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| Introduction

Language, especially spoken language, is the most important means for human communication.
For successful communication, language comprehension is an integral part. Part of this compre-
hension process, especially in oral communication, is speech perception. Speech perception can
be defined as a “set of operations that transform an auditory signal into mental representations
of a type that can make contact with internally stored information — that is, words” (Poeppel &
Monahan, 2008, p. 80). To be able to identify words from the acoustic signhal, the units construct-
ing those words have to be recognised and processed. In most theories, the smallest units com-
prising words are phonemes, but there are also theories that utilise sub-phonemic units like
distinctive features (for an overview, see Kazanina et al., 2018). Nevertheless, an important task
for successful speech processing is to recognise and to be able to differentiate between different
speech sounds. Thus, for speech sound discrimination, e.g., vowels, mental representations of
those speech sounds are necessary.

In recent years, these mental representations have been vastly and extensively researched. Re-
search has been focussing mental representations of vowels and the question which properties
of vowels are involved in vowel processing and vowel discrimination. In this context, a widely
described phenomenon is the presence of directional asymmetries in neural and behavioural
effects in vowel discrimination. Directional asymmetry refers in this context to effects that tend
to be asymmetrically pronounced in relation to the presentation order of same stimuli (Johnson,
2015). These directional asymmetries can be used “as a window into the speech perception pro-
cess” (Johnson, 2015, p. 100) and, therefore, offer a means of investigating mental representa-
tions of speech sounds. In the literature, two models are often discussed regarding mental rep-
resentation of vowels in adult listeners: the Featurally Underspecified Lexicon (Lahiri & Reetz,
200243, 2010a) model and the Natural Referent Vowel (Polka & Bohn, 2011a) framework. What
unites both models is that they both make specific hypotheses about directional asymmetries.
Their approaches in explaining these asymmetrical effects and, therefore, their assumptions re-
garding features involved in mental presentations and vowel processing are different. While the
first mentioned model assumes sparse and abstract phonological features, the latter one utilises
phonetic features often leading to contradicting hypotheses regarding directional asymmetries.
However, evidence for both competing models have been described in the literature. But a sys-

tematic and extensive model comparison is missing.



Therefore, this dissertation sets out to compare both models in neural and behavioural investi-
gations regarding German vowel processing. Thus, the following research question shall be an-
swered: Are either phonological or phonetic features involved in German vowel processing?

Additionally, the following neurolinguistic studies of German vowel processing will also investi-
gate whether neural and behavioural asymmetric effects are influenced by other factors not
included in the models. Here, the studies will especially focus on the psychoacoustic factor of
perceived loudness. In hearing research, it is well known that physical loudness (as intensity)
and perceptual loudness (as perceived loudness) are different concepts and are measured on
different scales (Florentine et al., 2011). Although perceived loudness is related to and heavily
determined by sound intensity, two sounds of equal perceived loudness may well have different
levels of sound intensity (Moore, 2005; Yanushevskaya et al., 2013). However, in psycho- and
neurolinguistic research of vowel processing only sound intensity is usually controlled for, ignor-
ing possible influences of perceived loudness on neural and behavioural discrimination effects.
Therefore, perceived loudness influences will also be investigated in the conducted research of

this dissertation.

The organisation of the dissertation is as follows.

Chapter 2 is the theoretical foundation of the later described empirical investigations. First, di-
rectional asymmetry as a concept will be briefly described. Additionally, a review of measures
and tasks involved in investigations of directional asymmetries in speech sound processing will
be conducted before focusing on the main methodology of this dissertation. Here, the oddball
paradigm for stimulus presentation will be presented. Furthermore, the ERP component mis-
match negativity, used in this dissertation for neural investigations, will be explained. In the sec-
ond section of the theoretical chapter, both models, the Featurally Underspecified Lexicon (La-
hiri & Reetz, 2002a, 2010a) and Natural Referent Vowel (Polka & Bohn, 2011a), will be described
in-depth. For each model, the fundamental basics will be explained before pointing out the key
features involved in vowel processing. Afterwards, the specific hypotheses and approaches in
explaining directional asymmetries will be introduced. Each model description will conclude
with a review of empirical evidence found in the research literature.

Chapter 3 focuses on the conducted empirical investigations of this dissertation regarding Ger-
man vowel processing. In the first section, a series of studies using minimal pairs to investigate
five German long vowel contrasts will be described and discussed. In the first series of experi-
ments, minimal pairs were used to gain a more natural listening situation. Here, the research

focused on the model comparison and identifying (additional) factors influencing German vowel



discrimination. In the second section, a different series of studies using isolated models will be
presented. Here, isolated German long vowels were used to test if previously found effects and
influences could be replicated while reducing the complexity of possible (extra-)linguistic influ-
ences. Once more, the second series aimed to compare the discussed models. Furthermore,
these experiments also will try to replicate found influences on vowel processing of the first
experimental series.

In chapter 4, a summary of the dissertation, especially of the empirical investigation, will be
given. Furthermore, this chapter will draw a conclusion on the found effects and will be answer-

ing the research question before concluding by pointing out future research ideas.



Il Theoretical Background
1. Asymmetric vowel processing: neural and behavioural

measures

A widely observed phenomenon in the research of vowel processing is the notion that effects
often tend to be asymmetric. It has been shown that the presentation order of stimuli is related
to asymmetric effects, i.e., it matters which sound is presented first. For example, when testing
the discrimination of two vowels (e.g., [i] and [e]), one can present the vowels in two possible
orders: the high vowel followed by the mid vowel ([i]—[e]) or in the reverse order ([e]—][i]). In a
variety of tasks and measures, there have been differently pronounced effects depending on
the presentation orders of the same stimuli (e.g., Eulitz & Lahiri, 2004; Polka & Bohn, 20033;
Scharinger, Monahan, et al., 2012). In case of the example introduced above, there are different
effects expected for [i] — [e] and [e] — [i].

Thus, directional asymmetries in vowel processing can be defined as effects of varying intensity

in the processing of the same speech sounds depending on the order of presentation.

This chapter will review different tasks and measures involved in the study of directional asym-
metries in speech sound processing. Although there is some evidence of asymmetric sinusoidal
tone processing (Peter et al., 2010), this dissertation will focus on directional asymmetries in
speech sound processing only. Furthermore, as methodology for this dissertation, an in-depth
description of the commonly used oddball-paradigm and the neural measure of Mismatch Neg-

ativity (MMN) will be given.

1.1 Measures and tasks in directional asymmetries

Directional asymmetries in speech sound processing have been found in a variety of measures
and tasks. Asymmetric effects arise in behavioural as well as neural measures with relation to
presentation orders.

On a behavioural level, studies typically employ accuracy measures as well as measuring reac-
tion times. Regarding accuracy, directional asymmetries have been described using different
operationalisations. Most commonly the mean percentage of correct responses showed differ-

ent pronounced effects (Hwang et al., 2010; Kriengwatana & Escudero, 2017; Masapollo et al.,
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2015; Tyler et al., 2014). Evidence of asymmetric effects in accuracy data has also been found in
the analysis of error rates (Scharinger & Idsardi, 2014) with one stimulus order more error prone
than the reversed one. Another widely used measure for the accuracy of discrimination are A’
scores, which represent discrimination performances!. Here as well, multiple studies showed
directional asymmetries depending on stimulus order (Y. Liu et al., 2021; Masapollo et al., 2015;
Masapollo, Polka, Molnar, et al., 2017; Masapollo, Polka, & Ménard, 2017; Polka & Bohn, 1996).
Another behavioural measure in investigating directional asymmetries is reaction time (RT), that
are associated with underlying cognitive processes in task performance and therefore cognitive
load and processing difficulties (De Boeck & Jeon, 2019). In the study of speech sound processing
and directional asymmetries, RT is a widely used measure of task performance which allows
consideration about processing difficulties. Multiple studies found asymmetric RTs depending
on the stimulus order (Friedrich et al., 2008; Hgjlund et al., 2019; Hwang et al., 2010; Johnson,
2015; Lahiri & Reetz, 2010a; Riedinger et al., 2021; Scharinger, Domabhs, et al., 2016; Scharinger
& Idsardi, 2014; Scharinger & Lahiri, 2010; Schild et al., 2012). Savela and colleagues (2003), for
example, revealed directional asymmetries in vowel processing in dependence phonemic status
of the investigated vowels: When an unfamiliar vowel was presented first, processing was more
difficult which resulted in longer RTs.

However, there is large evidence that directional asymmetries dependent on stimulus order are
also present on a neural level. Different methods have been utilised for the investigations. For
example, in an fMRI study Scharinger et al. (2016) provided evidence that activation levels in the
superior temporal sulcus vary between reversed presentation orders of the same vowels. Some
studies employed MEG measurements for the investigation of asymmetric effects but concen-
trated on amplitude and latency asymmetries of the electrophysiological effects (Scharinger,
Idsardi, et al., 2011b; Scharinger, Merickel, et al., 2011; Scharinger, Monahan, et al., 2012, 2016;
Tavabi et al., 2009).

But mostly, EEG or ERP measurements have been used in the investigation of directional asym-
metries on a neural level. Several studies described asymmetric amplitude effects in different
ERP components (mostly N100 and MMN) (e.g., de Jonge & Boersma, 2015; de Rue et al., 2021;
Hestvik et al., 2020; Hgjlund et al., 2019; Kotzor et al., 2020; Nudga et al., 2021; Scharinger,
Monahan, et al., 2012) but also asymmetric latencies between the presentation orders of the
same speech sounds (e.g., de Rue et al., 2021; Eulitz & Lahiri, 2004; lkeda et al., 2002). Further-

more, some studies were able to identify asymmetric effects in time-frequency analyses of EEG

L A" scores are described as non-parametric, dependent variable with values varying between 0 and 1.
An A’ score of 1 indicating perfect discrimination while a value of 0.5 can be interpreted as chance level
(Masapollo, Polka, & Ménard, 2017; Polka & Bohn, 1996)



signals depending on the presentation order of speech sounds (Polka et al., 2021; Scharinger,
Monahan, et al., 2016).

For the investigation of directional asymmetries in speech sound processing a variety of tasks
and designs have been utilised in the past decades. Most of the studies used discrimination
tasks, but some studies also used identification (Hwang et al., 2010) or priming designs (Friedrich
et al., 2008; Lahiri & Reetz, 2010a; Lliompart, 2021; Scharinger, 2006; Scharinger & ldsardi, 2014;
Scharinger & Lahiri, 2010; Schild et al., 2012). The largest number of studies used discrimination
designs in researching speech sound processing. In the investigation of directional asymmetries
in infants’ speech perception, paradigms like head-turn or preferential looking tasks (Bohn &
Polka, 2001; Nam & Polka, 2016; Polka & Bohn, 1996) and visual habituation (Pons et al., 2012;
Sundara et al., 2008) are often used. To study perceptual asymmetric effects in adults, different
discrimination tasks have been used: Multiple studies employed same/different tasks where
participants have to indicate if the pairwise presented speech sounds are perceived as the same
or as different sounds (Bohn & Polka, 2001; Karypidis, 2007; Y. Liu et al., 2021; Masapollo et al.,
2015; Masapollo, Polka, Molnar, et al., 2017; Masapollo, Polka, & Ménard, 2017; Masapollo et
al., 2018; Polka, 1991; Scharinger, Merickel, et al., 2011; Scharinger, Domabhs, et al., 2016). Other
studies used AXB tasks including variations like XAB (Kriengwatana & Escudero, 2017; Polka &
Bohn, 1996; Sundara & Polka, 2008; Tyler et al., 2014). Here participants have to decide whether
sound X is the same as A or B (Gerrits & Schouten, 2004). Most of the research in directional
asymmetries, however, implemented the so-called oddball paradigm (e.g., Cornell et al., 2011,
2013; Eulitz & Lahiri, 2004; Meng et al., 2021b, 2021a; Riedinger et al., 2021; Scharinger, Mo-
nahan, et al., 2012, 2016; Sundara & Polka, 2008; Tavabi et al., 2009; Yu & Shafer, 2021), or
variations such as the roving standard design (Chladkova et al., 2021; Nudga et al., 2021). The
oddball paradigm, as part of the main methodology of this dissertation, will be further explained
in section 1.2.

Directional asymmetries in speech processing do not only occur in different measures, tasks and
designs but are also evident in different populations as well as languages. While impaired pop-
ulations are understudied (Cummings et al., 2020), several studies found evidence for directional
asymmetries in infants and children (e.g., Chladkova et al., 2021; Cummings et al., 2020; Nam &
Polka, 2016; Polka & Bohn, 1996, 2003a, 2011a; Pons et al., 2012; Tsuji & Cristia, 2017). How-
ever, the majority of evidence of asymmetric speech sound processing stems from adult partic-
ipants (e.g., Eulitz & Lahiri, 2004; Fu & Monahan, 2021; Hestvik & Durvasula, 2016; Hwang et al.,
2010; Kriengwatana & Escudero, 2017; Law et al., 2013; L. Liu et al., 2018; Masapollo, Polka,



Molnar, et al., 2017; Nudga et al., 2021; Politzer-Ahles et al., 2016; Schluter et al., 2017; Yu &
Shafer, 2021).

Similarly, directional asymmetries have been studied in a variety of languages. Typically, asym-
metric effects in speech sound processing have been investigated in German (e.g., Cornell et al.,
2011; Eulitz & Lahiri, 2004; Polka & Bohn, 1996; Riedinger et al., 2021; Scharinger, Bendixen, et
al., 2012; Scharinger, Domahs, et al., 2016; Scharinger et al., 2010), English (e.g., Cummings et
al., 2017; Hestvik & Durvasula, 2016; Y. Liu et al., 2021; Masapollo et al., 2015; Nam & Polka,
2016; Polka et al., 2021; Scharinger, 2006; Yu & Shafer, 2021; Zhao et al., 2019), and French
(Karypidis, 2007; Y. Liu et al., 2021; Masapollo et al., 2018; Masapollo, Polka, & Ménard, 2017;
Nam & Polka, 2016; Polka et al., 2021; Polka & Bohn, 1996; Tyler et al., 2014; Zhao et al., 2019).
But there is also evidence from Turkish (Lipski et al., 2007; Scharinger, Idsardi, et al., 2011b),
Czech (Chladkova et al., 2021; Nudga et al., 2021), Chinese (Fu & Monahan, 2021; L. Liu et al.,
2018; Meng et al., 2021b, 2021a; Politzer-Ahles et al., 2016), Japanese (Hestvik et al., 2020; Ikeda
et al., 2002), Danish (Hgjlund et al., 2019), Arabic (Schluter et al., 2017), Russian (Schluter et al.,
2017), Catalan/ Spanish (Pons et al., 2012) and Finnish (Savela et al., 2003).

In the last paragraphs, it became evident that some methods, measures, tasks, and designs are
used more often than others. This dissertation will focus on the empirical investigation of Ger-
man vowel processing using neural and behavioural measures in active and passive oddball par-
adigms. The methodology of the methods used and a broader introduction into the used design

will be described in the next section (section 1.2).

1.2. Prominent methodology: Oddball-paradigm, Mismatch Negativity

and Reaction Times

In this section, the design and measurements for the empirical investigations of directional
asymmetries in German vowel processing of this dissertation will be introduced. Starting with a
description of the oddball paradigm, the section also will explain the used ERP component Mis-
match Negativity (MMN) as well as the relationship between the MMN as a neural measure and
RT as a behavioural measurement.

The oddball paradigm is a design often used in the study of speech sound processing and, as
described above, common in the investigation of directional asymmetries. In this paradigm, par-
ticipants are confronted with a series of repetitive stimuli, i.e. standards, which are interspersed

occasionally by a different stimulus, the so-called deviant (Duncan et al., 2009). In sound
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processing, the repetition of standards evokes a strong prediction and, furthermore, activates a
memory trace and therefore the underlying representation of the speech sound in the mental
lexicon (Dalebout & Fox, 2000; Deacon et al., 2000; Naatanen et al., 2007). The infrequently
presented deviants are then compared on-line to the activated mental representations. Hence,
deviants provide information about and are processed closer to the surface structure (Dalebout
& Fox, 2000; Naatanen et al., 2007). Typically, the oddball paradigm uses one stimulus as stand-
ard and another one as deviant, which can vary by different dimensions from the standard. Here,
single-item conditions are possible in contrasts to other experimental designs. Therefore, re-
searchers commonly have a better control over physical and linguistic differences or confound-
ing factors when using oddball designs. Furthermore, he major advantage of this design is that
it can be used as a passive task. In a passive oddball design, participants do not need to focus on
the stimulation and, therefore, no attention is needed. Participants typically watch a silent
movie or read a book and are instructed to ignore the auditive stimulation. The passive design
is for example useful when testing clinical populations. Nonetheless, it is still possible to use the
oddball design in an active task where participants should indicate perceiving the deviants with
a button press (Shtyrov & Pulvermiiller, 2007). For an adequate signal-to-noise ratio, a large
presentation rate of stimuli, especially the deviant, is needed (Duncan et al., 2009). Further-
more, the oddity and infrequency of the deviant plays a crucial role, i.e., the probability of stand-
ards and deviants. Usually, the deviant probability lies around 0.2 and the probability of stand-
ards around 0.8 respectively (Polich, 2007; Polich et al., 1994). When using the oddball paradigm
for measuring neural effects, a stimulus-onset asynchrony (SOA) should be used. This jittered
presentation supresses rhythmic processing best (Takegata, Syssoeva, et al., 2001). Studies
showed that an unjittered presentation as well as very short interstimulus intervals (ISI) lead to
a misgrouping of stimuli and reduced effects (Hartley et al., 2016; Ritter et al., 2006; Tervaniemi
et al., 1994).

Although the use of the oddball paradigm has major advantages, there are some critical aspects.
The passive oddball design is typically described as independent of the attention on the stimu-
lation. Here, it is important to consider that attention control in this context is not synonymous
with a guarantee that the participants really do not pay attention to the stimulation (c.f., Shtyrov
& Pulvermiiller, 2007, p. 184). Another critical point of the simplistic oddball design, i.e., using
only one stimulus as standard and one as deviant, lies in the limited possibility of generalising
the results since the stimulus set is typically very limited (Shtyrov & Pulvermiiller, 2007).

While the first critical remark can hardly be avoided, it is possible to address the second point

of criticism by adapting the design. By introducing some phonetic variation in standards and



deviants, using for example several different recordings of the same speech sounds, a more
complex and natural stimulus set can be obtained and therefore get a better generalisation of
the results (Shtyrov & Pulvermdiller, 2007). In this case, “only when all of the different tokens of
each [stimulus] category are treated as identical it is possible to find a consistent difference
between standards and deviants” (Phillips et al., 2000, p. 1043). Therefore, when introducing
allophonic variation, the stimuli need to be grouped in phonological categories to maintain men-
tal representations and to complete the discrimination task. Hence, it can be argued that allo-
phonic variation activates a more abstract representation by blending out acoustic differences.
When investigating speech sound processing, the oddball paradigm is often used for collecting
neural data by measuring EEG and analysing event-related potentials (ERPs). ERPs offer a means
to investigate speech processing on a temporal axis with the accuracy of milliseconds. In combi-
nation with oddball tasks, the so-called Mismatch Negativity (MMN) is often found. The MMN
has been first described by Nadtanen and colleagues (1978) as a negative shift in the ERP wave
form with high amplitudes and “that it reflects specific auditory stimulus-discrimination pro-
cesses” (Naatanen et al., 1978, p. 327). Therefore, this component can be defined as a specific
electrophysiological change detection response of the brain as a result of an on-line analysis of
the differences between repetitive standards and infrequent, unpredictable deviants. The com-
ponent, as the difference wave between standard and deviant, usually peaks at fronto-central
and central electrode sites (Duncan et al., 2009; Ndatanen et al., 2007) between 100 and 250 ms
after the change onset and can be elicited by any discriminable change in the simulation (Fitz-
gerald & Todd, 2020; Naatanen, 2001). Typically, the amplitude of the MMN lies between 0.5
and 5 pyV (Duncan et al., 2009). The amplitude and latency of this component can be influenced
by stimulus-specific factors (Fitzgerald & Todd, 2020). Here, the main influence is the magnitude
of deviation between standard and deviant: the MMN amplitude increases and latency de-
creases with increasing magnitude of deviation leading to easier discrimination (Duncan et al.,
2009; Naatanen et al., 2007).

Since the component can be elicited without attention on the stimulation, the MMN reflects
preattentive and automatic speech processing and, therefore, enables researchers to differen-
tiate the neural responses to the stimuli without confounding attention effects and other per-
ceptual and cognitive processes (for a review of the component, see Fitzgerald & Todd, 2020;
and also Nadatanen et al., 2007). The MMN is influenced by the stimulus-driven, bottom-up factor
of discriminability of the differences between standard and deviant (Nddtanen, 2001; Ndatanen
et al., 2007; Sams et al., 1985) but also by top-down factors mainly associated with prediction

and prediction errors (Bendixen et al., 2012; Fitzgerald & Todd, 2020). In the context of



predictive coding, the MMN can be interpreted as an index of prediction error because of the
discrepancy between current input — the deviant - and the predictions made based on prior
exposure — the standards (Fitzgerald & Todd, 2020).

MMN effects have been found in a variety of stimuli, for example in pure tones (Sams et al.,
1985) with sensitivity for changes in frequency (Takegata & Morotomi, 1999; Tervaniemi et al.,
2000), intensity and duration (Corcoran et al., 2018; Naatanen et al., 1989; Paavilainen et al.,
1991), but also more complex stimuli like speech sounds (Dehaene-Lambertz, 1997; Dehaene-
Lambertz et al., 2000). The complexity of the stimuli in the investigation of speech sound pro-
cessing using the MMN range from isolated speech sounds like vowels (for example Deguchi et
al., 2010; Grimaldi et al., 2014; Jacobsen, Schroger, et al., 2004; Naatanen et al., 1997; Rinker et
al., 2010; Wottawa et al., 2022; Ylinen et al., 2006) or consonants (Wottawa et al., 2022), sylla-
bles (Bomba et al., 2011; Rivera-Gaxiola et al., 2000; Sittiprapaporn et al., 2005) to pseudowords
or words (e.g., Aleksandrov et al., 2017; Henrich & Scharinger, 2022; Jacobsen, Horvath, et al.,
2004; Pulvermidiller et al., 2006; Riedinger et al., 2021).

The oddball task in combination with MMN measurements is suitable for and used in different
populations like infants and children (Chladkova et al., 2021; Dehaene-Lambertz & Baillet, 1998;
Korpilahti et al., 2001; Rinker et al., 2010), as well as adults (for example Aaltonen et al., 1994;
Deguchi et al., 2010; Garcia & Froud, 2018; Kirmse et al., 2007; Lidji et al., 2010; M. S. Peltola &
Aaltonen, 2005). But the component is also beneficial in clinical populations like aphasia patients
(Aaltonen et al., 1993; llvonen et al., 2004), schizophrenia (Baldeweg et al., 2004; Corcoran et
al., 2018) and hearing-impaired patients (Garrapa et al., 2013).

As described above, it is also possible to use this design as an active task measuring reaction
times. Reaction times are associated with processing difficulties, i.e., with increasing task diffi-
culty the reaction times usually increase es well. This means, the easier the discrimination, the
faster the reaction times get. (Cutler et al., 1987; Pisoni & Tash, 1974; Savela et al., 2003; Zhang

et al., 2019). Hence, reaction times indirectly reflect processing costs.

In the synopsis of the described methods, a link between MMN and RT can now be identified:
With easier the discrimination between speech sounds, MMN amplitudes increase and MMN
latency as well as reaction times decrease. This link between neural measures (MMN) and be-
havioural measures (RT) has been found in several studies (Bouwer & Honing, 2015; Brunelliere
et al., 2009; Deguchi et al., 2010; Dehaene-Lambertz et al., 2000; Frenck-Mestre et al., 2005;
Kujala et al., 2001; Mager et al., 2005; G. Novak et al., 1992; G. P. Novak et al., 1990; Novitski et
al., 2004; Savela et al., 2003; Tiitinen et al., 1994; Wang et al., 2012).
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2. Models of asymmetric vowel processing

Different models exist for explaining asymmetric speech sound processing. Two models are
prominent in the research literature regarding asymmetric vowel processing in healthy adults,
namely the Featurally Underspecified Lexicon (FUL) model (Lahiri & Reetz, 2002a, 2010a) and
the Natural Referent Vowel (NRV) framework (Polka & Bohn, 2011a). Both models have in com-
mon that they specifically predict directional asymmetries in speech sound discrimination and
processing. However, the approaches in explaining asymmetries differ. Additionally, the hypoth-
eses made by each model regarding neural and behavioural asymmetries are often contradict-
ing. What separates the models furthermore are the substantially different assumptions about
the features involved in discrimination processes and therefore in the mental representation of
speech sounds. In this chapter, both models will be described in-depth starting with explaining
the theoretical basis of the frameworks and the assumed features involved in speech sound
processing. Afterwards, their approaches for predicting and explaining directional asymmetries

will be explained, before existing empirical evidence for both models is pointed out.

2.1 Featurally Underspecified Lexicon

The first, for this dissertation important, model is the so called Featurally Underspecified Lexicon
(FUL) model first proposed by Lahiri and Reetz (2002a). This model specifically predicts direc-
tional asymmetries in speech recognition on the basis of abstract, phonological features and
through underspecification in the mental lexicon (Lahiri, 2018; Lahiri & Reetz, 2002a, 2010a).

Underspecification is a core concept in phonological theory. A key notion in most underspecifi-
cation theories is the assumption that phonological features, as opposed to segments, are the
smallest units in phonology (Archangeli, 1988, p. 193). Furthermore, especially in generative
phonological approaches, two representations within the phonological system are assumed: on
one hand the underlying representation — the phonological form — and on the other hand the
surface structure — the phonetic form — which is the output of derivational processes from the
underlying representation (Archangeli, 1988, p. 183; Monahan, 2018, p. 23; Steriade, 1995, p.
114). In most phonological theories, it is assumed that there is underspecification of phonolog-
ical features in the underlying representation. Underspecification means that only necessary
features are retained in the underlying representation while redundant or predictable feature

are omitted and are inserted in the derivation of the surface form (Monahan, 2018, p. 23;
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Steriade, 1995, p. 114). The basis of underspecification of features in the underlying represen-
tation lies in the concept of markedness (Archangeli, 1988; Mohanan, 1991; Steriade, 1995).
Within the markedness concept, it is assumed that some feature values are for example univer-
sally more common, simpler, more predictable (Hume, 2004, p. 182). These features or feature
values are then described as the unmarked value. Returning to the link between markedness
and underspecification, it is assumed that unmarked values are omitted in the underlying rep-
resentation because they are the most predictable. Marked values, on the other hand, are re-
tained in the underlying phonological form (Archangeli, 1988, pp. 190, 192; Steriade, 1995, pp.
118-119).

The FUL model shares key concepts like the existence of abstract, phonological features as well
as the notion of underspecification and minimalism with other underspecification theories. But
in contrast to other theories like Radical Underspecification (Archangeli, 1988), the underspeci-
fication approach within FUL is not only a theoretical means to describe linguistic phenomena
(e.g. assimilation) but it plays also a crucial role in speech sound processing and speech recogni-
tion. Therefore, FUL can be seen as a combination of phonological theory and cognitive imple-
mentation (Lahiri & Reetz, 2010a; Monahan, 2018). Starting with the assumption that unmarked
values are underspecified not only in underlying representations but also in the mental repre-
sentations of speech sounds as well as context-independent underspecification (Lahiri & Reetz,
2010a), the FUL model is characterised by the following additional basic assumptions regarding
phonological features: Within FUL only monovalent features, as opposed to binary features, are
used to describe speech sounds and their processing (Lahiri & Reetz, 2002a, 2010a). Addition-
ally, the same features are used to describe vowels and consonants (Kotzor et al., 2017, p. 86;
Lahiri & Reetz, 2010a). Last but not least, within the FUL feature hierarchy no feature depend-
encies are assumed, i.e., no feature dominates other features. Features are only dominated by
their respective nodes (Kotzor et al., 2017, p. 88; Lahiri, 2018, p. 235). For vowel perception and
processing, it is assumed that the place node and the subsequent articulator and tongue height
nodes are important. The articulator node refers to the horizontal dimension of the vocal tract
and contains the features [LABIAL], [CORONAL], and [DORSAL] (abbreviated in future as [LAB],
[COR], and [DORY]). [LAB] is attributed to rounded vowels like [y], [COR] is used for front vowels,
for example [i], and [DOR] for back vowels, e.g., [u] (Lahiri & Reetz, 2010a). While [COR] and
[DOR] are mutually exclusive, [LAB] can be seen as an additive feature which is either present or
absent and does not stand in conflict with the other features of the articulator node (Lahiri,

2018, p. 235). The tongue height node, on the other hand, refers to the vertical dimension of
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the vocal tract. This node dominates the features [HIGH] for high vowel, e.g., [i], and [LOW] for
low vowels, for example [a].

Additionally, it is important to note regarding the underspecification of FUL, that there is uni-
versal as well as language-dependent underspecificatio. For instance, [COR] and [PLOSIVE] are
assumed to be the only universally underspecified features (Lahiri, 2018, p. 236) since both fea-
ture are available in all languages and therefore can be described as “default” features for lan-
guage production. Which features are additionally underspecified in the underlying representa-
tion and in the mental lexicon is language-dependent - depending on whether they are contras-
tive in a given language (Kotzor et al., 2017, p. 87). There is evidence for the language-dependent
underspecification of FUL for different languages as well as dialects (Hestvik et al., 2020; Lipski
et al., 2007; Scharinger & Idsardi, 2014; Scharinger & Lahiri, 2010).

Turning to the prediction and explanation of directional asymmetries within FUL, it is important
to note that featural underspecification is assumed only in the underlying and mental represen-
tation. Therefore, there can be a discrepancy between the features contained in the signal and
those stored in the mental lexicon, because the underspecified mental representation does not
contain all possible features. Hence, the framework proposes a specific ternary mapping pro-
cesses between incoming speech signal, which can contain all possible features, and mental rep-
resentations, where underspecified features are omitted. Due to the underspecification of re-
dundant features, there are three possible outcomes of the mapping process: a match occurs if
the feature extracted from the speech signal has the same equivalent feature in the mental rep-
resentation (e.g., [DOR] — [DOR]: [u] - [0]). A mismatch between the features in the signal and
those stored in the mental lexicon occurs if they are complementary and exclude each other (for
example [HIGH] — [LOW]: [i] — [a]). Finally, a no-mismatch occurs if the feature extracted from
the signal neither mismatches nor matches with an activated feature on the mental lexicon. No-
mismatches are crucial in the elicitation of directional asymmetries. For instance, if [COR] is ex-
tracted from the incoming speech signal, it produces a mismatch with the feature [DOR], if it is
activated in the mental lexicon. The other way round, if [DOR] is extracted from the signal, the
result is a no-mismatch due to the underspecification of the coronal place of articulation in the
mental lexicon ([-]). These different results usually become apparent when the discrimination
of two speech sounds is tested bidirectionally ([i] — [u] vs. [u] — [i]) (Kotzor et al., 2017; Lahiri &
Reetz, 200243, 2010a). Hence, directional asymmetries are a fundamental principle, according to
FUL, for the speech recognition process. The incorporation of asymmetric mapping processes is
assumed to lead to more effective and easier sound discrimination and speech recognition

(Kotzor et al., 2017, p. 94). These asymmetric mapping processes should also be noticeable in
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neural and behavioural measures. FUL, therefore, makes specific hypotheses regarding asym-
metric MMN and RT effects: A mismatch result is accompanied by stronger effects leading to
larger MMN amplitudes, faster MMN latencies and faster RTs than matches or no-mismatches
(Kotzor et al., 2017, p. 94).

These links between featural mapping processes proposed by FUL and asymmetric neural and
behavioural effects have been shown in several studies. Regarding German vowel processing,
Eulitz and Lahiri (2004) conducted a MMN study with German vowels [0], [@], and [e]. These
vowels differ mainly in place of articulation (PoA). When discriminating [o] — [@], a larger and
faster MMN occurred because of mismatching features [DOR] and [COR]. In the reverse presen-
tation order, the effects were diminished due to the underspecification of [COR] in the mental
lexicon. Similar results were obtained by Scharinger and colleagues (Scharinger, Monahan, et
al., 2012) for tongue height oppositions in American English vowels. Here, the mid of tongue is
believed to be underspecified. They found larger effects if the mid vowel [€], as the second pre-
sented sound, had to be discriminated from low vowel [&] due to a mismatch of features [LOW]
and [MID], as opposed to the reversed direction where a no-mismatch occurs. Similar evidence,
in favour of the FUL approach has been found not only for vowels (e.g., de Jonge & Boersma,
2015; de Rue et al., 2021; Nudga et al., 2021; Scharinger, Idsardi, et al., 2011b; Scharinger, Mo-
nahan, et al., 2016; Yu & Shafer, 2021) but also consonants (Cummings et al., 2017, 2020, p. 2;
Fu & Monahan, 2021; Hestvik et al., 2020; Hestvik & Durvasula, 2016; Hgjlund et al., 2019;
Hwang et al., 2010; Scharinger, Bendixen, et al., 2012; Schluter et al.,, 2017), words or
pseudowords (Cornell et al., 2013; Kotzor et al., 2020; Lahiri & Reetz, 2010a; Riedinger et al.,
2021; Scharinger, 2006; Tavabi et al., 2009) as well as lexical tones (Law et al., 2013; Li & Chen,
2015; Politzer-Ahles et al., 2016).

Additionally, evidence for speech processing using sparse, abstract phonological features in ac-
cordance with FUL has been found in a variety of languages: German (for example Eulitz et al.,
2003; Eulitz & Lahiri, 2004; Obleser et al., 2004; Riedinger et al., 2021; Scharinger, Domahs, et
al., 2016; Scharinger et al., 2010; Schild et al., 2012), English (e.g., Cummings et al., 2020; Hestvik
& Durvasula, 2016; Kotzor et al., 2020; Scharinger, Merickel, et al., 2011; Scharinger, Monahan,
et al., 2012; Scharinger & ldsardi, 2014; Scharinger & Lahiri, 2010), Turkish (Lipski et al., 2007, p.
20; Scharinger, Idsardi, et al., 2011a, 2011b), Chinese languages (Fu & Monahan, 2021; Li & Chen,
2015; Meng et al., 2021b, 2021a; Politzer-Ahles et al., 2016) as well as French (de Jonge & Bo-
ersma, 2015), Dutch (de Rue et al., 2021), Danish (Hgjlund et al., 2019), Arabic (Schluter et al.,
2017), Russian (Schluter et al., 2017) and Japanese (Hestvik et al., 2020).
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2.2. Natural Referent Vowel

The second, for this dissertation important, model is the Natural Referent Vowel (NRV) frame-
work proposed by Polka and Bohn (2011a). This framework predicts directional asymmetries,
especially in vowel processing, based on phonetic features of the involved vowels leading to
hypotheses that often contradict those postulated by the FUL model.

The NRV framework is rooted in two key concepts: dispersion and focalisation. First, within the
dispersion theory, it is assumed that quantal vowels /i/, /a/ and /u/ are universally favoured in
vowel inventories because of their intrinsic properties, i.e., they are maximally perceptually dis-
tant to each other and perceptually prominent within vowel systems. This perceptual promi-
nence can be interpreted as higher salience of the quantal vowels (Lindblom & Engstrand, 1989).
On the basis of dispersion within vowel systems Schwartz and colleagues (Schwartz et al., 1997a)
proposed the addition of focalisation leading to the dispersion-focalisation theory. Here, it is
stated that quantal vowels are perceptually more salient due to the convergence of adjacent
formants leading to more energy in a spectrally narrower space. Therefore, they assume that
focal vowels are the most prominent points in vowel spaces leading to a higher salience of focal
vowels (Schwartz et al., 1997a, 2005). While /i/, /a/ and /u/ usually are described as quantal
vowels (Lindblom & Engstrand, 1989; Pisoni, 1980), /i/, /a/, /u/ and /y/ have been characterised
as the most focal vowels within vowel systems (Masapollo et al., 2019; Schwartz et al., 19973,
2005).

These two characterisations of vowel prominence together with observations of directional
asymmetries in vowel discrimination are combined in the NRV model. The first proposition of
this models refers to the perceptual salience of the vowel space periphery leading to easier dis-
crimination towards more peripheral vowels (/e/ - /i/) than vice versa (/i/ - /e/) (Bohn & Polka,
2001; Karypidis, 2007; Kriengwatana & Escudero, 2017; Polka & Bohn, 1996, 2003a, 2011a; Pons
et al., 2012; Tsuji & Cristia, 2017; Tyler et al., 2014). The second proposition incorporates focal-
isation, claiming higher salience of focal vowels. Here, discriminations towards more focal vow-
els are easier than the other way round (Y. Liu et al., 2021; Masapollo et al., 2018; Masapollo,
Polka, Molnar, et al., 2017; Masapollo, Polka, & Ménard, 2017; Polka et al., 2019, 2021; Zhao et
al., 2019). However, it remains unclear how focalisation should be computed: “To advance in
this direction we need an applicable metric for quantifying vowel focalization that reveals how
this parameter is computed and processed at the behavioural and neural level” (Polka & Bohn,
2011a, p. 475; see also Simon et al., 2014). Furthermore, directional asymmetries have been

mostly found when investigating within-category vowel processing (e.g., different instance of
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Ju/) (Y. Liu et al., 2021; Masapollo et al., 2015, 2018; Masapollo, Polka, Molnar, et al., 2017;
Masapollo, Polka, & Ménard, 2017; Polka et al., 2019, 2021). Whereas, when investigating
across-category discrimination, the found directional asymmetries were usually based on the
peripherality approach (Kriengwatana & Escudero, 2017; Polka & Bohn, 1996, 2003a, 2011a,
2011a; Pons et al., 2012; Tsuji & Cristia, 2017; Tyler et al., 2014). Therefore, the question arises
if peripherality is used to discriminate across-category contrasts and whether focality only plays
a crucial role when discriminating fine-grained within-category differences. Although this ques-
tion is certainly important, it needs to be explored in future research and is therefore not the
focus of this dissertation.

Nevertheless, within the NRV framework, discrimination towards peripheral or more focal vow-
els leads to easier discrimination accompanied by stronger effects, e.g., larger MMN amplitudes,
faster MMNs and faster RT (Polka & Bohn, 2011a).

The general salience of the vowels space’s periphery and focal vowels can be influenced by lan-
guage experience. Initially, the NRV model was developed on basis of infants’ easier discrimina-
tion towards peripheral vowels (Polka & Bohn, 2003a) while in adults only non-native contrasts
evoked such directional asymmetries. In native contrast, the universal bias of vowel space pe-
riphery can be overridden due to language specific requirements and adaptations (Polka & Bohn,
2011a). However, there is evidence that directional asymmetries proposed by NRV are also pre-
sent in native contrasts in adults (Masapollo, Polka, Molnar, et al., 2017) leading to an interpre-
tation as universal bias in vowel processing.

Empirical evidence in favour of the NRV framework stems mostly from (isolated) vowel pro-
cessing (V. Liu et al., 2021; Masapollo et al., 2015, 2018; Masapollo, Polka, Molnar, et al., 2017;
Masapollo, Polka, & Ménard, 2017; Polka et al., 2019, 2021; Tsuji & Cristia, 2017; Zhao et al.,
2019). However, there is some evidence for phonetic directional asymmetries in consonants
(Nam & Polka, 2016; Polka, 1991), words (Simon et al., 2014) and even lexical tones (Masapollo
et al., 2019; Wayland et al., 2019). Here, several studies showed directional asymmetries to-
wards peripheral and/ or focal vowels in infants (Bohn & Polka, 2001; Nam & Polka, 2016; Polka,
1991; Polka & Bohn, 1996, 2003a; Pons et al., 2012; Tsuji & Cristia, 2017) and adults (Karypidis,
2007; Y. Liu et al.,, 2021; Masapollo et al., 2015; Masapollo, Polka, Molnar, et al., 2017,
Masapollo, Polka, & Ménard, 2017; Masapollo et al., 2018; Polka et al., 2021; Polka & Bohn,
2011a; Tyler et al., 2014; Zhao et al., 2019). Furthermore, NRV based directional asymmetries
have been found in different languages, mostly in English (e.g., Y. Liu et al., 2021; Masapollo,
Polka, Molnar, et al., 2017, Nam & Polka, 2016; Polka & Bohn, 1996, 2011a; Zhao et al., 2019),

French (for example Y. Liu et al., 2021; Masapollo, Polka, Molnar, et al., 2017; Masapollo, Polka,
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& Meénard, 2017; Tyler et al., 2014) and German (Bohn & Polka, 2001; Polka & Bohn, 1996,
2011a). But there is also evidence form Thai and Norwegian (Tyler et al., 2014), Catalan and
Spanish (Pons et al., 2012), Dutch (Kriengwatana & Escudero, 2017) as well as Mandarin (Way-
land et al., 2019).

In summary, it has been shown that directional asymmetries are evident in different languages,
populations, and measures. Both models described in this chapter propose directional asymme-
tries as important mechanisms in vowel processing. However, the models presented use differ-
ent approaches to explain directional asymmetries and the hypotheses are often contradicting.
While the FUL model employs sparse and abstract phonological features, the NRV framework is
based on phonetic, and often more fine-grained, cues. This dissertation, therefore, sets out to
empirically test both models in German vowel processing to draw conclusions on whether vowel

processing is completed with either phonetic or phonological features.
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lll Empirical investigations of asymmetric effects in vowel pro-

cessing

The first part of the chapter (section 1) is in large parts already published as: Riedinger M., Nagels
A., Werth A. and Scharinger M. (2021): Asymmetries in Accessing Vowel Representations Are
Driven by Phonological and Acoustic Properties: Neural and Behavioral Evidence From Natural
German Minimal Pairs, Frontiers in Human Neuroscience, 15:612345. A later addition to this
published series of studies is the latency analysis of the neural data. While the first set of exper-
iments, described in section 1, investigated vowel processing when embedded in real German
words, the second part of the chapter focuses on vowel processing of isolated German long

vowels. This part, section 2, contains unpublished data.

1. Neural and behavioural asymmetries with German minimal

pairs

In this series of studies, we tested both competing models (see chapter |) with German vowels
to investigate which model can best explain directional asymmetries. Consequently, we tested
the predictions of both models on a large stimulus set (five German long vowel contrasts) in a
more natural listening situation by using real minimal pairs. The study was based on the follow-
ing notions:

The use of real words in MMN investigations is associated with obstacles due to interference,
such as lexical status, familiarity, or other confounding factors. In several studies, it has been
shown that MMN responses for real word deviants are enhanced in comparison to
pseudowords: Itis believed that the enhancement of the lexical MMN is due to stronger memory
trace activation for real meaningful words (Endrass et al., 2004; Pettigrew, Murdoch, Ponton, et
al., 2004; Pulvermidiller et al., 2001, 2004; Shtyrov et al., 2008; Shtyrov & Pulvermdiller, 2002).
Another known influential factor on speech processing is the lexical frequency of the used real
words. This influence can even be present when testing real words in an passive oddball para-
digm and can lead to a stronger MMN response for words with higher lexical frequency in op-

position to deviants with lower or intermediate frequency of occurrence (Aleksandrov et al.,
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2011; Shtyrov et al., 2011). Furthermore, it has been shown that phonotactic probabilities (se-
quential order of phonemes in words) have an influence on MMN results with higher probability,
accompanied by enhanced MMN effects (Bonte et al., 2005; Emmendorfer et al., 2020, 2021;
Yasin, 2007). With respect to vowel perception, acoustic properties, like for example fundamen-
tal frequency, vowel duration or intensity, (Aaltonen et al., 1994; Kirmse et al., 2007; Partanen
et al., 2011; Peter et al., 2010), have an impact on neural effects. While some of the mentioned
influential factors can be controlled for when developing stimulus materials, others are not
avoidable. For instance, various acoustic differences in vowels stem from collinearities between
vowel identity and acoustic consequences. Changes in vowel identity simultaneously lead to
changes in the spectral frequency structure (mainly F1 and F2) of the stimuli. Moreover, vowel
features used in theoretical frameworks are based largely on articulatory-acoustic properties —
mainly formants — and therefore, it could also be possible that there is more of an acoustical
influence, especially in MMN effects, than proposed by operationalizing more abstract and the-
oretical derived features. For instance, the feature opposition of [HIGH] and [LOW] is the more
abstract representation of the articulatory and acoustic properties of those vowels with regard
to the first formant: High vowels have a low F1, while low vowels have a high F1 (Lahiri & Reetz,
2010a). Also, the abstract description of vowels referring to focality which were used in the NRV
framework is based on articulatory-acoustic properties, since focalization stems from the con-
vergence of adjacent formants (Schwartz et al., 1997b). While the common contributing articu-
latory-based factors of vowel perception have often been investigated, the influence of percep-
tual and psychoacoustic parameters (e.g., perceived loudness) on vowel perception has hardly
been studied. Thus, we wanted to additionally investigate which were the influential factors on
vowel discrimination, including not only theoretical and acoustical factors but also perceptual
factors beyond the well-known.

Hence, the following research questions shall be investigated: (1) which model accommodates
directional asymmetries in processing of natural and unmanipulated German long vowels in the
best way (model comparison), and (2) which factors are influencing vowel discrimination in nat-
ural German minimal pairs (influential factors)? The first question has been addressed on an
electrophysiological level through measurement of MMN (experiment 1a) and on a behavioural
level in means of reaction times (RT) (experiment 1b). The second aim of identifying influential
factors on vowel discrimination, pursued via multiple regressions on both datasets, should shed

more light on factors that co-determine MMN effects.

1.1 Experiment 1a: identity MMIN
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To test both models, we first conducted an MMN study with a large stimulus set, testing five
German long vowel contrasts embedded in natural minimal pairs, which almost mapped the
entire German (long) vowel space. The vowels chosen for investigation were among the most

frequent long vowels in the German language (Aichert et al., 2005).

1.1.1 Participants

Nineteen participants (9 female, mean age 24.7, SD 3.4), graduate and undergraduate students
at the Philipps University of Marburg, participated in two sessions for monetary compensation.
They were all right-handed and reported no hearing or neurological impairments. All partici-
pants were monolingual German native and German Standard speakers without being able to
speak any German dialect actively. They were all born and socialized in Hesse, Germany, with
Standard German. The information about the participants’ dialect and Standard German com-
petence was retrieved by questionnaire. Informed written consent was obtained from each par-
ticipant prior to the experiment. One subject had to be excluded because the participant missed
the second session. Another subject had to be excluded due to excessive contamination with
artifacts in the EEG data (movement artifacts). In total, we assessed and analysed the complete

data of seventeen participants.

1.1.2 Materials

To test the hypotheses of the aforementioned models, we chose the five German long vowel
contrasts /i:/ — Je:/, Je:/ = [a:/, Iy:/ = /u:/, [i:/ — Ju:/, and [i:/ — /a:/. They differed with respect
to place of articulation, vowel height as well as rounding. To ensure more phonological pro-
cessing, we embedded these vowels in German monosyllabic minimal pairs. We tried to keep
the phonetic context between pairs as similar as possible. We also controlled for frequency of

occurrence with SUBTlex (Brysbaert et al., 2011), as seen in Table 1.

Table 1: Phonetic and lexical parameters of the vowels.

Mean f0, F1, F2, and F3 values are given in Hertz for vowels per word category. Mean Intensity for the vowels within
the words are given in dB. Mean duration measures referring to the vowels within the words. Frequency of occurrence
(as log-values) for each word is given in the last column.
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Word fre-
Mean In- Mean
Vowel con- Mean Mean Mean F2 Mean quency
Words tensity duration
trast fo(SD) | F1(SD) (sD) F3 (SD) (log-val-
(sD) (ms)
ues)
Zahl 169 875 3046 72.85
Ja:/ - [i:/ 1488 (59) 292 2,861
(“number”) (24) (19) (77) (0.27)
Ziel 244 3446 73.79
203 (5) 2445 (61) 159 3,358
(“target”) (28) (74) (0.92)
Steg 179 3171 73,96
le:/ - [i:/ 359 (6) | 2483 (58) 270 1,255
(“bridge”) (10) (113) (0.67)
Stieg 286 3528 74.92
190 (3) 2479 (51) 228 2,352
(“climbed”) (11) (21) (0.31)
Mahl 913 2966 71.68
la:/ - [e:/ 174 (5) 1484 (47) 225 1,672
(“meal”) (10) (44) (0.22)
Mehl 3377 71.74
191 (3) | 341(8) | 2566 (39) 195 1,857
(“flour”) (209) (0.26)
Stuhl 294 1974 2647 73.88
Ju:/-/i:/ 200 (8) 186 2,892
(“chair”) (37) (212) (99) (0.44)
Stiel 275 3579 73.67
199 (6) 2475 (75) 176 1,756
(“handle”) (22) (59) (0.44)
Sud 296 1145 2628 74.75
Ju:/-/ly:/ 194 (2) 194 0,845
(“brew”) (40) (140) (93) (0.20)
Sid 292 2085 2633 74.43
180 (5) 223 1,771
(“south”) (14) (120) (146) (0.43)

Twenty natural exemplars of each word were recorded in a sound shielded booth by a female
German Standard speaker who was phonetically trained. All tokens were spoken with neutral
pronunciation. All sounds have been analysed for f0, F1, F2, F3, as well as vowel duration and
were all scaled to an intensity level of 70 dB within Praat (Boersma & Weenink, 2016). The five
best tokens per word have been chosen as experimental stimuli. Phonetic parameters of the
word categories are displayed in Table 1. Note that we reported here only mean values per word
category since MMN and RT data are also averaged measures. There can be seen that our stimuli
had some variance regarding, for example, vowel duration. Since we wanted to test natural spo-
ken words, no manipulation was applied. All vowels should be perceived as long vowels despite
the length differences since the phonological category is additionally supported by the lexical
context. Therefore, the focus in processing lies on categorical differences regarding vowel height
and place of articulation. All experimental stimuli were found to sound natural by two different

persons. All tokens were also assessed as being distinct for their category (see Figure 1).
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Figure 1: Acoustic characteristic of the stimuli.

Mean values of the first (F1) and the second (F2) formant are given per word category in Hertz.
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We compared the formant values (F1, F2) to the ones of Sendimeier & Seebode (2006) to ensure

that they will be perceived as Standard German. We chose to introduce inter-token variation to

obtain a more natural listening situation and to ensure a more phonological approach since par-

ticipants are forced to map the incoming variable acoustic signals onto a unified and more ab-

stract representations in order to cope with inter-token variability (Eulitz & Lahiri, 2004; Jacob-

sen, Horvath, et al., 2004; Phillips et al., 2000). This is an important design feature since it medi-

ates the likely collinearity between formant frequencies and acoustic- or articulatory-phonetic

features.
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1.1.3 Task and Procedure

The stimuli were embedded in a passive oddball design. In this paradigm, the participants were
presented with a series of repetitive stimuli (standards) that were interspersed occasionally by
a deviant varying only in vowel quality while they were watching a silent movie. The frequently
presented standards were assumed to activate the memory trace and therefore the represen-
tation in the mental lexicon, whereas the infrequently presented deviants provided information
about and are processed closer to the surface structure. Each vowel contrast was tested bidi-
rectionally. Because we investigated five contrasts in both directions, all subjects were tested in
two sessions (with testing times per session approximating two hours) within fifteen to twenty
days. Thus, each word served as standard and as deviant in different blocks and sessions.

Each contrast direction was presented in two blocks containing 425 standards and 75 deviants
each. In total, we presented 850 standards and 150 deviants per contrast direction. Thus, we
presented 2000 stimuli for each vowel contrast. Within the blocks, stimuli were randomized,
and the interval between two deviants randomly consisted of four to eleven standards. Blocks
were randomized for both sessions. Blocks of the same condition never succeeded each other.
The fixed ISI was 1000 ms, while the stimuli varied in duration. Therefore, we still obtained a
jittered presentation to suppress rhythmic processing and habituation to synchronously pre-
sented stimuli.

Subjects were seated comfortably in a sound insulated and electromagnetically shielded cham-
ber in front of a screen. Sounds were presented binaurally at a comfortable listening level via
two loudspeakers on the left and the right of the screen, using the open source software
OpenSesame (Mathoét, et al., 2012). The listening level was set prior to the experiment and was

kept equal across all subjects (based on the intensity level of 70 dB as manipulated in PRAAT).

1.1.4 Hypotheses

Since this paper aims at comparing the two aforementioned models, hypotheses have been
made on the assumptions of vowel discrimination in accordance with FUL as well as NRV for
identity MMN amplitudes and latency data. For NRV, we proposed the hypothesis based on the
universal assumptions of the framework that vowels /i:/, /y:/, /u:/, and /a:/ are reference vowels
(Polka & Bohn, 2011a). The basic assumptions of both models regarding feature specifications

and position in the vowel space for each investigated contrast are displayed in Table 2.
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Table 2: Hypotheses.
Assumptions for feature specifications (FUL) and location in the vowel space (NRV) for each vowel contrast and hy-
potheses for MMN effects according to both models.

Vowel Presentation Features Mapping Expectations Classification Expectations
contrast order (FUL) result (FUL) | MMN (FUL) (NRV) MMN (NRV)
[DOR] -
[COR] Mismatch
Zahl - Ziel Stronger effect
[LOW] - | Mismatch
Symmetrical
fa:/ - [t/ [HIGH] Both peripheral
effect
[-] — [DOR] | No-mis-
Ziel — Zahl [HIGH] - | match Weaker effect
[LOW] Mismatch
No-mis- Central -
Steg — Stieg [<]1-[HIGH] Weaker effect Stronger effect
match peripheral
le:/ - [i:/
[HIGH] - Peripheral -
Stieg — Steg Mismatch Stronger effect Weaker effect
[MID] central
[DOR] -
[COR] Mismatch Peripheral -
Mahl - Mehl Stronger effect Weaker effect
[LOW] - | Mismatch central
[MID]
fa:/ - /e:/
No-mis-
[-] — [DOR] | match Central -
Mehl — Mahl Weaker effect Stronger effect
[-]1-[LOW] | No-mis- peripheral
match
[DOR] -
Stuhl — Stiel Mismatch Stronger effect
[COR] Symmetrical
Ju:/ - /i:/ Both peripheral
No-mis- effect
Stiel — Stuhl [-]1-[DOR] Weaker effect
match
[DOR] -
Sud - Siid Mismatch Stronger effect
[COR] Symmetrical
Ju:/-1y:/ Both peripheral
No-mis- effect
Siid - Sud [-] — [DOR] Weaker effect
match

In the amplitude data, the hypotheses are the following (see also Table 2): Within FUL, the ef-
fects should be stronger for mismatching presentation orders /a:/ - /i:/, /u:/ - /y:/ and /u:/ - /i:/
(because of the mismatching features [DOR] and [COR]), /i:/ - /e:/ (due to mismatch of [HIGH]
and [MID]) as well as /a:/ - /e:/ (mismatch of [DOR] — [COR] and, [HIGH] — [MID]). If NRV holds
true, MMN effects should be stronger when Stieg and Mahl are deviants since they are referent
vowels in this model. In the other three contrasts, a symmetry should occur since both vowels

are peripheral and act as referents within the framework.
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Regarding the latency data, we follow the general assumption in the literature that stronger
amplitudes are usually accompanied by shorter latencies whether asymmetries occur due to
underspecification (Eulitz & Lahiri, 2004) or peripherality (Vera-Constan & Sebastian-Gallés,
2008, as cited in Polka & Bohn, 2011). Accordingly to FUL, shorter latencies should occur for
mismatching presentation orders /a:/ - /i:/, /u:/ - /y:/, /u:/ - [i:/, [i:/ - [e:/, and /a:/ - [e:/.

1.1.5 EEG Recording and Analysis

EEG was recorded with 28 Ag/AgCl passive electrodes connected to a BrainAmp amplifier (Brain-
products GmbH). Electrodes were arranged on an EasyCap in 10-20 positions. AFz served as
Ground electrode, and the online reference was placed on the nose tip. Four additional elec-
trodes measured the electrooculogram (EOG) for the identification of artifacts caused by eye
movements (e.g., blinks). Two electrodes were placed left and right of the eye canthi to measure
lateral eye movements. Two electrodes above and under the right eye measured vertical eye
movements. For all electrodes, impedances were kept below 5 kQ and the sampling rate was
500 Hz.

EEG analysis was done with the Matlab toolbox fieldtrip. Raw data were filtered with 0.16 Hz
and 30 Hz high- and lowpass filters. Data were re-referenced offline to linked mastoids. After
segmentation, EEG data were automatically corrected for muscle artifacts. Eye movements were
automatically corrected through correlation of EOG channels and ICA components. The calcula-
tion of the MMN component was based in relation to the onset of the vowel, i.e., epochs begin-
nings were aligned with vowel beginnings. Thereby, consonant onset clusters in the stimuli
should play no role in the MMN effects. Additionally, ERP data were baseline corrected using
the 100-ms prestimulus epoch.

For averaging, the first ten standards of a block and the first standard after a deviant were ex-
cluded from data analysis. To maintain ERP results without the influence of pure acoustic influ-
ences, we calculated and plotted the MMN as identity MMN (iMMN). Here, the standard and

the deviant of the same word are compared to each other (Pulvermdiller et al., 2006).
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1.1.6 Results

The results of the iIMMN study are plotted in Figure 2.

MMN: Effects per condition

MMN Amplitude [pV] MMN Amplitude [uV] MMN Amplitude [pV] MMN Amplitude [uV]

MMN Amplitude [uV]

Figure 2: Identity MMN effects per condition.
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MMN waveforms for all word pairs, in both presentation orders, are shown.
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In a first step, we were interested in significant standard-deviant differences in the auditory
evoked potentials. To this end, we employed a conservative measure of amplitude contrasts
without prior assumptions of regions of interest and followed a multilevel statistical approach
(e.g., Henry & Obleser, 2012; StrauR et al., 2014). At the first level, we calculated independent-
samples t-tests between the single-trial amplitude values of standards and deviants. Uncor-
rected by-participant t-values were obtained for all time-amplitude bins of all electrodes. At the
second level, t-values were tested against 0 with dependent-sample t-tests. Taking into consid-
eration the problem of multiple comparisons, a Monte-Carlo nonparametric permutation
method with 1000 randomizations, as implemented in fieldtrip (Oostenveld et al., 2011), esti-
mated type I-error controlled cluster significance probabilities (at p <.05). In an electrode x time
cluster (with Fz, Cz, CPz, between 130 and 200 ms post vowel onset), deviants elicited a signifi-

cantly more negative response than standards (see Fig. 3).

Clusterstatistics: MMN time window
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Figure 3: Clusterstatistics.
In an electrode x time cluster, deviants elicited more negative responses than standards in the time window between
130 and 200 ms post vowel onset.

To analyse the EEG data for directional asymmetries, we calculated the iMMN as difference
waves (deviant minus standard of the same words) in this aforementioned time window. Then,
we calculated repeated-measures and Bonferroni corrected ANOVAs for each contrast with fac-
tors word (e.g., Ziel vs. Zahl) and electrode (Fz, Cz, CPz) for identity MMN amplitudes. Electrodes
were chosen by cluster statistics.

In the /i:/ — /a:/ contrast, we found both main effects for word (F(1,16) = 7.286, p = .016) with a
larger MMN for Zahl (M =-1,721, SEM = 0.36; Ziel: M = -0.586, SEM = 0.253) and for electrode
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(F(2,32) = 14.634, p < .001) with strongest effect at Cz (F(1,16) = 5.890, p < .05). In the vowel
contrast /e:/ — /a:/, there was not only a highly significant main effect for electrode (F(2,32) =
12.307, p < .001) but also an interaction word x electrode (F(2,32) = 4.942, p = .013). Post-hoc
analysis of the interaction showed a significant effect on Cz (F(1,16) = 5.039, p < .05). Hence, we
found asymmetries in visual inspection as well as in statistical analysis in both contrasts. The
comparison of /u:/ — /y:/ only revealed a main effect of factor electrode (F (2,32) = 12.349, p <
.001) with a marginal effect on CPz (F(1,16) = 4.265, p = .055). Therefore, comparing Siid and
Sud, we found an asymmetry in the visual inspection, which did not hold out statistical analysis.
Hence, statistically we found a symmetrical effect.

The vowel contrast /i:/ — /e:/ shows a symmetrical pattern in visual inspection and statistics with
both main effects insignificant (word: F(1,16) = 1.687, p =.212, electrode: F (2,32) = 2.367, p =
.110). The same is also true for the comparison of /i:/ — /u:/ (word: F (1,16) = 0.294, p = .595,
electrode: F (2,32) =0.725, p = .492).

Additionally, we conducted after publication an analysis of the peak latency of the identity MMN
to test whether asymmetric effects due to underspecification or peripherality can be seen in this
measure. There is especially evidence for underspecification effects in latency data (Eulitz & La-
hiri, 2004). A linear mixed model, calculated in jamovi with the package gamlj (Gallucci, 2019;
The jamovi project, 2021), with factors contrast and reversal produced only a significant main
effect for reversal (F = 4.52, p < .05), systematically occurred asymmetries should have resulted
in an interaction effect (see figure 4). Therefore, we found no systematic effect of the FUL or

NRV model in our latency data.
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Figure 4: Effect plot for the linear mixed model of iIMMN latency with factors pair and reversal.

The x-axis represents the investigated minimal pairs, while the y-axis measures the iMMN latency (in seconds). The
presentation order is shown as different error bars in blue and yellow.

The figure shows that especially in the pair Steg — Stieg but also in pairs Sud — Siid and Zahl - Ziel
difference between both presentation orders occur. This result is also reflected in the main ef-
fect of reversal. In order to investigate these visually seen differences further, we conducted a
regression analysis of latency data with word frequency of occurrence since it has been shown
that word frequency is a key influence on MMN latencies (e.g., Aleksandrov et al., 2017) with
shorter latencies for higher frequent words. For this purpose, differences between words were
established as the difference between the log-values (log lexical frequency of the deviant minus
log lexical frequency standard). In the linear regression we found a marginal effect of lexical
frequency (F = 3.75, p =.055) on the latency data with a tendency of shorter latencies for higher

frequent deviants (see figure 5).
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Figure 5: Effect plots for linear regression between latency and lexical frequency.
With increasing frequency (deviant more frequent than standard) latency of iIMMN is decreasing.

1.1.7 Discussion

In summary, we did not find clear evidence in latency measures for any of the operationalised
models since there was no systematic effect of feature mismatch and/ or peripherality. We could
detect a tendency in latency data to decrease with increasing difference between standard and
deviant regarding word frequency of occurrence. When the deviant has a higher lexical fre-
qguency than the standard iMMN latency decreases. This finding is in line with the research liter-
ature (e.g., Aleksandrov et al., 2017; Shtyrov et al., 2011).

To summarize the effects in the IMMN mean amplitudes, no clear evidence was found for neural
asymmetries due to underspecification (FUL) but evidence for vowel discrimination based on
phonetic salience of referent vowels (NRV). Furthermore, there were asymmetric as well as sym-
metric patterns in the MMN.

The asymmetric pattern of the comparison between /e:/ — /a:/ was along the hypothesis of NRV.
Here, /a:/ is a referent vowel in addition to being more peripheral, and discrimination of /e:/ —
/a:/ is therefore easier and comes with a stronger MMN effect than vice versa. Additionally, the
symmetric effect in the contrast /y:/ — /u:/ can also be explained with this model since both

vowels are referents within this framework. The same holds true for the comparison of MMN
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effects between presentation orders of /i:/ — /u:/. But in the latter contrast, there could be also
a phonological explanation within the underspecification approach. The phonological variation
in morphological processes can lead to different specifications of segments within words and
therefore to effects that are on first sight not compatible within the FUL paradigm (Lawyer &
Corina, 2018). The same is true for German umlauting back vowels. In our case, when deriving
plural of German word Stuhl, the stem vowel is umlauting and fronting (Stiihle). It can be as-
sumed that umlaut is only possible if the stem vowel /u:/ is not specified for place of articulation
features and is therefore underspecified for backness (Scharinger, 2009; Scharinger et al., 2010).
If the stem vowel of Stuhl is underspecified for place of articulation information, a symmetry
must occur when it is compared to /i:/, which is also underspecified.

Contrary to this, the results of the remaining two contrasts are somehow challenging since none
of the previous operationalized models can explain the effects given in the data. Comparing the
presentation orders in the contrast /i:/ - /e:/, a symmetric MMN pattern occurred. This is chal-
lenging the predictions of FUL as well as NRV since both models predict an asymmetry. According
to the underspecification approach, MMN effects for Steg should be stronger (underspecifica-
tion of mid vowel height), while NRV predicted that neural effects for Stieg should be stronger
(/i:/ should act as focal referent here). An explanation for the symmetric effect could lie in the
close phonetic distance of the vowels involved. There has been evidence from previous MMN
studies that effects diminished or failed due to only small acoustic deviances in speech stimuli
(Pettigrew, Murdoch, Kei, et al., 2004; Pettigrew, Murdoch, Ponton, et al., 2004).

The most challenging results were obtained in the vowel contrast /i:/ - /a:/. Although there is an
asymmetric effect, both models failed to predict the direction of the found asymmetry: FUL pre-
dicted stronger effects for Ziel as coronal deviant due to mismatching place of articulation (PoA)
information. In comparison with Zahl as standard, which is classified as a dorsal vowel (Scharin-
ger, 2009), the extracted feature [COR] from the acoustic signal of /i:/ should evoke a mismatch-
ing stronger MMN. Also, the mismatching height features of those two vowels cannot have
evoked the asymmetry. Since both height features ([HIGH] and [LOW]) involved are specified in
the underlying representation, a mismatch occurs regardless of the presentation order. Since a
mismatch of those features occurs in both presentation orders, they should not evoke an asym-
metric effect. Additionally, the NRV model cannot explain the found asymmetric pattern either.
According to NRV, a symmetry should have occurred since both vowels act as focal referents
within this framework. The explanation for these results is still unclear. We argue that since the
more abstract feature representations are based on acoustic properties (mainly formants), the

effects could be more driven by changes in the acoustics than in feature representations.
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Because this is the contrast with the largest difference in terms of F1 or degree of openness,
spectral characteristics (e.g., changes in F1) of the vowels could have been more involved in
eliciting the surprising effects on an automatic and preattentive level. Additionally, changes in
vowel quality do not only lead to changes of formants but also result in changes of other per-
ceptual and psychoacoustic parameters. There is evidence that, for example, perceived loudness
of speech stimuli varies for vowel quality. That is, lower front vowels are perceived louder de-
spite equal intensity (Glave & Rietveld, 1975, 1979) and vocal effort (Eriksson & Traunmdiller,
1999, 2002). Thus, we hypothesize that psychoacoustic and perceptual parameters such as per-
ceived loudness could have played a crucial role. This possibility is explored in greater detail by

means of multiple regression analyses in section 1.3.

1.2 Experiment 1b: Reaction Time

Since our MMN results present some evidence that effects were not only driven by phonemic
factors but also by acoustic differences, we decided to conduct a reaction times study in an at-
tended listening task. It has been shown that the MMN evoked by unattended processing is
sensitive to a great variety of different dimensions between standard and deviant. Here, preat-
tentive processing has been proven to be sensitive also for acoustic information like variations
in duration and intensity (Jacobsen et al., 2003; Ndatédnen et al., 1989; Paavilainen et al., 1991;
Schréger, 1996) or acoustic distance of stimuli (Deguchi et al., 2010; Savela et al., 2003). Since
this component is highly sensitive to small low-level information differences (i.e. changes in fre-
quency), higher-order information (for example phonemic identity) may be ignored or overrid-
den in preattentive processing, for example, by acoustic proximity (Pettigrew, Murdoch, Kei, et
al., 2004). Therefore, reaction times in an active discrimination task might reflect more cogni-
tive, decision-based processing in which higher and more abstract effects like phonemic discrim-
ination might surface better and more clearly. For this study, we thus propose the same hypoth-

eses regarding potential asymmetries for both models as in experiment 1a.

32



1.2.1 Participants and Materials

Twenty-six participants (17 females, mean age 24.43, SD 4.23) were recruited, all of whom were
graduate or undergraduate students at Johannes Gutenberg University Mainz. They received
monetary compensation for their efforts. All participants were right-handed monolingual Ger-
man speakers with no active dialect competence and were socialized with Standard German. No
participant reported neurological, psychological, or hearing impairments. Written informed con-
sent was obtained from each participant prior to the experiment.

The stimuli used in Experiment 1b were the same as in Experiment 1a. In contrast to the prior
experiment, we had to reduce the amount of tested vowel contrasts to shorten the session
length (approximately testing 45 minutes). Therefore, we tested only the vowel contrasts /i:/ —
/a:/, [i:/ = /e:/, and [/i:/ — Ju:/. Contrasts were chosen as followed: /i:/ - /e:/ and /i:/ - /u:/ ob-
tained in the MMN investigation symmetrical patterns and /i:/ - /a:/ evoked an asymmetrical
pattern. The symmetrical pattern of /i:/ - /u:/ could be explainable with NRV and will therefore
serve as control contrast for the remaining two vowel oppositions. Here, the iMMN results were

not explainable by either of the models.

1.2.2 Task and Procedure

Stimuli were presented in an active oddball setup, in which participants had to press a button
as soon as they perceived the deviant. They were told to perform a categorical, phonemic deci-
sion (and therefore ignoring the inter-token variability) (Johnson, 2015). During the experiment,
subjects were seated comfortably in front of a screen in a sound shielded chamber. Sounds were
presented with the Presentation software (http://www.neurobs.com, version 16.4) at a com-
fortable volume via two loudspeakers to the left and right of the screen. The volume was set
prior to the experiment and was kept equal across all subjects. All written instructions were
presented on screen. This way, participants were also informed about the beginning and end of
the experiment as well as pauses. Each contrast direction contained 180 standards and 20 devi-
ants divided into two blocks. In total, 12 blocks were presented. Stimuli within blocks were ran-
domized with four to eleven standards between two deviants. Blocks of the same condition

never followed each other.
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1.2.3 Analysis and Results

The reaction time analysis was based on correct responses only (98% of data points included).
Reaction times were corrected for the onset cluster of each stimulus. Thus, measurement of
reaction times began on the vowel onset. Reaction times faster than 100 ms and slower than
1000 ms were excluded. The remaining data were log-transformed to obtain an approximately
normal distribution (Ratcliff, 1993; Whelan, 2008). Outliers (+/- 2.5 SD) were removed before
statistical analysis.

A repeated measures ANOVA with the factor word (e.g., Ziel vs. Zahl), controlled for multiple
testing by applying Bonferroni correction, was calculated to reveal possible behavioural asym-
metries. Here, we found a highly significant main effect (F(5,2320) = 107.811, p <.001). Post hoc
analysis revealed asymmetric patterns in two of the tested vowel contrasts. /i:/ — /e:/ was sig-
nificantly faster than vice versa (F(1,464) = 22.234, p < .001). The same was true for /i:/ — /u:/
(F(1,464) = 13.550, p < .001). However, in the vowel contrast /i:/ — /a:/ a symmetrical pattern of
reaction times occurred. Here, the post hoc analysis shows no difference between presentation

directions (F(1,464) =0.793, p =.374) (see Fig. 6).
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Figure 6: Reaction Time results per condition.

Reaction Time results are given as log values per presentation direction of words with whiskers indicating the variance
of the data and small dots representing outliers (but not extreme values) which were beneath the +/- 25D cut off.
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1.2.4 Discussion

The behavioural study aimed to investigate the basis for some of the found electrophysiological
effects in experiment 1a. There, both models could not provide a comprehensive explanation
for our results, meaning that both models failed to explain all found effects. The vowel contrasts
/i:/ — /a:/ and /i:/ — /e:/ were particularly challenging. Therefore, we conducted a reaction time
experiment in an active oddball paradigm to investigate the previously found neural patterns in
more detail. Overall, the reaction times indicate that in an active discrimination paradigm, Ger-
man natural word stimuli were discriminated phonemically, based on higher-order abstract pho-
nological features.

The reaction times for the vowel contrast /i:/ — /e:/ and the observed asymmetrical pattern
match with the predictions of FUL. The faster reaction times obtained when /e:/ was deviant
seem to be due to underspecification of [COR]. In this contrast, abstract representations may
help to discriminate with respect to the close phonetic distance of the vowels. There is evidence
from an fMRI study indicating that participants had to rely more on abstract feature represen-
tations while discriminating acoustically very close vowels (Scharinger, Domahs, et al., 2016).

In contrast, the directional asymmetry of the vowel contrasts /i:/ — /u:/ is, on first sight, more
challenging for the underspecification approach since, following the theory, reaction times
should be faster when subjects are presented with a fully specified vowel (e.g., /u:/) followed by
an underspecified vowel (e.g., /i:/). But regarding the present study, we found the opposite ef-
fect for the obtained reaction times. The hypothesis of NRV for this contrast seems equally un-
suitable: it states that a symmetric effect should occur because both vowels are reference vow-
els. In the case of /u:/ as deviant, one possible explanation could be that the additional labial
feature drives the stronger effect. This additivity would then “overwrite” the feature mismatch.
Several studies proved that the MMN is sensitive to an additivity effect correlated with the
amount of deviating dimensions (Schroger, 1995; Takegata et al., 1999; Takegata, Paavilainen,
et al., 2001; Takegata, Syssoeva, et al., 2001; Wolff & Schroger, 2001). Similar observations have
been made in an fMRI study in which an increasing number of features led to stronger activation
in the superior temporal sulcus (STS). In addition, the effect of stronger STS activations was also
seen in reaction time measures whereby reaction time decreased with increasing feature num-
ber (Scharinger, Domabhs, et al., 2016). Furthermore, in an MEG study it was shown that N1m
amplitudes increased when feature number increased (Scharinger, Idsardi, et al., 2011a). More
evidence for the additive effect has been brought to light in a MEG study with consonants, in

which labial, specified glides produced stronger MMFs than coronal glides (Scharinger, Merickel,
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et al., 2011). Under the assumption of an additivity effect of the phonological feature [LAB], we
argue that the underspecification approach still holds true since this model predicts effects
based on sparse and abstract phonological features.

For the symmetrical effect in the contrast /i:/ — /a:/, there are two explanations we believe to
be conceivable. The first one is that the hypothesis of NRV holds true. Since both vowels of this
contrast are reference vowels in the framework, there is no discriminatory advantage in either
direction. But why participants rely on phonetic features in these cases remains a question. The
second more likely explanation argues within the underspecification approach: we classified
Standard German /a:/ as a dorsal vowel. But there is articulatory evidence (see Fig. 1), evidence
from theoretical analysis (Wiese, 2000), and also neurobiological evidence (Obleser et al., 2004)
that Standard German /a:/ is likely not specified for place of articulation. Thus, there is no place
feature mismatch anymore for /i:/ and /a:/. Since the remaining height features [LOW] and
[HIGH] are both specified and mismatching regardless of the presentation order, a symmetry
must occur.

In conclusion, it seems that participants use phonological and phonemic cues in vowel discrimi-
nation within natural German words. But the effects found in experiment 1a and 1b are different
although the same experimental paradigm has been applied. The reason for different effect pat-
ternsin the electrophysiological and behavioural data could lie in the different attention require-
ments or differences of involved processing levels between the two tasks, but to this point, it is

still not clear.

1.3 Identifying influential factors: perceived loudness

Because the interpretation of the MMN and RT data with common models is challenging, and
because both models failed to explain the found patterns in a comprehensive way, we decided
to test for additional influential factors in both datasets.

Vowel perception could be influenced not only by vowel identity but also by acoustic properties
like intensity, duration, and fundamental frequency (Jacobsen et al., 2003; Naitdnen et al., 1989;
Paavilainen et al., 1991; Pakarinen et al., 2013; Peter et al., 2010; Schrdger, 1996). Most of these
factors researchers commonly try to exclude or control in the stimuli preparation procedure,
but some acoustic factors cannot be avoided. For instance, since the phonological feature op-
positions to distinguish different vowel qualities (i.e., high vowels vs. low vowels) are based on
formants (Lahiri & Reetz, 2010a), they also automatically imply an acoustic difference. Moreo-

ver, when words are used as stimuli, lexical features like frequency of occurrence (Aleksandrov
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et al,, 2011; Shtyrov et al., 2011) or phonotactic probability (Bonte et al., 2005; Emmendorfer et
al., 2020, 2021; Yasin, 2007) are known to interfere in speech perception and vowel discrimina-
tion. In our approach, were we tested the hypotheses of the models by using natural German
spoken words, those influences may contribute to patterns of results. Therefore, even though
we here focused on the identity MMN, i.e., on electrophysiological responses to physically iden-
tical stimuli in different conditions, we decided to test whether and which of these factors have
an influence on our electrophysiological and which affected the behavioural data. For this pur-
pose, we operationalized different acoustic, phonological, and lexical factors. Furthermore, we
also took acoustic and perceptual factors beyond the well-known ones (e.g., degree of openness
and perceived loudness) into account to disentangle their contribution to the iIMMN and RT data

patterns. This in-depth analysis is explorative and has never been done this extensively before.

1.3.1 Preparation: Rating of Perceived Loudness

One possible additional influence beyond the well-known factors could be the perceived loud-
ness of the stimuli. Here, loudness is referring to the magnitude of the auditory sensation
(Fletcher & Munson, 1933) (not the physical intensity), but has been mainly taken as a percep-
tual correlate for sound intensity. Note that it has been shown that physical intensity of sounds
and perceived loudness are measures on different auditory dimensions. While physical intensity
is stimuli-inherent, the perceived loudness of stimuli is a perceptual phenomenon and therefore
subject-dependent (Yanushevskaya et al., 2013). Moreover, while perceived loudness and sound
intensity might be expected to be treated as equal, hearing research showed that two sounds
of the same intensity can be rated with different perceived loudness levels due to various factors
(e.g., spectral characteristics, bandwidth) (Moore, 2003, 2005). Additionally, perceived loudness
levels could be correlated to gender differences since there is evidence that females perceive
sounds louder than males despite the same sound pressure level (Hamamura & Iwamiya, 2016).
Furthermore, there is evidence from sound processing that cortical activations are more likely
driven by perceptual factors (e.g., perceived loudness) than physical characteristics (e.g., physi-
cal intensity) (Langers et al., 2007). Therefore, it could be possible in our study, although the
stimuli words were normalized for the same average intensity and vowel intensity was approxi-
mately the same across words, that participants perceived the two words in a minimal pair as

strongly different in terms of perceptual or sensational loudness.

1.3.1.1 Materials, Subjects, and Procedure
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To test the word stimuli of experiments 1a and 1b for differences in the perceived (or implicit)
loudness, we conducted a rating study. Here, 10 subjects (7 females, 3 males) participated, all
of them students or employees at Johannes Gutenberg-University of Mainz who reported nor-
mal hearing. They were all monolingual German speakers (with a mean age of 32.6 years, SD
9.6) and gave written consent prior to the rating.

The word stimuli were arranged in the same minimal pairs as in the previous experiments. We
tested all five minimal pairs in both presentation orders. Because we had five tokens per word
in each presentation order, there were 25 possible combinations per presentation order, result-
ing in 250 trials overall. The trials were randomly arranged in ten blocks with 25 trials per block.
Block order differed between subjects. The study was conducted via Presentation
(http://www.neurobs.com, version 16.4), and auditory stimuli were delivered via headphones
on the same listening level for all participants. For the experiment, all participants were seated
in a quiet room.

At the beginning of the experiment, the instructions were presented on the computer screen.
Afterwards, each trial started with a 1500 ms blank screen. Following a fixation star to keep
participants engaged with the experiment, both words were then presented (ISI: 800 ms). After
the presentation of the second word, a short blank screen (600 ms) was presented before two
question marks with a timeout of 2500 ms appeared. The question marks were used as an indi-
cation for participants to give their answer via button press. Participants were instructed to rate
the perceived loudness of the two words of each minimal pair in comparison to one another.

Three answers were possible: first word louder, second word louder, or both words equally loud.

1.3.1.2 Analysis and Results

Having collected the responses of all participants, frequency values of the three answer catego-
ries (first, second, equal) for each minimal pair per presentation order were calculated. Timeouts
were not included in the analysis. The distributions of answers for each direction can be seen in
Figure 7. The Pearson chi square test, calculated in IBM SSPS (version 21) with variables direction
(10) and answer (3), showed that the relationship between both variables is highly significant

(X318 = 998.986, p < .001).
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Figure 7: Results of the perceived loudness rating.

The results are plotted for each presentation direction (x-axis) in relation to the frequency of the given responses (y-
axis).

In preparation for the operationalization of the factor of perceived loudness for the multiple
regression analysis, frequency values, transformed in percentage with the highest given answer,

will be considered in the next step of analysis. The percentages of answers per direction are

given in Table 3.
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Table 3: Distribution of the answers for the perceived loudness of words (in percent).

Direction/ condition Equal First Second
Mahl — Mehl 52.2 441 3.7
Mehl — Mahl 33.8 1.3 65.0
Steg — Stieg 70.9 12.3 16.8
Stieg — Steg 50.4 6.3 43.3
Stiel — Stuhl 65.7 14.9 194
Stuhl — Stiel 67.8 8.3 24.0

Sud — Siid 38.6 3.8 57.6
Siid — Sud 63.7 28.6 7.8
Zahl - Ziel 44.4 50.6 5.0
Ziel — Zahl 22.3 1.7 76.1

The descriptive results are indicating a possible influence on the MMN data: In the contrast /e:/
— /a:/ (Mahl — Mehl, Mehl — Mahl), participants rated the word pair as equally loud by a higher
percentage if Meh/ was the second word (52.2%). In the reverse direction, the second presented
word Mahl was more likely perceived as louder than Mehl (65%). Since, in this contrast, the
MMN effect of Mahl (as deviant) was greater than in the reverse direction, perceived loudness
could have a potential influence on preattentive processing of words.

In the contrast /i:/ — /a:/ (Zahl — Ziel, Ziel — Zahl), the word Zahl was perceived more often as
louder regardless of the presentation order. In the first presentation order (Zahl —Ziel), Zahl was
perceived in 50.6% as louder, and in the reverse direction, with Zah/ as second word, it was also
rated as louder (76.1%). The neural data showed clear MMN effects in both directions, with an
asymmetric, because stronger, result for Zahl as deviant. It may be that the higher perceived
loudness of Zahl has driven (Ziel — Zahl) or reduced (Zahl — Ziel) the neural effects.

In the next contrast with words Sud and Siid, similar patterns to the first one can be observed.
When Siid was presented as the second word, participants perceived it as being louder (57.6%).
When Siid was presented as first word, both words were rated more often as equally loud
(63.7%). Taking the MMN results into account, it might again be possible that perceived loud-
ness influenced the neural data. While the MMN effects are statistically symmetric, there is a
slightly stronger effect for Siid as deviant (than in the reverse direction), when the plotted data

are inspected.
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In the last two contrasts (Steg & Stieg, Stuhl & Stiel), both words were described more often as
equally loud within both presentation orders (Steg — Stieg: 70.9%, Stieg — Steg: 50.4%; Stiel —
Stuhl: 65.7%, Stuhl — Stiel: 67.8%). Since the MMN data showed a symmetrical pattern in the
statistical analysis, it could be stated that the perceived loudness might have had an influence
on the neural effects once more.

Additionally, and in accordance with feedback of participants, it can be hypothesized perceived
loudness could be correlated with the degree of openness of the long vowels. Especially with
larger openness differences between vowels (/i:/ — /a:/, /e:/ — /a:/), the more open vowel /a:/
was rated as louder than the closer counterparts. Regarding the openness difference of /i:/ and
/e:/, it can be stated that, phonetically, the difference here is smaller than between /i:/ — /a:/
and /e:/ — /a:/, and therefore the loudness effect could be perceptually reduced or inhibited.
Moreover, the different MMN results, despite equal loudness rating patterns of /e:/ — /a:/
(asymmetric MMN) and /y:/ — /u:/ (symmetric MMN), could also support the hypothesis that
the perceived loudness is correlated with degree of openness because of the latter contrast’s
lack of height difference. Contrary, the first mentioned contrast differs in vowel height and open-

ness, and therefore the influence of perceived loudness could lead to stronger neural effects.

1.3.2 Explorative Analysis via Multiple Regressions

Because of the challenging and unexpected electrophysiological effects that do not match the
behavioural results in addition to the descriptive identification of a potential influence of the
perceived loudness, we decided to also investigate the possible influences of several additional
factors on the neural (iIMMN difference values of mean voltages between standard and deviant

of the same stimulus) as well as the behavioural level (log RTs).

1.3.2.1 Defining Factors

Fifteen potential influential factors were defined, based on theoretical (specificity, peripherality,
focality) and empirical input (implicit loudness, electrodes, degree of openness) as well as stim-
ulus-inherent characteristics (F1, F2, F3, frequency of words, bigram frequency, f0, vowel dura-
tion, intensity). Additionally, one control factor (contrast) has been considered. All factors were
operationalized and calculated with mean values per word category (i.e., mean F1 for Mahl)

since the IMMN data as well as log RT data were also obtained as averaged data (for example in
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iMMN data, all tokens for Mahl as deviant or standard are collapsed in respectively one mean
amplitude value).

The theoretical factors of specificity and peripherality have been operationalized in reference to
both evaluated models in experiment 1a and 1b. While specificity (difference value between the
number abstract features in the deviant minus the number of features in the standard) refers to
FUL and takes the additivity effect discussed in the RT data into account, peripherality has been
operationalized according the assumption of NRV that peripheral vowels maybe more salient
and act as referents in vowel discrimination as a categorical variable (discrimination towards a
more peripheral vowel, towards a more central vowel, or no referent/equal position in the
vowel space). Additionally, focality has been operationalized according to the notion in NRV that
the universal preference of referent vowels maybe alternated in adults due to language experi-
ence and is therefore taking the formant convergences in our stimulus set into account. Focality
was again operationalized as categorical variable (discrimination from a less to a more focal
vowel or from a more focal to a less focal vowel).

The empirically motivated factors have been chosen from input of the loudness rating. As men-
tioned before, the results of the rating study suggest an influence of implicit loudness on the
neural data. Therefore, this factor has been included in further analysis as a function of the an-
swer category with the highest percentage per presentation order (first word louder, second
word louder, equally loud). Because there could be a possible relationship between loudness
and the openness of vowels, degree of openness (increasing openness of the mouth, decreasing
openness, equal openness) was also considered.

Since we tested natural (and mostly unmanipulated) German words in this study, there were
stimuli-inherent differences between words that were controlled but could not be excluded in
the preparation of the stimuli. The three first factors of this category are the differences be-
tween standard and deviant in terms of a change in F1, F2, and F3. To display the presentation
orders of the stimuli in this factor, difference values (e.g., mean F1 of deviant minus mean F1 of
standard) were calculated. Another possible stimulus-inherent influence is the frequency of oc-
currence of the words used. Since we wanted to test a large set of long vowels, we had to choose
monosyllabic minimal pairs to reduce testing time. Being restricted by the German lexicon, we
were not able to perfectly balance the lexical frequency of words; therefore, there are frequency
differences between the words making up the minimal pairs. To test the influence of the fre-
quency of occurrence on the electrophysiological and behavioural patterns, we included this
factor in the explorative analysis in the form of difference values (log lexical frequency of the

deviant minus log lexical frequency standard). The same was true for the factor bigram
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frequency (bigram frequency deviant minus bigram frequency standard). The same holds true
for the factors f0, vowel duration and intensity. To evaluate the influence of the stimuli-inherent
differences in fundamental frequency, vowel duration and intensity, we operationalized those
factors also as difference values between deviant and standard (fO: difference between mean fO
of the deviant minus mean fO of the standard; vowel duration: difference between vowel dura-
tion of the deviant minus the vowel duration of the standard; intensity: difference between
mean vowel intensity of the deviant minus mean vowel intensity of the standard).

Finally, contrast has been included as control factor, since the IMMN and RT effects were differ-
ent for the tested vowel oppositions. Here, both presentation orders of each minimal pair are

combined.

1.3.2.2 Correlation and Single Linear Regressions

In preparation for the multiple regression analysis, we conducted first Kendall’s Tau correlation
for all previously defined factors. Additionally, we calculated for each factor a single regression
model on the MMN data to identify reasonably factors to be included in the final multiple re-
gression analysis.

Correlation analysis showed very strong correlation between the factors F2 and specificity (t = -
.907, p <.001) and F1 and degree of openness (T = .866, p < .001), vowel duration and degree of
openness (t = .856, p <.001), as well as F2 and F3 (t = .867, p <.001). Because of that, we only
included specificity, F1, and F3 as theoretically implied factors. Additionally, vowel duration was
included in the analysis since there is evidence that sound duration is influencing the perceived
loudness (Todd & Michie, 2000). The exclusion of the other factors was necessary to avoid col-
linearities.

Additionally, strong, but in respect with collinearity uncritical correlations, were found between
the following factors: F1 and fO (t=-.764, p <.001), F3 and specificity (t =-.760, p <.001), F1 and
vowel duration (t = .764, p < .001), vowel duration and fO (t = -.778, p < .001), specificity and
peripherality (t =.559, p <.001), bigram frequency and peripherality (t = .676, p < .001), vowel
duration and intensity (t =-.689, p <.001), fO and intensity (t = .556, p < .001), focality and F1
(t=-.603, p<.001), F2 (Tt =.507, p<.001) as well as F3 (t = .686, p < .001), focality and fO (t =
.686, p <.001), focality and vowel duration (t =-.745, p < .001), with intensity (t = .566, p <.001),
with degree of openness (T = -.731, p < .001) and implicit loudness (t = -.654, p < .001), implicit
loudness and f0 (t=-.775, p <.001), implicit loudness and F1 (t =.667, p <.001), implicit loudness

43



and vowel duration (t = .660, p < .001), implicit loudness and degree of openness (t =.603, p <
.001), and implicit loudness and intensity (t = -.488, p < .001).

Single factor regression (with MMN data) revealed the influence of only five significant factors
with reasonable R2 and adjusted R2 values: implicit loudness (AR2 = .023, p < .001), contrast
(AR2 =.019, p <.001), intensity (AR2 =.016, p <.001), fO (AR2 =.012, p =< .001), vowel duration
(AR2 =.013, p <.001).

1.3.2.3 Hierarchical Multiple Regressions for MMN and log RT Data

The five previously identified factors were applied to hierarchical multiple regression with sep-
arate calculations for the MMN and the RT datasets in five steps with the following order: im-
plicit loudness (model 1), contrast (model 2), fO (model 3), vowel duration (model 4) and inten-
sity (Model 5).

Results for the MMN dataset, for which the relevant key figures are displayed in Table 4, indicate
that only the first two factors (implicit loudness and vowel contrast) are contributing to account
for variance and that implicit loudness and contrast are approximately an equal fit for the expla-
nation of results. In this study, implicit loudness seems to have an influence on the neural results

of the MMN study (see Fig. 8).

Table 4: Multiple regression models for the MMN dataset.
Model# b SEB B p

Constant -.363 17 .002
(-0.592, -0.133)

Loudness -.436 .087 -.155 .000
(-0.607, -0.265)

R?=.024, AR?= .023, p < .001

Constant -.703 137 .000
(-0.971, -0.434)

Loudness -.436 .086 -.155 .002
(-0.605, -0.267)

Contrast 170 .037 143 .000
(0.098, 0.242)

R?=.044, AR*=.043, p <.001
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Figure 8: Scatterplot for the regression analysis of the given iMMN data from experiment 1.

MMN difference values of each participant (y-axis) per vowel contrast (x-axis) in relation to implicit loudness. Increas-
ing loudness (deviant louder than standard) is shown as a blue triangle, decreasing loudness (standard louder than
deviant) as a red triangle and equal perceived loudness as a green dot. MMN difference values are scaled with per-
ceiving the stimuli as equally loud (most clearly seen in vowel contrasts StiegSteg and StielStuhl).

In contrast, results of the second multiple regression model in the log RT dataset implicate that
the factors influencing the neural results are not contributing to the explanation of behavioural
patterns. Once again, Model 2 (implicit loudness and contrast) is fitting best with contrast as the
only significant contributing regression coefficient (Table 5). Thus, implicit loudness is not con-

tributing to the found behavioural pattern in the reaction time experiment (see Fig. 9).
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Table 5: Multiple regression models for the RT dataset.

Model# b SEB B p
Constant 2.547 .013 .000
1
(2.522, 2.573)
Loudness .001 .011 .010 n.s.
(-0.021, .024)
R? =.000, AR?=-.006, n. s.
Constant 2.558 .015 .000
2
(2.535, 2.595)
Loudness .001 .011 127 n.s.
(-0.020, 0.023)
Contrast -.021 .008 -.204 .011
(-0.033’6, -0.005)
R?=.041, AR?>=.029, p<.05
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Figure 9: Scatterplot for the regression of the obtained RT data from experiment 2.
Mean log RTs of each subject (y-axis) are depicted per vowel contrast (x-axis) in relation to implicit loudness. RT results
(log-values) are not scaled by the perceived loudness of the stimuli.
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1.3.3 Discussion

Multiple regression analysis on both datasets revealed that the perceptual factor of perceived
loudness had only an influence on neural effects. Here, it can be stated that regarding the MMN
data, the phonological and phonetic status of the vowels presented in the minimal pairs played
a role in the elicitation of MMN effects (factor contrast), but—crucially—effects were simultane-
ously driven by the implicit loudness of the presented words. Overall, it seems that the neural
effect was scaled with perceiving the stimuli as equally loud. Put differently: the more strongly
one word was perceived as being louder, the further the MMN difference values deviated from
zero. Therefore, it can be argued that perceived, or implicit, loudness seems to be an important
factor in interpreting the found neural patterns.

This is especially true for those contrasts for which both models (NRV and FUL) failed to explain
the effects. Especially in the symmetrical contrasts of Stieg — Steg and Stiel — Stuhl, implicit loud-
ness seems to drive the symmetry as in this contrast, both words were more often perceived as
equally loud regardless the presentation order. The small visible (but statistically not significant
effect) in the contrast Siid — Sud could also be explained by this factor since there were more
increasing judgments if Stid was the second word. Missing statistical significance could be a re-
sult of the correlation of loudness with degree of openness. Since this contrast did not differ in
terms of vowel height (and therefore openness), the influence of perceived loudness could be
weaker than in vowel oppositions with height differences. Turning to the asymmetrical patterns
in the MMN data, it can be stated that for the pattern of Ziel — Zahl, which was especially chal-
lenging because both models could not explain the found asymmetry, implicit loudness once
more seems to drive the neural effects since Zahl was more often perceived as louder regardless
of the presentation order. If Zahl served as deviant, the greater perceived loudness has led to a
stronger effect than in the reverse direction. Here, the greater implicit loudness of the standard
could have reduced MMN effects. In the last contrast (i.e., Mehl — Mahl), differences in per-
ceived loudness and degree of openness could have led to the stronger effect for Mahl (as devi-
ant). Mahl as the second presented word was perceived as louder than in the reverse direction.
In this direction, the degree of openness is also increasing. In the reverse direction, equally per-
ceived loudness might have elicited smaller effects.

Turning to the RT data, multiple regression analysis revealed that the perceived loudness had
no influence on the behavioural patterns; therefore, the effects are more likely driven by the

traditional models (nhamely FUL and NRV) discussed before.
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1.4 General Discussion

In this paper, we reported the results of an electrophysiological and a behavioural study as well
as an explorative analysis of influential factors on vowel discrimination. While most studies in-
vestigating speech sound discrimination only tested two or three vowel oppositions, we con-
ducted our MMN study on a much larger stimulus set. Here, we investigated preattentive vowel
processing with five different vowel contrasts covering the most important German long vowels
embedded in real and natural German words. To obtain an even more natural listening situation,
we used five tokens per word, which resulted in a large stimulus set. The purpose of the inves-
tigations reported here were two-fold: First, we wanted to compare two often discussed models
for vowel discrimination to investigate which model can explain the found effects in German in
the best way. Second, we wanted to shed further light on factors influencing vowel discrimina-
tion on the neural and behavioural level. For this purpose, we conducted an in-depth analysis
delving into possible confounds to a degree which has not been investigated so far.

To summarize the results of the electrophysiological experiment with respect to the first re-
search question, we found MMN evidence for discrimination and perceptual asymmetries (or
symmetries) in vowel perception according to the NRV model in the amplitude data. Three con-
trasts showed facilitated and asymmetric discrimination on presenting a less peripheral vowel
as standard and a more peripheral vowel as deviant. These results are in line with other behav-
ioural and electrophysiological studies (Y. Liu et al., 2021; Masapollo et al., 2015; Masapollo,
Polka, Molnar, et al., 2017; Masapollo, Polka, & Ménard, 2017; Polka et al., 2019) that also report
easier discrimination from a more central to a more peripheral vowel. Only one contrast could
be explained within the underspecification approach. By contrast, both models failed to explain
the found symmetric neural patterns. For those vowel oppositions, it could be possible that the
phonemic discrimination was overridden in preattentive processing through acoustic proximity
(Pettigrew, Murdoch, Kei, et al., 2004) or sensational interferences caused by perceived loud-
ness. The lack of phonemic discrimination and weighting of sensational influences in the MMN
experiment could be due to experimental protocol since subject were not instructed to perform
phonemic discrimination, but to ignore the stimulation (Johnson, 2015). Additionally, we ana-
lysed the MMN latency with respect to FUL and NRV to investigate, whether asymmetric effect
due to underspecification or higher salience of the periphery of the vowel space emerge in this
measure. Analysis revealed no systematic effect of either of both models. Instead, we could find
a marginal effect of word frequency which is in line with other MMN studies (Aleksandrov et al.,

2017; Shtyrov et al., 2011).
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To test those challenging results in the amplitude data, we investigated these critical, symmetric
contrasts, namely /i:/ - /e:/ and /i:/ - /u:/, with a behavioural active oddball paradigm and in-
structed participants here to perform a phonemic decision. Thus, we assumed that in the active
oddball paradigm subjects had to activate more abstract mental representation more strongly
due to allophonic variance in the stimuli; therefore, blending out simple acoustic differences in
the decision making. The behavioural results, in contrast to the MMN effects, showed that par-
ticipants were able of phonemic discrimination based on abstract representations. Here, the
found patterns can only be fully explained by the underspecification approach, in line with pre-
vious studies delivering evidence for speech sound discrimination with the help of sparse and
abstract features (e.g., Eulitz & Lahiri, 2004; Lahiri & Reetz, 2010a; Scharinger, Bendixen, et al.,
2012; Scharinger, Monahan, et al., 2012).

In summary, the results of experiment 1a and 1b are challenging in two ways. First, the neural
pattern cannot be explained in a comprehensive way by either of the two models. Secondly, the
neural and behavioural patterns do not match. The lack of compliance between electrophysio-
logical and behavioural results can be interpreted in terms of an attention shift and cue
weighting as a function of task dependency. Differences in cue weighting due to attention shifts
have been reported in several studies. Szymanski et al. (1999) conducted an MMN study with
and without attention on the stimulation and found differences in the neural responses. They
interpreted these findings in terms of a modulation of the memory trace in the attended condi-
tion. Here, attention leads to the activation of more accurate and precise representations of the
standards, which in turn generate larger responses of the deviant. Therefore, it can be argued
that in attended stimulation, more information is accessible for discrimination than in unat-
tended conditions. Similar results with respect to the richness of mental representation acces-
sible during discrimination as function of attention was also found by Tuomainen and colleagues
(2013). In an MMN study with an active go/no-go task they found that in the attentive task par-
ticipants were able to use more spectral attributes in vowel discrimination than when they lis-
tened passively to the stimulation. The authors interpreted the results as a change in perceptual
discrimination strategy due to the attention shift. Furthermore, Savela et al. (2003) found, in a
study combining MMN (passive oddball) and RT (active oddball), that subjects discriminated the
used Finnish and Komi vowels differently depending on the task. While the behavioural results
indicated a phonemic discrimination of the vowels, the preattentive MMN patterns were more
driven by acoustic differences than phonemic representations. With respect to our electrophys-
iological and behavioural results, it can be assumed that the attention shift between the passive

and the active oddball has led to differences in cue weighting in vowel discrimination. We argue
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that in the active experiment, participants were able to discriminate phonemically, which led to
patterns explainable by common models. In contrast to this—but in accordance with previous
studies—the passive MMN patterns are based not only on phonemic but also on acoustic or per-
ceptual differences.

To address this issue further, we conducted an explorative analysis of influencing factors of the
electrophysiological as well the behavioural datasets. We included several theoretical, lexical,
and phonotactical factors that are known to influence results. While other studies found an in-
fluence on neural data, for example, of phonotactic probabilities (Bonte et al., 2005; Emmen-
dorfer et al., 2020, 2021; Yasin, 2007) or the lexical frequency of words (Aleksandrov et al., 2011,
2017; Shtyrov et al., 2011), we cannot provide evidence for those factors neither on the electro-
physiological nor on the behavioural data. On the contrary, we have identified a new influencing
factor on MMN data: we found that neural effects were not only driven by phonemic features
but also by the perceptual and psychoacoustic differences in perceived loudness in the stimuli.
In contrast, no such influence of this factor could be found in the behavioural data. Therefore,
the multiple regression analyses on both datasets support the aforementioned interpretation
on different discrimination strategies since we found that the influence of perceived loudness
of the word stimuli only mattered in the neural but not the behavioural data. Once again, these
results can be interpreted as evidence that in preattentive processing, more perceptual and
acoustic features are responsible for elicitation of effects. But when attention was shifted to-
wards the stimulation (like in the active oddball paradigm of the RT experiment), these percep-
tual factors receded into the background, and discrimination was based on phonemic represen-
tations of the perceived vowels only.

Although perceived loudness is related to (and heavily determined by) sound intensity, two
sounds of equal perceived loudness may well have different levels of sound intensity
(Yanushevskaya et al., 2013). This is due to the processing of auditory stimuli in the cochlea
(Moore, 2003, 2005), which depends not only on the characteristics of the stimuli, such as band-
width, but on the listener as well. We found evidence that speech signals of approximately equal
intensity could still be perceived to be of different loudness. Additionally, we could show that
within our datasets’, perceived loudness was highly positively correlated with degree of open-
ness of the vowels and changes in F1. We conclude that perceived loudness differences could
be guided by differences in degree of openness since with increasing openness of the tested
vowels, the perceived loudness of words increased as well and since increasing loudness elicited
larger MMN effects. These results add evidence to the hypothesis that perceived loudness of

vowel stimuli is also linked to vowel quality (Glave & Rietveld, 1975, 1979). Additionally, we

50



found correlations of perceived loudness and changes in f0, intensity and vowel duration. But
the multiple regression analysis showed that those additional factors did not contribute to the
found neural asymmetries. Here, only the differences in perceived loudness can explain the
found patterns. However, since there is evidence that perceived loudness can be influenced by
vowel duration (Todd & Michie, 2000) and changes in fundamental frequency (Hsu et al., 2015),
more studies are needed to disentangle all the factors contributing to differences in the sensa-
tional perceived loudness of stimuli and influencing natural vowel processing.

To our knowledge, we are the first to find evidence for the influence of perceived loudness on
the perception of German long vowels and on MMN data regarding natural vowel processing.
We propose that the perceptual, or implicit, loudness of stimuli can act as an intermediate rep-
resentation level between stimuli-inherent acoustics and abstract phonological features. The
exact influence of perceptual and psychoacoustic factors, like perceived loudness in speech pro-
cessing, is still under investigated and more research is needed. But for the time being, our re-
sults provide evidence that studies should include more factors beyond the well-known (and

theoretically driven) when analysing and interpreting neural and behavioural data.
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2. Neural and behavioural asymmetries with German long vow-

els

In the first series of experiments, we found patterns of cue weighting (attention and task de-
pendent) as well as novel evidence for the influence of perceived loudness on neural effects (see
also Riedinger et al., 2021). We conducted the first series of experiments with tokens of natural
German minimal pairs since we wanted to test the often-implemented models of vowel pro-
cessing (FUL and NRV) in a more natural listening situation. As described above, with the use of
words and naturally spoken tokens of words, there are possible confounding factors. Albeit
these confounding factors showed no significant influences in the multiple regression analyses,
differences in MMN effects and perceived loudness ratings could be additionally influenced by
(extra-)linguistic factors and not only due to the vowel quality. Therefore, we decided to conduct
a second series of experiments, following the rationale of the experiment series described
above, on stimuli with reduced linguistic complexity using isolated long vowels to test if effects
and processes previously found are truly related to vowel processing.

Therefore, we tested both models (FUL and NRV) in isolated long vowels as well as the influence
of perceived loudness on vowel processing. Again, we used isolated long vowels instead of
words to isolate the effects of vowel processing from morpho-lexical influences. Hence, the aims
and the research questions of the second series of experiments were threefold:

(1) which model can explain directional asymmetries the best (model comparison),

(2) can the before found influence of perceived loudness in unattended vowel processing be
seen also in a setting where linguistic context is reduced. Therefore, it should be possible to
differentiate influences of vowel processing from other linguistic effects, and

(3) does the utilizing of features differentiate with attention and acoustic distance/ feature di-
mension (cue weighting).

Thus, to test the research questions, we conducted an iMMN and a reaction time study with
isolated, but naturally produced German long vowels /e:/, /o:/, and /u:/. The investigated vowel
oppositions varied in feature dimension (opposition of PoA or Tongue Height) and acoustic dis-
tance (large or small). An additionally conducted rating of perceived loudness is used to investi-

gate the influence of this psychoacoustic factor on vowel processing via multiple regressions.
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2.1 Experiment 2a: identity MMN

2.1.1 Participants

For this EEG experiment we tested 30 participants between 20 and 33 years (mean age: 24.1, 14
male/ 16 female). All participants were right-handed monolingual German speakers with no ac-
tive dialect competence. They were socialised with standard German. Additionally, none of them
reported any neurological, psychological, or hearing impairment. All participants were under-
graduate or graduate students at the university of Mainz. Every participator was informed about

the used method and gave written consent for their participation prior to the experiment.

2.1.2 Materials

Stimuli were natural, spoken isolated German long vowels /e:/, /o:/ and /u:/. Stimuli were rec-
orded from a female, phonetically trained standard German speaker. In the recording session,
20 exemplars for each vowel quality were spoken with neutral pronunciation. Afterwards all
recordings were controlled for f0, F1, F2, and F3. All recordings were cut to an equal length of
400 ms with a 50 ms fade-out and the mean intensity was normalised to 85 dB in PRAAT (Bo-
ersma & Weenink, 2016). We then chose the five best recordings for each vowel quality as ex-

perimental stimuli. Phonetic measurements can be seen in table 6.

Table 6: Phonetic parameters of the vowels.
Mean f0, F1, F2, and F3 values are given in Hertz. Mean Intensity are given in dB.

Mean Mean F1 Mean F2 Mean F3 Mean In- Mean Dura-
Vowel
fo (SD) (SD) (SD) (SD) tensity (SD) tion (SD)
2535.2 3034.8
le:/ 223.9(0.7) 434.6 (4) 85.0(0.7) 400.3 (0.3)
(65.7) (53.3)
3147.4
Jo:/ 223 (1) 434.6 (3.3) | 708.2(28.6) 86.8 (0.3) 400.1 (0.3)
(113.1)
Ju:/ 223.7 (1.3) 326.4(23.9) | 657.4(25.4) | 2862 (73.5) 86.2 (1.3) 400.1 (0.5)
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We compared formant frequencies with those of Sendimeier & Seebode (2006) to ensure that
the recorded long vowels were perceived as German standard phonemes. Additionally, three
independent listeners assessed the recordings distinct for each vowel quality category. In figure

10 vowels of each quality category used as experimental stimuli are displayed.

Formant Map
F2

3 000Hz 2 500Hz 2 000Hz 1 500Hz 1 000Hz 500Hz

200Hz
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400H
e2'gh o8 z
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600Hz
800Hz

Figure 10: Acoustic characteristic of the isolated vowel stimuli.
Mean values of the first (F1) and the second (F2) formant are given for each vowel in Hertz.

2.1.3 Task and Procedure

To elicit the MMN in the EEG recordings, we used a passive oddball design as already described
above. While the stimuli were presented, participants watched a silent movie.

The three used vowel categories were arranged in two vowel contrasts (/o:/ - /e:/, /o:/ - /u:/).
The contrasts differ in terms of PoA and labiality (/o:/ - /e:/) or vowel height (/o:/ - /u:/). Addi-
tionally, there are differences in terms of acoustic distance (operationalised as Euclidean dis-
tance in bark based on F1 and F2): /o:/ - /e:/ (8.01 bark) has a larger acoustic distance than /o:/
- /u:/ (1.23 bark). We tested these vowel contrasts here, since they were not included in the
before described series of studies and thus can shed light on whether the found influences on
vowel processing can be generalized for (German) long vowels. Both vowel oppositions were
tested bidirectionally resulting in four vowel directions. For each presentation order, 800 stand-

ards and 120 deviants were presented. The stimuli were arranged in two blocks per presentation
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order, resulting over all in eight blocks. Stimuli were pseudorandomised and it was ensured that
no more than 2 identical tokens were adjacent of one another. The interval between two devi-
ants was kept randomly between four and eleven standards. Additionally, we implemented a
random ISI between 600 — 1100 ms to guarantee a jittered presentation. Blocks were arranged
in five different lists with pseudorandomised block order, where blocks of the same presentation
direction never followed each other.

During the experiment, participants were seated in a sound-insulated booth in front of a screen.
Stimuli were presented with Presentation (version 16.4, neurobs.com) via two loudspeakers left
and right of the screen at a comfortable listening level, which was set prior to the experiment

and was kept equal throughout the study.

2.1.4 Hypotheses

Since we wanted to compare the models FUL and NRV in this study, we formulated hypotheses
regarding MMN amplitudes for each presentation direction based on the assumptions for both
models. The made assumptions and derived hypotheses are also displayed in table 7. We oper-
ationalised both assumptions of NRV — universal salience of the vowel space periphery and stim-
uli-dependent salience of focalisation. Since it remains unclear in the literature how focalisation
should be computed and implemented (Polka & Bohn, 2011a; Simon et al., 2014), we defined
focality as the distance between F1 and F2 in bark (calculated as difference of F2 minus F1), with
lower values pointing to stronger formants convergence. In our stimulus set, we found the fol-
lowing focality order: /o:/ is the most focal vowel in the stimulus set (2.24 bark), followed by

Ju:/ (3.04) and /e:/ (10.22).
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Table 7: Hypotheses.
Assumptions for feature specifications (FUL), location in the vowel space (NRV - Peripherality), and formant focaliza-
tion (NRV — Focality) for each vowel contrast and hypotheses for MMN effects according to both models.

Classifica- Expecta-
Mapping Expecta- Expectations Classifica-
Vowel di- | Features tion (NRV - tions MMN
result tions MMN MMN (NRV - tion (NRV -
rection (FUL) Peripheral- (NRV - Fo-
(FUL) (FUL) Peripherality) Focality)
ity) cality)
[DOR] - Stronger More — less Weaker
[o:/ - [e:/ Mismatch
[COR] effect focal effect
Both Symmetrical
peripheral effect
[-1- No-mis- Weaker Less — more Stronger
/e:/ - [o:/
[DOR] match effect focal effect
[-1- No-mis- Weaker Central — Stronger ef- More — less Weaker
Jo:/ - Ju:/ .
[HIGH] match effect peripheral fect focal effect
[HIGH] — Stronger Peripheral — Less — more Stronger
Ju:/ -/o:/ Mismatch Weaker effect
[MID] effect central focal effect

As can be seen in table 7, the different operationalised models lead to different hypotheses
regarding potential asymmetries.

According to FUL, presentation orders /o:/ - /e:/ and /u:/ - /o:/ should obtain stronger MMN
effects. In contrast, the NRV peripherality hypotheses are different. Here, the first vowel con-
trast (/o:/ - /e:/ vs. /e:/ - /o:/) should result in a symmetrical effect since both vowels are periph-
eral in vowel space. In the second contrast, /o:/ - /u:/ should lead to a stronger MMN. In differ-
ence to the first NRV assumptions, the focality hypotheses of NRV predict asymmetrical MMN
effects in both vowel contrasts. Due to the focalisation of F1 and F2, vowel directions /e:/ - /o:/
and /u:/ - /o:/ should obtain higher MMN amplitudes.

Again, we expect that stronger MMN amplitudes are accompanied by shorter latencies (de Rue
et al., 2021; Eulitz & Lahiri, 2004; Vera-Constan & Sebastian-Gallés, 2008, as cited in Polka &
Bohn, 2011).
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2.1.5 EEG Recording and Analysis

EEG was recorded in a sound-shielded booth with BrainVision Recorder (version 1.10, Brain
Products GmbH) while participants watched a silent movie. For the measurement of the EEG
signal we used in total 34 Ag/AgCl passive electrodes connected to a BrainAmp Amplifier (Brain
Products GmbH). Electrodes were mounted on an elastic cap using the 10-20 system. Ground
electrode was AFz. An electrode on the nose tip was used as online reference. Four electrodes
were used to measure the electrooculogram (EOG) to identify artifacts of eye movement in the
analysis. Therefore, two electrodes were placed left and right of the eye canthi to record lateral
eye movements, while electrodes above and beyond the right eye measured blinks. For all elec-
trodes, impedance was kept below 5 kQ throughout the recording session.

For the analysis of the neural data, we used Matlab (version 2021b) with the fieldtrip toolbox
(Oostenveld et al., 2011). Data of 26 (out of 30) were analysed. Four participants had to be ex-
cluded due to excessive sweating and movements as well as errors during data acquisition (loss
of trials). Raw data were filtered with 0.1 Hz high- and 30 Hz lowpass filters. The neural data
were re-referenced offline to linked mastoids. After data segmentation, muscular artefacts were
removed automatically, which lead to a trial exclusion between 2.3 and 18.9 %. Afterwards, eye
movements were automatically corrected through correlations between the EOG channels and
ICA components.

For averaging, the first ten standards and the standard that was presented immediately after a
deviant, were excluded. Additionally, ERP data were baseline-corrected using the 100 ms pres-
timulus epoch. MMN was calculated as identity MMN (iMMN), comparing standard and deviant
of the same stimulus, to reduce the influence of acoustic differences between standard and de-
viant and to tap into underlying processing mechanisms (Eulitz & Lahiri, 2004; Pulvermdiiller et

al., 2006).
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2.1.6 Results

ERP results are plotted in figure 11.
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Figure 11: iMMN results per condition.
For each direction order standard (green line) and deviant (red line) of the same speech sound are plotted. For exam-
ple, for the presentation order /o:/ - /e./ deviant /e:/ is plotted against standard /e:/.

To identify the iIMMN time window and significant electrode, we used the cluster-based permu-
tation test implemented in fieldtrip (Oostenveld et al., 2011)2. As can be seen in figure 12, in the
electrode (mainly midline electrodes) x time cluster (130 — 180 ms) deviants elicited a more

negative response than standards.

2 For a more detailed description of the procedure see chapter 1.1.6.
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Figure 12: Clusterstatistics and effect topography.
(A) Clusterstatistics as t-map, (B) heat map in MMN window 130 — 180 ms with typical topographical distribution.

We analysed in the identified time window the amplitudes and peak latency of the iIMMN for
asymmetric or symmetric patterns. Inferential statistics are calculated with jamovi (The jamovi
project, 2021).

For the amplitude analysis, we calculated a linear mixed model, using the gamlj package (Gal-
lucci, 2019), with varying intercept with fixed factors direction and electrode, and subjects as a
random factor. The dependent variable was the mean iMMN amplitude in the aforementioned
time window. The following formula describes our model: diff ~ 1 + direction + electrode + di-
rection : electrode+ ( 1|subject ). We used a repeated contrast coding for direction, where each
group is compared against the subsequent group. For the factor electrode a simple contrast cod-
ing (with Fz as basis of comparison) was implemented. On a descriptive level (see table 8), direc-
tion /o:/ - /e:/ had the most negative response and amplitudes were most negative at fronto-

central electrode sites.
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Table 8: Descriptives for amplitude measure for factors direction and electrode.

Mean amplitudes in the time window 130 — 180 ms are given in microvolt.

Direction Mean amplitude (sd) Electrode Mean amplitude (sd)
oe -2.18 (1.48) Fz -1.34 (1.56)
eo -0.956 (1.32) FCz -1.45 (1.56)
ou -0.603 (1.23) Cz -1.40 (1.46)
uo -0.581 (1.29) CPz -1.10(1.34)
Pz -0.869 (1.24)

16.8 percent of the data can be explained by the chosen fixed factors (R marginal), and 40 per-
cent when the random factor is additionally considered (R? conditional). Hence, our model was
a good fit. The linear mixed model showed significant main effects for direction (F = 42.96, p <
.001) and electrode (F = 3.54, p <.01). No interaction between fixed factors was found. In table
9, fixed effects parameter estimates are shown. Here, only direction /o:/ - /e:/ and electrode

comparison between Fz and Pz were significant.

Table 9: Fixed Effects Parameter Estimates for iMMN amplitudes.

Names Effect Estimate SE df t p
-1.206
Intercept | Intercept 147 25 -8.19 <.001
(-1.494, -0.917)
Direc- -1.226
oe — eo .140 487 -8.78 <.001
tion1 (-1.5, -0.952)
Direction -.090
ou - uo .140 487 -0.64 n.s.
2 (-0.364, 0.184)
Elec- -.055
Fz-FCz .156 487 -0.35 n.s.
trode 1 (-0.361, -0.252)
Elec- .038
Fz—-Cz .156 487 0.24 n.s.
trode 2 (-0.268, 0.344)
Elec- 0.237
Fz - CPz .156 487 1.52 n.s.
trode 3 (-0.069, 0.543)
Elec- 0.455
Fz-Pz .156 487 2.91 <.01
trode 4 (0.149, 0.761)

Post-hoc analysis with holm correction for multiple comparisons for the factor electrode showed
that Fz (t =-2.89, p < .05) and FCz (t = -3.23, p < .05) had the strongest MMN effects, while for

factor direction only the comparison between direction order /o:/ - /e:/ and /e:/ - /o:/ was
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significant (t =7.18, p <.001). Hence, we found in the comparison of IMMN amplitudes between
/o:/ - /e:/ and /e:/ - /o:/ an asymmetric effect, while the other important comparison between
Jo:/-/u:/and /u:/ - /o:/ showed a symmetric iIMMN effect. The asymmetric effect can be clearly

seen in figure 13.
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Figure 13: Effect plot of the linear mixed model for iIMMN amplitudes.
Directions /o:/ - /e:/ and /e:/ - /o:/ show a clear asymmetric effect, while the comparison between the other directions
reveals a symmetric pattern.

Additionally, we analysed peak latencies of iIMMN within the time window in the four presenta-
tion orders to see whether asymmetric and symmetric effects can also be found in latency
measures. We also calculated a linear mixed model with varying intercept using contrast and
reversal as fixed factors and again subjects a random factor. Mean values of the IMMN latency

are shown in table 10. The structure of the fixed factors can also be seen here.
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Table 10: Descriptives for iMMN latency at Fz.

Contrast Reversal Mean latency in sec (sd)
no 0.149 (.024)
OE
yes 0.165 (.024)
no 0.180 (.022)
ou
yes 0.151 (.030)

In factor contrast, the two related presentation orders are collapsed into one contrast category,
e.g., OE containing presentation orders /o:/ - /e:/ and /e:/ - /o:/. The factor reversal describes
which presentation order within one contrast is meant, e.g., reversal “yes” in contrast OE points
to the presentation order /e:/ - /o:/. Hence, asymmetric patterns should produce interaction
effects. In this analysis, IMMN peak latency in the significant time window was the dependent
variable. The model formula was the following: Latency ~ 1 + contrast + reversal + contrast :
reversal + ( 1|subject ). In this model, we used simple contrast coding for both fixed factors.

The chosen model was a considerably good fit with a R? marginal and conditional of 16.7 per-
cent. Overall, only a significant interaction contrast x reversal (F = 13.75, p < .001) was found.

Table 11 shows the fixed effects parameter estimates.

Table 11: Fixed Effects Parameter Estimates for iMMN latencies.

Names Effect Estimate SE df t p
161
Intercept | Intercept .003 72 53.54 <.001
(0.155, 0.167)
.009
Contrast OU-OE .006 72 1.42 n.s.
(-0.003, -0.020)
-.006
Reversal yes—no .006 72 -0.97 n.s.

(-0.018, 0.006)

Contrast OU -OE
-.045
* * .012 72 -3.709 <.001
(-0.068, -0.021)
Reversal yes — no

Post-hoc analysis with holm correction for multiple comparisons in both contrasts were calcu-
lated. Latencies of iIMMN in the comparison of presentation directions /o:/ - /e:/ and /e:/ - Jo:/
show a marginal asymmetric pattern (t = 2.23, p = .07) with shorter latency for /o:/ - /e:/ as well

as a clear asymmetric effect in the comparison between /o:/ - /u:/ and /u:/ - fo:/ (t =3.90, p <
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.01) with shorter latency for /u:/ - /o:/. The asymmetric patterns are clearly visible in the effect

plots of our model (see fig. 14).
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Figure 14: Effect plot for the iMMN latency analysis.
In both contrasts the two related presentation orders show asymmetric latency effects.

2.1.7. Discussion

As in experiment 1a of the previous chapter, we again found asymmetric as well as symmetric
amplitude effects. In total, it can be stated that MMN responses to changes of place of articula-
tion (and labiality), /o:/ - /e:/, were greater than to changes of vowel height. This finding is in
line with other studies (de Jonge & Boersma, 2015; Nudga et al., 2021).

Regarding asymmetric and symmetric amplitude effects, we first found a stronger MMN effect
in /o:/ - /e:/ than in the reversed direction. This result is in line with the hypotheses of FUL. The
model predicted a stronger MMN amplitude in /o:/ - /e:/ since the feature [COR] in the surface
structure of the deviant clashed with the, in the mental representation activated, feature [DOR]
of the standard. Stronger effects due to underspecification are reported also in a series of other
studies (Cummings et al., 2017; de Rue et al., 2021; Eulitz & Lahiri, 2004; Lahiri & Reetz, 2002a,
2010a; Nudga et al., 2021; Riedinger et al., 2021; Scharinger, Monahan, et al., 2012). In the sec-
ond vowel contrast, we found a symmetric effect between presentation orders. But both models

failed to predict this symmetric amplitude effect. Thus, both models cannot explain the found
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effect. According to Riedinger et al. (2021), who also found symmetric amplitude effects (see
also chapter 1.1 and 1.3), it is possible that the equalness in the perceived loudness of the in-
volved vowels led to equal amplitudes also. This possible explanation will be examined in chap-
ter 2.3.

To summarise, the found effects in the amplitude data could be evidence for cue weighting due
to phonetic or acoustic distance (Scharinger, Domabhs, et al., 2016). If the vowels have a larger
acoustic distance, like /o:/ - /e:/, the discrimination process could be easier and therefore dis-
crimination is possible with abstract and sparse phonological features (Nudga et al., 2021). Con-
trary, if acoustic distance between vowels is small (/o:/ - /u:/), the discrimination between vow-
els is more difficult (Flege et al., 1994) and therefore the abstract features are not sufficient.
Hence, it could be hypothesised that in this case the participants resorted to other features,
such as the psychoacoustic factor of perceived loudness, to resolve the harder discrimination
situation. This possible influence will be examined later.

Regarding the found asymmetric latency effect, with shorter latencies for presentation orders
Jo:/ - /e:/ and /u:/ - Jo:/, it must be stated that both effects were predicted by FUL but not by
either of the NRV approaches. Therefore, in the latency data, the found effects can be fully ex-
plained by underspecification. To repeat, usually the stronger MMN amplitudes are accompa-
nied by shorter MMN latencies. Hence, in mismatching presentation orders /o:/ - /e:/ ([DOR] —
[COR]) and /u:/ - /o:/ ([HIGH] — [MID]) we found shorter latencies due to mismatching features
between the activated underlying representation of the standard and the surface form of the
deviant. Another possible explanation could lie in the cue weighting assumptions made for the
amplitude effects. If we assume cue weighting due to acoustic distance of vowels in vowel dis-
crimination, the following argumentation could be true: In the amplitude data we found for large
acoustic distance, /o:/ - /e:/, discrimination effects according to FUL, hence we argued that in
the easier discrimination situation sparse and abstract features are sufficient. The same applies
to the found latency effect in this contrast. Here, the latency asymmetry, i.e. /o:/ - /e:/ shows
faster latency than /e:/ - /o:/, is in line with the underspecification approach. Accordingly, we
would expect the usage of other features (as in the amplitude data) in the case of the smaller
acoustic distance of the vowel contrast /o:/ - /u:/. Here, presentation order /u:/ - /o:/ is explain-
able by the NRV focality hypothesis. Thus, it can be argued that in more difficult discrimination
situations, MMN latency reflects vowel discrimination with phonetic (more acoustically moti-

vated) features.
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Why the effects of amplitude and latency do not match in total, remains unclear and needs fur-
ther investigation. But it is possible that MMN amplitude and latency are influenced by different
factors or processes of vowel discrimination.

Before we investigated the possible influence of perceived loudness on the neural data and
tested for other influential factors of MMN amplitudes and latencies, we conducted a reaction
time study with the same materials to investigate whether the found neural patterns are also

present in behavioural data and if the found cue weighting pattern can be replicated.

2.2 Experiment 2b: Reaction Time

Analogous to the first series of experiments, we also conducted a reaction time study in a passive
oddball paradigm after the MMN study. Once more, we wanted to test whether tendencies of
cue weighting as seen in experiment 2a also occur behaviourally and therefore in a more deci-
sion-based dimension. Regarding possible asymmetric results between presentation orders, we
assumed the same hypotheses as in experiment 2a. According to FUL, RTs should be faster for
Jo:/ - /e:/ and /u:/ - /o:/. With respect to NRV’s peripherality assumption, a symmetric effect
should occur between /o:/ - /e:/ and /e:/ - /o:/ while in the other vowel opposition /o:/ - /u:/
should lead to faster reaction times. Additionally, according to NRV’s focality hypotheses, /e:/ -
Jo:/ and /u:/ - Jo:/ should show faster reaction times.

Also, the same participants of the before described MMN study participated in the reaction time
experiment. Likewise, we used the same materials and investigated the same vowel contrasts

and presentation orders.

2.2.1 Task and Procedure

To investigate behavioural asymmetries, we implemented again an active oddball task where
we presented both vowel contrasts bidirectionally. Since the same persons as in experiment 2a
participated in the behavioural task, the reaction time study was conducted after the EEG re-
cording but within the same session. After the EEG recording, participants had time to wash
their hair and refresh. After this pause (usually between 15 and 20 minutes), participators were
seated again in a sound-insulated booth in front of a screen. They were instructed to intention-
ally listen to a stream of speech sounds, where one sound would occur very often and the other
one only few times. Participants had to press a button as soon as they perceived the deviant

sound.
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In total we presented 180 standards and 20 deviants per presentation direction divided into two
blocks. Therefore, stimuli were presented in 8 blocks. Stimuli were pseudorandomised with four
to eleven standards between the presentation of deviants. No more than two tokens of the
same speech sound followed each other. Block orders were randomised across five lists. Blocks
of the same presentation direction were never presented directly after one another. Partici-
pants had small pauses between blocks and could decide on their own when to begin with the
new block. Stimuli were presented with a fixed ISI of 400 ms to ensure phonemic processing
(Johnson, 2015). For stimulus presentation, the software Presentation (version 16.4, neu-
robs.com) was used. Stimuli were presented with a comfortable, fixed loudness via loudspeakers
left and right of the monitor. Loudness of presentation was kept the same throughout the whole

study. Reaction times and accuracy data were logged also in Presentation.

2.2.2 Analysis and Results

We included data of all 30 participants in the analysis. Before we analysed reaction times, we
investigated the accuracy on subject and vowel contrast level, to ensure participants’ active en-
gagement in the study. On subject level, accuracies were between 91.5% and 100 %. On contrast
level, the contrast /o:/ - /e:/ (both presentation orders together) reached slightly better accu-
racy (98.5 %) than in the contrast /o:/ - /u:/ (95.6 %). But on both subject and contrast level,
accuracy shows a ceiling effect.

For the analysis of reaction time, data was first pre-processed in RStudio (RStudio Team, 2022).
Here, we log-transformed the data to obtain a nearly normal distribution (Ratcliff, 1993; Whelan,
2008). Subsequently, outliers were removed by using the function ‘identify_outliers’® of the
package rstatix (version 0.3.0). Here, 50 data points (2.2 %) out of 2295 data points in total were

excluded. The log-transformed and corrected results per direction are depicted in figure 15.

3 Within this function, values above Q3 + 1.5 x IQR and below Q1 — 1.5 x IQR are excluded from further
analysis.
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Figure 15: Box plots per direction of the log-transformed reaction times for each presentation order.

After pre-processing the data, statistical analysis was conducted in jamovi (The jamovi project,
2021). To investigate asymmetrical effect patterns, we build a linear mixed model (Gallucci,
2019) with fixed factor direction (repeated contrast coding), random factor subject, and logRT
as dependent variable with varying intercept and varying slope. Hence, the following formula
was used: logRT ~ 1 + direction + (1 + direction|subject). Our model was a good fit for the data
with R? marginal of 18.1 percent and R? conditional of 46.3 percent.

We found a main effect for direction (F = 155.34, p < .001) with asymmetric results in both di-
rection comparisons revealed by fixed effect parameter estimates (see table 12). Post-hoc test-
ing with holm correction for multiple comparisons showed clear asymmetries in the behavioural
data between /o:/ - /e:/ and /e:/ - /o:/ (t = -4.64, p < .001) with faster logRT for /o:/ - /e:/, as
well as between /o:/ - /u:/ and /u:/ - /o:/ (t = -2.31, p < .05) with faster reaction times for /o:/ -

/u:/. Those asymmetric effects are also plotted in figure 16.
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Table 12: Fixed Effects Parameter Estimates for logRT.

Names Effect Estimate SE df t p
5.789
Intercept Intercept .020 28 292.11 <.001
(5.749, 5.826)
Direction -.076
oe - eo .016 28 -4.64 <.001.
1 (-0.107, -0.044)
Direction -.032
ou-uo .014 28 -2.31 <.05
2 (-0.060, -0.005)
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Figure 16: Effect plot of the linear mixed model for reaction times.
Grey lines depict the random variance of subjects modelled as random factor.

2.2.3 Discussion

In this reaction time study, we found asymmetric effects in both vowel oppositions. Presentation
orders /o:/ - /e:/ and /o:/ - /u:/ produced faster reaction times than the corresponding inver-
sions. Regarding the models, it must be stated that neither FUL nor both NRV assumptions of
peripherality or focality can explain all found effects. For the latter contrast, the asymmetric
effect for /o:/ - /e:/ is explained by the focality hypothesis, while the faster reaction times in /o:/

- /u:/ are in line with the peripherality approach. For FUL, only the asymmetry for /o:/ - /e:/ can
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be explained by this model but it fails to explain the faster reaction times of /o:/ - /u:/. Once
more, we found in the behavioural data evidence for cue weighting due to phonetic distance. In
principle, smaller acoustic distance can be defined as harder discrimination situation (Flege et
al., 1994). Therefore, it has been shown that smaller phonetic distances result in slower reaction
times compared to larger acoustic distances (Deguchi et al., 2010; M. Peltola, 2003; Scharinger,
Domabhs, et al., 2016). The same is true in our data set. Regarding cue weighting due to phonetic
distance, there was not much evidence in the literature. Scharinger et al. (2016) found cue
weighting regarding phonological features. In their study, they showed the usage of underspec-
ified features in vowel oppositions with small acoustic distance. Our results are contrary to the
results of Scharinger and colleagues. In our data set, it can be argued that in easier discrimination
situations in vowel oppositions with large acoustic distance, sparse phonological and abstract
features helped the discrimination process. Thus, the faster reaction times in /o:/ - /e:/ are ex-
plained by FUL. Smaller acoustic distance in /o:/ - /u:/, poses more difficulty in vowel processing
and therefore the discrimination process relied on the phonetic and more detailed feature of
focality. This interpretation that large acoustic distance leads to phonological vowel processing
and small acoustic distance leads to phonetic vowel processing is further strengthened by the
found cue weighting evidence of experiment 2a (MMN latencies and amplitudes).

But to be able to show a clearer picture of cue weighting in vowel processing and to investigate
whether different cues appear in different measures as well as to see whether perceived loud-
ness influenced iIMMN amplitude data, we conducted first a rating study of the perceived loud-
ness of the used vowels and then multiple regression analyses. These analyses are described in

the next chapter.

2.3 Identifying the role of perceived loudness

2.3.1 Rating of perceived loudness

To investigate possible influences of perceived loudness on vowel processing, we conducted a
rating study. Here, participants had to indicate whether they perceived a presented vowel qui-
eter, louder, or as equal loud as the preceding sound. Hence, we adapted the procedure of

Riedinger et al. (2021) (see also section 1.3.1 of this chapter).
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Participants, Materials and Procedure

In this rating, we collected data of 23 participants (10 male, 13 female). They were between 21
to 35 years of age (mean age: 26.6). All subjects were monolingual German speakers with no
hearing impairments and without neurological or psychological disorders.

We used the same experimental stimuli as in experiments 2a and 2b. Hence, all five tokens of
German long vowels /e:/, /o:/ and /u:/ were presented in the same presentation orders as in
the studies before. Vowels were presented in pairs. After each pair, participants had to indicate
via button press which speech sound they perceived as louder (button 1 or button 2) or if they
were equally loud (button 3). In total, the rating study was interested in the perceived loudness
of vowel pairs of the two previous investigated vowel contrasts (/o:/ - /e:/, /o:/ - /u:/) & two
presentation orders. Because we had five tokens per vowel in each presentation order, there
were 25 possible combinations per presentation order, resulting in 100 critical trials overall. To
get better randomisation, we included a filler contrast (/u:/ - /e:/) with both directions as filler
items. Hence, we presented an additional 50 filler trials resulting in a total of 150 trials. Trials
were arranged in six blocks across ten randomised stimuli lists, where not only block order but
also stimuli varied randomly. Here, it was ensured that a maximum of two trials of the same
presentation direction directly followed each other.

We used PsychoPy (Peirce et al., 2019) for programming the study. Due to COVID, the rating
took place as an online study via pavlovia (www.pavlovia.org). Participants were informed be-
fore the start of the experiment that they had to use headphones and participation was possible
only with a desktop computer or a laptop. Before the experiment started, subjects had con-
sented and filled out a short questionnaire. The criteria having been met, the experiment started
automatically. Since in online experiments fixed sound volume of the stimulus presentation can-
not be directly ensured, the rating started with a short volume calibration phase. Here, we pre-
sented six pairs of vowel stimuli (German umlauts) of another study and participants were asked
to set the volume to a comfortable listening level. After completion of the calibration phase, the

rating study started. In table 13 the presentation specifications of one trial are displayed.
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Table 13: Presentation specification of a trial in the online rating experiment of the perceived loudness.

Trial part Blank Vowel 1 ] Vowel 2 Blank Answer
Time
600 400 600 400 600 max. 2500
(in ms)
Display * ”?

Analysis and Results

After data collection, we first excluded timeouts. For the remaining data, frequency values of

the answer categories (first vowel louder, second vowel louder, equally loud) were calculated.

The distribution of each answer within each direction is plotted in figure 17. Note that the last

two plotted directions (eu and ue) were filler directions and will be excluded from all further

analyses.
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Figure 17: Frequency distribution of answer categories for each direction of the perceived loudness rating.
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A Pearson’s chi-square test was calculated in jamovi (The jamovi project, 2021) with variables
direction (4) and answer (3), which showed a highly significant relationship between both vari-
ables (x%e) = 714.56, p < .001).

To test later for an influence of the perceived loudness on amplitude and latency measurements
of the iIMMN data, the frequency data was transformed to percentages (see table 14). The an-
swer category within each direction with the highest percentage will be used in all further anal-

yses.

Table 14: Distribution of the answers for the perceived loudness of each vowel pair (in percent).

Direction Equal First Second
/o:/ - [e:/ 23.5 8.8 67.7
/e:/-/o:/ 47.0 43.0 10.0
Jo:/ - /u:/ 46.2 9.6 44.2
Ju:/ - [o:/ 36.2 50.9 12.9

As can be seen, in the direction /o:/ - /e:/ the second vowel /e:/ was mostly rated as louder. In
the reverse order, both vowels were more often perceived as equally loud. The same was true
for presentation order /o:/ - /u:/. In contrast, in the reverse direction /u:/ - /o:/ the first vowel
/u:/ was mostly perceived as louder.

In the first vowel contrast, it can be hypothesized that a change from back to front vowels leads
to greater perceived loudness differences and could therefore be perceptually more distinct
than vice versa. In the second contrast, the same could be true for changes towards the upper

tongue height dimension (e.g., change from [MID] to [HIGH]).

2.3.2 Influence of perceived loudness on iMMMN amplitudes

Since the FUL as well as the NRV model failed to explain all effects found in the IMMN amplitude
analysis, we decided to investigate this data set further by a multiple regression. Here, we should
be able to identify influential factors on iIMMN amplitude measures such as psychoacoustic per-
ceived loudness (Riedinger et al., 2021). All following analyses are done with jamovi (The jamovi

project, 2021)
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Defining Factors

For the regression analysis, we operationalised one empirically driven (perceived loudness) and
three theoretically driven factors (specificity, peripherality, focality).

The empirically motivated factor of perceived loudness has been structurally based on the before
described results of the rating study. Here, the factor has been defined as a function of the an-
swer with the highest percentage per presentation direction (first louder, second louder, equally
loud).

The theoretically driven factors have been operationalised with regard to the models used in
this dissertation. While specificity is related to the FUL model, peripherality and focality adapt
the different assumptions made in NRV. Specificity (difference value between the number of
abstract features in the deviant minus the number of features in the standard) incorporates
assumptions of underspecification as well as additivity effects found in other studies (Riedinger
et al., 2021; Scharinger, Domahs, et al., 2016; Scharinger, Idsardi, et al., 2011a; Scharinger,
Merickel, et al., 2011). The remaining factors peripherality and focality incorporate the hypoth-
eses made by NRV regarding the perceptive salience of the vowel space periphery (Polka &
Bohn, 2011a) and convergence of adjacent formants (Masapollo et al., 2015; Masapollo, Polka,

Molnar, et al., 2017; Masapollo, Polka, & Ménard, 2017; Polka et al., 2019), respectively.

Multiple Regression Analysis

First, we calculated Kendall’s Tau correlation between all factors and the dependent variable
iIMMN amplitude. This analysis revealed only a significant correlation between the dependent
variable and factors perceived loudness (t = -0.255, p < .001), specificity (t = 0.184, p < .001) and
focality (t=0.168, p <.001). Thus, peripherality will be excluded from the regression analysis.

Following, we conducted a hierarchical multiple regression analysis with three steps in the fol-
lowing order: perceived loudness (model 1), specificity (model 2), focality (model 3). Model fit
measures and model comparison revealed that the best fit for our iMMN amplitude data set is
model 2 (see table 15). Here, perceived loudness as well as specificity have influenced the IMMN
amplitude results (14.7 percent variance explained), with greater influence of perceived loud-
ness (11.3. percent). The analysis revealed in detail the following two arguments: (1) With in-
creasing differences in perceived loudness iIMMN effects get stronger; (2) with decreasing spec-
ificity and increasing feature distance iMMN effects increase. These tendencies are also dis-

played in figure 18.
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Table 15: Multiple regression models for the iMMN amplitudes.
Model comparison showed that Model 2 has the best fit (F = 21.41, p <.001).

Model# b SEB B p

Intercept -1.206 .059 <.001
(-1.312,-1.091)

Loudness -.604 .085 -.296 <.001
(-0.771, -0.437)

Specificity 176 .038 192 <.001
(0.101, 0.250)

R?=.150, AR?*=.147, p < .001

diff

diff

2 1 0 1 2

PERLOUD diff_spec

Figure 18: Regression plots for perceived loudness and specificity.
While asymmetric neural effects are increased with increasing perceived loudness, higher specificity differences lead
to stronger asymmetric effects.

2.3.3 Influence of perceived loudness on iMMN latencies

The same procedure as in 2.3.2 was implemented for the iIMMN latency dataset. Correlation
analysis showed that only factors specificity (t = 0.234, p < .01) and peripherality (t = 0.273, p <
.01) had a significant correlation with iMMN latency. Therefore, perceived loudness and focality
are excluded from the regression analysis. Again, a hierarchical multiple regression with speci-
ficity (model 1) and peripherality (model 2) was calculated. Model comparison showed that
model 2, with both factors had the better fit. Key values of model 2 are displayed in table 16.
Hence, specificity and peripherality had influenced latencyeffects. In detail the following tenden-
cies can be identified: (1) with decreasing specificity and increasing feature distance iMMN la-
tency decreases; (2) with decreasing peripherality iMMN latency also decreases. These linear

trends are displayed in figure 19.
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Table 16: Multiple regression models for the iMMN latencies.
Model comparison showed that Model 2 has the better fit (F = 4.505, p <.05).

Model# b SEB B p

Intercept .160 .003 <.001
(0.155, 0.166)

Specificity .004 .002 .261 .023
(0.001, 0.008)

Peripherality .010 .005 .239 .037
(0.010, 0.020)

R2=.172, AR?=.150, p < .001

Figure 19: Linear trends of iMMN latency for specificity (A) and peripherality (B).
iMMN latencies increase with increasing specificity and peripherality.

Alternative Model

Since we found an influence of word frequency on latency values (see chapter 1.1.6) in the first
iIMMN study, we wanted to test whether frequency of occurrence of vowels had an impact in
this study also. Kendall’s Tau correlation revealed that vowel frequency is highly correlated with
factors specificity (t = -0.813, p < .001) and peripherality (t = -0.607, p < .001) as well as a mod-
erate correlation with the dependent variable of iMMN latency (t = -0.377, p < .001). Thus, we
had to build a separate regression model for the factor vowel frequency (see table 17). This
model shows that vowel frequency of occurrence has a significant influence on MMN latency
effects with 15 percent of variance explained by this factor. Figure 20 shows that with increasing

vowel frequency the iIMMN latency decreases.
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Table 17: Alternative model for iMMN latencies.
Regression analysis of vowel frequencies on iMMN latencies.

Model# b SEB B p

Intercept .160 .003 <.001
(0.155, 0.166)

vowfreq -.011 .003 -.401 <.001

(-0.005, -3.845)

R?=.161, AR*=.150, p < .001

Figure 20: Linear Trend of Latency regarding vowel frequency.
Latencies of iIMMN decrease with higher vowel frequency of occurence of the deviant.

Afterwards we evaluated both possible regression models (model A: specificity and peripheral-
ity, model B: vowel frequency) regarding a better fit for the dataset. Thus, we compared adjusted
R? values and RMSE values but both key markers did not differ between model A and model B
(AR? = .150, RMSE = .025). Therefore, we additionally compared AIC (Akaike infor-
mation criterion) and BIC (Bayesian information cri-
terion) values. Lower AIC and/ or BIC would indicate a statistically better fit. Here, we found a
slight difference: Model A (AIC = -352, BIC = -342) seems to be a marginally better fit than model
B (AIC = -353, BIC = -346). Since the differences were only minimal, both models have their jus-

tification in explaining the data and found effects.

2.3.4 Discussion
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In this chapter, we investigated the role of perceived loudness and other factors on vowel pro-
cessing especially when stimuli are ignored. Therefore, we conducted several regression anal-
yses separately for MMN amplitudes and latencies on the neural data.

For the analyses of the amplitude and latency we operationalised four potentially influential
factors: perceived loudness (Riedinger et al., 2021), specificity (Lahiri & Reetz, 2002a, 2010a3;
Scharinger, Domahs, et al., 2016) as well as peripherality (Polka & Bohn, 2011a) and focality (Y.
Liu et al., 2021; Masapollo et al., 2015; Masapollo, Polka, Molnar, et al., 2017; Masapollo, Polka,
& Ménard, 2017; Polka et al., 2019).

The regression analysis on the amplitude data showed influences of perceived loudness as well
as specificity. First, it was evident that with increasing perceived loudness, MMN effects get
stronger. These results are in line with the influence of perceived loudness found in the previous
series of studies (Riedinger et al., 2021). Note that in contrast to the studies with real words in
chapter 1, we were better able to control for the known influence of perceived loudness like
fundamental frequency (Hsu et al., 2015) and duration (Todd & Michie, 2000). Second, regarding
the specificity of the vowels it became clear that with decreasing specificity (under the assump-
tions of underspecification) and feature distance, MMN amplitudes increase. This result con-
firms the important influence of underspecification accounts and the role of sparse, abstract
phonological features in vowel processing (e.g., Eulitz & Lahiri, 2004; Lahiri & Reetz, 2010a; Scha-
ringer, 2009; Scharinger, Monahan, et al., 2012). Different arguments regarding automatic
vowel processing can be drawn from these results. As in Riedinger et al. (2021), we could show
an influence of the psychoacoustic factor of perceived loudness in vowel processing. Therefore,
we were able to replicate the results in isolated German long vowels as well. This strengthens
the evidence that psychoacoustic mechanisms play a greater role in vowel processing than pre-
viously thought. Regarding the influence of specificity on MMN amplitudes, the results confirm
the interpretation of the MMN amplitude asymmetry in /o:/ - /e:/ in line with FUL and therefore
underspecification. Furthermore, it can be argued that not only feature mismatches but also
featural distances seem to influence MMN amplitudes (Scharinger, Domahs, et al., 2016; Scha-
ringer, Monahan, et al., 2016).

The regression analyses on the MMN latency data were conducted with the same factors (per-
ceived loudness, specificity, peripherality and focality). Here, we found an influence of factors
specificity and peripherality. Hence, perceived loudness seems to influence only MMN ampli-
tudes (and interpretations) but not MMN latencies. Importantly, we found the same influence
of specificity in the latency as well as in the amplitude data. The results therefore strengthen

the role of sparse phonological features in vowel processing. Furthermore, the result of this
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regression analysis revealed further evidence for the cue weighting argumentation proposed for
the interpretation of MMN latencies. It can be argued, since only the vowels in /o:/ - /u:/ differed
in terms of peripherality, that the factor of peripherality could influenced only this vowel oppo-
sition but the results were opposite to the initial hypothesis. Here, we found that with decreas-
ing peripherality, i.e., discrimination towards a more central vowel, MMN latencies decreased
as well. Reasons for this pattern could not be determined in these analyses and studies. Im-
portantly, the vowel opposition of /o:/ - /e:/ was heavily influenced by specificity as has been
shown in the MMN amplitude discussion before. Therefore, there is evidence from this regres-
sion analysis on latency data that once again cue weighting occurred in relation to the acoustic
distance of vowels. With larger acoustic distance phonological features were preferred, while
smaller acoustic distances led to favouring of phonetic features. This cue weighting pattern is
also in line with the previous described pattern in the behavioural data.

Since we found an influence of word frequency of occurrence on MMN latencies in experiment
1a, we conducted an alternative regression analysis of latencies with vowel frequency of occur-
rence. There are reports that word frequency (Aleksandrov et al., 2017; Shtyrov et al., 2011) as
well as phonotactic probabilities or biphone probabilities (Bonte et al., 2005; Emmendorfer et
al., 2020, 2021) can influence neural effects, which show reduced latency effects with increasing
frequency or probability. Most studies regarding vowel processing do not investigate specifically
the influence of vowel frequency of occurrence. Therefore, it seemed reasonable to investigate
(on an explorative level) whether vowel distributional frequencies influenced our latency data.
The regression analysis shows clear evidence for an influence of vowel frequency of occurrence:
With increasing vowel frequency, the MMN latency decreases. These results are in line with
studies regarding word frequency and phonotactic probabilities (Aleksandrov et al., 2011, 2017;
Bonte et al., 2005; Emmendorfer et al., 2020, 2021; Shtyrov et al., 2011; Yasin, 2007). Further-
more, correlation prior to regression revealed a strong collinearity between factors specificity
and vowel frequency as well as between vowel frequency and peripherality. Regarding the latter
collinearity, the analysis revealed that, mostly in contrast /o:/ - /u:/, with decreasing peripher-
ality the vowel frequency of occurrence increased. It can be argued for a possible relationship
between vowel frequency and peripherality within the NRV framework. Polka & Bohn (2011a)
described that the natural vowels /i/, /a/ and /u/ are not only preferred in language processing
but also in child language production. Furthermore, these anchor vowels are also typologically
more frequent across vowel inventories. It is possible that these vowels are not only typologi-
cally preferred but are also used more commonly in languages. Regarding a relationship be-

tween underspecification and vowel frequency, we found that with decreasing specificity, i.e.,
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deviant less specific than standard, and therefore containing a clashing feature in the surface
structure, vowel frequency increased because the deviant was a more frequent vowel type than
the standard. The reasons for this relationship between underspecification and frequency re-
main unclear. Additionally, it is unclear if the connections between vowel frequency and feature
specifications in our models are limited to our stimuli set or if they can be generalised. There
could be a possible connection between these factors since underspecification is in theory
mostly motivated by the concept of markedness which is also linked with frequency (Haspel-
math, 2006; Hume, 2008).

Within this analysis, it was not possible to investigate these correlations further. But different
lines of argumentations regarding a general correlation between vowel frequency of occurrence
in a given language and factors like peripherality and specificity will be discussed in chapter IV

of this dissertation.

2.4 General Discussion

The set of experiments and analyses discussed in this chapter was conducted to investigate di-
rectional asymmetries in vowel processing. In this second set of studies, we decided to reduce
linguistic context to see if we could replicate previously found influences and effect patterns in
isolated German long vowels. Therefore, we conducted an iMMN and an RT experiment with
the vowel contrasts /o:/ - /e:/ and /o:/ - /u:/. Both contrasts were tested in the experiments
bidirectionally. While the iMMN experiment required no attention on the stimulation (passive
oddball), the RT experiment needed attended discrimination of the vowels (active oddball). Ad-
ditionally, the contrasts were chosen with regard to differences in feature dimensions and
acoustic distance: While the vowels in the first contrast /o:/ - /e:/ differed mainly in the dimen-
sion of place of articulation and kept a larger acoustic distance, the vowels in the second inves-
tigated contrast varied in relation to tongue height and were distinguished by a small acoustic
distance.

In respect to directional asymmetries in vowel processing, we found the following the results. In
experiment 2a (iMMN), in amplitudes we found only asymmetric results in the contrast /o:/ -
/e:/ with presentation order /o:/ - /e:/ producing larger iMMN amplitudes than in the reverse
condition. In the contrast /o:/ - /u:/, amplitudes obtained a symmetric pattern. Regarding iIMMN
latencies, both contrasts showed asymmetric effects. /o:/ - /e:/ and /u:/ - /o:/ produced shorter

latencies then the respective inversions. In study 2b (RT), both contrasts again displayed
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asymmetric effect patterns: While reaction times in the presentation order /o:/ - /e:/ were faster
than those for the inversion, /o:/ - /u:/ tested significantly faster than /u:/ - /o:/. Thus, we can
summarise that we found directional asymmetries in most of the measures and experiments.
Only in amplitude measures of contrast /o:/ - /u:/ a symmetric effect emerged.

The set of experiments aimed to investigate the possible reasons behind emerging directional
asymmetries or symmetric effects. Therefore, we formulated three research aims. Firstly, we
wanted to compare the models of FUL and NRV, being the most prominent models in explaining
directional asymmetries, and therefore shed more light on features involved in vowel processing
(model comparison). Secondly, we wanted to verify the influence of psychoacoustic perceived
loudness, discovered in the first series of studies in this dissertation, in isolated long vowel pro-
cessing. Since we found cue weighting patterns due to attention requirements related to the
subjects’ task in the experiments described in section 1 of this chapter, we wanted to test cue
weighting patterns in more detail. Therefore, the third aim of the second series of experiments
was to identify cue weighting patterns not only in relation to attention but also in relation to

acoustic distance.

Model comparison

Overall, we found strong evidence for vowel processing utilizing sparse and abstract, phonolog-
ical features and therefore vowel processing according to FUL in all experiments and analyses.
In iIMMN amplitudes, latencies, and as well as RT data, all effects found in contrast /o:/ - /e:/ can
be solely explained by this model. In the regression analysis of the neural data, we could addi-
tionally show that asymmetric effects are not only driven by feature specification but also by the
featural distance between the vowels. With decreasing feature specification and increasing fea-
tural distance, the neural effect increased, and processing time reflected by latencies decreased.
The findings are in line with the vast corpus of research literature investigating underspecifica-
tion and vowel processing with abstract, phonological features (e.g., de Rue et al., 2021; Eulitz
& Lahiri, 2004; Obleser et al., 2004; Scharinger, 2009; Scharinger, Domabhs, et al., 2016; Scharin-
ger, Monahan, et al., 2012, 2016). With regard to the NRV model, we only found limited evi-
dence for vowel processing due to focality or peripherality of vowels in the vowel space. In the
RT data, the faster reaction times for /o:/ - /u:/ can only be explained by the peripherality hy-
pothesis of NRV (but not the hypotheses of FUL) and are in line with other studies (Polka & Bohn,
2011a; Vera-Constan & Sebastian-Gallés, 2008). Additionally, it could be argued that the asym-
metric IMMN latency in /u:/ - /o:/ could be due to a reversed peripherality effect and therefore

be somewhat explainable by the NRV approach. But this result could also be explained by FUL.

80



According to the hypothesis of the underspecification approach, a feature mismatch of tongue
heights [HIGH] and [MID] has driven shorter latencies.

To conclude, in this series of experiments the FUL model can explain found asymmetric effects
the best. Only in the RT data in the second vowel contrast, this model fails to predict the found
asymmetric pattern. Additionally, the found symmetric effect in iIMMN amplitudes cannot be

explained by either of the implemented models.

Influence of perceived loudness

In Riedinger et al. (2021), we found an influence of the psychoacoustic factor perceived loudness
on iIMMN amplitudes, i.e., the amplitudes are scaled with increasing perceived loudness differ-
ences, but not behavioural data. Therefore, we tested the neural data again in this second series
of studies. In regression analyses we found in regression analyses an effect of perceived loud-
ness on the IMMN amplitudes but not on latencies. Hence, perceived loudness had an influence
on effect sizes or processing costs but not processing time. Again, iIMMN amplitudes were scaled
by differences in perceived loudness. With increasing perceived loudness, the neural effects in-
creased as well. This can be interpreted by implication that with decreasing perceived loudness
difference, neural effects get weaker. Therefore, we argue that psychoacoustic perceived loud-
ness is the main driving factor behind the found symmetry in iMMN amplitudes in the vowel
contrast /o:/ - /u:/. Additionally, it also could be a contributing factor behind the strong asym-
metric effect found in the other contrast /o:/ - /e:/. Thus, we were able to replicate the effect of
perceived loudness found in Riedinger et al. (2021). Importantly, since we were able to replicate
an influence of perceived loudness in the neural data in isolated long vowels, evidence is accu-
mulating that perceived loudness plays an important role in vowel processing. There is evidence
of two studies regarding perceived loudness in relation to vowel quality describing that different
vowel qualities covary with differences in perceived loudness (Glave & Rietveld, 1975, 1979).
Additionally, more recent studies have provided evidence that with increasing vowel duration
(Todd & Michie, 2000) as well as differences in fundamental frequency (Hsu et al., 2015) per-
ceived loudness difference should increase as well. Here, we argue that durational differences
and changes in fundamental frequency cannot explain the found perceived loudness differ-
ences. Since we used isolated long vowels which were also cut to equal length, we were able to
control for duration and f0 differences which were minor. Therefore, we argue that perceived
loudness differences stem from different vowel qualities and that perceived loudness differ-
ences therefore are utilized to discriminate vowels in an unattended experiment protocol.

Hence, unattended vowel processing could be largely determined by psychoacoustic factors as
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opposed to linguistic influences. The connection behind vowel processing and perceived loud-
ness or the reasons for differences in perceived loudness between different vowel qualities can-

not be determined in these studies and need further exploration and investigation.

Cue weighting

The found influence of perceived loudness leads to a perspective of cue weighting in vowel pro-
cessing. In our series of studies in this chapter, the vowels in the contrasts differed mainly in
acoustic distance (as well as feature dimension) and experiment protocols varied regarding at-
tention allocation on the stimulation. Therefore, it is possible to investigate found effects and
influences in the data in relation to changes in acoustic distance and attention requirement and
thus, identifying cue weighting patterns. We found different cue weighting patterns in German
long vowel processing varying between the features used in discrimination (phonological or pho-
netic or psychoacoustic) despite ensuring phonological encoding in our experiment protocols.
Johnson (2015) showed that short ISls triggered auditory processing while long ISIs resulted in
phonemic processing. He tested in an AX discrimination task the discrimination of German vow-
els [e], [0] and [@] with either a short ISI of 100 ms or a long ISl of 700 ms and found different
discrimination strategies regarding the manipulation of the length of the interstimulus interval.
Here, we argue that with a random ISI between 600 and 1100 ms in the EEG experiment and an
ISl of 400 ms in the RT study, we chose rather long interstimulus periods. Hence, our subjects
discriminated the vowels phonemically. Additionally, we introduced allophonic variance in
standards and deviants using five tokens of each vowel as experimental stimuli. This method has
proven to ensure phonemic processing as well (Hestvik & Durvasula, 2016; Phillips et al., 2000).
Despite these efforts, our data shows that in all experiments and measures there is evidence for
cue weighting, often involving more acoustic or auditory based features than expected in pho-

nemic processing.

The following cue weighting patterns can be identified:

(1) In MMN amplitudes the asymmetric pattern is best explained by feature specification ac-
cording to FUL (phonological factor) while the symmetric results show the influence of perceived
loudness (psychoacoustic factor).

(2) In MMN latencies it can be argued that the asymmetric pattern of /o:/ - /e:/ is due to pho-
nological features, while the asymmetry of /o:/ - /u:/ is influenced by peripherality (a phonetic,

more acoustically based factor).
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(3) In RT data, the asymmetry of /o:/ - /e:/ is determined by featural mismatches as predicted
by FUL (phonological factor) and in contrast, the asymmetric result in the second vowel contrast

is driven by peripherality differences (phonetic factor).

These patterns could emerge because of the different acoustic distances inherent in the vowel
contrasts as well as different attention requirements stemming from the experimental set up.
In several other studies, it has been proven that attention modulates discrimination strategies
and neurocognitive effects (Alain & Woods, 1997; Remijn & Kojima, 2010; Riedinger et al., 2021;
Scharinger et al., 2017; Szymanski et al., 1999; Tuomainen et al., 2013; Vannest et al., 2009). In
our experiments, we also found evidence for different discrimination strategies due to attention
allocation on the stimulation. In the unattended experiment setting (passive oddball) vowel dis-
crimination was driven by phonological but crucially also psychoacoustic factors. In contrast,
with attention on the stimuli (active oddball), psychoacoustic factors became less important,
and discrimination was successfully utilizing phonological and phonetic factors. Additionally,
since perceived loudness showed only an influence in the MMN amplitude data, there is possible
evidence that different measures within the same protocol reflect different cues involved in
vowel processing.

Interestingly, we also found evidence for cue weighting involving different factors due to acous-
tic distance of the vowels within the vowel contrasts. Overall, we found faster reaction times,
stronger iIMMN amplitudes and faster iIMMN latencies with increasing acoustic distance. These
relationships between acoustic distance and neural and behavioural effects were also found in
other studies (Deguchi et al., 2010; M. Peltola, 2003; Savela et al., 2003; Scharinger, Domahs, et
al., 2016; Scharinger, Monahan, et al., 2016). For example, Scharinger, Monahan, and colleagues
(2016) found differences in MMN amplitudes in an MMN study with English vowels /1/, /¢/, and
/a/. In contrasts with large F1 distance MMN effects were stronger than in contrasts with small
F1 effects. Savela et al. (2003) found similar effects in their MMN data but also in reaction times:
“the RT decreased and the MMN amplitude increased when the acoustic difference between
stimuli increased” (Savela et al., 2003, p. 250). On closer inspection of our results, we were able
to identify vowel processing utilizing different features and factors due to acoustic distance. In
the case of large acoustic distance in vowel contrast /o:/ - /e:/, vowel processing was determined
by the hypotheses of the FUL model and hence had been successfully completed with sparse
and abstract phonological features. In the opposite case, in the vowel contrast with small acous-
tic distance, investigations showed that either the psychoacoustic factor of perceived loudness

or phonetic features of vowel space periphery were used. This cue weighting pattern could be
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explained by the easiness or difficulty in vowel processing implicated by acoustic distance. In
principle, smaller acoustic distances pose harder discrimination situations (Flege et al., 1994)
and by implication larger acoustic distances lead to easier discrimination. Hence, in cases of eas-
ier discrimination with larger acoustic distances, sparse, abstract phonological features are suf-
ficient to discriminate between two vowels. In situations where the acoustic distance is small,
hence vowels are harder to discriminate, more detailed and acoustically based information are

needed to successfully distinguish the vowels from one another.

To conclude, we found strong evidence for the involvement of underspecified and abstract, pho-
nological features in vowel processing as well as cue weighting or different discrimination strat-
egies due to attention allocation or acoustic distance of the vowels. Furthermore, we again
found that psychoacoustic factors like perceived loudness have a great impact on iIMMN ampli-
tudes. Therefore in the future, it would be necessary to include perceived loudness not only into
the testing of MMN effects but also to incorporate psychoacoustics more strongly into models

of vowel processing.
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IV Conclusion

This dissertation investigated the commonly found directional asymmetries in vowel processing
in-depth. In the literature, two models which make specific predictions regarding directional
asymmetries are often discussed: the Featurally Underspecified Lexicon (Lahiri & Reetz, 2002b,
2010b) and the Natural Referent Vowel framework (Polka & Bohn, 2011b). While the latter uti-
lises phonetic features to explain vowel discrimination and directional asymmetries, the former
model incorporates abstract phonological features. Hence, their explanatory approaches are
different, and the hypotheses drawn from each model are often contradicting each other. There-
fore, this dissertation set out to compare both models regarding directional asymmetries in Ger-
man vowel processing and to investigate which model explains the found asymmetries the best.
Thus, the dissertation tried to answer the following research question: Are either phonological

or phonetic features involved in German vowel processing?

This chapter will draw a summary of the empirical investigations and will give a conclusion to
the found results before ending with an outline of further research approaches and remaining

research questions.

Summary

As the research question indicates, the methodological design of this empirical dissertation was
based on a comparison of the two models and their specific hypotheses regarding neural and
behavioural directional asymmetries.

In total, the empirical investigations were comprised of two experiment series with stimuli of
varying complexity, whereby the methodological design was always the same: First, an iMMN
study was conducted, followed by an RT experiment. Finally, the perceived loudness of the stim-
uli was rated, and regression models were calculated to pinpoint influences in German vowel
processing. While the first series investigated directional asymmetries of vowel perception in
word contexts, the second series focused on influences on vowel processing in isolated contexts.

A summary of all results is given in table 18.
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Table 18: Summary of the results and found influences in the investigations of German vowel processing.

Experiment Measure Result Influence
symmetry & asym-
iMMN amplitude perceived loudness
metry
1a
symmetry & asym-
iIMMN latency frequency
metry
symmetry & asym-
1b RT phonological
metry
symmetry & asym- perceived loudness &
iMMN amplitude
metry phonological
2a
phonological &
iMMN latency asymmetry
phonetic
phonological &
2b RT asymmetry
phonetic

In the first set of experiments, we found directional asymmetries as well as symmetries in iIMMN
amplitudes and latencies (experiment 1a) and RT results (experiment 2a). Together with the
linear regression analysis, it was revealed that in IMMN amplitudes perceived loudness drove
the asymmetric and symmetric effects whereas frequency of occurrence influenced iIMMN la-
tencies. Finally, the found effects in reaction time data are driven by phonological features and
are therefore explainable within the FUL model. In the second experiment series, we again found
asymmetries and symmetries in iIMMN amplitudes but only asymmetric results in iIMMN laten-
cies (experiment 2a) and RTs (experiment 2b). Here, the linear regression analyses revealed a
more complex pattern of influences. While the symmetric results in the iIMMN amplitudes are
driven by perceived loudness (rated more equal), the asymmetric results are influenced by pho-
nological features and are, therefore, explainable by FUL. The asymmetric iMMN latency effects
are influenced by phonological features as well as phonetic properties (peripherality). Here, re-
gression analyses showed that frequency of occurrence could also be a possible explanation. But
frequency and the cues investigated, phonological as well as phonetic ones, were highly colin-
ear. The asymmetric results in the RT data are also influenced by phonological and phonetic
features. Hence, the RT data as well as iIMMN latencies are only explainable by the FUL model

together with the NRV framework.
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Conclusion

Overall in the investigations of asymmetric German vowel processing, we found more complex
patterns of influence than proposed by the research question. It has been proven that none of
the models can explain vowel processing in German alone. Thus, to answer the above-men-
tioned research question: In German vowel processing, phonetic as well as phonological fea-
tures are involved and necessary.

Furthermore, the complex pattern of influences and the different empirical findings are related
to the complexity of stimuli, attention or task, and chosen measure. Overall, there is strong evi-
dence that discrimination strategies adapt, especially with regarding different attention alloca-
tion requirements and chosen stimuli. Therefore, different cue weighting patterns can be iden-

tified in the synopsis of our experimental investigations:

(1) Chosen measures: While neural amplitude measures represent psychoacoustic and
phonological influences of vowel discrimination, neural latency measurements are in-
fluenced by the frequency of occurrence. In attended decision making (RTs) the influ-
ences of phonological and phonetic features become apparent.

(2) Linguistic context: While in isolated vowel discrimination phonological as well as pho-
netic features are used, in more complex linguistic contexts more abstract phonological
features are preferred.

(3) Level of difficulty (phonetic distance): While in contrasts with large phonetic distance
(and therefore in easier discrimination situations) sparse, abstract phonological features
are utilised, in more difficult contrasts with smaller phonetic distance fine-grained pho-
netic cues are prioritised.

(4) Attention allocation: While in unattended tasks the psychoacoustic influence of per-
ceived loudness is utilised for vowel discrimination, in attended discrimination phono-

logical features play a crucial role.

Hence, it has been proven that the research question needs to be extended. Due to the various
cue weighting patterns found in the described investigations, vowel processing, and therefore
the features involved in vowel discrimination, is influenced by experimental setting, chosen
stimuli, level of discrimination difficulty, i.e., phonetic distance, and attention allocation. The
described cue weighting patterns should, therefore, additionally and carefully be considered in

further investigations. Importantly, since we found a robust influence of psychoacoustic cues
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like perceived loudness, further research regarding directional asymmetries and speech sound
processing should include this factor in investigations and model building leading to the follow-
ing extended research question: In which contexts are either phonological, phonetic, or psycho-

acoustic features utilised in speech sound discrimination?

From this new research question, it becomes apparent that this research area still offers many
open desiderata and approaches for further investigation. Therefore, the following section of-

fers an outlook on further research.

Future research

In summary, different research desiderata can be identified and new research questions are still
awaiting answering.

We already described a possible relationship between specificity, peripherality and frequency
of occurrence in chapter Il (section 2.3). In the stimulus set used in the second series of experi-
ments, we found a high collinearity of factors specificity, which incorporates underspecification,
peripherality and frequency of occurrence. These relationships between frequency of occur-
rence and phonological and phonetic features of vowels should be further investigated. Here,
cross-linguistic and typological investigations could also be helpful. From a typological perspec-
tive, the collinearity between peripherality and frequency is cross-linguistically evident since
across vowel inventories peripheral vowels, especially quantal vowels, are preferred (Polka &
Bohn, 2011b; Schwartz et al., 1997a, 2005). But it remains unclear whether peripheral vowels,
e.g., /i/, /a/, /u/, are also most frequently used within languages. By identifying the most com-
mon vowels within vowel inventories, it should be possible to match frequency and peripheral
position in the vowel space. Also of typological interest is the connection between specificity
together with underspecification and frequency. Within our second stimulus set, mismatching
deviants, i.e., bearing underspecified features and being less specific, are more frequent within
the German vowel inventory. In theory, these factors are usually connected via the concept of
markedness. Even though the concept is controversial (Haspelmath, 2006), it could possibly be
used as an approach for incorporating specificity and peripherality into linguistic theories and
models of language processing. Given the traditional interpretations of markedness, that typical
or more common patterns are unmarked and atypical or rare ones are marked (Haspelmath,
2006; Hume, 2004), markedness can also be interpreted in terms of salience (Rice, 2007). Here,

the marked patterns are more salient. Therefore, it can be argued that more peripheral as well
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as more specific vowels are marked. Since Haspelmath (2006) as well as Hume (2004, 2008,
2006) promote a reinterpretation of the markedness concept in favour of frequency and pre-
dictability, frequency of occurrence (as indicator for predictability) could be also a factor in ex-
plaining differences in specificity and peripherality between speech sounds on a theoretical
level. The idea of frequency and predictability as unifying concepts in explaining differences of
specificity and peripheral positions in vowel spaces could be an interesting new research desid-
eratum.

In connection with the above described research idea and to gather more evidence for the cue
weighting patterns described in the conclusion, it would be interesting to test more German
vowels using the same methodological approach. Here, it would also be beneficial to test vowel
contrasts in other languages to compare cue weighting patterns across languages.

Another remaining research field is related to the FUL and NRV model. For both models, there
is an ongoing debate whether feature specification or resulting directional asymmetries are in-
fluenced by language experience and other language dependent factors or if the approaches are
universally consistent (Hestvik et al., 2020; Lahiri, 2018; Lahiri & Reetz, 2010b; Lipski et al., 2007;
Masapollo, Polka, Molnar, et al., 2017; Polka & Bohn, 2003b, 2011b; Scharinger & Idsardi, 2014;
Scharinger & Lahiri, 2010). Hence, cross-linguistic examinations could shed light on language-
dependent asymmetries or the universality of directional asymmetries.

The largest remaining new research desideratum concerns the psychoacoustic factor of per-
ceived loudness. In both iIMMN experiments we found a robust influence of perceived loudness
on German long vowel processing. The exact nature of this influence is not yet researched. From
a theoretical perspective, vowel description in phonetics and phonology uses moslty articulatory
features to categorise vowels. Here, it could be possible to incorporate perceptually driven as-
pects of vowel description to shift vowel descriptions towards a more speech perception-based
description model. But before this question can be answered, there are other aspects of per-
ceived loudness in speech sounds that need attention. Although we found robust differences
between the different vowel qualities in our rating studies, the reasons for these differences
remain unclear. There have been studies in the past that found an association between different
vowel qualities and perceived loudness, i.e., lower vowels are accompanied by higher perceived
loudness (Glave & Rietveld, 1975, 1979). Others found perceived loudness differences in speech
sound perception related to vocal effort (Eriksson & Traunmiiller, 1999, 2002), glottal excitation
characteristics (Seshadri & Yegnanarayana, 2009), subglottal pressure (Ladefoged & McKinney,
1963) and spectral characteristics like bandwidth (Moore, 2003; Rennies et al., 2013). In our first

rating study, there were some indications that perceived loudness differences were related to
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the degree of openness of the used vowels, i.e., higher degree of openness might have led to
higher perceived loudness (Riedinger et al., 2021, p. 12). However, this aspect must be system-
atically investigated in the future to confirm or falsify the relationship between degree of open-
ness and perceived loudness in vowels. Moreover, additional studies are required to investigate
the association between vowel quality and perceived loudness. Furthermore, in our rating study
we obtained only categorical decisions about the loudness of two consecutive presented stimuli.
With our data, it was not possible to describe the magnitude of perceived loudness differences.
It would be beneficial to obtain magnitude data, for example with magnitude estimations or
loudness matching experiments (Marks & Florentine, 2011, pp. 32—45; Moore, 2003, pp. 127—-
128), to investigate whether differences in the magnitude of perceived loudness are also re-
flected in neural amplitude effects. Finally, the influence of perceived loudness on iIMMN ampli-
tude could only be calculated on an aggregated level in this dissertation project, since the neural
and perceived loudness data came from different participants. In the future, it would be inter-
esting to conduct an iIMMN experiment using vowel stimuli as well as a perceived loudness rating
with the same participants. The advantage with this setting would be two-fold: First, even in
aggregated data the relationship could be described more accurately since it is known that es-
pecially the psychoacoustic measure of perceived loudness is to some extent subject-dependent
(Litovsky, 2015; Marks & Florentine, 2011; Yanushevskaya et al., 2013). Additionally, when ob-
taining neural and perceived loudness data from the same participants, it would also be possible

to investigate the correlation with greater depth on a subject level.
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