cognitive load associated with listening 

that is systematically influenced by the nativity and typological proximity of the speaker's 

L1 to the target language. Manikandan & Geetha (2020)working within an Indian 

multilingual context, found that Kannada sentence recognition scores were significantly 

poorer in the presence of native (Kannada) two-talker babble compared to non-native babble 

conditions (Tamil, Telugu, Hindi), in 20 younger native Kannada-English bilingual adults 

with normal hearing, demonstrating that linguistic similarity between the target and masker 

language plays a primary role in informational masking, consistent with the broader finding 

that linguistic background shapes speech perception outcomes. 

The secondary task results reinforced this interpretation. In the dual-task paradigm, 

secondary task performance is understood as an inverse proxy for listening effort. When 

speakers must allocate more cognitive resources to the primary task, fewer resources are 

available for the secondary task, and secondary task performance deteriorates (Gosselin & 

Gagné, 2011). The Kannada group demonstrated consistently higher secondary task scores, 

indicating that they required fewer cognitive resources to achieve their (already superior) 

primary task performance. In contrast, the Hindi group showed the lowest secondary task 

scores, reflecting the greatest cognitive load. These effects were large and consistent across 

all acoustic conditions, suggesting that the native-language advantage operates as a 

relatively stable facilitator of efficient processing rather than a context-dependent benefit. 

Peng & Wang (2019) observed a comparable pattern in a study of non-native Chinese 

speakers processing English, finding that non-native speakers exhibited higher dual-task 
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reaction times compared to native speakers in noise, and that this difference was attributable 

to the additional cognitive resources demanded by L2 processing. Similarly, Brännström et 

al. (2021) reported that non-native children experienced higher listening effort and fatigue 

than native peers in school listening conditions. These findings corroborate the view that 

native language status is a robust predictor of cognitive listening load, and the current results 

add to this by showing that the specific typological relationship between the L1 and the 

target language (Dravidian versus Indo-Aryan) further modulates the magnitude of these 

differences within a non-native group. This has practical significance for multilingual 

environments like India, where individuals may regularly need to communicate in languages 

that differ substantially from their mother tongue. 

5.2 Effect of Reverberation Time on Primary and Secondary Task Performance 

The present study found a significant main effect of RT on both primary and 

secondary task performance, with increasing reverberation time consistently degrading 

speech recognition accuracy and increasing cognitive listening effort across all speaker 

groups and SNR conditions (Table 4.4, Table 4.9) Primary task scores followed a clear 

gradient from Minimum RT to Maximum RT, with performance being highest under 

Minimum RT, intermediate under Average RT, and lowest under Maximum RT (Figure 4.3). 

Pairwise comparisons confirmed that differences between all three RT conditions were 

statistically significant across groups, with very large effect sizes (Table 4.4). 

These findings align closely with the existing literature on the effects of 

reverberation on speech perception. Reverberation is known to degrade the temporal fine 

structure and spectral contrast of the speech signal by allowing earlier reflections to overlap 

with and smear subsequent sounds, a phenomenon known as temporal masking and spectral 

smearing (Nabelek & Pickett, 1974). This degradation is particularly harmful to consonant 
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recognition, where fine-grained temporal cues carry phonemic distinctions. As RT increases, 

the accumulation of overlapping reflections progressively blurs these cues, making it 

increasingly difficult for speakers to accurately identify target words. Finitzo-Hieber & 

Tillman (1978) conducted a foundational study with normal-hearing speakers and found that 

increasing RT from 0.0 s to 1.2 s significantly degraded speech recognition scores for 

monosyllabic English words, consistent with the findings of the present study where the 

Maximum RT condition (4.37 s) yielded significantly lower speech perception in Kannada 

sentences compared to Average RT (1.66 s) and Minimum RT (0.74 s) conditions in both 

native and non-native speakers. 

The secondary task results further demonstrated that increasing RT elevated 

cognitive listening effort substantially. The beta coefficient for Maximum RT in the LMER 

model was very large (β = −1.32), indicating that reverberation exerted the strongest single 

influence on secondary task performance among all the predictors examined (Table 4.6). 

This is a noteworthy finding because it establishes that reverberation, even without the 

concurrent presence of background noise, places a significant cognitive burden on speakers. 

The effort required to compensate for the perceptual degradation caused by reverberation 

draws on attentional and working memory resources that would otherwise be available for 

secondary task performance. In contrast to this finding, Picou et al. (2016) using a semantic 

dual-task paradigm found that while noise increased cognitive load as measured by reaction 

time of secondary task, reverberation did not significantly increase listening effort even 

though it reduced speech intelligibility. This divergence with the current results warrants 

consideration. One possible explanation lies in the substantial differences in the degree of 

reverberation employed across the two studies. Picou et al. (2016) used three RT conditions 

i.e RT₃₀ < 100 ms, 473 ms, and 875 ms — with the most reverberant condition reaching only 

875 ms. In the present study, by contrast, even the Minimum RT condition was 740 ms, the 
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Average RT was 1,660 ms, and the Maximum RT was 4,370 ms — approximately five times 

longer than the most reverberant condition tested by Picou et al. (2016). These 

comparatively mild reverberation levels may not have imposed the sustained perceptual 

challenge required to produce measurable secondary task decrements in a dual-task 

paradigm. In the present study, the range of RT conditions was likely more ecologically 

representative of real Indian classroom and public environments, where reverberation times 

can be substantially elevated due to inadequate acoustic treatment (Kanigalpula et al., 2026; 

Saravanan et al., 2019). It is also possible that the use of a non-native target language in the 

current study increased sensitivity to reverberation, since non-native speakers have fewer 

compensatory resources to offset signal degradation. 

5.3 Effect of Signal-to-Noise Ratio on Primary and Secondary Task Performance 

The study demonstrated a highly significant effect of SNR on both primary and 

secondary task performance. Across all speaker groups and RT conditions, primary task 

scores were consistently higher at 4 dB SNR compared to 0 dB SNR, confirming that 

improved signal clarity facilitated better speech recognition. Similarly, secondary task 

performance was significantly better at 4 dB SNR, indicating reduced cognitive listening 

effort under more favourable noise conditions (Table 4.5, Table 4.10). 

These findings are consistent with a well-established body of research demonstrating 

that increasing background noise degrades speech intelligibility and elevates listening effort 

in a dose-dependent manner (Brown & Strand, 2019; Strand et al., 2018). As SNR decreases, 

the acoustic signal becomes increasingly masked, forcing speakers to invest greater 

cognitive resources in extracting phonological and linguistic information from a degraded 

input. The dual-task paradigm captures this resource allocation process by showing that as 

primary task demands increase with worsening SNR, secondary task performance suffers. 

This pattern is clearly reflected in the present data. 
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A particularly interesting observation is that the magnitude of the SNR benefit 

differed across speaker groups. The pairwise comparisons revealed that the SNR-related 

improvement in secondary task performance was largest for the Hindi group (effect size d 

= −2.70 under Minimum RT) and smallest for the Kannada group (d = −0.90 under 

Minimum RT) (Table 4.10). This pattern indicates that non-native speakers, particularly 

those with the greatest typological distance from Kannada derived greater absolute benefit 

from improved SNR. This can be understood through the lens of resource competition: non-

native speakers are already operating at or near the limits of their cognitive capacity at the 

poorer SNR. When SNR improves, they experience proportionally greater relief because the 

reduced perceptual demand frees up resources that were previously monopolised by the 

effort of decoding a degraded L2 signal. Native Kannada speakers, operating closer to their 

performance ceiling, had less room to benefit. 

This interpretation resonates with findings from Kilman et al. (2015), who examined 

speech perception in noise across different masker types in non-native speakers and found 

that non-native speakers required more favourable SNRs to achieve the same intelligibility 

levels as native speakers. Alqattan & Turner (2021) similarly found that bilingual speakers 

required better SNRs compared to monolinguals on QuickSIN measures, suggesting a 

systematic disadvantage for non-native speakers under adverse noise conditions. The 

present study extends this finding by showing that the relationship between SNR and 

cognitive load not just accuracy, but it is also modulated by native language status. 

5.4 Effect of Group, Reverberation, and SNR on Subjective Listening Effort (NASA-

TLX) 
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The pattern of results for subjective listening effort as measured by the NASA-TLX 

diverged in several interesting ways from the objective dual-task findings, offering insights 

into the multidimensional nature of listening effort. 

Consistent with the dual-task results, speaker group emerged as the strongest 

predictor of NASA-TLX scores (χ²(2) = 56.76, p < .001, ηp² = 0.38). Native Kannada 

speakers reported the lowest subjective listening effort, followed by Malayalam speakers, 

with Hindi speakers reporting the highest perceived workload (Table 4.13). The effect sizes 

were large, indicating that this gradient in perceived effort was not a subtle statistical artefact 

but a robust perceptual reality for the participants. This is consistent with the theoretical 

expectation that linguistic familiarity should reduce both objective and subjective effort, as 

the FUEL framework (Pichora-Fuller et al., 2016) emphasises that perceived effort is shaped 

by the interaction of sensory demands, cognitive capacity, and linguistic competence. For 

native Kannada speakers, automatic phonological and lexical processing of Kannada speech 

minimised the cognitive demands of the primary task, thereby reducing the mental demand, 

effort, and frustration subscales of the NASA-TLX that collectively reflect perceived 

listening workload. This explains the significantly lower NASA-TLX scores observed for 

the Kannada group across all RT and SNR conditions in the present study. 

The subjective superiority of the Kannada group is further interpretable in terms of 

the ease with which they could form and access lexical representations of Kannada words. 

For native speakers, word recognition is largely automatic and requires little conscious 

monitoring, reducing the subjective sense of effort. Non-native speakers, especially Hindi 

speakers, are aware of the additional cognitive work they must engage in to successfully 

comprehend a second language, and this awareness is likely reflected in their higher NASA-

TLX ratings. Francis et al. (2021) found that individual differences in language background 

influenced both subjective and physiological measures of listening effort, though not always 
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in the same direction, supporting the idea that subjective and objective indices capture 

related but partially distinct aspects of the effort experience. 

The non-significant main effect of RT on NASA-TLX scores (χ²(2) = 1.51, p = .47) 

is one of the important findings of the study. Despite the fact that RT exerted the strongest 

influence on objective dual-task performance, participants did not perceive increasing 

reverberation as significantly increasing their workload. This dissociation between objective 

and subjective measures of effort has been noted in previous research. Picou et al. (2016) 

similarly reported that reverberation increased intelligibility difficulty without producing 

the same level of increase in perceived cognitive load as noise. One plausible explanation is 

that speakers may have limited metacognitive awareness of the cognitive demands 

specifically imposed by reverberation, as opposed to noise. Background noise is typically 

experienced as an obvious and salient interference, whereas reverberation produces a subtler 

form of signal degradation such as a blurring or lengthening of sounds, which may be less 

consciously attributable to increased mental workload. There is also the possibility of an 

anchoring or habituation effect. If participants experienced reverberation throughout testing 

as a relatively constant background condition (compared to the more acute contrast created 

by noise level changes), they may have calibrated their subjective ratings against an already-

elevated reverberant baseline, reducing their sensitivity to RT-related changes. This mirrors 

findings by Lau et al. (2019) who demonstrated that physiological and subjective measures 

of effort do not always converge, particularly when the source of degradation is less 

perceptually salient. 

Importantly, when examining pairwise RT comparisons on NASA-TLX, Minimum 

RT versus Maximum RT comparisons were significant for the Malayalam and Kannada 

groups, particularly under the 4 dB SNR condition (e.g., rs = −0.63 to −0.83) (Table 4.14). 

This suggests that while the main effect of RT was not global, the extreme reverberant 
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condition (Maximum RT) did produce perceptible increases in effort for some groups, 

particularly when combined with better SNR. Under better SNR conditions, speakers may 

be more sensitised to residual signal distortions caused by reverberation, since noise is no 

longer the dominant challenge. This could explain why RT effects on NASA-TLX were 

more apparent under 4 dB SNR than under 0 dB SNR. 

The significant but small effect of SNR on NASA-TLX (χ²(1) = 5.55, p = .019) 

confirmed that improving SNR modestly reduced perceived workload, but the effect size 

was negligible. This aligns with the finding by Strand et al. (2018) that noise substantially 

increases listening effort, though the SNR range examined in the present study (0 vs. 4 dB) 

was relatively narrow and may not have been sufficient to elicit large subjective differences. 

The effect was perhaps most apparent in individual comparisons: the Malayalam group 

showed a significant and moderate reduction in NASA-TLX under Average RT when SNR 

improved to 4 dB (d = −0.49), suggesting that for non-native speakers at moderate 

reverberation, improved signal clarity does provide subjective relief from cognitive 

workload. 

5.5 Interaction Effects of RT, SNR, and Group on Primary Task, Secondary Task, and 

NASA-TLX 

Beyond the main effects of RT, SNR, and speaker group, the present study yielded a 

series of important interaction effects that shed light on how acoustic and linguistic factors 

jointly shape listening effort. These interaction effects are discussed below for each of the 

three listening effort measures (primary task, secondary task, and NASA-TLX). 

5.5.1 Interaction Effects on Primary Task Performance 

The RT × SNR interaction on primary task performance was statistically significant 

[χ²(2) = 142.99, p < .001, ηp² = 4.27 × 10⁻⁸] (Table 4.2), indicating that the benefit of 
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improved SNR on speech recognition varied as a function of the level of reverberation. 

Specifically, the improvement in primary task scores when SNR increased from 0 dB to 4 

dB was larger under Minimum RT conditions than under Maximum RT conditions. This 

interaction reflects a well-recognised limitation of SNR improvements in highly reverberant 

environments: when RTs are long, the temporal smearing of the speech signal reduces the 

effective gain obtained from even a favourable SNR, because the reverberant energy itself 

continues to degrade spectral and temporal cues independently of the direct-sound-to-noise 

relationship (Nabelek & Pickett, 1974). As a result, improving SNR is a more effective 

strategy for enhancing speech recognition in low-reverberation environments than in highly 

reverberant spaces. This finding is consistent with Rennies et al. (2014), who demonstrated 

that the combined degradation of noise and reverberation produces non-additive 

impairments in speech intelligibility, and that the presence of reverberation constrains the 

benefit that can be obtained from improvements in SNR alone. 

The RT × Group interaction on primary task performance was highly significant 

[χ²(4) = 492.69, p < .001, ηp² = 1.45 × 10⁻⁸] (Table 4.2), indicating that the detrimental effects 

of increasing reverberation on speech recognition were not uniform across language groups. 

Although all three groups showed progressively lower primary task scores as RT increased, 

the non-native groups, particularly the Hindi group demonstrated greater reductions in 

performance under Average RT and Maximum RT compared to native Kannada speakers. 

The large effect size associated with this interaction implies that linguistic background 

moderated the impact of reverberation on speech recognition. This differential susceptibility 

is theoretically coherent within the framework of top-down processing compensation 

(Mattys et al., 2012) as reverberation degrades the acoustic signal, speakers who possess 

robust and automatic phonological representations of the target language can more 

effectively restore or predict distorted segments using stored lexical and phonological 
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knowledge. Native Kannada speakers, for whom lexical access is more automatic, are better 

positioned to exercise such top-down compensation. In contrast, non-native speakers, whose 

phonological representations of Kannada are less well-specified and less automatically 

accessed, cannot compensate as efficiently for reverberation-induced perceptual 

degradation, resulting in steeper performance decrements. Peng & Wang (2019) observed a 

similar pattern, finding that non-native speakers showed disproportionately greater listening 

difficulty than native speakers when both noise and reverberation were present 

simultaneously, attributing this to the compounded demands on cognitive resources when 

L2 processing inefficiency co-occurs with adverse acoustics. 

The SNR × Group interaction on primary task performance was also highly 

significant [χ²(2) = 389.58, p < .001, ηp² = 3.70 × 10⁻⁸] (Table 4.2), demonstrating that the 

degree of benefit obtained from improved SNR varied across language groups. Native 

Kannada speakers showed proportionally smaller gains in primary task scores when SNR 

improved from 0 dB to 4 dB compared to the non-native groups, particularly under 

conditions of minimum reverberation. This finding reflects a performance ceiling effect for 

native speakers, who were already performing near the upper limit of their recognition 

capacity under 0 dB SNR at Minimum RT, leaving less room for improvement at 4 dB SNR. 

In contrast, non-native speakers, operating well below ceiling even under Minimum RT 

conditions, had substantially more capacity to benefit from SNR improvements. Kilman et 

al. (2014) reported a comparable finding that non-native speakers derived greater absolute 

improvements in speech recognition scores from favourable SNR conditions compared to 

native speakers, whose performance showed smaller SNR-related gains due to near-ceiling 

performance. These differential interaction effects have important practical implications in 

acoustically challenging settings: acoustic interventions that improve SNR are likely to yield 
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disproportionate benefits for non-native speakers, who stand to gain the most from even 

modest improvements in signal clarity. 

The three-way interaction between RT, SNR, and Group on primary task 

performance was statistically significant [χ²(4) = 27.24, p < .001, ηp² = −9.35 × 10⁻⁵] (Table 

4.2), indicating that the combined effects of reverberation and noise on speech recognition 

differed meaningfully across language groups. Specifically, the three-way interaction terms 

for Average RT × 4 dB SNR × Malayalam (β = −0.49, p = .005) and Maximum RT × 4 dB 

SNR × Malayalam (β = −0.56, p = .002) revealed moderate negative effects, indicating that 

Malayalam speakers experienced additional reductions in recognition accuracy under the 

combined influence of reverberation and noise beyond what would be predicted from the 

main effects alone. In contrast, the corresponding interaction terms for the Kannada group 

were non-significant, confirming that native Kannada speakers were comparatively less 

vulnerable to the compound degradation imposed by co-occurring noise and reverberation. 

This three-way interaction suggests that the adverse effects of noise and reverberation are 

not simply additive but rather interact in a manner that is further modulated by the linguistic 

competence of the speaker. The finding is theoretically interpretable within a shared 

resource competition model (Peelle, 2018), in which the simultaneous demands of 

reverberation-induced temporal smearing, noise-induced spectral masking, and L2 

processing inefficiency place greater cumulative strain on limited cognitive resources for 

non-native speakers than for native speakers. It also aligns with the position advanced by 

Mattys et al. (2012) that adverse conditions compound in their effects on speech recognition, 

with the compounding being most severe for speakers who already have fewer top-down 

compensatory resources available as experienced by non-native speakers in the present 

study. 

5.5.2 Interaction Effects on Secondary Task Performance 
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The RT × SNR interaction on secondary task performance was not statistically 

significant [χ²(1) = 0.39, p = .53] (Table 4.7). The non-significant finding indicates that the 

effects of reverberation and SNR on cognitive listening effort were largely independent of 

one another on the secondary task. This is a somewhat unexpected result given the 

significant RT × SNR interaction on primary task performance (Table 4.2) and suggests that 

while the two acoustic factors interact in their effects on speech recognition accuracy, their 

combined influence on the downstream allocation of cognitive resources to the secondary 

task may operate through more additive pathways. Picou et al. (2016) similarly found that 

in their dual-task paradigm, the interaction between noise and reverberation on secondary 

task response times was not significant, suggesting that these two factors may independently 

and separately affect different stages of speech processing and cognitive resource allocation. 

However, this interpretation must be treated with caution; a more powerful design with a 

wider range of acoustic conditions might reveal a significant RT × SNR interaction on 

secondary task performance. 

The RT × Group interaction on secondary task performance was statistically 

significant [χ²(2) = 7.53, p = .023, ηp² = 0.003] (Table 4.7), indicating that the effect of 

reverberation on cognitive listening effort differed across speaker groups, though the effect 

size was very small. While all three groups showed increased cognitive load with increasing 

RT, non-native speaker groups demonstrated comparatively greater increases in secondary 

task effort under Maximum RT conditions. At 0 dB SNR, the effect size for the Minimum 

RT versus Maximum RT comparison on the secondary task was largest for the Hindi group 

(d = 4.80) and smallest for the Kannada group (d = 4.10), with the Malayalam group falling 

in between (d = 4.60). Although the absolute differences between groups were modest, this 

graded pattern of RT susceptibility aligns with the expectation derived from the FUEL 

framework (Pichora-Fuller et al., 2016) that speakers with greater sensory and linguistic 
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processing challenges will show greater cognitive load under adverse conditions. Non-

native speakers processing Kannada in reverberation must simultaneously manage the 

perceptual degradation caused by temporal smearing and the inherent cognitive inefficiency 

of L2 phonological processing, placing a greater cumulative strain on working memory and 

attentional resources. This interpretation is supported by Brännström et al. (2021) who found 

that non-native children showed greater listening effort than native peers in challenging 

classroom acoustic conditions, with differences becoming more pronounced as listening 

difficulty increased. 

The SNR × Group interaction on secondary task performance was also statistically 

significant [χ²(2) = 8.44, p = .02, ηp² = 0.02] (Table 4.7), indicating that the degree to which 

speakers benefited from improved SNR differed across language groups. As with the 

primary task, non-native speakers, particularly the Hindi group derived greater absolute 

cognitive relief from improved SNR, as reflected in larger secondary task improvements 

when SNR increased from 0 dB to 4 dB. Under Minimum RT, the Hindi group demonstrated 

a secondary task effect size of d = −2.70 for the 0 dB vs. 4 dB SNR comparison, compared 

to d = −0.90 for the Kannada group. This asymmetry in SNR-related benefit reflects the 

greater cognitive vulnerability of non-native speakers at adverse SNRs. Because Hindi 

speakers are already expending substantially more cognitive resources at 0 dB SNR to 

process L2 Kannada speech, even a modest 4 dB improvement in SNR provides 

proportionally greater relief from cognitive load compared to native Kannada speakers, who 

are operating more efficiently across the full range of SNR conditions. This finding is 

consistent with the theoretical position advanced by Rönnberg et al. (2013) in the Ease of 

Language Understanding (ELU) model, which predicts that speakers with greater 

phonological processing inefficiency will show more pronounced cognitive responses to 
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changes in signal quality, since their processing relies more heavily on effortful, explicit 

mechanisms that are particularly sensitive to variations in acoustic clarity. 

The three-way interaction between RT, SNR, and Group on secondary task 

performance was statistically significant and yielded a moderate effect size [χ²(2) = 19.38, 

p < .001, ηp² = 0.07] (Table 4.7), indicating that the combined effects of reverberation and 

noise on cognitive listening effort differed meaningfully across speaker groups. The three-

way interaction coefficient for Maximum RT × 4 dB SNR × Malayalam (β = −0.43, p < 

.001) and Maximum RT × 4 dB SNR × Kannada (β = −0.29, p = .004) revealed moderate 

negative effects, indicating that under the combination of maximum reverberation and 

improved SNR, these groups showed additional reductions in secondary task performance 

beyond what would be predicted from the individual main effects and two-way interactions. 

This finding implies that when reverberant conditions are at their most extreme, even 

improvements in SNR do not fully compensate for the cognitive burden imposed by 

reverberation, and that this compound challenge is experienced most acutely by non-native 

speakers. The specific pattern of the three-way interaction, wherein Malayalam and 

Kannada groups, but not the Hindi group, show significant interaction effects may seem 

counterintuitive at first. However, it is interpretable in terms of a differential processing 

advantage and baseline: at Maximum RT and 4 dB SNR, Malaysian and Kannada speakers 

benefit more from SNR improvement under lower RT but are disproportionately challenged 

when Maximum RT co-occurs with any SNR condition, suggesting these groups are more 

sensitive to the acoustic contrast between RT conditions. Hindi speakers, already at a high 

cognitive load baseline across conditions, show comparatively less differentiation across RT 

× SNR combinations. This interpretation parallels findings from Peng & Wang (2019), who 

demonstrated that the compounding of noise and reverberation produced non-linear 
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increases in listening effort for non-native speakers, with the most adverse compound 

conditions revealing the largest group differences in cognitive load. 

5.5.3 Interaction Effects on NASA-TLX (Subjective Listening Effort) 

The RT × SNR interaction on NASA-TLX scores was not statistically significant 

[χ²(2) = 3.19, p = .20, ηp² = 5.10 × 10⁻³] (Table 4.12), indicating that the subjective 

experience of listening effort did not vary substantially as a joint function of reverberation 

and SNR. This non-significant finding mirrors the pattern observed for the RT × SNR 

interaction on the secondary task and suggests that the interaction between these two 

acoustic variables on cognitive load, while present on objective performance measures, is 

not perceptibly experienced by speakers in a manner that they can consciously report via 

self-rating scales. One reason for this may be that the NASA-TLX is a retrospective, holistic 

measure of workload rather than a real-time index of cognitive resource allocation, and 

speakers may integrate their experience of noise and reverberation into a single global sense 

of effort rather than perceiving their combined effects as multiplicative or interactive. This 

interpretation is consistent with Francis & Love (2020) who argued that subjective effort 

measures are primarily shaped by the affective and motivational dimensions of the listening 

experience, which may be less sensitive to the specific acoustic interaction patterns captured 

by behavioural performance measures. 

The RT × Group interaction on NASA-TLX was statistically significant [χ²(4) = 

11.18, p = .03, ηp² = 8.17 × 10⁻³] (Table 4.12), though with a negligible to small effect size, 

indicating that while the effect of reverberation on perceived effort differed across speaker 

groups, the magnitude of this difference was modest. The interaction coefficients for 

Maximum RT × Malayalam (β = 0.31, p = .004) and Maximum RT × Kannada (β = 0.30, p 

= .007) indicated that these groups showed greater increases in perceived effort under 
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Maximum RT compared to the Hindi group. This unexpected pattern where the groups with 

lower baseline effort (Malayalam and Kannada) showed more pronounced RT-related 

increases in NASA-TLX than the highest-effort group (Hindi) is interpretable in terms of a 

ceiling or anchoring effect. Hindi group who reported consistently high NASA-TLX scores 

across all conditions, may have reached a perceived effort ceiling that limited their ability 

to register further increases in effort as RT worsened. Malayalam and Kannada group 

beginning from lower baseline effort levels, had more perceptual ‘headroom’ to detect and 

report increases in workload as reverberation increased to its maximum level. A comparable 

ceiling effect on subjective effort ratings was reported by Lau et al. (2019), who observed 

that physiological and subjective measures diverged most strongly in participants whose 

subjective ratings were already at or near the upper end of the rating scale, with subjective 

measures showing less sensitivity to condition changes at high-effort baselines. 

The SNR × Group interaction on NASA-TLX was not statistically significant [χ²(2) 

= 1.10, p = .58, ηp² = 1.54 × 10⁻³] (Table 4.12), indicating that the speaker groups did not 

differ substantially in the extent to which improved SNR reduced their perceived listening 

effort. This null finding contrasts with the significant SNR × Group interactions observed 

for both primary and secondary task performance, and suggests that while linguistic 

background modulates the objective cognitive benefit of improved SNR, it does not 

similarly modulate the subjective experience of that benefit. A possible explanation is that 

all three speaker groups were broadly aware of the easier listening condition at 4 dB SNR 

and adjusted their perceived effort ratings accordingly, regardless of whether they were 

native or non-native speakers. This would reflect a common subjective anchoring to the 

perceptual saliency of the noise level, rather than a sensitivity to the differential cognitive 

demands experienced across groups. Supporting evidence for this interpretation comes from 

Strand et al. (2018), who found that subjective effort ratings were sensitive to gross changes 
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in acoustic difficulty but less sensitive to individual differences in cognitive processing 

efficiency, suggesting that self-report measures primarily reflect the perceived salience of 

the listening challenge rather than the underlying cognitive cost to any particular speaker. 

The three-way interaction between RT, SNR, and Group on NASA-TLX scores was 

not statistically significant [χ²(4) = 4.95, p = .292, ηp² = 2.30 × 10⁻³] (Table 4.12), indicating 

that the combined influence of reverberation level, SNR, and linguistic group membership 

on subjective perceived effort did not differ substantially across speaker groups. Inspection 

of the specific three-way LMER coefficients confirmed the negligible magnitude of all these 

effects: Average RT × 4 dB SNR × Malayalam (β = 0.18, p = .31), Maximum RT × 4 dB 

SNR × Malayalam (β = −0.15, p = .30), Average RT × 4 dB SNR × Kannada (β = −0.05, p 

= .79), and Maximum RT × 4 dB SNR × Kannada (β = −0.01, p = .92) were all statistically 

non-significant. This pattern indicates that regardless of whether speakers were native or 

non-native, and regardless of the specific combination of reverberation and SNR they 

encountered, their subjective sense of combined acoustic-linguistic workload did not differ 

across groups in a way that varied jointly with both acoustic variables simultaneously. This 

finding is particularly striking because the identical three-factor combination produced a 

statistically significant and moderate three-way interaction on the objective secondary task 

measure (χ²(2) = 19.38, p < .001, ηp² = 0.07) (Table 4.7), demonstrating that the compound 

demands of Maximum RT, varying SNR, and non-native language background were clearly 

differentiated at the level of cognitive resource allocation, yet remained perceptually 

undifferentiated at the level of subjective self-report. 

This objective-subjective dissociation in the three-way interaction is theoretically 

important and can be understood through several complementary mechanisms. First, the 

NASA-TLX is a retrospective workload rating tool that captures the speaker’s appraisal of 

perceived effort across six dimensions (Hart & Staveland, 1988). By its nature, it integrates 
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the speaker’s affective experience, motivational state, and perceived performance into a 

summary rating that may not be sensitive to the fine-grained differences in cognitive 

resource allocation across conditions that the secondary task is designed to capture. When 

the three factors of RT, SNR, and linguistic group combine, the resulting cognitive demand 

may be differentially distributed across groups in ways that are too subtle to be consciously 

reportable, even though they were measurable at the level of secondary task performance. 

This interpretation is consistent with the FUEL framework (Pichora-Fuller et al., 2016), 

which distinguishes between the cognitive processing costs of listening and the affective 

and motivational dimensions of perceived effort, proposing that these two dimensions are 

influenced by related but partially independent processes. The objective dual-task secondary 

measure primarily taps the former, while NASA-TLX primarily captures the latter. 

Second, a ceiling effect in NASA-TLX ratings among the Hindi group offers a 

complementary and important explanation for the non-significant three-way interaction. The 

pairwise group comparison data clearly showed that Hindi speakers reported consistently 

the highest NASA-TLX scores across all RT and SNR combinations, with comparatively 

smaller variability in their ratings (Table 4.13). As a consequence, Hindi speakers may not 

have been able to sense further changes in their workload when both RT and SNR were 

varied, because they had already (or nearly) reached their maximum perceived effort under 

easier conditions (such as minimum RT, 4 SNR). The pairwise RT comparisons for the Hindi 

group at 0 dB SNR were all non-significant (Minimum vs Average: t = −0.55, p = 1.00, d = 

−0.08; Minimum vs Maximum: t = −1.22, p = .66, d = −0.15), confirming that Hindi 

speakers showed negligible RT-related variation in their NASA-TLX ratings under 0 dB 

SNR. This ceiling in mental load reached at better acoustic conditions compresses the score 

range for the most burdened group, necessarily attenuating any three-way interaction that 

depends on differential group sensitivity to the combined RT × SNR manipulation. Lau et 
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al. (2019) demonstrated this type of subjective anchoring effect empirically. Using 

subjective listening effort ratings and physiological pupillometry measures (pupil dilation 

response) during an auditory task, Lau et al. (2019) found that physiological measures of 

effort showed greater sensitivity to condition changes than self-report ratings. This finding 

was specifically found in participants whose subjective ratings were already elevated at 

baseline, supporting the interpretation that ceiling effects constrain the responsiveness of 

self-report measures among high-effort Hindi speakers in the present study. 

Third, the nature of reverberation as a perceptual challenge may itself contribute to 

the non-significant three-way interaction on NASA-TLX (Table 4.12). Unlike background 

noise, which is perceptually salient and immediately attributable to an identifiable external 

source, reverberation produces a gradual, diffuse blurring of the acoustic signal that speakers 

may not consciously identify as a discrete increase in difficulty. When reverberation 

combines with noise at the levels examined in the present study, speakers may perceive the 

resulting difficulty as simply “harder speech” without specifically attributing additional 

workload to the reverberant component or to their linguistic group membership. Picou et al. 

(2016) similarly demonstrated that reverberation significantly degraded performance on 

speech recognition tasks without eliciting corresponding increases in secondary task 

response times, a finding attributed to the perceptually non-salient nature of reverberant 

degradation. Although the present study found that reverberation did affect secondary task 

performance substantially, the parallel finding of a non-significant RT contribution to 

NASA-TLX three-way interactions is consistent with this broader pattern of limited 

perceptual conspicuity of reverberant signal degradation in self-report measures. 

Fourth, while no directly comparable three-way interaction between RT, SNR, and 

non-native speaker group on NASA-TLX has been reported in the published literature to 

date (reflecting the novelty of this specific design), the past research shows that subjective 
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effort and actual performance often diverge in complex listening conditions. For example, 

Seitz et al. (2024) found that while subjective effort reports match performance in simple 

noise conditions but becomes less reliable when multiple challenges are combined. 

Similarly, Francis et al. (2021) reported that language background language background 

affects behavioural and physiological effort, but these differences are not always reflected 

in self-reports, especially in difficult conditions due to ceiling effects (discussed above).  

Taken together, the non-significant NASA-TLX interaction does not mean there are 

no real differences in listening effort. Instead, it suggests that self-report measures may not 

be sensitive enough to capture subtle differences in complex listening situations. In contrast, 

the significant three-way interaction in the secondary task shows that these differences do 

exist at the cognitive level. Supporting this, Giuliani et al. (2021) and Keur-Huizinga et al. 

(2024) explicitly cautioned against relying on any single measure of listening effort. The 

present study reinforces this point (interaction was evident in the objective measure, and not 

subjective one), highlighting that conclusions based on a single measure can be incomplete. 

5.6 Relationship Between Second Language Proficiency and Listening Effort Measures 

The Spearman correlation analyses revealed strong positive relationships between 

LEAP-Q scores (first/second language proficiency in Kannada) and both primary and 

secondary task performance (Figure 4.11), and moderate negative relationships between 

LEAP-Q scores and NASA-TLX ratings (Figure 4.12).  

The strong positive correlations between LEAP-Q scores and primary task 

performance (rs ranging from 0.52 to 0.91 across conditions) (Figure 4.11) confirm that 

higher proficiency in Kannada was systematically associated with better speech recognition 

accuracy in noise and reverberation. The relationships were particularly strong under 

adverse acoustic conditions i.e., at 0 dB SNR across all RTs (rs ≈ 0.90–0.91) (Figure 4.11), 
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suggesting that proficiency becomes an increasingly critical resource as the acoustic 

environment deteriorates. This is consistent with the findings advocated by Mattys et al. 

(2012) that higher-level linguistic knowledge serves as a compensatory resource for speech 

perception under adverse conditions. When bottom-up acoustic cues are degraded, more 

proficient speakers can rely more effectively on stored lexical and phonological knowledge 

to infer missing information, maintaining higher accuracy. 

The strong positive correlations between LEAP-Q and secondary task performance 

(rs = 0.83–0.90) (Figure 4.11) further confirm that higher Kannada proficiency was 

associated with lower cognitive listening effort, even after accounting for the influence of 

acoustic conditions. More proficient speakers were able to process the primary speech task 

more efficiently, leaving greater cognitive capacity available for the secondary task. 

Borghini & Hazan (2020) found that listening effort, as measured by a dual-task paradigm, 

decreased as non-native speakers gained more experience and proficiency in English, 

supporting a direct link between language proficiency and listening effort efficiency. 

Similarly, Song & Iverson (2018) demonstrated that greater L2 experience reduced neural 

effort during speech processing, consistent with the cognitive efficiency gains captured in 

the present data. 

The moderate negative correlations between LEAP-Q and NASA-TLX ratings (rs 

ranging from −0.35 to −0.48) (Figure 4.12) confirm that higher proficiency was associated 

with lower perceived workload, though the relationships were weaker than those observed 

for objective task performance. The moderate rather than strong nature of the correlation 

between proficiency and subjective effort is meaningful: it reflects the fact that subjective 

effort ratings are influenced by multiple factors beyond proficiency alone, including 

individual differences in metacognitive awareness, personality, fatigue, and tolerance for 

cognitive challenge. Additionally, the LEAP-Q measure, while validated, captures self-
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reported proficiency rather than direct behavioural or neurophysiological indices, which 

may introduce some measurement noise. 

The findings on language proficiency and effort are particularly relevant in the 

Indian linguistic context, where many individuals communicate daily in a second or third 

language across social, educational, and professional settings (Kulkarni-Joshi, 2019). The 

present data suggest that even among individuals who are sufficiently proficient in a second 

language to participate in an experimental speech perception study, variations in proficiency 

continue to meaningfully predict cognitive listening load. This has implications for 

educational settings in India, where students often receive instruction in a language that is 

not their L1. Students with lower proficiency in the language of instruction would be 

expected to experience greater listening effort, potentially affecting attention, memory 

encoding, and academic performance. 

The strongest correlations observed under adverse acoustic conditions (0 dB SNR, 

Maximum RT) are particularly noteworthy in this regard. They indicate that the listening 

effort penalty associated with lower proficiency is amplified precisely in the conditions that 

characterise real-world Indian classrooms and public spaces — noisy, reverberant 

environments where acoustic conditions are frequently poor (Das et al., 2019; Jamir et al., 

2014). This convergence between the experimental findings and real-world acoustic 

contexts gives the present results considerable practical relevance and underlines the 

importance of dual acoustic and linguistic support strategies for non-native speakers in these 

settings. 

5.7 Dissociation Between Objective and Subjective Measures of Listening Effort 

One of the cross-cutting themes that emerges from the results is the consistent 

dissociation between objective listening effort (as measured by the dual-task paradigm 
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secondary task performance) and subjective listening effort (as measured by NASA-TLX). 

Reverberation exerted its strongest and most consistent effects on secondary task 

performance (Table 4.7) with effect sizes that were among the largest in the dataset, yet 

failed to produce a significant main effect on NASA-TLX scores (Table 4.12). Conversely, 

speaker group effects were similarly large across both measures, but the SNR effect, while 

significant across both, produced larger objective than subjective changes. 

This dissociation reflects the multidimensional nature of listening effort as 

conceptualised by Pichora-Fuller et al. (2016) and Francis & Love (2020) .The FUEL 

framework explicitly distinguishes between cognitive processing demands (what the dual-

task paradigm captures) and affective-motivational dimensions of effort, including 

subjective experience of exertion and workload (what the NASA-TLX captures). These two 

dimensions are influenced by overlapping but not identical sets of factors. The dual-task 

paradigm captures online resource depletion during listening — a process that may occur 

relatively automatically and outside conscious awareness, particularly for well-practised 

speakers. The NASA-TLX, in contrast, captures the speaker's retrospective and conscious 

judgement of how hard they worked, which is influenced by affective, motivational, and 

metacognitive factors in addition to actual cognitive load. 

Lau et al. (2019) demonstrated precisely this kind of dissociation in a study where 

physiological measures (pupil dilation) and subjective ratings yielded different patterns 

across task conditions, with physiological indices reflecting real-time cognitive load 

changes more sensitively than self-report. Giuliani et al. (2021) reviewed multiple methods 

of measuring listening effort and noted that the various measures assess different facets of 

effort and do not necessarily converge. The present findings add to this empirical base by 

demonstrating, in a multilingual group with varying language background, that 
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reverberation specifically represents a form of acoustic degradation that elevates objective 

cognitive load without producing proportionate increases in subjective effort awareness. 

This finding carries methodological implications for researchers investigating 

listening effort in clinical and applied settings. Relying solely on self-report measures such 

as the NASA-TLX may underestimate the true cognitive burden imposed by reverberant 

environments, since participants may not subjectively register the extent to which 

reverberation is depleting their cognitive resources. Similarly, relying solely on dual-task 

performance may fail to capture the subjective distress and discomfort associated with 

linguistically challenging listening situations. Keur-Huizinga et al. (2024) and Tednes & 

Seeman (2017) both advocated for the combined use of objective and subjective measures 

in listening effort research, a recommendation that is empirically supported by the 

dissociations observed in the present data. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

 

The present study provides compelling evidence that listening effort in adverse 

acoustic conditions is shaped by a complex interplay of acoustic factors (signal to noise 

ratio- SNR, and reverberation time-RT) and linguistic factors (native language status and 

second language proficiency), and that these factors interact in meaningful ways. Native 

Kannada speakers consistently demonstrated superior primary task performance and lower 

cognitive listening effort compared to Malayalam-Kannada non-native speaker, who 

themselves outperformed Hindi speakers. These findings suggest that speech perception in 

noise and the associated cognitive load is influenced not only by language nativity but also 

by the typological relationship between a speaker’s first language (L1) and the target 

language. Increasing RT and decreasing SNR both degraded speech recognition and 

elevated cognitive listening effort, with the most adverse compound conditions being 

especially detrimental for non-native speakers. Subjective listening effort was most strongly 

predicted by speaker group, while the objective dual-task measures were more sensitive to 

the effects of reverberation, highlighting an important dissociation between these two 

dimensions of the listening effort construct. 

Second language proficiency emerged as a robust correlate of both objective and 

subjective listening effort, with higher proficiency associated with better recognition 

performance, lower cognitive load, and reduced perceived workload, particularly under the 

most adverse acoustic conditions. Together, these findings underscore the need for 

multidimensional assessment of listening effort in research and clinical practice, and they 

have direct implications for the design of acoustic environments in India's linguistically 
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diverse educational and professional settings. They also contribute to the growing 

theoretical and empirical literature on listening effort by demonstrating that linguistic 

background and specifically the typological relationship between L1 and the language of 

communication is a significant and systematically meaningful predictor of cognitive 

listening demand in multilingual populations. 

6.1 Theoretical Implications and Contextual Significance 

 The current findings contribute to the theoretical understanding of listening effort 

in several important ways. First, they demonstrate that the construct of listening effort is 

sensitive not only to acoustic degradation parameters such as SNR and RT, which have 

received substantial attention in the literature, but also to the linguistic background and 

language proficiency of the speaker, which have been comparatively less studied, especially 

in non-western multilingual contexts. The native-language advantage documented here is 

consistent with the broader theoretical framework of the Ease of Language Understanding 

(ELU) model (Rönnberg et al., 2013), which predicts that mismatches between degraded 

acoustic input and stored linguistic representations require more effortful, explicit 

processing. For non-native speakers, phonological representations of L2 words are less 

robust and automatic, creating more frequent mismatches and consequently higher listening 

effort. 

Second, the findings extend the existing understanding of the interaction between 

linguistic and acoustic factors. The significant three-way interactions among RT, SNR, and 

Group across both primary and secondary tasks demonstrate that the acoustic and linguistic 

demands on listening effort do not simply add up independently. Instead, they interact in 

complex ways, with acoustic degradation amplifying the disadvantages of non-native 

language status and with linguistic proficiency partially buffering against acoustic 
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challenges. This interactive pattern supports a resource-based view of listening effort in 

which both bottom-up (acoustic) and top-down (linguistic) factors compete for limited 

cognitive resources (Peelle, 2018). 

Third, the study's focus on Kannada, a Dravidian language, and its comparison of 

groups differing in typological proximity to Kannada provides a valuable and relatively rare 

data point in the listening effort literature, which has been dominated by English as the target 

language. The gradient of performance across Hindi, Malayalam, and Kannada speakers, 

explicable in terms of typological distance, suggests that cross-linguistic structural 

similarity is a meaningful and theoretically grounded predictor of L2 listening effort. Future 

research could systematically operationalise and measure typological distance to test this 

relationship more directly. 

From an applied perspective, the findings are directly relevant to the acoustic design 

of educational and professional environments in India. Given the documented evidence that 

Indian classrooms and public spaces frequently suffer from high noise levels and extended 

reverberation times (Saravanan et al., 2019; Sundaravadhanan et al., 2017), the present data 

suggest that non-native speakers of the instructional or working language in these 

environments are at a double disadvantage: they must manage both the inherent cognitive 

challenges of L2 processing and the additional cognitive load imposed by poor acoustic 

conditions. The results argue strongly for acoustic improvements such as sound-absorbing 

materials, optimised room geometry, and supplementary sound amplification systems, 

particularly in diverse multilingual educational institutions. 

 

6.2 Limitations and Directions for Future Research 

While the present study offers several novel contributions, a number of limitations 

merit consideration. First, the study examined only two SNR conditions (0 and 4 dB) and 
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three pre-selected RT conditions. The relatively narrow SNR range may have constrained 

the range of effects observable, particularly for the subjective NASA-TLX measure. Future 

research should consider a broader range of SNRs, including positive SNRs where 

intelligibility is largely preserved but listening effort may still differ across groups, to more 

fully characterise the SNR-effort function. 

Second, while the LEAP-Q provided a useful measure of language proficiency, it is 

a self-report instrument. Direct proficiency measures using standardised language tests 

would provide a more objective and fine-grained characterisation of the relationship 

between L2 competence and listening effort. Additionally, the study did not include 

measures of working memory capacity, which has been theorised and empirically examined 

as a moderator of the noise-effort relationship (Strand et al., 2018). Future studies might 

incorporate measures such as the Reading Span Test or the Digit Span to explore whether 

working memory interacts with language background in predicting listening effort. 

Third, the use of a single secondary task (verbal task) limits the scope of the effort 

inferences that can be drawn. Other secondary tasks, including reaction time or memory 

tasks might reveal different aspects of cognitive load. Similarly, incorporating physiological 

measures such as pupillometry alongside the behavioural and subjective measures would 

enable a more complete picture of the multi-level effort construct. 

Fourth, all participants were young adults with normal hearing. Extending this 

research to older adults or individuals with hearing loss, both groups known to be 

particularly susceptible to adverse listening conditions (McGarrigle et al., 2014; Nishida et 

al., 2024)  would be valuable, especially given the additional challenge that these individuals 

face in linguistically diverse environments. 

Finally, the present study examined listening effort only under background noise 

conditions using six-talker babble. Future research could extend the experimental design to 
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include more complex masker conditions, such as speech babble in both same-language and 

different-language contexts, to further investigate the influence of informational masking in 

addition to energetic masking on listening effort among native and non-native speakers. 

Such investigations would provide deeper insight into how linguistic similarity between 

target and masker speech modulates cognitive load during speech perception. 
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APPENDIX -E 

 

 

MODIFIED LANGUAGE PROFICIENCY QUESTIONNAIRE 

Developed by Yathiraj A., Jain S.N., and Amruthavarshini B. (2018) 

Further Modified for the Present Study — Reading and Writing Components Excluded 

 

Name: 

Age: 

Gender: Male / Female 

 

Instructions: Please read the below given information carefully and choose the most 

appropriate choice. Respond to all eight points by either filling in blanks or ticking (✓) the 

most appropriate response. (Note: L1 refers to the first language that you learnt; L2 refers to 

the second language that you learnt; L3 refers to the third language that you learnt) 

 

 

1.  Name all the languages you have learnt since your childhood in the order of acquisition of 

the language. 

Order of Languages 

Acquired 
Language Name 

L1  

L2  

L3  

 

2.  Since when have you been using your L1, L2 and L3 for understanding and speaking? (Note. 

Reading and writing components are not assessed in this modified version. Please tick (✓) one 

duration per language for understanding & speaking) 

Duration (in years) 
Understanding Speaking 

L1 L2 L3 L1 L2 L3 

Less than 5 years       

5 to 10 years       

10.1 to 15 years       

Greater than 15 years       

 

3.  How would you mark your level of proficiency for understanding and speaking? (Note. 

Reading and writing components are not assessed in this modified version. Please tick (✓) one 

level per language for understanding & speaking) 

Level of Proficiency 
Understanding Speaking 

L1 L2 L3 L1 L2 L3 
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Low proficiency       

Fair proficiency       

Good proficiency       

Native like / Perfect 

proficiency 
      

 

4.  How would you rate your ability to switch between the languages? (Note. Please tick (✓) 

one of the ratings) 

Rating Scale Response (✓) 

Low Ability  

Fair Ability  

Good Ability  

Perfect Ability  

 

5.  Please tick (✓) which language you use maximum for the below mentioned situations: 

(Note. Please tick (✓) one language per situation) 

Sl. 

No. 
Situations L1 L2 L3 

a Interaction with family    

b Education / work    

c Listening to instruction tapes at school    

d Text books    

e Dictionary    

f Story books    

g Newspapers    

h Internet source    

i Writing    

j Interacting with friends    

k Interacting with neighbours    

l Watching TV / YouTube    

m Listening to the radio (music)    

n Market places    

 

6.  On a scale of one to four, how often do you use the languages known to you in the following 

situations? (Rating key: 1 = never; 2 = Sometimes; 3 = Most of the time; 4 = Always; Note. 

Please write the numbers 1, 2, 3, or 4, for each situation per language) 

Sl. 

No. 
Situations L1 L2 L3 
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a Interaction with family    

b Education / work    

c Listening to instruction tapes at school    

d Text books    

e Dictionary    

f Story books    

g Newspapers    

h Internet source    

i Writing    

j Interacting with friends    

k Interacting with neighbours    

l Watching TV / YouTube    

m Listening to the radio (music)    

n Market places    

 

7.  How frequently do others identify you as a native speaker based on your accent or 

pronunciation in the language? (Note. Please tick (✓) one rating per language) 

Rating Scale L1 L2 L3 

Never    

Sometimes    

Most of the time    

Always    

 

8.  For how many hours do you use the following languages? (Note. Please tick (✓) one 

duration per language) 

Duration L1 L2 L3 

Greater than 2 

hours 
   

Greater than 3 

hours 
   

Greater than 4 

hours 
   

Greater than 5 

hours 
   

 

 

Note: Refer Scoring key for analysis 
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SCORING KEY 

 

MODIFIED LANGUAGE PROFICIENCY QUESTIONNAIRE 

Developed by Yathiraj A., Jain S.N., and Amruthavarshini B. (2018) 

(Reading and Writing components excluded ) 

 

Instructions to professional scoring the scale: Please score the responses on a scale of 1 to 4 

for each skill / question as directed. 

 

 

1.  Name all the languages you have learnt since your childhood in the order of acquisition of 

the languages. 

No score (Information to be used for descriptive analysis) 

 

2.  Since when have you been using your L1, L2 and L3 for understanding and speaking? 

Duration (in 

years) 
Scores 

Understanding Speaking 
 

L1 L2 L3 L1 L2 L3 

Less than 5 yrs 1        

5 to 10 yrs 2        

10.1 to 15 yrs 3        

Greater than 15 

yrs 
4        

Total Scores L1 =/8  L2 =/8  L3 = /8 

 

3.  How would you mark your level of proficiency for understanding and speaking? 

Level of 

Proficiency 
Scores 

Understanding Speaking 
 

L1 L2 L3 L1 L2 L3 

Low proficiency 1        

Fair proficiency 2        

Good proficiency 3        

Native like/ Perfect 

proficiency 
4        

Total Scores L1 =/8  L2 =/8  L3 =/8 

 

4.  How would you rate your ability to switch between the languages? 

Rating Scale Scores Response 

Low Ability 1     

Fair Ability 2     

Good Ability 3     

Perfect Ability 4     
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Total Scores L1 = /4 L2 = /4 

 

5.  Tick (✓) which language you use maximum for the following situations: No score 

(Information to be used for descriptive analysis) 

 

6.  On a scale of one to four, how often do you use the languages known to you in the following 

situations? (Instruction to professional scoring the scale: Total the ratings given per language) 

Sl. 

No. 
Situations L1 L2 L3 

a Interaction with family    

b Education / work    

c Listening to instruction tapes at school    

d Text books    

e Dictionary    

f Story books    

g Newspapers    

h Internet source    

i Writing    

j Interacting with friends    

k Interacting with neighbours    

l Watching TV / YouTube    

m Listening to the radio (music)    

n Market places    

Total Score /56 /56 /56 

 

7.  How frequently others identify you as a native speaker based on your accent or 

pronunciation in the language? 

Rating Scale Scores L1 L2 L3  

Never 1     

Sometimes 2     

Most of the time 3     

Always 4     

Total Score /4 /4 /4  

 

8.  For how many hours do you use the following languages? 

Duration Scores L1 L2 L3  

Greater than 2 

hours 
1     
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Greater than 3 

hours 
2     

Greater than 4 

hours 
3     

Greater than 5 

hours 
4     

Total Score /4 /4 /4  

 

 

L1 /84 

L2 /84 

L3 /84 

 

Grand Total (Maximum Score = 84) 

 

 

Inclusion cut-off: Native Kannada speakers — minimum score of 50/84; Non-native Kannada 

speakers (Hindi L1/ Malayalam L1) — minimum score of 30/84 

 

Note: Scores are computed for the Kannada language column only (L2 for non-native speakers; 

L1 for native Kannada speakers). Reading and writing components were excluded from Q2 

and Q3 as they are not relevant to the auditory-verbal listening effort paradigm used in the 

present study. Maximum total score = 84 (Understanding+Speaking duration = 8; 

Understanding+Speaking proficiency = 8; Language switching = 4; Frequency of use = 56; 

Accent identification = 4; Daily exposure = 4). 
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