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For much of its history, categorical perception was treated as a foundational 

theory of speech perception, which suggested that quasi-discrete 

categorization was a goal of speech perception. This had a profound impact 

on bilingualism research which adopted similar tasks to use as measures of 

nativeness or native-like processing, implicitly assuming that any deviation 

from discreteness was a deficit. This is particularly problematic for listeners 

like heritage speakers whose language proficiency, both in their heritage 

language and their majority language, is questioned. However, we now know 

that in the monolingual listener, speech perception is gradient and listeners 

use this gradiency to adjust subphonetic details, recover from ambiguity, and 

aid learning and adaptation. This calls for new theoretical and methodological 

approaches to bilingualism. We  present the Visual Analogue Scaling task 

which avoids the discrete and binary assumptions of categorical perception 

and can capture gradiency more precisely than other measures. Our goal is 

to provide bilingualism researchers new conceptual and empirical tools that 

can help examine speech categorization in different bilingual communities 

without the necessity of forcing their speech categorization into discrete units 

and without assuming a deficit model.
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Introduction

Listeners encounter highly variable speech signals every day. Much of the research on 
speech perception has focused on understanding this problem of lack of invariance – how 
does a given listener categorize a highly variable acoustic signal into discrete units like 
features, phonemes or words to extract the linguistic information relevant for that 
utterance? For a long time, these issues were investigated under the umbrella of categorical 
perception (henceforth CP; Liberman et  al., 1957). Theoretically, CP argues that 
perception—the pre-categorical auditory encoding—is warped by the presence of 
categories. One consequence of this is that during speech perception, listeners discard 
continuous acoustic information that is irrelevant to category identity and only perceive 
the category.

TYPE Methods
PUBLISHED 24 November 2022
DOI 10.3389/fpsyg.2022.1033825

OPEN ACCESS

EDITED BY

Maki Kubota,  
UiT the Arctic University of Norway, 
Norway

REVIEWED BY

Anamaria Bentea,  
University of Konstanz,  
Germany
Eliane Lorenz,  
University of Giessen,  
Germany

*CORRESPONDENCE

Ethan Kutlu  
ethan-kutlu@uiowa.edu

SPECIALTY SECTION

This article was submitted to  
Language Sciences,  
a section of the journal  
Frontiers in Psychology

RECEIVED 01 September 2022
ACCEPTED 03 November 2022
PUBLISHED 24 November 2022

CITATION

Kutlu E, Chiu S and McMurray B (2022) 
Moving away from deficiency models: 
Gradiency in bilingual speech 
categorization.
Front. Psychol. 13:1033825.
doi: 10.3389/fpsyg.2022.1033825

COPYRIGHT

© 2022 Kutlu, Chiu and McMurray. This is 
an open-access article distributed under 
the terms of the Creative Commons 
Attribution License (CC BY). The use, 
distribution or reproduction in other 
forums is permitted, provided the original 
author(s) and the copyright owner(s) are 
credited and that the original publication in 
this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted 
which does not comply with these terms.

https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyg.2022.1033825&domain=pdf&date_stamp=2022-11-24
https://www.frontiersin.org/articles/10.3389/fpsyg.2022.1033825/full
https://www.frontiersin.org/articles/10.3389/fpsyg.2022.1033825/full
https://www.frontiersin.org/articles/10.3389/fpsyg.2022.1033825/full
https://www.frontiersin.org/journals/psychology#editorial-board
https://www.frontiersin.org/journals/psychology#editorial-board
https://doi.org/10.3389/fpsyg.2022.1033825
mailto:ethan-kutlu@uiowa.edu
https://doi.org/10.3389/fpsyg.2022.1033825
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Kutlu et al. 10.3389/fpsyg.2022.1033825

Frontiers in Psychology 02 frontiersin.org

For example, voice onset time (VOT) is a continuous cue that 
distinguishes voiced and voiceless/aspirated consonants across 
many languages (Lisker and Abramson, 1964; Lisker, 1986; 
Abramson and Whalen, 2017). It is defined as the period of time 
between the release of a stop consonant and the onset of voicing. 
In English, voiced sounds have VOTs near 0 msec, and voiceless 
near 60 msec, though this varies cross linguistically. Even though 
VOT scales continuously, CP argued that English-speaking 
listeners are less capable of hearing the difference between VOTs 
of 40 and 50 msec (both of which indicate a voiceless sound) than 
the difference between 15 and 25 msec (which spans the 
boundary), despite the fact that each contrast has an equivalent 
physical distance.

CP led to two contributions that shaped subsequent work on 
multilingualism. The first was methodological: the extensive use 
of speech continua and forced choice tasks along with a set of 
theoretical assumptions about how to interpret them. The second 
was theoretical: CP led to an implicit view that a sort of quasi-
discrete representation of speech was desirable and any deviation 
from that may represent a deficit. Importantly, this representational 
system emerges during the first year of life. This impact can 
be seen in two examples.

First, research on bilinguals has long known that adult L2 
learners face challenges in acquiring the categories of their second 
language (Strange and Shafer, 2008). The question is why? Classic 
developmental work argued that speech categories are formed 
during the first year of life and that the emergence of these 
categories and their structure was associated with a sensitive 
period (Werker and Tees, 1984) (though see McMurray, 2022). If 
we assume CP as a model of speech perception, this can then 
explain adult learners: many new L2 distinctions comprise within-
category distinctions in the native language (e.g., the English l/r 
distinction which lies within the Japanese category). If listeners 
cannot hear these distinctions due to the effect of early experience, 
this can explain why L2 learning is so hard.

More broadly, the assumption of CP (and the methods) also 
served as a sort of linking hypothesis to understanding bilingual 
abilities. In particular, the forced-choice task has been extensively 
interpreted such that a steeper slope (i.e., categorical) reflects 
better perceptual encoding, and a shallower slope (i.e., gradient) 
reflects a deficiency in perceptual encoding. Consequently, even a 
slight deviance from monolingual-like performance led to 
discussions of whether bilinguals can form monolingual-like 
categories. That is the steep slope is considered ideal and any 
departure reflects a limitation.

However, this sort of simple framing may be inappropriate 
when we consider the wide variety of forms that bilingualism can 
take. In a heritage bilingual context, the first years of life might 
have more emphasis on the heritage language compared to the 
majority language. Nonetheless, their continued exposure to the 
majority language may overcome this background. Alternatively, 
the dynamics between the heritage language and the majority 
language might change depending on the bilingual context (e.g., 
code-switching vs. a more linguistically homogenous context). 

In these cases, it may be more appropriate to evaluate cues like 
VOT gradiently across different contexts, rather than attempting 
to impose a single sharp (and inflexible) boundary.

While work on bilingualism has operated on the assumption 
of CP, research on monolingual adults has begun to move away 
from it [for a review (McMurray, n.d.)]. As we describe, this work 
suggests that adult listeners show robust sensitivity to within-
category differences, and that speech categories may be highly 
gradient. In fact, unlike the claims made by categorical perception, 
this more recent work suggests that having a shallow slope (i.e., 
being gradient) is not an indicator of deficiency. On the contrary, 
it might be the marker of better information encoding. It also 
proposes new methods (and new ways of understanding existing 
measures) that may allow more sensitive ways to probe individual 
differences and are more aligned with this theoretical development.

The goal of this manuscript is to challenge the assumption of 
CP in bilingualism research, particularly in heritage bilingualism. 
We  first describe the debates over CP in monolingual speech 
perception. We then focus on how assumptions of CP impacted 
bilingualism research and how it led to a deficiency model of 
bilingual speech perception. We will then introduce the Visual 
Analogue Scaling task (VAS task), which has been a trademark of 
our research group, to examine speech perception in developing 
children (both monolingual and bilingual) and adults 
(monolingual, bilingual, and cochlear implant users). We  will 
present preliminary data from an ongoing experiment that 
exemplifies how the VAS task can capture profiles of gradient 
speech perception in bilinguals’, and we introduce new statistical 
modeling that builds the notion of individual variability into the 
analysis. The ultimate goal of this manuscript is to move 
bilingualism research away from the theoretical assumptions 
produced by categorical perception and show how methodological 
reconsiderations are necessary to fully capture different bilingual 
profiles without the deficiency model.

Categorical perception in 
language science research

Historically, a large majority of speech perception research has 
focused on the problem of lack of invariance (Kluender, 1994; 
Liberman and Whalen, 2000; Perkell and Klatt, 2014). This 
problem arises from the fact that the same phoneme varies in its 
own acoustic manifestation depending on the speaker’s speech 
rate, phonetic context, and many other variables. Moreover, the 
same bundle of acoustic cue values can be  consistent across 
multiple phonemes. The problem then is how can a listener 
efficiently map a continuous acoustic signal onto a set of discrete 
units (e.g., phonemes) in the face of a non-invariant mapping 
between individual cue values and categories?

CP (Liberman et al., 1957) was central to early theoretical 
approaches to this problem. CP was initially an empirical 
phenomenon which was observed when listeners showed poor 
discrimination for two speech sounds that arose from the same 
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category, but good discrimination for tokens that span the 
boundary, even when the acoustic difference was the same. For 
instance, VOT is a critical cue for stop consonant voicing. Voiced 
sounds like /b/ have short VOTs of around 0 msec, while voiceless 
sounds like /p/ have a longer VOT of around 60 msec and a 
boundary at around 20 msec. CP is thus observed when 
discrimination of two sounds with 40 and 60 msec VOTs (both 
/p/’s) is poor, but discrimination of 10 vs. 30 (a /b/ vs. /p/) is quite 
good. Because discrimination does not require overt labeling, this 
suggested that listeners can perceive acoustic differences that are 
relevant for discriminating categories but disregard differences 
that are not. CP suggests that listeners ignore any variability on 
this continuum, and one perceives a /b/ when it is below the 
20 msec boundary no matter whether the VOT was 0, 10, or 15.

Theoretically, CP suggested that listeners solve the problem of 
lack of invariance by collapsing a continuous variable signal into 
discrete categories. That is, by ignoring within-category variation 
listeners could rapidly abstract a “quasi-symbolic” representation 
of the input (Goldstone and Hendrickson, 2010) such that a 
stimulus can be identified based solely on its relationship to the 
boundary: all VOTs <20 are /b/ and all VOTs greater than that 
are /p/.

While discrimination tasks comprise the core empirical 
definition of CP, it is the forced choice identification task that has 
left the most vivid impact on fields like bilingualism. Empirically, 
forced-choice identification tasks require participants to listen to 
stimuli from a continuum and report which of several categories 
provided is the best match. If there are two, then the task is a 
two-alternative forced-choice task (2AFC), but larger response 
sets are possible (nAFC). What made this task so compelling is 
that in these tasks, monolingual or so-called typical listeners often 
show a near-perfect step function (Figure 1A), which seemed to 
capture the discrete nature of the system. Consequently, any 
deviation from this ideal may be informative.

Moreover, unlike discrimination tasks, nAFC tasks are feasible 
in diverse populations [i.e., younger children see (Slawinski and 
Fitzgerald, 1998; Hazan and Barrett, 2000); people with language 

impairments (Serniclaes, 2006); as well as bilinguals (Sebastián-
Gallés and Bosch, 2002; Aoyama et al., 2004; Goriot et al., 2020)]. 
Many of these sorts of studies conducted on LX learners1 and 
clinical populations using forced-choice identification tasks use 
the slope of the categorization function as an index of speech 
categorization ability. Here, a categorical or step-like response 
function (i.e., sharper slope) is interpreted as having a “strong” 
ability (Serniclaes, 2006). Any deviation from being categorical is 
interpreted as a deficiency in the system (Figure 1B).

This interpretation aligns with the assumptions of CP as to 
how a good listener should behave – sharp categorical boundaries 
indicate that the listener ignores variation and successfully reaches 
the category decision. Having a shallow slope indicates some 
“deficit in categorical precision,” either through noise in the system 
or being unable to map the categories successfully (Serniclaes, 
2006). When a bilingual individual does not show monolingual-
like categorization in their second language or their heritage 
language, they are perceived to be  differing from native-like 
proficiency levels (even as the concept of native-like proficiency is 
also arbitrary as not all bilinguals have the same goals or needs for 
proficiency). Indeed, the fact that both clinical language disorders 
and multilinguals show these kind of shallower response functions 
further emphasizes the deficit interpretation.

However, as we  describe in the next section, mounting 
evidence shows that the interpretation of shallow slope reflecting 
a deficiency is problematic and does not capture the essence of 
speech categorization, even in normal hearing, “typical” 
monolingual listeners. If this is the case, differences in an nAFC 
task that are standardly interpreted from the lens of deficiency 
may in reality be driven from methodological and theoretical 
limitations and could reflect a unique approach to speech 
perception that may be more flexible or efficient for a bilingual. 
Therefore, before considering whether bilinguals’ have “native-like 

1 We use the term “LX learners” to embrace the diversity of L2, L3, heritage 

language speakers and other forms of multilingualism (Dewaele, 2018).

A B

FIGURE 1

Proportion of responses in a typical 2AFC task where the black curve signifies the mean responses in both graphs. (A) A categorical profile which 
has a sharper slope. (B) A less categorical profile, with a shallower slope.
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categories,” it is crucial to understand what categories are 
in monolinguals.

Speech categories are gradient

Recent studies on speech perception have challenged the idea 
that speech input is carved into discrete categories and have 
shown clear evidence of gradiency in speech perception. While a 
history of studies has directly challenged the foundations of 
categorical perception using discrimination and other tasks to 
show continuous encoding (Massaro and Cohen, 1983; Schouten 
et al., 2003; Gerrits and Schouten, 2004; Toscano et al., 2010) our 
emphasis is not on criticisms of CP per se, but rather on a growing 
body of work that challenges the broader theoretical claim that 
discrete categorization is the ideal.

Evidence from studies that used priming (Andruski et al., 
1994), continuous rating scales (Massaro and Cohen, 1983; 
Miller and Volaitis, 1989), the visual world paradigm with 
eye-tracking (VWP; McMurray et  al., 2002, 2009; Kapnoula 
et al., 2021), and event-related potentials (ERPs; Toscano and 
McMurray, 2010; Sarrett et al., 2020; Kapnoula and McMurray, 
2021) all converge on the idea that categorization is highly 
gradient. For instance, McMurray et  al. (2002) tested 
monolinguals on a VOT continuum (e.g., spanning beach to 
peach) in a VWP task in which eye movements to each option 
were used to assess activation of the options (beach and peach) 
leading up to the ultimate nAFC response. They assessed via 
fixations to the picture of the competing word (e.g., peach when 
the target was beach), and found that this was linearly related to 
the continuous changes in VOT. That is listeners looked more 
to peach for a 10 msec VOT than a 0 msec VOT, even when they 
considered only trials where participants clicked on the target 
word (i.e., beach). This suggests that listeners are tracking 
continuous differences in VOT, within a category – not 
attempting to suppress these differences.

In fact, these gradient (rather than discrete) representations 
may be  useful when listeners are coping with ambiguity and 
integrating different pieces of information in speech perception 
(McMurray et al., 2002, 2008, 2009; Clayards et al., 2008). For 
example, a more gradient representation may help listeners 
recover from misperceptions. McMurray et  al. (2009) tested 
listeners on lexical garden paths words such as ϸarricade, where 
the onset sound came from a/b/to/p/continuum. Here, if the VOT 
was high (e.g., 40 msec), the word may be briefly interpreted as 
both parakeet, and resolution would not occur until late in the 
word (at-cade or-keet). However, if listeners were preserving 
gradient representations, they may be able to recover more quickly 
when the VOT was near the boundary. They found that if the VOT 
was around 40 msec, listeners were initially biased to interpret the 
input as the beginning of parakeet and then revised their decision 
when-cade arrives. In contrast, when the VOT was around 
25 msec, listeners were still biased to parakeet but recovered faster 
because barricade was more active. If listeners were categorical, 

the activation of /p/should have fully suppressed the activation 
of/b/. In this case, a more gradient commitment (rather than a 
firm commitment to a discrete category) may help listeners 
be more flexible to integrate later cues efficiently to recover from 
misperceptions. Similar results have been seen with a variety of 
sources of ambiguity, suggesting that a partial commitment is the 
norm in speech perception (Szostak and Pitt, 2013; Brown-
Schmidt and Toscano, 2017; Gwilliams et al., 2018).

Beyond flexibility, a gradient commitment is also important 
in learning and adaption, particularly when speech is inherently 
varied. Listeners need to learn and adapt to the talker’s speech to 
account for different factors such as their dialect, coarticulation 
patterns, rate of speech, or indexical differences. In fact, dozens of 
studies have documented the remarkable plasticity of speech 
perception (McQueen, 1996; Fenn et al., 2003; Bent et al., 2009). 
However, if listeners fully disregard fine-grained differences 
within a category, they would not be  able to do this kind of 
learning (McMurray and Jongman, 2011). Importantly, these 
factors may interact. Clayards et al. (2008), for example, used a 
similar eye-tracking paradigm as McMurray et al. (2002), but with 
a perceptual learning twist. For some listeners, VOTs were highly 
consistent – most trials had VOTs near the prototypes for/b/
and/p/with very little variation; for other listeners, VOTs were 
more variable. She found that after a brief exposure, listeners with 
high variance distributions adopted a more gradient 
representation. That is, people were learning to be more gradient 
when noise was expected (see also: (Theodore and Monto, 2019)).

This leads to the broader conclusion that underlying speech 
categorizations are highly gradient, and the degree of activation or 
consideration of one category or another is sensitive to fine-
grained differences in continuous cues like VOT. However, it is 
unclear how to rectify this with traditional 2AFC tasks that show 
a sharp categorization. This is illustrated by a recent VWP study 
on the development of speech categorization. McMurray et al. 
(2018) used the same VWP paradigm from their 2002 study 
(McMurray et al., 2002) with children ages 7–18. Children heard 
tokens from VOT (e.g., beach/peach) or fricative spectra (sip/ship) 
continua and selected the corresponding picture while their eye 
movements were recorded as an index of lexical activation. The 
examination of the ultimate responses (i.e., the mouse click on the 
pictures) showed that older children had slightly steeper slopes. 
This appears to support the standard view – children’s 
categorization is getting steeper (more discrete) with development, 
and the younger children’s results mirror those of people with 
language impairments, or multilinguals (i.e., the association to the 
deficit model). However, the eye movements revealed a 
different story.

Similar to the McMurray et al. (2002) results, there was an 
overall gradient effect. As the VOT or fricative spectra moved 
toward the participant’s category boundary, there were increased 
looks to the competitor, indicating that children were sensitive to 
these fine-grained acoustic details. However, the youngest children 
showed the least sensitivity to these fine-grained acoustic details 
in the eye-tracking experiment, and this sensitivity grew with 
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development. Under a quasi-discrete view, children with steeper 
slopes have stronger categories and should therefore be  less 
sensitive to within-category detail. However, eye movements 
showed the exact opposite. In fact, it looks like children were 
achieving this sharper 2AFC categorization by becoming more 
sensitive to fine-grained details.

These findings have huge implications for how the slope of the 
identification is interpreted. However, beyond that, there are three 
deeper implications for work on multilingualism. First, even in 
monolingual children, speech perception skills develop slowly. 
This is unlike the most common views of speech categorization, 
which argues that speech categorization stabilizes in infancy 
(Werker and Curtin, 2005) (but see McMurray, 2022); critically in 
the context of multilingualism, it offers a gentle challenge to the 
notion that plasticity tapers off at later ages due to some kind of 
critical period – in fact, speech perception is developing quite 
slowly, implicating plasticity that may be available throughout the 
lifespan. Second, a gradient representation, rather than a discrete 
or categorical one, seems to be something desirable that people are 
attempting to develop. Finally, standard 2AFC tasks may show the 
complete opposite pattern of the underlying picture revealed by 
more sensitive measures like eye-tracking  - a steep slope can 
accompany a highly gradient underlying representation.

This suggests serious problems with the traditional forced-
choice identification tasks. In fact, it has long been known the 
discrimination tasks that formed the basis of support CP, involve 
other cognitive and decision processes that might create 
confounding factors for any given study (Gerrits and Schouten, 
2004). However, nAFC identification is perhaps worse and the 
same pattern of data can be the product of completely different 
mechanisms of categorization (Kapnoula et al., 2017; Kapnoula 
and McMurray, 2021).

In classic two-alternative forced-choice tasks, listeners need to 
make a discrete judgment on a given trial. Because of the discrete 
nature of the response – and the effect of averaging – this can lead 
to enormous interpretative ambiguity. Consider a listener with a 
shallower-than-average identification curve (e.g., Figure 1B). Under 
the standard CP model, it would be assumed that this listener is 
responding variably from trial to trial—that is on some trials, a VOT 
of 15 msec (a /b/) is misperceived as a VOT of 25 msec (a /p/), 
leading to a different response. When averaged, we see a shallower 
curve. However, a shallow slope or a gradient profile might emerge 
from a completely gradient categorization. Here, listeners activate 
the competing category /p/ more near the boundary, and they 
attempt to approximate the frequency of their responses to the 
underlying gradient patterns. Therefore, they might respond 60% of 
the time indicating that the sound that they heard was a /d/ and 40% 
of the time that they heard /t/. These two profiles – both of which 
show shallower slopes  - emerge from completely different 
underlying category structures. They cannot be differentiated from 
one another in a two-alternative forced-choice task. While the first 
scenario has a listener who does have discrete mapping between 
cues and categories, the second scenario has a listener whose 
underlying processes are gradient mapping.

The same is true for a steep (step-like) function. If we assume 
CP, this means that listeners have underlyingly discrete categories. 
However, if a gradient listener simply assumed a winner take all 
response mapping, one would see the same thing. That is, even if 
a speech token was perceived as 60% /b/like (e.g., near the 
boundary) if they always said/b/, one could observe a steep 
categorization curve even if the underlying categorization 
were gradient.

Thus, once we  acknowledge that the underlying category 
structure could be  gradient (as it clearly is in monolingual 
listeners), the 2AFC task is completely ambiguous. Clearly, not 
every shallower slope is due to gradiency – in many cases (e.g., 
hearing loss) it may be a marker of a problem. However, at the 
same time, in other cases, a shallower slope could be a sign of an 
adaptive and flexible gradient representation. Despite this 
ambiguity, both discrimination and forced-choice identification 
tasks are still widely used in language science research, and the 
assumptions that a steeper slope indicates more robust 
categorization are still commonly made. This is problematic not 
only for the larger language science community but also for 
research on bilingualism.

Categorical perception and 
bilingualism

As we have described CP exerts a dominant force on the study 
of multilingual speech perception. In fact, the study of bilingualism 
has its own share of methodological and theoretical 
misconceptions (see for a review (Surrain and Luk, 2019)). Early 
bilingualism research was built on deficit models and in part due 
to methodologies adopted from other disciplines. Consequently, 
for a long time, bilingualism was treated as a discrete category in 
comparison to monolingualism, failing to consider variability in 
language experience, proficiency, and sociolinguistic contexts of 
each language (on the other hand see Bice and Kroll, 2019; Surrain 
and Luk, 2019; Bayram et al., 2021; López et al., 2021; Tiv et al., 
2021; Castro et al., 2022; Kutlu et al., 2022). These early approaches 
specifically focused on LX learners’ ability to produce native-like 
utterances in their LX (Flege et al., 1995a; Piske et al., 2001; Alario 
et al., 2010). However, more recently, many scholars have begun 
to challenge this paradigm, assessing bilinguals on their own 
terms, given their own functional needs and environment. This 
work suggests bilingualism is better to be treated continuously and 
multi-dimensionally rather than as a discrete category (Surrain 
and Luk, 2019). In keeping with the classic views, the assumption 
of discrete categories and the methods of CP have also contributed 
to these deficit models. This shows up in at least two ways.

First, early bilingualism research assumed CP played a 
mechanistic role in explaining how well bilinguals learn categories 
or fully/partially transfer their L1 categories to their LX. That is, 
novel LX categories span regions of the perceptual space that lie 
within an L1 category (e.g., an English listener for whom the 
dental and alveolar/t’s/of Hindi lie within a single category). 
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Given CP, people cannot hear these distinctions, causing a barrier 
in learning them.

The strength of this account led CP to become a dominant 
component of theories of bilingual sound acquisition (MacKain 
et al., 1981). This was in part due to the emphasis on perceptual 
narrowing in speech perception which argues that starting in the 
first year of life, infants lose the sensitivity to discriminate sounds 
in other languages but get better at discriminating contrasting 
sounds in the language that surrounds them (Best et al., 1988; 
Kuhl et al., 2006; Werker et al., 2012). Critically, this loss was seen 
as the end of a critical or sensitive period, blocking further 
plasticity (e.g., LX learning).

Second, bilingualism research also makes heavy use of the 
discrimination and identification tasks that were pioneered in 
monolingual speech categorization (Werker and Tees, 1987; 
Sebastián-Gallés and Bosch, 2002; Aoyama et al., 2004; Goriot 
et al., 2020). Given the assumption of CP, a shallower slope of the 
identification function has been associated with deficits or as an 
inability to map LX categories accurately due to factors such as age 
of acquisition or proficiency. Crucially, many studies linked early 
age of acquisition and higher proficiency to successful outcomes 
(i.e., steeper slopes) of discrimination tasks (Bosch, 2011). 
However, as we  described, these identification tasks may not 
be  truly estimating the nature of speech categorization. As 
we described in the previous section, a listener can have a steep 
curve while underlyingly having gradient categorization or they 
can have a gradient curve while having a steep curve underlyingly. 
This is the fundamental ambiguity of the slope function in a 2AFC 
task. It is unknown what the underlying mechanism is as the 
2AFC task is not capturing these differences accurately.

What is interpreted as a shallow slope, and hence an inability 
to robustly categorize the stimulus, may actually be a mark of 
listeners’ flexibility and adaptation to categorizing overlapping 
categories. In fact, it may be almost impossible to impose fully 
discrete categories on the multiple phonological systems of a 
bilingual listener. Bilingual listeners need to adapt and learn from 
those cues more so than monolinguals. It is, therefore, more 
optimal to maintain a gradient mapping between cues and 
categories to permit more flexibility.

Categorical perception in the 
context of heritage bilingualism

Most of the bilingualism enterprise in the late 90s through 
early 2010s primarily focused on balanced bilingualism (e.g., 
Peltola et al., 2012). This is the type of bilingualism where the use 
or the proficiency in both languages are somewhat equal. However, 
this picture of a bilingual as two monolinguals (Grosjean, 1989) 
does not accurately describe bilinguals who do not have the 
societal support or educational platforms to help them maintain 
their languages. For example, someone from a Spanish-speaking 
home in an English-majority country may only have access to a 
more specialized Spanish vocabulary (that which is needed at 

home) and may never learn to read Spanish, as their L2 (English) 
has much stronger support from school.

Historically, these minoritized bilinguals were consistently 
labeled as deficit language users (e.g., Bloomfield, 1927). That is, 
their abilities in their heritage language were seen as deficient 
(relative to a monolingual speaker of that language). To illustrate 
this point, consider two large bilingual populations in North 
America: (1) French/English bilinguals in Canada, and (2) 
Spanish/English bilinguals in Florida. If one strictly looks at age 
of acquisition for these two groups, it is possible to find early 
bilinguals in both contexts. It is also possible to find late learners 
of one of the languages in both contexts. What differentiates these 
two groups are primarily sociolinguistic factors.

In Canada, French is officially recognized as one of the two 
official languages spoken. Children in Canada (particularly 
Quebec) get some immersion in both languages, they are taught 
both in school, and they can maintain both Canadian French and 
Canadian English to some extent (even as bilingual groups in 
Canada who speak other languages and face other societal 
injustice toward their languages). Thus, many bilinguals in Canada 
are likely to fit the balanced bilingual definition, and many others 
are likely to be at least proficient in both languages.

In contrast, in the United States, cultural factors led to the 
stigmatization of Spanish (Kutlu and Kircher, 2021; Kircher and 
Kutlu, 2022), and as a result, immersion programs are rare and 
there are regional and racial disparities in access to general 
education in Spanish (Rosa, 2016). Children in the United States 
mostly do not receive any support in Spanish beyond the foreign 
language classroom, and for those who do, it is not sustainable at 
the national level. These children experience what is known as the 
heritage bilingual experience, where their home language is 
limited to the home settings due to societal prejudice and 
stigmatization. This prejudice is not only disrupting heritage 
speaker children’s heritage language development but also their 
bilingual development.

In these listeners, Spanish is perceived as a problem that needs 
to be fixed when bilingual children start schooling (Rosa, 2016). 
Children who have categories that are somewhat ambiguous in 
their comprehension and production are asked to fix this problem 
by immersing themselves in a solely English educational context 
(Rosa, 2016; García et al., 2021). The majority of the work on 
Spanish heritage-speaker children in the United States has argued 
that communities of minoritized languages should find ways to 
increase heritage-speaker children’s exposure to “native English 
speakers” to prevent them from having a gap in their English 
(Place and Hoff, 2011). Such recommendations use individual 
variability in development as a case for the assumption that 
heritage-speaker children cannot develop or are delayed in 
developing English proficiency as they are exposed to English at a 
later age or with a reduced amount while ignoring the social 
stigmatization towards bilingualism (Kutlu, 2020; Kutlu and 
Wiltshire, 2020).

Heritage speakers (of any language) are not a homogenous 
group (see Polinsky, 2018; Montrul and Polinsky, 2021). 
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There are substantial differences in terms of exposure to the 
heritage language and the majority language, feelings of 
attachment to these languages, as well as perceived fluency in 
these languages. A survey of the literature reveals a wide variety 
of definitions and classifications of heritage bilinguals and 
heritage languages [e.g., (Benmamoun et al., 2013); also see 
(Ortega, 2020) for a detailed discussion]. In this context, there 
has been substantial work suggesting that heritage speakers are 
“deficient” in the majority language (Oller et al., 2007; Hoff, 
2013), and that they cannot be considered “native speakers” of 
that language [but also see new conceptualizations on how 
heritage speakers can be  placed in the native speaker 
continuum (Wiese et al., 2022)]. At the same time, research on 
heritage bilingualism has also focused on how heritage 
speakers retain and process their heritage language – which 
may also be deficient by this standard. This anti-nativization of 
heritage speakers from both their heritage and the majority 
language provided an array of places where heritage speakers 
experience a state of languagelessness (Rosa, 2016). Neither 
their heritage language nor their majority language fits into the 
“standard” norms. Much of the research on heritage 
bilingualism was done with the purpose of “fixing their 
languages” by providing more of the majority language.

Work on speech perception in heritage language speakers 
has the potential to fall into the trap of the deficit model. As 
we have described, the standard approach to speech perception 
in bilinguals was motivated by perceptual narrowing and CP 
(Caramazza et al., 1973; Werker et al., 1981; Werker and Tees, 
1984; Flege, 1987; Flege et  al., 1995b; Mayo et  al., 1997; 
Sebastián-Gallés and Bosch, 2002, 2009; Bosch and Sebastián-
Gallés, 2003; Aoyama et al., 2004; Kuhl et al., 2006; Garcia-
Sierra et al., 2011; Stölten et al., 2014; Liu and Kager, 2015; Pan 
et al., 2022). In this context, any deviation in endpoints was 
interpreted as noisy encoding, deficiency in categories in their 
languages, or an unstable state of language use. However, a 
compelling alternative that cannot yet be ruled is that heritage 
speakers or bilinguals may be more gradient than monolinguals 
or individuals primarily exposed to one language or one 
language variety. This may serve to help them flexibly shift 
between languages.

Such interpretation does not require “fixing” a non-existent 
problem but focuses on the strengths of language-diverse 
individuals and how it informs our theories and methodologies. 
In fact, a theory based on deficiency arguments that do not 
consider language diversity has more potential to lead to 
educational outcomes that actually hinder language-diverse 
individuals from achieving the specific skills they need to navigate 
the educational system. That is an intervention designed to make 
such individuals perceive speech more categorically may actually 
be harmful. However, a fundamental limit is that the nAFC task 
simply cannot distinguish a noisier or poorer category 
representation from a more gradient one. Thus, to better inform 
theories of speech perception, we must move towards a continuous 
measure of speech perception.

Moving away from categorical 
understanding of speech: 
Measuring gradiency

Given the interpretive ambiguity in the 2AFC task and the 
strong likelihood that categories are underlyingly gradient, there 
is a clear need for methods that can more directly assess this. Both 
eye-tracking and EEG studies have previously captured this and 
can clearly show the underlying gradient profiles (McMurray 
et al., 2002; Toscano and McMurray, 2010). However, using these 
methods is not trivial: they have large technical requirements, can 
be expensive, and have a great deal of trial-to-trial noise, requiring 
longer experiments.

In contrast, several recent studies have suggested that gradient 
categorization can also be  measured by a simple behavioral 
experimental tool that can be implemented in online studies, lab 
studies, or field studies. This task, which we refer to as the Visual 
Analogue Scaling (VAS) task (Kong and Edwards, 2011, 2016; 
Kapnoula et al., 2017, 2021; Kapnoula and McMurray, 2021), is 
similar to the 2AFC task, however, as we  argue below, its 
psychometric properties nearly eliminate the interpretive 
ambiguity of 2AFC.

In the VAS task, as in the 2AFC task, a sound from a speech 
continuum is presented. However, instead of making a discrete 
binary choice, listeners are given a continuous scale on which to 
indicate where the sound falls between endpoints. For instance, if 
a listener is responding to members of a beach/peach continuum, 
the screen has an image of a beach on the left and a peach on the 
right with a straight scale in between (see Figure 2). They can then 
click anywhere on the line to indicate where they perceived 
this token.

In contrast to ERP and VWP tasks, the VAS task is 
straightforward and efficient to implement. It can be employed on 
any experiment building software (e.g., Experiment builder, 
PsychoPy, Matlab, Gorilla). It generally takes 15–20 min to 
complete with 2 to 6 repetitions per continua (moderate test–
retest reliability (r = 0.48) of gradiency estimates was achieved with 
three repetitions of each stimulus see (Kong and Edwards, 2016)).

Critically, it overcomes concerns with the 2AFC task. 
Consider a situation in which listeners have a categorical or 
discrete boundary, but experience noise. In this case, the average 
VAS function should look highly gradient (like the 2AFC). 
However, if we look at individual trials, we should see that most 
trials have a VAS response that is near one endpoint or the other 
(Figure 3B grey points). That is, on each trial, they discretely heard 
/b/ or /p/, but shifts from trial to trial. In contrast, if the averaged 
response was because of an underlyingly gradient representation, 
we should see that individual responses are clustered tightly near 
the averaged (Figure  3B black points). Thus, by looking at 
individual trials relative to the average response, we can achieve 
more insight into the underlying nature of categorization.

Much of the recent work using the VAS task has examined 
individual differences in typical monolingual adults. For example, 
individual differences in gradiency in the VAS task predict the 
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degree of gradiency in standard ERP and VWP paradigms 
(Kapnoula and McMurray, 2021), providing validation of the 
underlying constructs. It also predicts other skills. For example, 
adult listeners who more gradiently categorize stop voicing are 
more likely to use secondary cues (i.e., F0) when categorizing 
voicing (Kong and Edwards, 2016; Kapnoula et al., 2017), and they 
are better able to recover from misperceptions (Kapnoula 
et al., 2021).

Importantly, and most relevant to bilingualism research, in 
monolinguals there was little correlation between cognitive 
control tasks and the VAS task (Kapnoula and McMurray, 2021) 
or between gradiency in a non-linguistic visual continuum 
(Kapnoula et al., 2021) (e.g., an apple/pear visual continuum). This 
lack of an influence of more domain-general cognition may 
make it easier to isolate differences in speech perception in 

varying groups. Ongoing work in our lab is now successfully using 
this technique with monolingual children, monolingual children 
with bilingual exposure, bilingual adults, and cochlear implant 
users. Here we present preliminary data from a study in progress 
on bilingual adults to illustrate both how to use the VAS paradigm 
with this population, and how it can lead to greater clarity than 
prior approaches.

We note that this is an ongoing study and no statistical 
analyses have been conducted (as we  have not reached our 
pre-planned sampling goal). Thus, our goal in presenting this data 
is not to make any specific claims about differences across 
bilinguals. Rather we  examine this subsample of the data to 
illustrate how a more sophisticated approach to speech 
categorization could offer the kind of person-centered approach 
to speech that naturally fits with a more sensitive approach to 

FIGURE 2

The layout of the experiment where the first panel shows the first page that the participants see when they are completing the online experiment. 
The second panel is when they hear the auditory stimuli. The last panel shows the VAS rating scene. Participants were asked to click on the scale 
to indicate where they think the auditory stimulus falls.

A B

FIGURE 3

(A) Three parameters that can be extracted from VAS rating data. Averaged data across a continuum can provide measures such as amplitude, 
slope, and crossover/bias. (B) High response variability where a listener repeatedly uses the endpoints (in gray dots). This listener has underlyingly 
categorical representation. On the other hand, black dots show a listener who has an underlyingly gradient representation whose response 
variability is lower as their responses are tightly distributed around the average.
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bilingualism. Thus, our analyses are really meant more as a kind 
of case report for illustrative purposes, and we do not report many 
of the methodological details so as to avoid distracting from our 
goals here.

A case study

To illustrate how we  have used the VAS task (both 
methodologically and statistically) we present examples of data 
from an ongoing project. The goal of this project was to 
understand a diverse array of Spanish/English bilinguals in terms 
of relative proficiency, age of acquisition, social environment, and 
how these factors give rise to differences in speech categorization. 
We used online testing to recruit individuals with experience with 
Spanish and English in the United  States and conducted an 
extensive language background questionnaire, social network 
questionnaire, and other measures along with a VAS task assessing 
eight different continua.

We note that the goal of this paper is solely to illustrate how 
we  can assess gradient speech categorization in bilingualism 
research and separate it from poor categorization in a way that 
cannot be captured by standard nAFC tasks. Thus, we did not 
conduct any statistical analysis which awaits our true sample.

Subjects

We have currently tested 73 listeners of various backgrounds. 
For ease of exposition below, we roughly group these subjects 
using age of acquisition to create four groups similar to those used 
in previous bilingualism research. The Spanish-English heritage 
(n = 32) speakers are defined as those with experience with both 
languages during the first 10 years of their lives and who also self-
identify as dominant English speakers. The L2 Spanish (n = 9) 
group consists of individuals who acquired Spanish after the age 
of 10 only through schooling experiences, and for whom English 
is their dominant language. Next, participants in the L2 English 
group (n = 6) are those whose first language is Spanish and who 
acquired English as a second language after the age of 10. These 
individuals have the least dominance in English. Finally, the 
English monolingual group (n = 26) consists of speakers who 
acquired only English. These categories are designated solely for 
illustrative purposes and were not the groupings that originally 
motivated our ongoing study.

Auditory stimuli

Auditory stimuli used in VAS experiments consist of 
monosyllabic minimal pairs in any language. Here, we provide an 
example of the eight continua used in our experiment. Our 
continua included two voicing contrasts (beach-peach, dime-time), 
five vowel contrasts (beet-boot, bet-bat, pen-pan, hat-hot, net-nut), 

and one fricative contrast (sip-ship). To construct the stimuli, 
we started by recording each endpoint word, spoken by an adult 
male with an American Mid-Western accent. The recordings were 
done in mono at a sampling rate of 44,100 Hz. Exemplars for 
endpoints were recorded in a carrier sentence to ensure uniform 
prosody and rate. We  then selected one exemplar for each 
endpoint for each continuum.

VOT continua were created with a progressive cross-splicing 
procedure similar to (McMurray et al., 2008). Aspirated tokens 
were created by copying segments of the aspiration from peach 
and time and replacing the corresponding section of the onset of 
beach and dime, respectively. Fricative continua were created by a 
morphing procedure from McMurray and Jongman (2016). The 
frication portions from sip and ship were extracted, centered, and 
cut to be equal in length. Next, the spectral mean was calculated 
from the long-term average spectra. Both spectra were aligned to 
the average spectral mean. Then, weighted averages of the spectral 
shapes were extracted to create 0% /s/ to 100% /s/ in nine steps. 
Next, the frequency means of the spectra were shifted to create 
nine steps and a white noise filter was applied to each spectrum. 
Then, we imposed an average amplitude envelope on the filtered 
noise. Finally, the vowel continua were created by using TANDEM 
STRAIGHT (Kawahara et al., 1999). To create vowel continua, 
periodic information was first extracted for each endpoint. Then, 
temporal anchors were placed at the beginning, middle, and end 
of the target sounds. Spectral anchors were placed at the first and 
second formants. Finally, continua were morphed from one 
endpoint to the other across nine steps.

Visual stimuli were developed using a picture norming 
process adapted from McMurray et  al. (2010). Candidates for 
stimuli were downloaded from a commercial clipart database2, 
then selected by a committee of undergraduate and graduate 
students for the most prototypical image. Images were then edited 
based on committee feedback (changing colors, removing or 
adding parts to the image), and edited to a uniform size 
and brightness.

Procedures

The VAS task can be completed in the lab via touch-screen 
tablets and computers, or online via an internet browser. The 
example that is provided here was for online experiments which 
were implemented in Gorilla [3 (more about touch-screen testing 
with children can be found here: OSF4)].

In this task, participants hear a token from the continuum and 
report how closely it matched either endpoint by clicking along a 
line between the two pictures (see Figure 2). They are allowed to 
practice responding before proceeding to three practice trials, 

2 https://clipart.com

3 www.gorilla.sc

4 https://osf.io/q39yt
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identical to experimental trials. After three practice trials, the 
participant begins the task.

On each trial, participants press a red PLAY button to initiate 
the word. After the word plays, the line appears and remains until 
the participant responds. Crucially, the line does not contain a 
slider or any marker until the participant makes a response (at 
which point a marker is shown). This avoids anchoring biases. The 
participant can change their response and indicate they are done 
by pressing the space bar.

Generally, when using multiple continua, we find it is much 
more efficient to present multiple trials from the same continuum 
in a block, and to maintain the sides of the pictures (e.g., the beach 
is consistently on the left and the peach on the right for some block 
of trials). This minimizes the amount of time that the participant 
needs to reorient to the task on each trial. However, in order to 
control for order effects and side bias, participants completed two 
blocks of each continuum which counterbalance the location of 
the endpoints along the response line. For example, the participant 
may see a picture of a beach on the left and a peach on the right in 
the first block, then see a peach on the left and a beach on the right 
in the eighth block (with blocks from other continua interspersed). 
Consequently, each continuum appears both early and late in the 
trial, with each endpoint on each side. In this study, each block 
consisted of 3 repetitions of 9 steps for each continuum or 27 
trials/block. With two blocks for each of the 8 continua, this led to 
432 total trials. The entire experiment took approximately 
25–30 min.

Parametric analyses of VAS

Typically, in a 2AFC task, listeners must judge the endpoints 
as 0 (e.g., /b/) and 1 (e.g., /p/). A classic step-function of CP is thus 
when tokens on one side of a category boundary would be marked 
as 0, and all tokens on the other side of the boundary would be 1. 
The VAS data are different in the sense that these data are on a 
continuous rating scale which reflects how close each stimulus is 
to the endpoints.

Previous work on VAS (Kong and Edwards, 2016) utilized 
a simple histogram to illustrate the way that listeners vary in 
their use of these continuous responses. This approach simply 
counts how often listeners respond to each point along the 
VAS. This method showed that some listeners used only the 
endpoints when responding, and others used the whole scale 
(i.e., more gradient).

However, Kapnoula et al. (2017) pointed out that this ignores 
the actual continuum step – a listener could have a flat histogram 
(a uniform distribution) because their responses perfectly match 
the continuum step (e.g., step 1 gets a low rating, step 2 gets a 
slightly higher one and so forth), or because they are just guessing. 
They thus introduced a parametric approach using non-linear 
curvefitting. They first computed the average response for each 
participant at each step. This was then fit to a nonlinear function. 
This function provides parameters like the slope of the function, 

the boundary, and the amplitude (the difference between the 
asymptotes; Figure 3A). These are described below and allow the 
researcher to directly characterize the shape of the function at an 
individual level.

To capture the nature of the trial-by-trial responses (e.g., 
Figure  3B), they then computed the difference between each 
individual trial rating and the mean. Therefore, if participants’ 
responses to individual trials overlapped with the mean, the sum 
of squared differences should be minimal, creating low response 
variability (true gradiency, Figure 3B, dark points). However, if the 
participants are choosing the endpoints, the individual responses 
should show a large deviation from the overall mean, leading to a 
higher sum of squared differences (high response variability, 
Figure 3B, light points).

The typical non-linear function is a four-parameter logistic 
function. These four parameters are (see Figure 3A): the slope, the 
amplitude (asymptotes), the crossover, and the bias. These 
parameters can efficiently capture gradient responses. When 
coupled with the response variation, these parameters can 
differentiate between a gradient pattern from a categorical pattern, 
and crucially a gradient pattern from a noisy pattern.

Slope

The slope of the VAS dataset is analogous to that of a 2AFC 
task. It measures how the average function smoothly varies 
between the tokens or exhibits a more step-like function. However, 
as we have described in a 2AFC task, it is not possible to know 
whether a shallow slope emerges as a result of noisy or a more 
gradient encoding. The VAS task resolves this problem by 
incorporating response variability in the interpretation of the 
slope function as explained below.

Amplitude

The amplitude indicates an overall difference between the 
asymptotes of the response function (i.e., position at which 
extreme end of the continuum). This measure often was ignored 
in 2AFC experiments, since the expectation was that in a forced-
choice task the response should not be ambiguous (i.e., choosing 
one or the other category). However, in many groups, the 
endpoints of the continuum may never be  unambiguous. For 
example, competition from an LX category could destabilize the 
response, or the particular acoustic cue that was manipulated in 
the continuum may not be the same cue the listener is expecting. 
The use of a logistic function with variable amplitude can 
eliminate this problem – particularly in a VAS task where listeners 
can respond to tokens in the endpoints continuously and are not 
required to use the ends of the scale. In fact, the differences in 
endpoint ranges may play a crucial role in understanding 
individual differences. Differences in amplitude parameter may 
be independent of differences in slope. For instance, a listener 
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could have a low amplitude but steep slope or a low amplitude and 
shallow slope.

Crossover

The crossover is the point where the function shifts from 
being in one category to the other (i.e., the category boundary). 
This is strongly analogous to the boundary seen in 2AFC tasks and 
can be used for similar inferences.

Bias

The bias is the overall likelihood of a listener’s use of one end 
of the scale or the other end (e.g., the degree of vertical shift). This 
is introduced by the fact that the asymptotes need not reach 
0 and 1.

To demonstrate, the average slope of each language group is 
shown in Figure 4. Here, we see that participants learning English 
as a second language (i.e., blue curve) has the lowest slope, 
followed by English monolingual speakers (dark purple) and 
Spanish-English Heritage speakers (gold), then followed by 
participants learning Spanish as a second language (green). 
Notably, there appear to be differences between Spanish-English 
heritage speakers and English monolingual speakers. The average 
amplitude of each language group in Figure  4 shows that 
participants learning Spanish as a second language and Spanish-
English heritage bilinguals have the highest amplitude compared 
to the English monolinguals and English as a second 
language learners.

Moreover, participants learning Spanish as a second language 
seem to have a lower minimum and higher maximum response as 
compared to other language groups. English monolingual and 
heritage speaker groups seem to have identical minimum value. 
While these parameters visually present group differences, the 
VAS data provide further insight which is the calculation of 
response variability.

Response variation

In addition to the parameters of the averaged estimated 
functions, we must also consider how closely the individual 
responses map onto these estimates. For example, a shallow 
average slope could arise from two distinct patterns of 
responding that cannot be captured by the 2AFC task but can 
be  captured by the VAS task. First, a participant could 
be responding continuously to the different steps which results 
in a shallow slope with response points closely clustered 
around their slope. Alternatively, a shallow slope may emerge 
from a participant that responds primarily close to the 
endpoints of the line but does so inconsistently – the same step 
is categorized differently across responses. This latter pattern 

also results in a shallow slope when responses are averaged, but 
the majority of the data points would fall far from the average.

A close consideration of these patterns suggests that residual 
variation captures individual differences in three different profiles: 
categorical (steep slope), gradient (shallow slope + low response 
variability), and noisy but looks gradient (shallow slope + high 
response variability).

We use the parameters of the non-linear function to compute 
a response variability index. For this, we  simply compute the 
predicted value for each step for that subject and then compute the 
mean squared difference of each individual point from the 
predicted value. If a participant is responding continuously, they 
will have low response variability and a shallow slope. On the 
other hand, a participant who inconsistently responds will have a 
large residual variation value and may have the same shallow 
slope. Fundamentally, both of these participants have shallow 
slopes. However, while one has a shallow slope because they 
integrate and use fine-grained details of the speech continuum, the 
other has it because of noisy encoding. Therefore, bilinguals 
showing shallow slope being interpreted as noisy encoding might 
in fact be  the opposite of fine-grained gradient encoding (see 
Figure  5A). That is, by using slope (or amplitude) along with 
response variability we can differentiate a noisy response pattern 
from a more gradient or flexible categorization (Figure 5A versus 
Figure 5B). Figure 6 shows it clearly. Theoretically, we argue that 
response variability occurs when listeners disregard the acoustic 
cues in a noisy manner (i.e., being categorical but noisy). Here, 
we  show that such noisy responses are also possible to see in 
English monolinguals.

We are currently developing new ways of analyzing VAS data 
that allow us to simultaneously estimate the logistic function and 
the response variability in the same multi-level model. In 
particular, as part of our co-registration for the Growing Words 
Project, we have proposed using a non-linear Bayesian mixed 
model (see more here5). However, this is still an ongoing effort to 
implement better statistical tools to investigate such data (see 
Figure 6).

Limitations

As is the case with every experimental design, the VAS design 
also comes with its own limitations. For instance, it is unknown 
whether VAS has heavy demands on working memory. A listener 
who first categorizes the token and then converts their 
categorization to ratings might need to rely on their memory to 
remember the initial categorization. While this remains unknown, 
we  argue that the VAS continuous responses are still a better 
option than an nAFC task as they minimally lack the interpretive 
ambiguity of that task. Future research should investigate whether 

5 https://osf.io/q39yt
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bilingual and monolingual differences are driven due to potentially 
different memory use.

While the VAS could be  combined with an analysis of 
reaction time, one challenge with this is that the use of RTs in 
the VAS task might not be ideal as listeners can change their 
decision before advancing to the next trial. If RTs are needed, 
we  suggest that the experiment not allow the listeners the 

option to change their decision and provide instructions that 
encourage fast responding.

A third issue is that the VAS task is not the most ecological 
experimental setup for speech perception. It depends on 
computer-generated speech tokens which might not be possible 
to hear in the real world and also asks listeners to do something 
fairly unnatural with speech. However, at the same time, it 

FIGURE 4

VAS ratings for four groups created based on Age of Acquisition of English and Spanish. Across four groups both Spanish as a second language 
and Spanish-English heritage speakers have the highest amplitudes. Spanish-English heritage speakers follow a more gradient slope compared to 
Spanish as a second language group.

A B

FIGURE 5

This figure shows the VAS ratings averaged across 9-steps for all continua for two participants. (A) Spanish-English heritage speaker who has a 
gradient profile with lower response variability. (B) English monolingual who has a categorical but somewhat noisy profile. Their response 
variability is larger compared to the heritage speaker.
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may allow researchers to isolate processes involved in 
speech categorization that cannot be  seen in other ways. 
Moreover, we point out that gradiency estimates from the VAS 
correlate with the much more natural VWP, which involves 
matching sounds to pictured referents (Kapnoula et al., 2021), 
suggesting this is not a major problem.

Finally, the development of analytic tools for the VAS is still 
an ongoing project. While different parameters can be extracted 
and frequentist statistics can be applied, Bayesian modeling might 
provide unique ways to delve into the rich VAS data. While these 
models are complex, open science practices that allow the sharing 
of scripts and data should allow researchers to practice their 
preferred way of approaching the VAS analysis.

Conclusion

Classic work on bilingual speech perception has assumed 
categorical perception – both as a set of methods to be deployed 
and a theoretical “goal” of speech as providing quasi-discrete 
categories. In the context of bilingualism, the widespread use of 
these tasks suggested shallower identification slopes or poorer 
speech perception. This dovetailed with a deficit model of 
bilingualism in which any deviation from the monolingual 
performance was not accounted for until recently (Berthele, 2021; 
Wiese et  al., 2022). Ultimately, this group of studies did not 
consider the fact that, just like with other language experiences, 
the bilingualism experience is not a static one. Bilinguals learn 
new languages, stop using those languages, or continue using 
those languages dominantly due to various personal and/or 

societal reasons (Kutlu and Kircher, 2021; Tiv et  al., 2022). 
Considering language acquisition as a short period of the learning 
process that closes during the early years of childhood puts 
bilinguals such as heritage speakers into a never-ending gray zone. 
Heritage speakers were too bilingual for monolingual comparisons 
but too monolingual for bilingual comparisons. However, as 
research in monolinguals has abandoned both the method and the 
theory, this creates new opportunities for understanding 
bilinguals. In particular, speech categories are highly gradient and 
may be  important for flexibility. This, along with a richer 
understanding of the diversity of the bilingual experience, 
demands new methods for understanding speech.

Thus, this paper described a new experimental method—the 
VAS task—that offers a more in-depth understanding of how 
bilinguals might categorize speech sounds. This may help avoid a 
deficiency argument by allowing the researcher to better 
characterize the process along multiple dimensions, by helping to 
identify structural gradiency in categorization (which may 
be  adaptive), and to discriminate it from patterns that reflect 
difficulty. Language science research is moving more towards such 
gradient analysis in other fields as well (Levshina et al., 2021), and 
our own contribution here builds on this important trend. 
Importantly, methods that embrace this kind of gradiency may 
ultimately help build a more interdisciplinary approach to 
language science as not all subfields of language sciences have 
historically ignored variation (i.e., years of sociolinguistic research 
that examine variation). Moreover, our argument is consistent 
with broader trends in psycholinguistic research to continuously 
integrate an understanding of variability (both within and across 
individuals) in our methods and theories (Titone and Tiv, 2022).

FIGURE 6

The residual variance calculated through the above formula on the y-axis. The higher the variance, the noisier the responses are. Here, we plotted 
four categories that were extracted from the Age of Acquisition variable from our dataset.
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Forced-choice tasks may be  useful in some contexts 
including work on bilingualism. However, if the primary 
concern is the slope or steepness of the function, this task is 
highly ambiguous, and a shallow slope could be  due to a 
deficiency or to increased gradiency. Consequently, this task 
may lead to the interpretation of monolingual-bilingual 
differences as deficiencies, which may in fact not reflect the 
reality of speech perception neither in monolinguals nor in 
bilinguals. In fact, for listeners who are surrounded by 
variability in their everyday lives, gradiency might be  more 
ecological and cognitively efficient than a discrete 
representation. Furthermore, bilingual research continues to 
move away from trying to fix so-called deficiencies that do not 
exist (Bayram et  al., 2021). The VAS task, along with many 
recent theories and methodologies, is one of the tools that can 
continue to provide researchers with tools to account for 
individual differences.

Data availability statement

The original contributions presented in the study are included 
in the article/supplementary material, further inquiries can 
be directed to the corresponding author.

Author contributions

EK and BM contributed to conception and design of the study. 
SC organized the experiment. EK and SC performed the analysis. 
EK wrote the first draft of the manuscript. BM and SC both 
contributed to the writing and editing of this manuscript. All 

authors contributed to manuscript revision, read, and approved 
the submitted version.

Funding

This work was supported by NSF grant number 2104015 to 
EK and BM, and NIH grant DC 008089 to BM.

Acknowledgments

We would like to thank the guest editors for allowing us to 
present our work. Special thanks to all the members of the 
MACLAB at the University of Iowa.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
Abramson, A. S., and Whalen, D. H. (2017). Voice onset time (VOT) at 50: 

theoretical and practical issues in measuring voicing distinctions. J. Phon. 63, 75–86. 
doi: 10.1016/j.wocn.2017.05.002

Alario, F. X., Goslin, J., Michel, V., and Laganaro, M. (2010). The functional origin 
of the foreign accent: evidence from the syllable-frequency effect in bilingual 
speakers. Psychol. Sci. 21, 15–20. doi: 10.1177/0956797609354725

Andruski, J. E., Blumstein, S. E., and Burton, M. (1994). The effect of subphonetic 
differences on lexical access. Cognition 52, 163–187. doi: 10.1016/0010- 
0277(94)90042-6

Aoyama, K., Flege, J. E., Guion, S. G., Akahane-Yamada, R., and Yamada, T. (2004). 
Perceived phonetic dissimilarity and L2 speech learning: the case of Japanese/r/and 
English/l/and/r. J. Phon. 32, 233–250. doi: 10.1016/S0095-4470(03)00036-6

Bayram, F., Kubota, M., Luque, A., Pascual y Cabo, D., and Rothman, J. (2021). 
You can’t fix what is not broken: contextualizing the imbalance of perceptions about 
heritage language bilingualism. Front. Educ. 6:628311. doi: 10.3389/feduc.2021. 
628311

Benmamoun, E., Montrul, S., and Polinsky, M. (2013). Heritage languages and 
their speakers: opportunities and challenges for linguistics. Theor. Linguist. 39, 
129–181. doi: 10.1515/tl-2013-0009

Bent, T., Buchwald, A., and Pisoni, D. B. (2009). Perceptual adaptation and 
intelligibility of multiple talkers for two types of degraded speech. J. Acoust. Soc. Am. 
126, 2660–2669. doi: 10.1121/1.3212930

Berthele, R. (2021). The extraordinary ordinary: re-engineering multilingualism 
as a natural category. Lang. Learn. 71, 80–120. doi: 10.1111/lang.12407

Best, C. T., McRoberts, G. W., and Sithole, N. M. (1988). Examination of 
perceptual reorganization for nonnative speech contrasts: Zulu click discrimination 
by English-speaking adults and infants. J. Exp. Psychol. Hum. Percept. Perform. 14, 
345–360.

Bice, K., and Kroll, J. F. (2019). English only? Monolinguals in linguistically 
diverse contexts have an edge in language learning. Brain Lang. 196:104644. doi: 
10.1016/j.bandl.2019.104644

Bloomfield, L. (1927). Literate and illiterate speech. Am. Speech 2, 432–439. doi: 
10.2307/451863

Bosch, L. (2011). Precursors to language in preterm infants: speech perception 
abilities in the first year of life. Prog. Brain Res. 189, 239–257. doi: 10.1016/
B978-0-444-53884-0.00028-2

Bosch, L., and Sebastián-Gallés, N. (2003). Simultaneous bilingualism and the 
perception of a language-specific vowel contrast in the first year of life. Lang. Speech 
46, 217–243. doi: 10.1177/00238309030460020801

Brown-Schmidt, S., and Toscano, J. C. (2017). Gradient acoustic information 
induces long-lasting referential uncertainty in short discourses. Lang. Cogn. 
Neurosci. 32, 1211–1228. doi: 10.1080/23273798.2017.1325508

Caramazza, A., Yeni-Komshian, G. H., Zurif, E. B., and Carbone, E. (1973). The 
acquisition of a new phonological contrast: the case of stop consonants in French-
English bilinguals. J. Acoust. Soc. Am. 54, 421–428. doi: 10.1121/1.1913594

Castro, S., Wodniecka, Z., and Timmer, K. (2022). Am I  truly monolingual? 
Exploring foreign language experiences in monolinguals. PLoS One 17:e0265563. 
doi: 10.1371/journal.pone.0265563

https://doi.org/10.3389/fpsyg.2022.1033825
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.1016/j.wocn.2017.05.002
https://doi.org/10.1177/0956797609354725
https://doi.org/10.1016/0010-0277(94)90042-6
https://doi.org/10.1016/0010-0277(94)90042-6
https://doi.org/10.1016/S0095-4470(03)00036-6
https://doi.org/10.3389/feduc.2021.628311
https://doi.org/10.3389/feduc.2021.628311
https://doi.org/10.1515/tl-2013-0009
https://doi.org/10.1121/1.3212930
https://doi.org/10.1111/lang.12407
https://doi.org/10.1016/j.bandl.2019.104644
https://doi.org/10.2307/451863
https://doi.org/10.1016/B978-0-444-53884-0.00028-2
https://doi.org/10.1016/B978-0-444-53884-0.00028-2
https://doi.org/10.1177/00238309030460020801
https://doi.org/10.1080/23273798.2017.1325508
https://doi.org/10.1121/1.1913594
https://doi.org/10.1371/journal.pone.0265563


Kutlu et al. 10.3389/fpsyg.2022.1033825

Frontiers in Psychology 15 frontiersin.org

Clayards, M., Tanenhaus, M. K., Aslin, R. N., and Jacobs, R. A. (2008). Perception 
of speech reflects optimal use of probabilistic speech cues. Cognition 108, 804–809. 
doi: 10.1016/j.cognition.2008.04.004

Dewaele, J.-M. (2018). Why the dichotomy ‘L1 versus LX user’is better than 
‘native versus non-native speaker’. Appl. Linguis. 39, 236–240. doi: 10.1093/applin/
amw055

Fenn, K. M., Nusbaum, H. C., and Margoliash, D. (2003). Consolidation during sleep 
of perceptual learning of spoken language. Nature 425, 614–616. doi: 10.1038/nature01951

Flege, J. E. (1987). Production and perception of English stops by native Spanish 
speakers. J. Phon. 15, 67–83. doi: 10.1016/S0095-4470(19)30538-8

Flege, J. E., Munro, M. J., and MacKay, I. R. (1995a). Factors affecting strength of 
perceived foreign accent in a second language. J. Acoust. Soc. Am. 97, 3125–3134. 
doi: 10.1121/1.413041

Flege, J. E., Munro, M. J., and MacKay, I. R. (1995b). Effects of age of second-
language learning on the production of English consonants. Speech Comm. 16, 1–26. 
doi: 10.1016/0167-6393(94)00044-B

García, O., Flores, N., Seltzer, K., Wei, L., Otheguy, R., and Rosa, J. (2021). 
Rejecting abyssal thinking in the language and education of racialized bilinguals: 
a manifesto. Crit. Inq. Lang. Stud. 18, 203–228. doi: 10.1080/15427587.2021. 
1935957

Garcia-Sierra, A., Rivera-Gaxiola, M., Percaccio, C. R., Conboy, B. T., Romo, H., 
Klarman, L., et al. (2011). Bilingual language learning: an ERP study relating early 
brain responses to speech, language input, and later word production. J. Phon. 39, 
546–557. doi: 10.1016/j.wocn.2011.07.002

Gerrits, E., and Schouten, M. E. (2004). Categorical perception depends on the 
discrimination task. Percept. Psychophys. 66, 363–376. doi: 10.3758/BF03194885

Goldstone, R. L., and Hendrickson, A. T. (2010). Categorical perception. WIRES 
Cogn. Sci. 1, 69–78. doi: 10.1002/wcs.26

Goriot, C., McQueen, J. M., Unsworth, S., Hout, R., and Broersma, M. (2020). 
Perception of English phonetic contrasts by Dutch children: how bilingual are early-
English learners? PLoS One 15:e0229902. doi: 10.1371/journal.pone.0229902

Grosjean, F. (1989). Neurolinguists, beware! The bilingual is not two monolinguals 
in one person. Brain Lang. 36, 3–15. doi: 10.1016/0093-934X(89)90048-5

Gwilliams, L., Linzen, T., Poeppel, D., and Marantz, A. (2018). In spoken word 
recognition, the future predicts the past. J. Neurosci. 38, 7585–7599. doi: 10.1523/
JNEUROSCI.0065-18.2018

Hazan, V., and Barrett, S. (2000). The development of phonemic categorization in 
children aged 6–12. J. Phon. 28, 377–396. doi: 10.1006/jpho.2000.0121

Hoff, E. (2013). Interpreting the early language trajectories of children from low-
SES and language minority homes: implications for closing achievement gaps. Dev. 
Psychol. 49, 4–14. doi: 10.1037/a0027238

Kapnoula, E. C., Edwards, J., and McMurray, B. (2021). Gradient activation of 
speech categories facilitates listeners' recovery from lexical garden paths, but not 
perception of speech-in-noise. J. Exp. Psychol. Hum. Percept. Perform. 47, 578–595. 
doi: 10.1037/xhp0000900

Kapnoula, E. C., and McMurray, B. (2021). Idiosyncratic use of bottom-up and 
top-down information leads to differences in speech perception flexibility: 
converging evidence from ERPs and eye-tracking. Brain Lang. 223:105031. doi: 
10.1016/j.bandl.2021.105031

Kapnoula, E. C., Winn, M. B., Kong, E. J., Edwards, J., and McMurray, B. (2017). 
Evaluating the sources and functions of gradiency in phoneme categorization: an 
individual differences approach. J. Exp. Psychol. Hum. Percept. Perform. 43, 
1594–1611. doi: 10.1037/xhp0000410

Kawahara, H., Masuda-Katsuse, I., and de Cheveigné, A. (1999). Restructuring 
speech representations using a pitch-adaptive time–frequency smoothing and an 
instantaneous-frequency-based F0 extraction: possible role of a repetitive structure 
in sounds. Speech Comm. 27, 187–207. doi: 10.1016/S0167-6393(98)00085-5

Kircher, R., and Kutlu, E. (2022). Multilingual Realities, Monolingual Ideologies: 
Social Media Representations of Spanish as a Heritage Language in the United States. 
Available at: https://psyarxiv.com/y54ru/

Kluender, K.R. (1994). “Speech perception as a tractable problem in cognitive 
science,” in Handbook of Psycholinguistics. ed. M. A. Gernsbacher (Academic Press), 
173–217.

Kong, E.J., and Edwards, J. (2011). Individual Differences in Speech Perception: 
Evidence from Visual Analogue Scaling and Eye-Tracking. In Proceedings of the 
XVIIth International Congress of Phonetic Sciences. Hong Kong.

Kong, E. J., and Edwards, J. (2016). Individual differences in categorical perception 
of speech: Cue weighting and executive function. J. Phon. 59, 40–57. doi: 10.1016/j.
wocn.2016.08.006

Kuhl, P. K., Stevens, E., Hayashi, A., Deguchi, T., Kiritani, S., and Iverson, P. 
(2006). Infants show a facilitation effect for native language phonetic perception 
between 6 and 12 months. Dev. Sci. 9, F13–F21. doi: 10.1111/j.1467-7687. 
2006.00468.x

Kutlu, E. (2020). Now you see me now you mishear me: Raciolinguistic accounts 
of speech perception in different English varieties. J. Multiling. Multicult. Dev., 1–15. 
doi: 10.1080/01434632.2020.1835929

Kutlu, E., and Kircher, R. (2021). A corpus-assisted discourse study of attitudes 
toward Spanish as a heritage language in Florida. Languages 6:38. doi: 10.3390/
languages6010038

Kutlu, E., Tiv, M., Wulff, S., and Titone, D. (2022). Does race impact speech 
perception? An account of accented speech in two different multilingual locales. 
Cogn. Res. Princ. Implic. 7, 1–16. doi: 10.1186/s41235-022-00354-0

Kutlu, E., and Wiltshire, C. (2020). Where do negative stereotypes come from? 
The case of Indian English in the USA. Proc. Linguist. Soc. Am. 5:74. doi: 10.3765/
plsa.v5i1.4669

Levshina, N., Namboodiripad, S., Allassonnière-Tang, M., Kramer, M. A., 
Talamo, L., Verkerk, A., et al. (2021). Why we need a gradient approach to word 
order. PsyArXiv [Preprint]. doi: 10.31234/osf.io/yg9bf

Liberman, A. M., Harris, K. S., Hoffman, H. S., and Griffith, B. C. (1957). The 
discrimination of speech sounds within and across phoneme boundaries. J. Exp. 
Psychol. 54, 358–368. doi: 10.1037/h0044417

Liberman, A. M., and Whalen, D. H. (2000). On the relation of speech to language. 
Trends Cogn. Sci. 4, 187–196. doi: 10.1016/S1364-6613(00)01471-6

Lisker, L. (1986). "Voicing" in English: a catalogue of acoustic features signaling/b/
versus/p/in trochees. Lang. Speech 29, 3–11. doi: 10.1177/002383098602900102

Lisker, L., and Abramson, A. (1964). A cross-language study of voicing in 
initial stops: acoustical measurements. Word 20, 384–422. doi: 10.1080/ 
00437956.1964.11659830

Liu, L., and Kager, R. (2015). Bilingual exposure influences infant VOT perception. 
Infant Behav. Dev. 38, 27–36. doi: 10.1016/j.infbeh.2014.12.004

López, B. G., Luque, A., and Piña-Watson, B. (2021). Context, intersectionality, 
and resilience: moving toward a more holistic study of bilingualism in cognitive 
science. Cult. Divers. Ethn. Minor. Psychol. doi: 10.1037/cdp0000472

MacKain, K. S., Best, C. T., and Strange, W. (1981). Categorical perception of 
English/r/and/l/by Japanese bilinguals. Appl. Psycholinguist. 2, 369–390. doi: 
10.1017/S0142716400009796

Massaro, D. W., and Cohen, M. M. (1983). Categorical or continuous speech 
perception: a new test. Speech Comm. 2, 15–35. doi: 10.1016/0167-6393(83)90061-4

Mayo, L. H., Florentine, M., and Buus, S. (1997). Age of second-language 
acquisition and perception of speech in noise. J. Speech Lang. Hear. Res. 40, 686–693. 
doi: 10.1044/jslhr.4003.686

McMurray, B. (2022). The acquisition of speech categories: beyond perceptual 
narrowing, beyond unsupervised learning and beyond infancy. Lang. Cogn. 
Neurosci. doi: 10.1080/23273798.2022.2105367

McMurray, B. (n.d.). The myth of categorical perception. J. Acoust. Soc. Am. 
Available at: https://psyarxiv.com/dq7ej/

McMurray, B., Aslin, R. N., Tanenhaus, M. K., Spivey, M. J., and Subik, D. (2008). 
Gradient sensitivity to within-category variation in words and syllables. J. Exp. 
Psychol. Hum. Percept. Perform. 34, 1609–1631. doi: 10.1037/a0011747

McMurray, B., Clayards, M. A., Tanenhaus, M. K., and Aslin, R. N. (2008). 
Tracking the time course of phonetic cue integration during spoken word 
recognition. Psychon. Bull. Rev. 15, 1064–1071. doi: 10.3758/PBR.15.6.1064

McMurray, B., Danelz, A., Rigler, H., and Seedorff, M. (2018). Speech 
categorization develops slowly through adolescence. Dev. Psychol. 54, 1472–1491. 
doi: 10.1037/dev0000542

McMurray, B., and Jongman, A. (2011). What information is necessary for speech 
categorization? Harnessing variability in the speech signal by integrating cues 
computed relative to expectations. Psychol. Rev. 118, 219–246. doi: 10.1037/a0022325

McMurray, B., and Jongman, A. (2016). What comes after /f/? Prediction in 
speech derives from data-explanatory processes. Psychol. Sci. 27, 43–52. doi: 
10.1177/0956797615609578

McMurray, B., Samelson, V. M., Lee, S. H., and Bruce Tomblin, J. (2010). 
Individual differences in online spoken word recognition: implications for SLI. 
Cogn. Psychol. 60, 1–39. doi: 10.1016/j.cogpsych.2009.06.003

McMurray, B., Tanenhaus, M. K., and Aslin, R. N. (2002). Gradient effects of 
within-category phonetic variation on lexical access. Cognition 86, B33–B42. doi: 
10.1016/S0010-0277(02)00157-9

McMurray, B., Tanenhaus, M. K., and Aslin, R. N. (2009). Within-category VOT 
affects recovery from "lexical" garden paths: evidence against phoneme-level 
inhibition. J. Mem. Lang. 60, 65–91. doi: 10.1016/j.jml.2008.07.002

McQueen, J. (1996). Phonetic categorization. Lang. Cogn. Proc. 11, 655–664. doi: 
10.1080/016909696387060

Miller, J. L., and Volaitis, L. E. (1989). Effect of speaking rate on the perceptual 
structure of a phonetic category. Percept. Psychophys. 46, 505–512. doi: 10.3758/
BF03208147

https://doi.org/10.3389/fpsyg.2022.1033825
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.1016/j.cognition.2008.04.004
https://doi.org/10.1093/applin/amw055
https://doi.org/10.1093/applin/amw055
https://doi.org/10.1038/nature01951
https://doi.org/10.1016/S0095-4470(19)30538-8
https://doi.org/10.1121/1.413041
https://doi.org/10.1016/0167-6393(94)00044-B
https://doi.org/10.1080/15427587.2021.1935957
https://doi.org/10.1080/15427587.2021.1935957
https://doi.org/10.1016/j.wocn.2011.07.002
https://doi.org/10.3758/BF03194885
https://doi.org/10.1002/wcs.26
https://doi.org/10.1371/journal.pone.0229902
https://doi.org/10.1016/0093-934X(89)90048-5
https://doi.org/10.1523/JNEUROSCI.0065-18.2018
https://doi.org/10.1523/JNEUROSCI.0065-18.2018
https://doi.org/10.1006/jpho.2000.0121
https://doi.org/10.1037/a0027238
https://doi.org/10.1037/xhp0000900
https://doi.org/10.1016/j.bandl.2021.105031
https://doi.org/10.1037/xhp0000410
https://doi.org/10.1016/S0167-6393(98)00085-5
https://psyarxiv.com/y54ru/
https://doi.org/10.1016/j.wocn.2016.08.006
https://doi.org/10.1016/j.wocn.2016.08.006
https://doi.org/10.1111/j.1467-7687.2006.00468.x
https://doi.org/10.1111/j.1467-7687.2006.00468.x
https://doi.org/10.1080/01434632.2020.1835929
https://doi.org/10.3390/languages6010038
https://doi.org/10.3390/languages6010038
https://doi.org/10.1186/s41235-022-00354-0
https://doi.org/10.3765/plsa.v5i1.4669
https://doi.org/10.3765/plsa.v5i1.4669
https://doi.org/10.31234/osf.io/yg9bf
https://doi.org/10.1037/h0044417
https://doi.org/10.1016/S1364-6613(00)01471-6
https://doi.org/10.1177/002383098602900102
https://doi.org/10.1080/00437956.1964.11659830
https://doi.org/10.1080/00437956.1964.11659830
https://doi.org/10.1016/j.infbeh.2014.12.004
https://doi.org/10.1037/cdp0000472
https://doi.org/10.1017/S0142716400009796
https://doi.org/10.1016/0167-6393(83)90061-4
https://doi.org/10.1044/jslhr.4003.686
https://doi.org/10.1080/23273798.2022.2105367
https://psyarxiv.com/dq7ej/
https://doi.org/10.1037/a0011747
https://doi.org/10.3758/PBR.15.6.1064
https://doi.org/10.1037/dev0000542
https://doi.org/10.1037/a0022325
https://doi.org/10.1177/0956797615609578
https://doi.org/10.1016/j.cogpsych.2009.06.003
https://doi.org/10.1016/S0010-0277(02)00157-9
https://doi.org/10.1016/j.jml.2008.07.002
https://doi.org/10.1080/016909696387060
https://doi.org/10.3758/BF03208147
https://doi.org/10.3758/BF03208147


Kutlu et al. 10.3389/fpsyg.2022.1033825

Frontiers in Psychology 16 frontiersin.org

Montrul, S., and Polinsky, M. (2021). The Cambridge Handbook of Heritage 
Languages and Linguistics. Cambridge, United Kingdom: Cambridge University  
Press.

Oller, D. K., Pearson, B. Z., and Cobo-Lewis, A. B. (2007). Profile effects in early 
bilingual language and literacy. Appl. Psycholinguist. 28, 191–230. doi: 10.1017/
S0142716407070117

Ortega, L. (2020). The study of heritage language development from a bilingualism 
and social justice perspective. Lang. Learn. 70, 15–53. doi: 10.1111/lang.12347

Pan, L., Ke, H., and Styles, S. J. (2022). Early linguistic experience shapes bilingual 
adults’ hearing for phonemes in both languages. Sci. Rep. 12:4703. doi: 10.1038/
s41598-022-08557-7

Peltola, M. S., Tamminen, H., Toivonen, H., Kujala, T., and Näätänen, R. (2012). 
Different kinds of bilinguals–different kinds of brains: the neural organisation of 
two languages in one brain. Brain Lang. 121, 261–266. doi: 10.1016/j.bandl. 
2012.03.007

Perkell, J. S., and Klatt, D. H. (2014). Invariance and Variability in Speech Processes. 
Psychology Press.

Piske, T., MacKay, I. R., and Flege, J. E. (2001). Factors affecting degree of foreign 
accent in an L2: a review. J. Phon. 29, 191–215. doi: 10.1006/jpho.2001.0134

Place, S., and Hoff, E. (2011). Properties of dual language exposure that 
influence 2-year-olds’ bilingual proficiency. Child Dev. 82, 1834–1849. doi: 10.1111/j.
1467-8624.2011.01660.x

Polinsky, M. (2018). Heritage Languages and Their Speakers. Vol. 159. Cambridge, 
United Kingdom: Cambridge University Press.

Rosa, J. D. (2016). Standardization, racialization, Languagelessness: Raciolinguistic 
ideologies across communicative contexts. J. Linguist. Anthropol. 26, 162–183. doi: 
10.1111/jola.12116

Sarrett, M., McMurray, B., and Kapnoula, E. (2020). Dynamic EEG analysis during 
language comprehension reveals interactive cascades between perceptual processing 
and semantic expectations. Brain Lang. 211:104875. doi: 10.1016/j.bandl.2020. 
104875

Schouten, M. E. H., Gerrits, E., and Van Hessen, A. (2003). The end of categorical 
perception as we  know it. Speech Comm. 41, 71–80. doi: 10.1016/
S0167-6393(02)00094-8

Sebastián-Gallés, N., and Bosch, L. (2002). Building phonotactic knowledge in 
bilinguals: role of early exposure. J. Exp. Psychol. Hum. Percept. Perform. 28, 
974–989. doi: 10.1037/0096-1523.28.4.974

Sebastián-Gallés, N., and Bosch, L. (2009). Developmental shift in the 
discrimination of vowel contrasts in bilingual infants: is the distributional 
account all there is to it? Dev. Sci. 12, 874–887. doi: 10.1111/j.1467-7687. 
2009.00829.x

Serniclaes, W. (2006). Allophonic perception in developmental dyslexia: origin, 
reliability and implications of the categorical perception deficit. Written Lang. Lit. 
9, 135–152. doi: 10.1075/wll.9.1.09ser

Slawinski, E. B., and Fitzgerald, L. K. (1998). Perceptual development of the 
categorization of the/r-w/contrast in normal children. J. Phon. 26, 27–43. doi: 
10.1006/jpho.1997.0057

Stölten, K., Abrahamsson, N., and Hyltenstam, K. (2014). Effects of age of learning 
on voice onset time: categorical perception of Swedish stops by near-native L2 
speakers. Lang. Speech 57, 425–450. doi: 10.1177/0023830913508760

Strange, W., and Shafer, V. L. (2008). Speech perception in second language 
learners: the re-education of selective perception. Phonol. Second Lang. Acquis. 36, 
153–192. doi: 10.1075/sibil.36.09str

Surrain, S., and Luk, G. (2019). Describing bilinguals: a systematic review of labels 
and descriptions used in the literature between 2005-2015. Bilingualism Lang. Cogn. 
22, 401–415. doi: 10.1017/S1366728917000682

Szostak, C. M., and Pitt, M. A. (2013). The prolonged influence of subsequent 
context on spoken word recognition. Atten. Percept. Psychophys. 75, 1533–1546. doi: 
10.3758/s13414-013-0492-3

Theodore, R. M., and Monto, N. R. (2019). Distributional learning for speech 
reflects cumulative exposure to a talker’s phonetic distributions. Psychon. Bull. Rev. 
26, 985–992. doi: 10.3758/s13423-018-1551-5

Titone, D. A., and Tiv, M. (2022). Rethinking multilingual experience through a 
systems framework of bilingualism. Bilingualism Lang. Cogn, 1–16. doi: 10.1017/
S1366728921001127

Tiv, M., Kutlu, E., Gullifer, J. W., Feng, R. Y., Doucerain, M. M., and Titone, D. A. 
(2022). Bridging interpersonal and ecological dynamics of cognition through a 
systems framework of bilingualism. J. Exp. Psychol. Gen. 151, 2128–2143. doi: 
10.1037/xge0001174

Tiv, M., Kutlu, E., and Titone, D. (2021). “Bilingualism moves us beyond the ideal 
speaker narrative in cognitive psychology,” in Bilingualism Across the Lifespan. ed. 
W. S. Francis (Routledge), 29–46.

Toscano, J. C., and McMurray, B. (2010). Cue integration with categories: 
weighting acoustic cues in speech using unsupervised learning and distributional 
statistics. Cogn. Sci. 34, 434–464. doi: 10.1111/j.1551-6709.2009.01077.x

Toscano, J. C., McMurray, B., Dennhardt, J., and Luck, S. J. (2010). Continuous 
perception and graded categorization electrophysiological evidence for a linear 
relationship between the acoustic signal and perceptual encoding of speech. Psychol. 
Sci. 21, 1532–1540. doi: 10.1177/0956797610384142

Werker, J. F., and Curtin, S. (2005). PRIMIR: a developmental framework of infant 
speech processing. Lang. Learn. Dev. 1, 197–234. doi: 10.1080/15475441.2005.9684216

Werker, J. F., Gilbert, J. H. V., Humphrey, K., and Tees, R. C. (1981). Developmental 
aspects of cross-language speech perception. Child Dev. 52, 349–355. doi: 10.2307/1129249

Werker, J. F., and Tees, R. C. (1984). Cross-language speech perception: evidence 
for perceptual reorganization during the first year of life. Infant Behav. Dev. 7, 49–63. 
doi: 10.1016/S0163-6383(84)80022-3

Werker, J. F., and Tees, R. C. (1987). Speech perception in severely disabled and 
average reading children. Can. J. Psychol. 41, 48–61. doi: 10.1037/h0084150

Werker, J. F., Yeung, H. H., and Yoshida, K. A. (2012). How do infants become 
experts at native-speech perception? Curr. Dir. Psychol. Sci. 21, 221–226. doi: 
10.1177/0963721412449459

Wiese, H., Alexiadou, A., Allen, S., Bunk, O., Gagarina, N., Iefremenko, K., et al. 
(2022). Heritage speakers as part of the native language continuum. Front. Psychol. 
12:5982. doi: 10.3389/fpsyg.2021.717973

https://doi.org/10.3389/fpsyg.2022.1033825
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.1017/S0142716407070117
https://doi.org/10.1017/S0142716407070117
https://doi.org/10.1111/lang.12347
https://doi.org/10.1038/s41598-022-08557-7
https://doi.org/10.1038/s41598-022-08557-7
https://doi.org/10.1016/j.bandl.2012.03.007
https://doi.org/10.1016/j.bandl.2012.03.007
https://doi.org/10.1006/jpho.2001.0134
https://doi.org/10.1111/j.1467-8624.2011.01660.x
https://doi.org/10.1111/j.1467-8624.2011.01660.x
https://doi.org/10.1111/jola.12116
https://doi.org/10.1016/j.bandl.2020.104875
https://doi.org/10.1016/j.bandl.2020.104875
https://doi.org/10.1016/S0167-6393(02)00094-8
https://doi.org/10.1016/S0167-6393(02)00094-8
https://doi.org/10.1037/0096-1523.28.4.974
https://doi.org/10.1111/j.1467-7687.2009.00829.x
https://doi.org/10.1111/j.1467-7687.2009.00829.x
https://doi.org/10.1075/wll.9.1.09ser
https://doi.org/10.1006/jpho.1997.0057
https://doi.org/10.1177/0023830913508760
https://doi.org/10.1075/sibil.36.09str
https://doi.org/10.1017/S1366728917000682
https://doi.org/10.3758/s13414-013-0492-3
https://doi.org/10.3758/s13423-018-1551-5
https://doi.org/10.1017/S1366728921001127
https://doi.org/10.1017/S1366728921001127
https://doi.org/10.1037/xge0001174
https://doi.org/10.1111/j.1551-6709.2009.01077.x
https://doi.org/10.1177/0956797610384142
https://doi.org/10.1080/15475441.2005.9684216
https://doi.org/10.2307/1129249
https://doi.org/10.1016/S0163-6383(84)80022-3
https://doi.org/10.1037/h0084150
https://doi.org/10.1177/0963721412449459
https://doi.org/10.3389/fpsyg.2021.717973

	Moving away from deficiency models: Gradiency in bilingual speech categorization
	Introduction
	Categorical perception in language science research
	Speech categories are gradient
	Categorical perception and bilingualism
	Categorical perception in the context of heritage bilingualism
	Moving away from categorical understanding of speech: Measuring gradiency
	A case study
	Subjects
	Auditory stimuli
	Procedures

	Parametric analyses of VAS
	Slope
	Amplitude
	Crossover
	Bias
	Response variation

	Limitations
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	 References

