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1 General introduction

The world we live in today is filled with so much noise. We are overloaded every
day with information coming from several sources. Nonetheless, we are some-
how capable of selecting our object of attention. This is achieved through our
cognitive system’s ability to shield the processing of information we have cho-
sen to process, protecting it from other available, but currently irrelevant, infor-
mation. However, in a given sensory environment, unexpected, abrupt, intense,
rare, or simply intrinsically interesting sensory events may occur, which in turn
may break through this shield, attracting our attention away from our current
focus. Switching attention towards sensory events outside of the current focus
is a testament to our cognitive ability for detecting, processing, and evaluating
such events. This attention switch has been referred to as the orienting response,
pertaining to different processing stages (e.g., James 1890, Pavlov 1927, Sokolov
1963b, Sokolov 1963a, Posner 1980, N4itinen et al. 2019). Attention orienting has
mainly been investigated within cognitive domains like vision and audition, but
it is a crucial mechanism for the linguistic domain too. This is because, as dis-
course unfolds during spoken communication, interlocutors have to deal with
a constantly changing influx of information coming from the speech stream as
well as from other channels. The present book therefore explores the role of at-
tention orienting in spoken language by focusing on the relevance of intonation
for the orienting response, specifically by investigating the temporal unfolding
of its neuro- and psychophysiological underpinnings.

1.1 Topic, research questions, and main findings

Spoken communication necessarily involves intonation, the melody or the so-
called tune of our utterances. Intonation conveys meaning over and above the
words bearing it. It is encoded primarily through modulations in fundamental
frequency (f0), perceived as pitch variation, but other acoustic properties such as
amplitude and intensity (perceived as loudness) or duration (perceived as length),
among others, may also play a role. Intonation can differentiate between a num-
ber of meanings, and thereby serves multiple functions. For instance, intonation
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can serve to locate fixed attributes of words, like lexical stress in West Germanic
languages, it can indicate whether an utterance is a question rather than a state-
ment, or that an utterance is complete or incomplete (for review on the different
functions of intonation, see Grice et al. 2023). Crucially for the current work,
speakers may also make use of intonation to highlight important parts of an in-
tended message, attempting to draw listeners’ attention towards a specific idea
they wish to express. Simultaneously, as listeners process their interlocutor’s
message, their attention is attracted and allocated to information rendered promi-
nent through intonation. This is often in the form of a rise in pitch, referred to
as an intonational rise.

Prominence, a notion pertaining to language, is defined as the property of a
linguistic unit “standing out” from its neighbouring environment (e.g., Terken
& Hermes 2000, Streefkerk 2002, Himmelmann & Primus 2015, von Heusinger
& Schumacher 2019, Cangemi & Baumann 2020, Grice & Kiigler 2021). Work
on linguistic prominence has developed a tripartite definition. Following this
definition, prominence is:

i. a relational property, meaning that one can render an element prominent
only in comparison to other elements of equal type (see, among others,
Cangemi & Baumann 2020),

ii. a structural property, in that the prominent element functions as a struc-
tural attractor, licensing more linguistic operations than its competitors
(e.g., Himmelmann & Primus 2015), and

iii. a dynamic property, meaning that the prominence status of an entity can
shift as time, or discourse, unfolds (see, among others, von Heusinger &
Schumacher 2019).

The notion of prominence applies to all linguistic domains, from phonetics and
phonology to morphology and syntax, semantics and pragmatics. This means
that speakers are able to use a wide variety of linguistic cues to signal promi-
nence, including prosodic and non-prosodic elements (e.g., Baumann & Winter
2018).

Although prominence pertains to the linguistic domain, it features similari-
ties with cognitive notions such as, for example, the notion of saliency. More
specifically, saliency refers to a sensory event being noticeable within a given
sensory environment, by virtue of its physical (also known as signal- or sensory-
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based) characteristics, or its intrinsic (also called meaning-based) properties! (for
review, see Chapter 2). It thus appears that prominence and saliency are much
alike, given that they place focus on one entity at the cost of the other entities in
an equal set of options. Throughout the remainder of this book, I will show how
both prominence and saliency are closely related to the orienting response. For
instance, (neuro)cognitive research has shown that stimuli can attract attention
because of their physical saliency. More specifically, Chapter 2 shows that in au-
ditory perception, the orienting response is sensitive to the physical properties of
the signal, such that the greater the amplitude or pitch rise on a sound, the more
enhanced the orienting response towards it (see, among others, Naiténen et al.
1978, Rinne et al. 2005, 2006, Macdonald & Campbell 2011, Liao et al. 2016, Wetzel
et al. 2016). In a similar vein, work on prosodic prominence in West Germanic
languages has shown that modulations in pitch direction, excursion, and scaling
are some of the acoustic dimensions of intonation, also known as signal-driven
cues, which are indicative of different prominence values. The higher or the more
rising the pitch, the greater the prominence value. This makes intonational rises
decisive for prominence perception (e.g., Rietveld & Gussenhoven 1985, Gussen-
hoven & Rietveld 1988, Gussenhoven et al. 1997, Ladd & Morton 1997, Baumann &
Rohr 2015, Knight 2008, Niebuhr 2009, Baumann & Winter 2018, Rohr, Baumann
& Grice 2022). In particular, Chapter 3 shows that in speech processing, atten-
tional resources are allocated to prosodically prominent constituents, facilitating
their processing or their recall performance (e.g., Savino et al. 2020, Ventura et al.
2020, Rohr et al. 2021, Rohr, Savino, et al. 2022). Nonetheless, in addition to signal-
driven cues like intonational rises, research has shown that context-driven cues,
like prior linguistic structure or discourse expectations (or even recent speech
experience) have the potential to overwrite the typical acoustic cues that signal
prominence, leading to different processes (e.g., Cole et al. 2010, Bishop 2013,
Kakouros et al. 2018). Overall, as we will see in Chapter 3, prosodic prominence
is expressed in discrete phonological choices, in continuous physical parame-
ters in the phonetic record, and in interactions among acoustic, phonological,
and contextual cues (e.g., Baumann & Winter 2018). Therefore, intonation takes
on a special role in prominence precisely because the link between signal- and

"Throughout this book, I make a consistent distinction between signal-based and meaning-based
properties of stimuli. The signal-based properties, as can be inferred from the term used, refer
to the physical, acoustic attributes of a respective stimulus. The meaning-based properties
refer to the semantics of a respective stimulus, as well as to meaningful aspects licensed by
pragmatics and/or contextually created expectations. For this reason, the terms meaning-based,
semantic-based, and context-driven are used interchangeably throughout this book.



1 General introduction

context-driven cues intrinsically relates to the discrete phonological forms of in-
tonational choices.

Building on previous (neuro)cognitive and linguistic research, the overarching
goal of this book is to understand the relevance of intonation for the orienting
response in spoken language. This goal can be divided into two central points of
interest. Firstly, the attention orienting function of intonational rises is of partic-
ular interest for this work, given their inherent association with prominence. I
will focus on the following three aspects: the direction of the intonational event
(rise vs. fall); the position or status of a pitch rise (and a fall) in relation to prosodic
structure (head vs. edge association; pitch accent vs. edge tone); and the role of
language- and context-specific expectations for the processing of rises and falls.
Accordingly, the following three questions are addressed:

RQ1 [rises]: Do intonational rises attract more attention than falls by virtue of
their acoustic prominence?

RQ2 [edges]: Does the phonological status of the rise (and the fall) affect the
underlying processes? In other words, do rises at the edges of constituents
attract attention to the same extent as accentual rises?

RQ3 [expectations]: Do language- and/or context-specific expectations affect at-
tention orienting?

Secondly, the present work is also concerned with the neurocognitive mecha-
nisms underlying attention orienting in the linguistic domain. Literature on au-
diovisual attention has established that the orienting response can be involun-
tary or voluntary. In particular, it has been shown that there is an interplay be-
tween the nature of a cue that evokes the orienting response and the attentional
processing stage in which this response occurs (for more detail, see Chapter 2).
Therefore, the question that this work posits in relation to this second point of
interest is the following:

RQ4 [architecture]: To what extent is the neurocognitive architecture of atten-
tion orienting similar across the cognitive and linguistic domains?

The main claim of this work is that a plethora of cues can activate the orienting
response in spoken language, just as in cognition more generally. Nonetheless,
distinct cues are tied to the two core attentional stages. Signal-driven cues appear
to be crucial for activating an involuntary attention switch, emerging at a pre-
attentive processing stage, while context-driven cues are essential for voluntary
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attention orienting, occurring at a conscious processing stage. This claim can be
broken down into three parts.

First, I propose that intonational rises indeed take on a special role in activat-
ing the orienting response, especially — but not only — pre-attentively. The exper-
imental work reported in this book shows that it is the inherent acoustic proper-
ties of rises that make them fundamentally important for involuntary attention-
related processes, regardless of whether we are concerned with a simple sine
wave, a speech sound in isolation, or meaningful speech. More specifically, the
data from the two studies comprising the present work support the previously
established idea of an attentional bias towards pitch rises (essentially serving as
warning cues), extending it from general cognition to language. Nonetheless, the
current work also highlights that, in spoken language, the acoustic signal is not
the only source of information. Specifically, the sensory importance of rises is
mitigated by the contextual meaning, activating voluntary attention, which in
turn is required for updating conscious processing stages and mental represen-
tations. Thus, as shown in Chapter 4, when intonational rises are contextually
inappropriate, their importance is overwritten at the conscious stage by acousti-
cally less prominent, but contextually appropriate intonational cues, despite that
rises take priority over intonational falls at the early pre-attentive stage. How-
ever, when all available intonational cues convey the same contextual meaning,
then, as Chapter 5 shows, rises take priority over the other available cues, both
pre-attentively and consciously.

I further contend that some of the cues pertaining to the activation of atten-
tion orienting in spoken language are of primary relevance, while others play
only a secondary role. For instance, this work shows that both the direction of an
intonational contour (rise vs. fall) and the linguistic meaning are pivotal for the
orienting response. In contrast, I will show that the role of the phonological status
of the pitch event (accent/edge) is only supplementary. An illustrative example
of the primary role of the direction of the intonational contour and the secondary
role of its phonological status comes from the current results showing that ris-
ing pitch, attributable to both accents and edge tones, is globally more successful
in attracting attention than falling pitch, reflected in the neurophysiological and
pupillary correlates investigated. Similarly, a contextually appropriate intona-
tional rise,? regardless of its phonological status, can activate both pre-attentive
and attentive stages of attention orienting. Yet, a contextually incongruent or
inappropriate rise evokes attention only pre-attentively, while attentively its ori-
enting function is “cancelled out” by other, appropriate intonational cues.

?In the present work, appropriate in the list context.
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Finally, I argue that cognition and language appear to share a common pool of
mechanisms, crucial for modulating the orienting response both in auditory and
speech processing. As Chapter 2 discusses, attention orienting has been linked
to both bottom-up (involuntary orienting) and top-down (voluntary orienting)
mechanisms, subserved by distinct neural pathways. More importantly, there is
an interplay between the mechanisms and low-level sensory cues or high-level
cognitive operations: sensory-based cues appear to initiate involuntary atten-
tion, feeding bottom-up mechanisms, while meaning-based cues lead to volun-
tary attention, feeding top-down mechanisms. The current research attests that
signal-driven and context-driven prominence cues feed the two core mechanisms
related to attention in a similar way. Further, based on the current data, both lin-
guistic prominence and cognitive saliency appear to pertain to similar neural and
pupillary underpinnings, providing further evidence for commonalities in the ar-
chitecture of the cognitive and linguistic domains. Nonetheless, it is important
to highlight that, in spoken language, signal-driven and context-driven cues in-
teract with each other in more complex ways than in general cognition, which
creates expectations at different layers. The investigation of the incremental pro-
cessing of linguistic expectations in the current work thus allows for a better
understanding of how cues are implemented at different levels (i.e., phonetic,
phonological, discourse/context levels) as well as how bottom-up and top-down
mechanisms interact with each other during speech comprehension.

1.2 Research rationale

This book investigates the relation between intonation and attention orienting
by employing neurophysiological and pupillary data from German listeners. I
first elaborate on the rationale behind choosing German as the language under
investigation in the present work, and then I turn to the methodologies used.
First off, apart from considerations such as availability of large numbers of
participants needed for (neuro)physiological experimentation while conducting
the current work in Germany, the choice of German was also motivated by its
prosodic characteristics. German is a well-studied West Germanic language with
regard to its prosodic system. Among other characteristics, it has lexical stress
and postlexical tonal events with specific association and functional properties
(e.g., Grice et al. 2005). More specifically, in terms of prosodic typology (e.g.,
Jun 2014b), in languages like German, there are two basic ways postlexical tonal
events can be associated with positions in the prosodic structure. They can ei-
ther associate as pitch accents, docking onto a stressed syllable (head of the word
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or foot), or as edge tones, pertaining to initial or final edges of smaller or larger
constituents. At the same time, pitch accents have been considered to cue promi-
nence, serving a highlighting function, while edge tones have been attributed
the function of phonological phrasing. Now, except for the aforementioned func-
tions, intonation also conveys meaning over and above the words or sentences
bearing it. This means that different postlexical tonal events convey distinct
meanings (without there being a one-to-one mapping), which in turn renders
some of them appropriate in certain contexts, while making others inappropri-
ate or surprising. A second reason why German was chosen as the test language
here is that prominence-related phenomena have been extensively researched
in this language (see Chapter 3). Given that prominence pertains to attention-
related processes, previous work on the prosodic marking of prominence and
prominence perception in German allows me to build and test specific hypothe-
ses and predictions in the present work. In particular, the attested prominence
value of intonational rises offers a useful starting point for further experimental
testing of the cognitive and functional contribution of rises to attention orient-
ing, and consequently to prominence. Therefore, the prosodic and prominence
properties attributed to the German language offer an excellent test case for in-
vestigating the research questions addressed in the present work.

With regard to the methodologies used in the current research, the two ex-
perimental studies comprising this book endeavour to answer the research ques-
tions introduced in Section 1.1, by investigating the neural (Chapter 4) and pupil-
lary (Chapter 5) underpinnings of attention orienting in spoken language. More
specifically, the study reported in Chapter 4 used the method of event-related
potentials (ERPs), while the study reported in Chapter 5 employed the method
of pupillometry. Both techniques offer a high resolution of temporal information,
allowing for the precise measurement of brain and cognitive activity related to at-
tentional processes over time. Previous neurocognitive research has approached
the study of attention orienting through measurements of brain activity, focusing
on the neurocognitive processes and mechanisms that underlie attention orient-
ing. Specifically, studies using ERPs have revealed specific neural responses, such
as the mismatch negativity (MMN) and the subsequent positivity belonging to
the P3 family, rigorous correlates of attention orienting. These neural responses
have been claimed to reflect the route from pre-attentive to conscious processes
(for review, see Néatinen et al. 2019).

More recent psychophysiological research has approached attention orienting
using pupillometry. In particular, a growing body of pupillometric research has
proposed pupil dilation response (PDR) as a valid index of auditory attention,
with similarities to neural MMN/P3 responses (see, among others, Alamia et al.
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2019). For instance, Strauch et al. (2022) have recently shown that the different
composites of a PDR can also index distinct processing pathways. Overall, build-
ing on these two methodologies used in previous (neuro)cognitive research on
attention orienting offers a natural path towards extending the use of correlates
which have been shown to be valid indices of the orienting response in general
auditory cognition to the study of attention orienting in spoken language. In
turn, this extension allows for a more accurate comparison of the function of the
orienting response across the two domains.

1.3 Outline and preview of the next chapters

This book is structured as follows:

Chapter 2 sheds light on the concept of attention as an orienting response,
elaborating on its origins and the mechanisms proposed to underlie it. After a
thorough review of the literature on the involuntary and voluntary nature of
the orienting response from early studies up to the modern day, the chapter
turns to the function of the auditory processing system. In this context, Chap-
ter 2 discusses the processing stages in which involuntary and voluntary atten-
tion emerge, demonstrating the brain indices that underlie these stages. Next,
the crucial role of the acoustic properties of the sensory input for attention ori-
enting is discussed, demonstrating the special role of signals involving a rise in
amplitude or pitch, the latter being the scope of this book. Finally, this chapter
places a special focus on showcasing the methods with which research has ap-
proached the study of attention orienting, elaborating on event-related potentials
and pupillometry, the two methods employed in the present work.

Chapter 3 offers a condensed introduction of fundamental concepts related
to spoken language. Its primary goal is to illustrate the association between in-
tonation and its association to the notion of prominence. After elaborating on
the phonological organisation of intonation, the chapter turns to the role of into-
nation, and especially of rising intonation, in prosodic prominence. To this end,
it offers a literature review on the linguistic importance of intonational rises
in prominence perception and speech processing. Subsequently, Chapter 3 dis-
cusses the interplay between signal-driven and context-driven cues in promi-
nence and speech processing. The chapter closes with a brief note on German
list intonation as the linguistic context of the two experimental studies reported
in this work.

Chapter 4 reports on the first experimental study. This study examines the pro-
cessing of intonational rises and falls when presented unexpectedly in a stream of
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repetitive auditory stimuli. It examines the neurophysiological correlates (ERPs)
of attention to these unexpected stimuli through the use of an oddball paradigm.
In this paradigm, sequences of repetitive stimuli are occasionally interrupted by
a deviant stimulus, allowing for elicitation of the mismatch negativity (MMN).
Whereas previous oddball studies on attention towards unexpected sounds in-
volving pitch rises were conducted on non-linguistic stimuli, the present study
uses lexical items in German with naturalistic intonation contours as stimuli,
potentially giving rise to a list context and the corresponding language-specific
expectations. This study mainly relates to RQ1 [rises] and RQ2 [edges], but the re-
sults also provide important evidence related to the other key research questions
(i.e, RQ3 [expectations] and RQ4 [architecture]).

Chapter 5 introduces the second experimental study. This study addresses the
research questions from a different angle. Capitalising on the findings reported in
Chapter 4, the study delves further into the attention orienting function of rising
edge tones in German, by measuring listeners’ pupil dilation response (PDR) in
a changing-state oddball paradigm. Here, auditory sequences of sequentially or-
dered (i.e., seriatim) ascending numbers (standards) are occasionally interspersed
with an out-of-the-sequence number (deviant). This study mainly relates to RQ1
[rises], RQ2 [edges], and RQ3 [expectations], but certainly, the obtained results
inform RQ4 [architecture] as well. Further, this pupillometric study places a spe-
cial focus on individual variability as a means of better understanding the at-
tention orienting function. In this endeavour, selective attention (in terms of in-
hibitory ability), processing speed, and working memory capacity (WMC) are se-
lected as proxies for measuring individual cognitive variability. Lastly, the study
further explores the role of sequence length in attention orienting. The contri-
bution of both individual cognitive variability and sequence length in attention
orienting are particularly important for RQ4 [architecture].

Chapter 6 completes the book by bringing together the findings of the two ex-
perimental studies in a general discussion. This final chapter offers a unified view
on the cognitive and functional relevance of intonation for attention orienting
in the linguistic domain.
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Attention is one of the most prevalent concepts in (neuro)cognition, yet also one
of the most diverse and deceptive terms, as researchers have attributed a plethora
of phenomena to this concept (for discussion, see Hommel et al. 2019). Accord-
ing to James (1890: 403-404), attention “is the taking possession of the mind, in
clear and vivid form, of one out of what seem several simultaneously possible
objects or trains of thoughts. Focalisation, concentration of consciousness are of
its essence. It implies withdrawal from some things in order to deal effectively
with others, and is a condition which has a real opposite in the confused, dazed,
scatterbrained state..”. Petersen & Posner (2012), revisiting their 1990 paper, pro-
pose that attention is an independent system, neuroanatomically different from
other cognitive systems, such as incoming stimulus management, decision mak-
ing, and output production, among others, which, of course, interact with atten-
tion and can potentially affect it. As stated in Petersen & Posner (2012), the atten-
tion system consists of three neural networks, each one responsible for distinct
attentional processes. These are:

i. the alerting network, controlling arousal and vigilance,
ii. the orienting network, regulating sensory processing, and

iii. the detection network, executing target detection, thus also known as the
executive network.

Although these three networks are responsible for different processes, they de-
pend on each other and cooperate, as the activation of one might lead to the
activation of another.

Naatidnen (1992), in his book Attention and Brain Function, describes some of
the principal uses of attention, aiming to arrive at a better understanding of this
broad construct. He begins by writing about selective attention, which, as he men-
tions, occurs when we, based on our interests and goals, select to attend one of
the many available input sources. To illustrate selective attention, he invokes the
well-known cocktail party example, in which many people are talking simulta-
neously, but listeners can select to attend to the voice of one specific speaker.
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Another example of selective attention is a listener’s ability to attend to the lin-
guistic meaning transmitted by a speaker’s voice, or the ability to attend to a
speaker’s voice just as a simple sound event, while disregarding the linguistic
message that it is carrying. Thus, given listeners’ interests, selective attention
can be oriented to a variety of aspects, from simple physical properties, to com-
plex stimuli, as well as to meaningful aspects. Naatdanen further describes divided
attention, i.e., the process of simultaneously attending to different streams of in-
put which are usually dichotically presented: one stream of input is presented
to one ear and another stream of input is presented to the other ear. Another
phenomenon that has been attributed to the construct of attention is sustained
attention, which emerges when listeners are asked to detect, through time, in-
frequent, unpredictable, or weak events. In all these cases described in Naatdnen
(1992), a form of active or voluntary attention is involved. Active/voluntary atten-
tion is the listeners’ ability to choose their object of attention. Thus, voluntary
attention shields the processing of information that we have chosen to process
from other available but currently irrelevant information. Yet, some events, for
example unexpected, abrupt, loud, or rare sounds, outside of the current atten-
tional focus, may break through this shield, involuntarily drawing our attention
away from the current focus. This switch of attentional resources has been called
passive attention (James 1890), orienting reflex (Sokolov 1963b, Sokolov 1963a), or
involuntary attention orienting (e.g., Naitinen et al. 2019), among others. Invol-
untary attention usually lasts until the stimulus, which initiated the attention
switch, is recognised and evaluated, after which attention is drawn back to the
initial focus. However, after stimulus evaluation, it can very well be the case that
involuntary attention changes to voluntary attention, thus bringing the stimu-
lus to conscious processing. The distinct nature of involuntary and voluntary
attention is at the core of this book, and specifically, the neural path from invol-
untary to voluntary attention orienting is investigated and discussed extensively
in Chapter 4.

This book is concerned with the concept of attention as an orienting response,
involving different processing stages. It is important to clarify that attention ori-
enting is regulated by all three networks proposed by Petersen & Posner (2012).
Over the course of this chapter, we will see that attention orienting is a compos-
ite concept whose individual parts pertain to the distinct neural networks. Sec-
tion 2.1 elaborates on the origins of the attention orienting concept, and presents
the two main accounts on the mechanism deemed to underpin attention orient-
ing. Section 2.2 elucidates the difference between the involuntary and voluntary
nature of attention shifts through a review from very early to the most recent
literature. Subsequently, Section 2.3 is concerned with the auditory processing
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system and the stages in which involuntary and voluntary attention emerge, re-
viewing a model of the brain indices that underlie these processing stages. Sec-
tion 2.4 continues with a review of studies on the relevance of the acoustic prop-
erties of the sensory input for attention orienting, demonstrating the special role
of signals involving a rise in amplitude or pitch, the latter being the focus of the
present book. Finally, Section 2.5 presents methods with which researchers have
studied attention orienting, concentrating on event-related potentials and pupil-
lometry as the two methods that are employed in the current work (see Chapters
4 and 5, respectively).

2.1 What is attention orienting?

In everyday life, we are confronted with an influx of sounds from several differ-
ent sources. Some of these sounds might be unexpected, rare, or new. Our brains
are equipped with mechanisms that can detect unexpected, rare, or new sounds,
i.e., sounds that deviate in some property from the current auditory environment.
Such deviant sounds may capture attention, prompting shifts of attentional re-
sources in the baseline neural activity. These attentional shifts result from the
operation of the orienting network, and can consequently elicit automated mo-
tor actions or appropriate adaptive responses if necessary (e.g., Bach et al. 2008).
Therefore, in a stimulus-rich environment, sensitivity to auditory changes and
evaluation of their importance are essential properties of the neurocognitive sys-
tem for both survival and communication. For instance, a failure to respond to
an important sound change might be life-threatening, and responding to every
sound change might exhaust mental resources which are needed for other pur-
poses. In spoken communication, this could entail orienting a listener’s attention
towards the most important part of the message, which is crucial for effective in-
terpretation and speech planning.

The concept of attention orienting has its roots in the seminal work of Ivan
Pavlov. In 1927, Pavlov described the concept of an orienting response (OR), refer-
ring to it as a response with two stages: a reflex-like response towards a change
in the current environment, which is followed by a perceptual/conscious process-
ing of this change. Specifically, Pavlov (1927: 12) defines attention orienting as
follows: “it is this reflex which brings about the immediate response in man and
animals to the slightest changes in the world around them, so that they immedi-
ately orientate their appropriate receptor organ in accordance with the percepti-
ble quality in the agent bringing about the change, making a full investigation of
it”. Pavlov thus proposed an association between the initiation of the OR and an
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early processing stage. During this processing stage, the organism is warned to
process an unexpected or new event quickly and efficiently, but the properties
of that event are not yet fully processed. At a later processing stage, it is possible
to obtain full awareness of this event.

Over the years, many scholars have contributed to the development of Pavlov’s
OR concept. For example, in the latter half of the 20th century, Posner (1980: 4)
defined attention orienting as the “alignment of attention with a source of sen-
sory input or an internal semantic structure stored in memory”. Posner further
differentiates orienting from detecting, a distinct cognitive act, in that the former
allows the listener to link responses to the input before it has been consciously
processed, while the latter refers to conscious processing of the input. As dis-
cussed in Néitdnen (1992), views like Pavlov’s and Posner’s suggest that the OR
is evoked by early processes which lead to attention switch, also known as pas-
sive attention, or involuntary attention orienting. Section 2.3 elaborates on the
different processing stages of attention, and Chapter 4 provides experimental ev-
idence for the link between the pre-attentive processing stage and involuntary
attention orienting.

Many studies have further attempted to unravel the mechanism that underpins
OR. This work paved the way for the development of many accounts, among
them the novelty detection, and the expectancy violation accounts. The novelty
detection account suggests that attention orienting is driven by the detection of
a novelty in the current environment, and is rooted in theories which advocate
for the role of habituation in OR (e.g., Sokolov 1963b, Sokolov 1963a, Cowan
1998). The OR leading theory by Sokolov (1960) substantially advanced Pavlov’s
concept. Briefly, Sokolov conceives of orienting as a reflexive response,! reflected
in physiological activities, such as heart and respiratory rates; electrodermal,
vasoconstrictive, pupillary, and muscular reactions; eye, lid, ear, head, and torso
movements; or neural changes in the autonomic and/or central nervous system
(CNS), among others. He further assumes that the repetition of an originally
new event gradually fabricates a memory of its physical properties, resulting in
habituation of the OR. This memory has been referred to as the neuronal model
and is fundamentally important for the novelty detection system: only an event
that does not match the already-formed neuronal model, i.e., a novel event, has
the power to elicit an OR (e.g., Reisberg et al. 1980, Gati & Ben-Shakhar 1990,
Elliott & Cowan 2001); otherwise, OR is inhibited.

Despite the simplicity of the novelty detection account in explaining OR acti-
vation, this account has received a lot of criticism due to its limitation in address-

!Although Sokolov’s reflex relates to Posner’s cognitive act of orienting, it does not allow for a
distinction between involuntary and voluntary attention alignment.
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ing and explaining all cases of an OR activation. For instance, an OR activation
caused by a familiar but highly relevant (i.e., self-relevant) stimulus, such as one’s
name in an unattended conversation (e.g., Lynn 1966), cannot be justified by the
novelty detection mechanism: a stimulus is rendered familiar precisely because
its memory trace (i.e., neuronal model) has already been formed. Thus, accord-
ing to the novelty detection account, its presentation should not lead to an OR
activation, given that only a stimulus that does not match the already-formed
neuronal model has the potential to elicit an OR. Nor can this mechanism ex-
plain why an OR is not elicited by a sequence consisting of completely different
but sequentially ordered stimuli such as “12 3 45 6 7 8..”, although in this case a
neuronal model for each new digit is missing. Nonetheless, an OR is elicited by
the stimulus “5” in a sequence like “12 35 6 7 8..” (Unger 1964). Lastly, the novelty
detection account cannot explain an OR activation by a stimulus which is neither
new nor different or relevant, such as for example the stimulus “7” in a sequence
like “12345677..” (Velden 1978). In these two last examples, an OR activation
appears to arise from interruptions of a sequence generating expectations as to
the upcoming item. The “novelty” here, if you like, lies in the unexpected items,
which are not the next digits in the sequentially ordered numeric lists.

Given the limitations of the novelty detection mechanism to account for the
aforementioned examples, another strand of research suggests that the mecha-
nism underlying the attention orienting response is driven by expectancy vio-
lations (e.g., Ndatidnen 1990, Sussman & Winkler 2001, Vachon et al. 2012). The
expectancy violation account thus claims that the sensory processing system de-
velops expectations by detecting regularities (local or global) in the environment.
When a deviant sound occurs instead of an anticipated event, it attracts attention,
initiating an orienting response. Thus, in this view, the precondition for an OR
is the violation of rule-based expectancies and not just the absence of a memory.
A large number of experimental studies have provided evidence in favour of the
expectancy violation account as being the mechanism that underlies attention
orienting (for review, see Paavilainen 2013). Violations of rule-based expectan-
cies have also been referred to as prediction errors (e.g., Friston 2010). According
to Friston (2010), prediction errors arise because we build an internal model of
the world and rely on this model to predict upcoming sensory events. These pre-
diction errors drive top-down expectations towards mental representation up-
dating (Friston 2018). As mentioned in Friston (2018), sensory attention has been
associated with noteworthy prediction errors. The expectancy violation basis of
attention orienting is further discussed in Section 2.3.

Despite the different mechanisms thought to underlie OR in the two accounts
outlined above, many studies tend to conflate the concepts of novelty and de-
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viance (see Tiitinen et al. 1994). This might be because the concept of novelty
is not really independent from the concept of deviance, as a new or unfamiliar
event typically also violates expectations, for example the stimulus “2” in a se-
quence such as “1 1111 2”. Overall, as Naatanen (1979) summarises, it appears
that an OR may actually be initiated by very different aspects of stimuli, such
as neuronal mismatches, task relevance, levels of significance, and anticipatory
mismatches. Corbetta & Shulman (2002) add to the idea that attention is regu-
lated by different stimulus aspects by stating that both cognitive and sensory
cues (as well as their interaction) affect attention. Novelty and unexpectedness
are two factors impacting attention that reflect the interaction between cognitive
and sensory cues. More specifically, Corbetta & Shulman (2002: 201) posit that
“unexpected, novel, salient and potentially dangerous events take high priority
in the brain, and are processed at the expense of ongoing behaviour and neural
activity”.

A discrepant stimulus, or, in other words, a stimulus that deviates in some
way from the recent past, can thus evoke an orienting response. This attention
orienting response finds expressions in various (psycho)physiological, neural,
motoric, and even behavioural reactions (e.g., Hughes et al. 2007, Liao et al. 2016,
Marois et al. 2018, 2019, Naatéanen et al. 2019). These reactions have been reported
to be indices of the OR. They may occur in different post stimulus stages, thereby
reflecting qualitatively distinct types of OR. Going back to Pavlov and to later
work by Posner, we can see that both scholars linked the OR with two distinct
stages: the pre-attentive stage, related to early processes, and the conscious stage,
related to awareness and longer-latency processes. Maltzman (e.g., 1971, 1979)
also proposed a distinction between involuntary and voluntary ORs, a distinction
rooted in the work by James in 1890. In the next section, I review early theoretical
work on the distinction between involuntary and voluntary attention orienting
as well as some experimental work that lends credence to this distinction.

2.2 Involuntary and voluntary attention orienting

One of the central topics of the attention literature has been the qualitative differ-
ence between the involuntary and voluntary nature of attention shifts. According
to Hatfield (1998), speculations about the nature of attentional shifts go back to
ancient Greek philosophers and writers of the 4™ century who observed that
an object or a sound can involuntarily attract attention due to sensory interest.
Wright & Ward (2008) mention that Descartes also differentiated between the
case of paying voluntary attention to an event of cognitive interest and the case
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of an event attracting attention involuntarily by causing “admiration”. Descartes
further talked about an inverse proportionality between the ability to withhold
voluntary attention directed towards an object or a task within the current fo-
cus and the intensity of a distracting event outside the current focus, like a loud
sound or a pronouncedly novel event: the more intense a distracting event is, the
more difficult it is to sustain the processing of the currently attended event.

The literature review of early work on attention reported in Braunschweiger
(1899) categorised attentional shifts into two domains: intellectual and sensory.
James (1890) discussed attentional processing in these two domains, linking the
intellectual domain with voluntary shifts of attention, and the sensory one with
involuntary attention shifts. As mentioned in Wright & Ward (2008: 10), for
James, voluntary attention entails intentional and conscious preparation of the
cognitive processing system, while involuntary attention features an accommo-
dating or adjusting response of sensory organs. James also used the term passive
attention to describe involuntary shifts, as he reasoned that an unattended stim-
ulus, by virtue of it being intense or sudden, can capture attention automatically.
Similarly to Descartes, James wrote about an inverse relation between interest
and attention, in that subsiding interest towards an event renders attention more
vulnerable to a switch towards unexpected, rare, salient, or novel events.

Introspective and Gestalt psychologists also distinguished between involun-
tary and voluntary attention. Wertheimer (1923), for example, claimed that vol-
untary attention emerges from voluntary concentration, while involuntary atten-
tion arises from stimulus-driven properties. Other scholars described this distinc-
tion by suggesting that voluntary attention is directed from one’s self towards
an event, while involuntary attention writes in the opposite direction: from an
event towards one’s self (e.g., Koftka 1935).

Let us now move to some more recent work. Maltzman reports in his 1979
paper that conditioning of the galvanic skin response (GSR) functions as one
proxy of the OR. A basic hypothesis in the classical conditioning of GSR in hu-
mans has been the distinction of involuntary and voluntary ORs, resulting from
different conditions. The idea is that an involuntary OR is elicited by the initial
presentation of an unpredicted stimulus, while a voluntary OR is evoked by task
instructions, leading to problem solving or goal-oriented thinking (Maltzman &
Mandell 1968). In a series of studies, Maltzman and colleagues (e.g., Maltzman
& Raskin 1965, Maltzman 1971), using habituation experiments and measuring
GSR as a proxy for OR, provided evidence for the distinction between involun-
tary and voluntary attention. Briefly, in these studies, two groups of participants
were engaged. One group was instructed to respond to a particular word, while
the other group did not receive any instructions, serving as controls. The results
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show that both groups responded to the initial presentation of the unpredicted
stimulus with the same GSR effect magnitude. However, the group that received
the instructions exhibited increased GSRs in relation to the multiple presenta-
tions of the stimulus compared to the controls. According to Maltzman (1971),
these results suggest that task instructions, leading to self-regulation, modulated
the magnitude of the GSR effect in relation to the repeated presentations of the
stimulus, although the stimulus had become highly predictable. Based on this
finding, Maltzman proposed that GSRs to the initial unpredictable stimulus and
GSRs to the subsequent presentations of the increasingly predictable stimulus
reflect two different OR types, probably initiated by distinct cortical processes.

Asreported in Maltzman (1979), the hypothesis about the distinction of OR into
involuntary and voluntary components originates from Pavlov’s (1955) signal
distinction into first and second systems. The assumption was thus that the first
signal controls the involuntary OR because it is a response initiated by some
new, unexpected, or intrinsic sensory properties of a stimulus. In turn, the second
signal system should regulate the voluntary OR, as the factors that evoke such
an OR are instructions, elements of speech, or complex thought processes.

The involuntary and voluntary nature of attention orienting has also been in-
vestigated in experimental research using event-related potentials (ERPs).? For
instance, Naatianen (1979) reports a series of studies which shed light on the dis-
tinction between involuntary and voluntary OR. In this series of studies using
selective dichotic listening tasks, participants were presented with streams of fre-
quent signals (standards) including some slightly discrepant stimuli (deviants).
The discrepant stimuli were slightly higher in intensity or pitch than standards,
and participants were instructed to silently detect and count the deviant stimuli
(Naatédnen et al. 1978, 1980). In the first two experiments (Naatinen et al. 1978),
participants received the same standard and deviant stimuli in both (attended
and unattended) ears, while in the 1980 experiment, participants received two
different streams per ear, as standard and deviant stimuli were of different prop-
erties in the two streams (left ear: 1000 Hz standard and 1150 Hz deviant; right
ear: 500 Hz standard and 575 Hz deviant). This series of studies showed that the
deviant stimuli always evoked a negative displacement in the signal compared
to the standard stimuli, regardless of whether they were presented in unattended
or attended conditions. This negative shift was followed by a positive deflection
only in the attended condition. On the basis of these results, the authors proposed
that involuntary and voluntary ORs are reflected in different ERP components
(see Section 2.5). Since the 20" century, a large number of contemporary ERP

2Section 2.5 elaborates on the ERP method.
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studies have focussed on the neurophysiological underpinnings of attention ori-
enting (for literature review, see Section 2.3, Section 2.4, and Section 2.5) and
provided evidence for distinct neurophysiological responses reflecting the acti-
vation of involuntary and voluntary OR mechanisms. Specifically, as discussed
in the following sections, the sequence of brain events related to attention ori-
enting, depending on the cues that led to their activation, follow a route from
pre-attentive to attentive processes, reflecting involuntary and voluntary ORs,
respectively.

In summary, the fact that attention can be involuntarily or voluntarily oriented
was established in the literature early on. Whereas voluntary (active) attention
is initiated by a listener’s conscious choice, involuntary (passive) attention is ac-
tivated directly by a stimulus without the listener’s will or control. Stimuli can
attract attention because of their sensory or meaning properties. It is evident
that there is an interplay between the nature of attention shifts and low-level
sensory cues or high-level cognitive operations: sensory cues appear to initiate
involuntary attention orienting, while meaningful aspects of stimuli (and thus
their derived properties) lead to voluntary attention orienting. It has further been
suggested that involuntary and voluntary ORs are controlled by different sys-
tems/mechanisms and consequently occur at different processing stages. This
proposal foreshadows the contemporary distinction between signal-driven and
context-driven attentional processes. Various terms have been used in the litera-
ture to refer to this distinction, for example, bottom-up vs. top-down (e.g., Gibson
1966, Gregory 1970), extrinsic vs. intrinsic (e.g., Milner 1974), exogenous vs. en-
dogenous (e.g., Posner 1978), and involuntary vs. voluntary (e.g., Miiller & Rabbitt
1989), among other terms. The essence is that the nature of a cue initiates differ-
ent mechanisms, activating distinct attentional processing stages (pre-attentive
or conscious), which results in involuntary or voluntary attention orienting. Ta-
ble 2.1 summarises some of the related properties of involuntary and voluntary
attention orienting based on both the previous literature and the experimental
work reported in Chapters 4 and 5.

In the following, I will discuss the different processing stages in the auditory
system and their relation to involuntary and voluntary attention.

2.3 Auditory processing stages and their relation to
attention

As briefly discussed in Sections 2.1 and 2.2, involuntary and voluntary attention
arise at two distinct perceptual stages, the pre-attentive and conscious stage, re-
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Table 2.1: Properties of involuntary and voluntary attention orienting
(adapted from Wright & Ward 2008: 27, on visual attention).

Involuntary attention Voluntary attention

associated with signal-based cues associated with meaning-based cues

initiated by sensory events initiated by cognitive events
rapid & transient response late & gradual response
pre-attentive stage conscious stage

spectively. One branch of modern cognitive neuroscience has been concerned
with the question of which brain processes underlie pre-attentive and conscious
perception, resulting in the development of various models of auditory attention
and processing. One of the most prevalent models is the “conscious and uncon-
scious processes in audition” model by Naatanen et al. (2011).

According to this model, immediately after sound presentation, the auditory
system first encodes the sensory features of the sound, then forms its sensory-
memory representation (also known as central sound representation, CSR; Naata-
nen & Winkler 1999) by integrating feature and temporal information, and fi-
nally shifts to a slowly decaying phase that represents the sensory-memory trace
of that particular sound. Based on the sensory-memory traces of the preceding
sound sequences, the auditory system detects regularities between successive
sound events, extrapolates a pattern, and predicts the properties of the prospec-
tive sound events. When these anticipatory predictions are not attested, in other
words when they are violated in that the properties of the upcoming sound event
deviate from what is expected, attention-calling mechanisms in relation to this
unexpected event are activated (for details on the model of central auditory pro-
cessing, see Néaitanen et al. 2011, 2019).

It has been shown that the first attention-calling mechanism that is activated
in the auditory cortex after the presentation of an unexpected auditory event
is the automatic change-detection signal, which evokes a neurophysiological re-
sponse called mismatch negativity (MMN) (e.g., Nd4tédnen 1992). MMN is defined
as a regularity-violation response elicited by any perceptible change in auditory
stimulation, even during unattended listening (for reviews, see Nédtinen et al.
2007, 2019). MMN elicitation in turn alerts the executive mechanisms, which
might result in a physiological or behavioural response. MMN thus represents
an automatic, pre-attentive response, activating an involuntary attention switch
towards an unexpected auditory change (e.g., Nddtanen 1990, 1992, 2001, Naat4-
nen et al. 2019).
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After MMN elicitation, and thus an involuntary switch of attentional resources
towards the unexpected auditory deviance, this deviance can be brought into
awareness. Conscious perception can be initiated either by a strong attention-
calling process (Naatinen 1992) or through the formation of an attentional trace.
The formation of the attentional trace depends on the conscious, voluntary main-
tenance of the deviance’s features by the attentional control mechanisms. As
discussed by Néadtdnen et al. (2019), when the attentional trace is voluntarily
maintained (this voluntary maintenance of the attentional trace is also called
rehearsal), the deviance (and its properties) is, first, available to top-down pro-
cesses, and second, has the potential to reach long-term memory, with both cases
leading to its conscious perception and semantic activation. Studies have shown
that the route from pre-attentive to conscious perception of an unexpected audi-
tory change or deviance is reflected through the MMN-P3 complex. This complex
consists of the MMN activation, followed by a positive deflection. This positive
deflection has been identified within the P3 family. The P3 response has been
reported to reflect conscious processes of novel or salient events (e.g., Donchin
1981, Polich 1986, Duncan et al. 2009).

Therefore, one could argue that after the presentation of an unexpected de-
viance in the current auditory environment, the MMN plays a fundamental role
in the sequence of brain processes that underlie attention. First, the MMN gener-
ator automatically shifts involuntary attention towards the unexpected auditory
deviance, and subsequently, depending on the attentional trace of this deviance,
activates the mechanisms of conscious attentional processes. In other words, at-
tention is voluntarily oriented towards the deviance, reflected in the presence of
a P3 response, by which this change is brought into awareness. In Section 2.5,
I expand on the properties of these two neurophysiological correlates, as they
are of particular interest for the research reported in Chapter 4. Prior to that,
Section 2.4 focuses on the relevance of the physical properties of the sensory
input for attention orienting. In particular, the aim of the following section is
to demonstrate the special role of signals involving a rise, for example in am-
plitude or pitch, for attention orienting, with the latter being the focus of the
experimental Chapters 4 and 5.

2.4 The role of rises in attention orienting

As we have seen in Section 2.2, the idea of an inverse relation between a listener’s
capacity to voluntarily sustain attention towards an event and the physical inten-
sity of a distraction has been discussed in the literature for a very long time. One
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branch of modern neurocognitive empirical research has also been concerned
with the question of how attention orienting towards unexpected sound events
is conditioned by different auditory cues. The relevant studies manipulate the
sound change direction by modifying a variety of acoustic features such as fun-
damental frequency (f0; perceived as pitch), duration (perceived as length), and
intensity (perceived as relative loudness), and have reported an attentional bias
towards unexpected sounds with rising as opposed to falling acoustic properties,
indexed by a greater MMN amplitude or elicitation of an MMN-P3 complex (for
review, see Naitanen et al. 2019). The last point deserves special attention, as
the contribution of pitch rises to attention orienting is at the core of this book.
Therefore, in what follows, I review some of the neuroscientific studies which
have contributed empirical evidence to this idea in the domain of cognition.

In one of the earliest studies using ERPs, Naitanen et al. (1978) presented par-
ticipants with sequences of frequent sounds, occasionally interrupted by sounds
deviating in loudness (experiment 1) or pitch (experiment 2). Specifically, de-
viants were of higher loudness and pitch compared to the frequent sounds. In
both experiments, deviant sounds (with higher loudness and pitch), elicited a
negative deflection in the signal, similar to the MMN response which was later
discovered. Néitdnen et al. (1989) investigated ERP responses to task-irrelevant
infrequent tone pips occurring in a stream of frequent tone pips. In particular, the
infrequent sound events were characterised by increasing or decreasing intensity
compared to the frequent sounds. The analysis was focused only on the decreas-
ing deviants, reporting elicitation of an MMN response, with larger amplitude
and shorter latency, as the deviants’ intensity decreased. Further, in an MMN
study, Alain et al. (1994) presented participants with sequences of two tones, say
A and B, alternating repetitively, e.g., “A B A B A B..”. This repetitive alternation
was interrupted from time to time by the same tone being presented twice, e.g.,
“AB AB A A B..”. The tones differed in frequency by one, six, or twelve semi-
tones, but all the remaining properties (intensity, duration, etc.) were kept the
same. Participants were instructed to ignore the auditory stimuli and their task
was to read a book of their choice. The authors report that all tones deviating
from the pattern elicited an MMN response. Nevertheless, MMN amplitude was
larger when the difference between the two tones was an increase in frequency.

Subsequently, Rinne et al. (2005) used functional magnetic resonance imaging
(fMRI) to investigate the processing of infrequent large, medium, and small dura-
tion decreases in a stream of repetitive sound duration during unattended listen-
ing. The authors’ prediction was that brain activation, as reflected in haemody-
namic responses, would increase with a larger decrease in duration. This predic-
tion was based on previous fMRI studies on auditory detection of pitch changes
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in which the magnitude of the brain response was positively correlated with the
magnitude of the sound change, although these studies explored sound changes
with pitch rises (e.g., Doeller et al. 2003). In contrast to their expectations, Rinne
et al. (2005) find that brain activation tended to be greater with small and medium
duration decreases than with large ones. The authors tested the same contrasts
in a separate ERP session, which also showed no differences in MMN amplitude
among the different magnitudes of the sound decreases. Next, Rinne et al. (2006)
used ERP measures to study the neural responses to intensity changes during
unattended listening. Specifically, participants were presented with a repetitive
stream of sine waves with a standard intensity of 60 dB interspersed with in-
frequent intensity falls and rises. The results show that both infrequent intensity
falls and rises evoked an MMN, but also that rising intensity elicited an additional
P3 response. Likewise, Bach et al. (2008), using fMRI, measured brain activity in
relation to infrequent rising and falling sound intensity. Their results show that
rising sound intensity (as opposed to falling sound intensity) led to activation of
the right amygdala and left temporal areas of the brain, accelerating the activity
response time.

In an ERP study, Macdonald & Campbell (2011) tested whether a psychologi-
cal rise in intensity would be processed differently from a psychological fall in
intensity, in a similar way to physical intensity rises and falls. Before I move to
the results of this study, let me elaborate on what the authors mean by referring
to psychological rising and falling intensity. The stimuli of this study consisted
of sequences of sine waves following a rule-based alternating low-high intensity
pattern, as in the following sequence: L H L H L H. Now, this rule-based pattern
was occasionally interrupted either by a repetition of the high-intensity sound
(e.g., LHLHHHLH), or by a repetition of the low-intensity sound (e.g., LHLH
L L L H). According to the authors, the repetition of the high-intensity stimulus
in the first example sequence created the percept of a relative, psychological, in-
tensity rise because the rule would have predicted the low-intensity sound. Like-
wise, the repetition of the low-intensity stimulus in the second example sequence
created the percept of a relative, psychological, fall because the rule would have
predicted the high-intensity sound. The results of this study show that MMN
peak latency and amplitude to psychological rising sound intensity were signif-
icantly earlier and larger, respectively, compared to psychological falling sound
intensity. The authors conclude that a deviant representing a rise in intensity,
compared to what the auditory past would have predicted, is processed in a dif-
ferent way compared to a deviant representing an intensity fall, even when this
rising/falling property is a controlled construct and not a physical attribute.
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Chobert et al. (2012) investigated the pre-attentive auditory processing in chil-
dren with dyslexia compared to matched controls. The authors used syllables
with Consonant-Vowel (CV) structure as stimuli and tested ERP responses to f0
and vowel duration deviants. Specifically, f0 deviants were of higher pitch, while
duration deviants were of shorter length, compared to standards. The authors re-
port that all deviants evoked an MMN response, in both groups. Specifically, for
the f0 deviants, the higher the pitch, the larger the MMN amplitude. However,
for duration deviants the magnitude of duration decrease did not affect the mag-
nitude of the MMN response.

In a more recent study, Hsu et al. (2015) explored the sensitivity of pitch change
direction in relation to speech. It is important to note that, although some of Hsu
et al.’s stimuli were produced with a human voice, they were not designed to
convey any linguistic meaning. Specifically, the authors tested pitch changes pro-
duced on the phoneme [a] with the Mandarin level tone, starting from habitual
pitch and increasing f0 for as long as modal phonation was possible. For a second
set of stimuli, they synthetically elevated the pitch above the speaker’s normal
range. Pitch changes in non-speech stimuli (i.e., pure tones) at the same frequen-
cies were also included in the study. Using an oddball paradigm, Hsu et al. investi-
gated whether unexpected small and large rises in spoken pitch attract listeners’
attention to a greater extent than unexpected small and large pitch falls. In addi-
tion, they asked whether brain responses to spoken pitch rises are different from
similar rising pitch changes in pure tones. They found that whereas MMN to
changes at normal and synthetically elevated spoken pitch height did not differ
as a function of pitch direction (falling vs. rising), it did differ as a function of the
size of the change (small vs. large), as large pitch changes evoked a greater MMN.
MMN to pure tones equivalent to the speaker’s normal pitch height was evoked
only by large falling changes in pitch, while at elevated levels, it was evoked by
small and large pitch rises, and by large pitch falls. Additionally, P3 was sensitive
to the direction of the change, since only rising pitch changes (both small and
large) at a normal spoken pitch height evoked a P3. With pure tones, large pitch
changes at an elevated pitch height also gave rise to a P3 which, however, was
not sensitive to pitch direction. Based on the above results and, specifically, the
P3 sensitivity to rising pitch changes in speech, the authors suggest that sudden
pitch rises in speech demand more attentional resources than sudden falls, since
their presence activates additional conscious processing mechanisms.

Considering the results reported in the studies summarised above, it is evident
that the saliency of the physical properties of the acoustic signal is essential for
attracting attention, highlighting the orienting function of signals involving a
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rise in intensity, duration, or pitch. Bach et al. (2008) mention that rising acous-
tic signals prompt auditory looming effects, indicating that the sound source is
approaching. Some of the aforementioned studies further show that falling acous-
tic signals may also attract attention, but it appears that they are experienced
mostly as fading (indicating a receding sound source). Falling signals are thus
processed differently, activating attentional resources in a way that is distinct
from the processing of rising signals (e.g., Rinne et al. 2005, Macdonald & Camp-
bell 2011). Rises can then essentially be seen as intrinsic warning cues, activating
attentional resources, which in turn elicit a series of neural, psychological, or
physical reflexive responses (Bach et al. 2008). Chapters 4 and 5 revisit the idea
of an attentional bias towards rising sounds, focusing on pitch rises (compar-
ing them to pitch falls), and extend this idea from general auditory cognition to
spoken language by investigating the neurophysiological and pupillary under-
pinnings of attention orienting in German intonation.

2.5 Approaches to studying attention orienting

The scope of this section is the review of methods employed by researchers
to study attention orienting. Special focus is placed on two techniques, event-
related potentials and pupillometry, as these techniques are highly relevant for
the experimental work presented in Chapters 4 and 5.

2.5.1 Behavioural measures

As discussed above, the orienting response has behavioural, physiological, psy-
chological, and neural manifestations. Within the cognitive-behavioural tradi-
tion, a strand of research has been concerned with auditory attention capture
and its behavioural correlates (e.g., Cowan 1998, Nédtinen et al. 2001). This body
of research investigates attention orienting towards an auditory distraction us-
ing tasks like visual serial recall (e.g., Hughes & Jones 2003, 2005), categorisation
of visual targets (e.g., Escera et al. 1998), and detection of auditory targets in di-
chotic listening (e.g., Naatanen et al. 1993), among other tasks. In these experi-
mental set-ups, participants are simultaneously presented with sound sequences
including some deviances, but are explicitly instructed to ignore them, as they
are irrelevant for the task they have to perform. Such auditory deviances draw
attention away from the ongoing task, inducing disengagement. Attention ori-
enting towards the deviances is expressed through the disruption of the ongoing
activity, leading to longer processing or response time, and/or deterioration in
task performance, even if the task is in a different modality than the deviant
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sound. Some studies have also shown that physiological responses to auditory
deviances and performance deficiencies often co-occur, highlighting an associa-
tion between them (e.g., Naatanen et al. 2001).

2.5.2 Traditional psychophysiological methods

A vast array of methods investigating OR has been employed in traditional
psychophysiology, including electrodermal (e.g., Maltzman 1979), electromyo-
graphic (e.g., Dimberg 1990), vascular (e.g., Unger 1964), and cardiac measures
(e.g., Graham & Clifton 1966), among others. In these experimental set-ups, an
auditory deviant stimulus activates a cognitive process which in turn evokes
a physiological response. In other words, indices of changes in the body are
tracked which are evoked by certain events in the information stream. Most of
these psychophysiological measures exhibit long latencies (i.e., emerge more
than 2 seconds after stimulus onset) relative to the rapidity of the corresponding
cognitive processes, and they therefore provide a sum response at the end of the
physiological change. They serve thus as indirect measures of the activated pro-
cesses, complementing more direct measures. As a result, these measures do not
allow for an analytical investigation of the different processing stages associated
with the orienting response through the course of the observed physiological
changes, as they can lead to confounds in the interpretations of the orienting
response (for a more elaborate discussion, see Ndatianen 1992). Nevertheless, it is
crucial to clarify that most of these measures may be sluggish in relation to the
cognitive processes, but they are rapid in relation to pre-attentive/activational
and emotional processes (Naidtinen 1992). In this sense, whereas these measures
do not allow for a distinction between involuntary and voluntary OR mecha-
nisms, they do provide correlates of passive attention, and thus the involuntary
component of OR. This is one of the reasons why the relevant measures were
fundamental for early research on the concept of the OR, and why these methods
are still of great importance for OR and for other fields of psychophysiology.

2.5.3 Brain measurements: The event-related potentials technique

Neurocognitive studies have approached attention orienting through measure-
ments of brain activity. This line of research has been particularly concerned
with the neurocognitive processes and mechanisms that underlie attention ori-
enting. Nowadays, many methods are available for measuring brain activity, such
as electroencephalography (EEG), magnetoencephalography (MEG), positron
emission tomography (PET), single photon emission computed tomography
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(SPECT), thermoencephaloscopy, and functional magnetic resonance imaging
(fMRI), among others. EEG measures the electrical activity in the brain recorded
simultaneously from many sites on the scalp, MEG measures neural activity in
specific brain areas via a magnetic field, and the remaining techniques measure
brain activity via changes in the blood flow or metabolic rate (for review of
the different brain measurements, see Naatanen 1992). Whilst the EEG method
offers a high temporal resolution of electrical changes in the brain, all other
measures provide high spatial resolutions of brain activity in locating the gen-
erating area. Given that this book is concerned with the temporal unfolding of
the neurophysiological underpinnings of attention orienting, I focus on the EEG
method, which offers a high resolution of temporal information. This technique
is implemented in the experimental investigation reported in Chapter 4.

Traditional psychophysiology has also used EEG a-blocking to measure the
alpha-rhythmic activity of the brain in response to auditory stimuli, intending
to reveal possible task-specific patterns in this activity (see Naitanen 1992). How-
ever, borrowing Luck’s (2014: 4) words, “EEG is a very coarse measure of brain
activity”, as the raw signal consists of merged neural activities arising from many
different sources, making it almost impossible to identify specific neurocogni-
tive responses, for example those related to attention orienting. Thus, the EEG
method was not considered effective in traditional psychophysiology (for a criti-
cal review, see Beaumont 1983). However, the neural responses related to specific
sensory or cognitive events, which co-exist in the EEG signal along with neural
activity emerging from other sources, can be identified within the overall signal
using the EEG-based method of event-related potentials (ERPs; Luck 2014).

The ERP method is a simple averaging technique, and, as inferred by its name,
refers to electrical potentials, namely, small changes in brain activity, which
are temporally related to specific sensory or cognitive events (e.g., Luck 2014,
Bornkessel-Schlesewsky & Schumacher 2016). ERPs are recorded via electrodes
mounted in an elastic EEG cap and placed on the scalp. As previously discussed,
ERPs are extracted from the neural activity by averaging across multiple in-
stances of the same stimulus, separately for each electrode site. Specifically, aver-
aging is applied to a specific time window, starting at stimulus onset and lasting
up to a time point defined by the researcher. This produces the averaged ERP
waves consisting of positive and negative electrical deflections over time, which
are called peaks, waves, or components (Luck 2014). Figure 2.1 presents a graphic
illustration of the ERP technique.

ERP components are characterised in terms of the following attributes:

i. polarity, a deflection’s positive or negative configuration,

ii. latency, a deflection’s peak point from stimulus onset,
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iii. topography, a deflection’s scalp distribution over electrode sites, and
iv. amplitude, a deflection’s area under the curve, signifying its magnitude.

ERP components are mainly classified into three categories: exogenous, en-
dogenous, and motor components (e.g., Donchin et al. 1978, Luck 2014), although
the boundaries between these categories are often blurred. The exogenous ERP
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Figure 2.1: The continuous raw EEG signal (in microvolts, positivity up-
ward) is shown at the top of the figure over a period of time. The pink
rectangles illustrate EEG segments corresponding to presentations of
stimulus A, and the purple rectangles depict EEG segments correspond-
ing to presentations of stimulus B. The individual EEG segments are
extracted and averaged as a function of stimulus, in order to obtain the
two averaged ERP signals shown at the bottom of the figure. (Adapted
from Luck 2014: 7).
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components are defined by the external, i.e., sensory, attributes of a stimulus.
The endogenous ERP components are triggered by cognitive processes. Lastly,
the motor ERP components are tied to a given motor response.

Further, based on their classification and attributes, ERP components receive a
specific label. Traditional ERP labels consist of a letter, P or N, indicating positive
or negative polarity of the component, and a number, reflecting either the peak’s
position in the signal (i.e., if it is first, second, third peak etc.), or the peak latency
in milliseconds.? For instance, an ERP component with positive deflection that
occurs 300 ms after stimulus onset, which also happens to be the third positive
peak in the signal, is labelled either P3 or P300 (see Figure 2.1 for an illustration).
ERP components may also be linked to particular functions, and are then named
after their functional relevance. One example is the error-related negativity, a
component which is elicited by an error in the stimulus stream (for more on the
naming conventions of ERP components, see Luck 2014).

The ERP technique is widely used in cognitive neuroscience, sensory process-
ing, and language processing (of both spoken and written stimuli), among other
domains. It is a powerful tool compared to behavioural or traditional psychophys-
iological measures, as it provides a high resolution of temporal information, in
turn making it possible to continuously measure brain activity in response to
a stimulus with millisecond accuracy (e.g., Naitanen 1992, Luck 2014). This al-
lows for an analytical investigation of the neurocognitive processes before, af-
ter, or during a specific stimulus event, in other words, as time unfolds. Further,
as discussed by other scholars, ERPs offer a measure of online processing with-
out demanding a behavioural response, i.e., during unattended stimulation (e.g.,
Nadtanen 1992, Luck 2014). This aspect is particularly useful for the study of at-
tention orienting, as it allows for the investigation of the path from pre-attentive
to attentive processes during unattended stimulation.

A large body of ERP research on automatic sensory processing has reported a
number of early and late exogenous ERP components related to audition, for ex-
ample, the Auditory Brainstem Responses (ABRs), the Middle Latency Responses
(MLRs), and the Late Transient Responses (N1, P2, N2, P2). All these exogenous
auditory ERP components, which range from 10 ms to 150 ms post stimulus, are
related to the physical characteristics of the stimuli (for review, see Nddtanen
1992). In other words, they are signal-evoked potentials. Moreover, many ERP
studies on attention orienting have been instrumental in elucidating the associ-
ation between specific ERP components and attentional processes, namely the
mismatch negativity (MMN) and the MMN-P3 complex, as already introduced in

3Usually, when the number is greater than 5, it refers to peak latency (Luck 2014).
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Section 2.3. The MMN and P3 components (in contrast to the exogenous auditory
ERPs) are endogenous, as they are generated by a regularity-change-detection
system, reflecting cognitive processing. In what follows, I elaborate on these two
ERP components, which are central to the study reported in Chapter 4.

2.5.4 ERP correlates of attention orienting: MMN and P3

The mismatch negativity, known as MMN, is a neurophysiological response
recorded in the EEG,* and discovered by Niitéinen et al. (1978) in the late 1970s.
Néaatanen et al. (2019: 1) describe MMN as “a window to central auditory pro-
cessing” which enables us to better understand “the brain processes forming the
biological substrate of central auditory processing and the different forms of au-
ditory memory, as well as the attentional processes controlling the access of sen-
sory input to conscious perception and higher forms of memory”. As mentioned
in Section 2.3, MMN is elicited by any perceptible change in the auditory stream.
It is well established that MMN elicitation is independent from attentive pro-
cessing (for reviews on MMN in passive recordings, sleep, patients in coma, and
anaesthetised humans & animals, see Naitéinen et al. 2007, 2019). Accordingly, it
has received the label automatic regularity-violation response.

MMN can be recorded in different stimulus paradigms, depending on the as-
pects of the central auditory system under study. One of the most frequently
used paradigms is the classic steady-state oddball paradigm in passive record-
ings (e.g., Naatinen et al. 2019), which is also employed in the experimental study
presented in Chapter 4. In this paradigm, listeners are presented auditorily with
sequences of repetitive sounds (called standards) which are occasionally inter-
spersed with a sound that deviates in some property from the steady-state stream
(called deviant) while they are watching a film with no sound, or reading a book
of their choice.’> Another commonly used paradigm is the changing-state oddball
paradigm, in which listeners are presented with sequences of changing auditory
stimuli leading to a pattern (standards), occasionally replaced with a stimulus
that disrupts the pattern (deviant). The changing-state oddball paradigm is used
in the experimental study presented in Chapter 5. Finally, some studies have
utilised the multi-feature oddball paradigm, in which every second stimulus is a
standard, while the rest are deviants of different types (for reviews of the differ-
ent MMN paradigms, see Paavilainen 2013, Né4tanen et al. 2019). In all oddball

*MMN can also be recorded in MEG, called MMNm. In addition to the auditory modality, MMN
can be recorded in the visual (vMMN), somatosensory (sMMN), and olfactory (0MMN) modal-
ities (for more, see Naitinen et al. 2019).

50ddball paradigms have been also used in active recordings, or dichotic listening tasks.
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cases, the deviant stimuli evoke an MMN activity in relation to their standard
stimulation (see Section 2.3 for more on the MMN generation process).

Figure 2.2 depicts an MMN to small frequency deviants in a stream of repetitive
1000 Hz tone stimuli, during unattended processing. The MMN is a negative
potential which is traditionally obtained as a difference wave by subtracting the
ERPs to standard from those to deviant stimuli (i.e., deviant ERPs — standard
ERPs; Nadtanen et al. 2019). MMN has a fronto-central maximum and a peak
latency between 150 and250 ms after the stimulus onset. Nevertheless, there is
considerable variability in the definition of this time window, as peak latency
has usually been defined on the basis of difference waves.® Moreover, latency
may vary with the degree of deviation (e.g., Emmendorfer et al. 2020). There are
other transient brain responses that indicate some kind of change or deviance
detection (e.g., P3a/b, N400, P600), although their elicitation requires some level
of saliency or directed attention. These can, for instance, be triggered by task
demands (Sussman et al. 2014).

MMN has been described as a correlate of involuntary attention switch to-
wards deviant sounds in the current auditory environment, as its elicitation re-
flects the automatic activation of the first attention-calling mechanism in the au-
ditory cortex. As mentioned above, MMN is elicited rapidly after stimulus onset,
revealing attentional processes that emerge at the pre-attentive stage. As out-
lined in Section 2.3, MMN generation can trigger an “attention leak” towards the
unattended deviant, bringing it into awareness. In other words, MMN can initiate
subsequent attentional processes at the attentive stage after activating an invol-
untary attention switch. This is usually reflected in the activation of additional
ERP components such as the MMN-P3 complex. The MMN-P3 complex consists
of MMN activation accompanied by a positive deflection within the P3 family
(for review, see Nadtanen et al. 2019). The P3 is a broad, positive-going compo-
nent with peak latency around 300 ms (or more) after stimulus onset (P3 latency
depends on the complexity of processing — the more complex the processing, the
longer the latency — with ranges from approximately 250 to 1000 ms; see Dun-
can et al. 2009). P3 has been divided into two subcomponents, P3a and P3b (for
review, see Polich 2007). P3a has a fronto-central scalp distribution with shorter

°As Luck (2014: 349) mentions “any amplitude or latency measurement procedure that involves
finding a peak is non-linear”. Therefore, measuring peak latency before computing difference
waves (or averaging waveforms together) leads to different results than performing the same
measurement after computing difference waves. Further, latency differences may arise from
amplitude changes. Although difference waves are a great tool for isolating specific compo-
nents from the parent waveform, latency estimates can be “distorted by changes in the ampli-
tude of temporally overlapping components” (Luck 2014: 57).
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MMN and frequency variation
in deviant stimuli
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Figure 2.2: ERPs to standard and deviant stimuli are depicted on the
left-hand side. Difference waves between ERP to deviants and ERP to
standards, indicating the MMN component, are illustrated on the right-
hand side. Both ERP and difference waves are shown at the Fz? elec-
trode site (figure taken from Néaténen et al. 2019: 2).

“The Fz electrode site refers to the placement of an electrode at the frontal (F) brain region on
the midline (z). See Chapter 4 for more information on electrode placement according to the

10-20 system.

and sharper peak latency, and has been related to attentive processes. P3b has
a posterior scalp distribution with longer peak latency, and has been related to
memory during discourse updating (for reviews, see Polich 2007, Duncan et al.
2009). The current work is specifically concerned with the P3a, as it has been
reported to reflect conscious attentional-related processes of novel, less proba-
ble, or salient events (in terms of intrinsic significance or self-relevance and not
physical properties; e.g., Donchin 1981, Polich 2007, Duncan et al. 2009). Thus,
MMN and P3 responses have been identified as correlates of attention orienting,
reflecting the route from pre-attentive to conscious processing of an unexpected
auditory change or deviance (e.g., Escera et al. 1998, Naitianen 2001, Hsu et al.

2023).
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Except for a correlate of attention orienting, clinical studies have also outlined
MMN as an indicator of general brain plasticity (e.g., Kreegipuu & Néaitdnen
2009), with wide clinical use. For example, MMN deficiency has been found to
reflect various neuropsychiatric, neurological, and neurodevelopmental cogni-
tive and functional profiles (for an elaborate review of MMN applications, see
Naaténen et al. 2019). The MMN component has been further used to study lin-
guistic processes, from simple phoneme discrimination (for review of studies,
see Naitinen et al. 2019) to high-order processes such as syntax (e.g., Hasting
et al. 2007), revealing MMN as an index of language-specific detection, reflecting
long-term traces for linguistically meaningful elements in the brain. Likewise, P3
has been associated with attentional processes during online comprehension of
spoken language (e.g., Rohr et al. 2021). Certainly, there are various ERP compo-
nents relevant for language processing (e.g., P200, N400, Late Positivity, among
others), which, however, are beyond the scope of this book, and thus will not
be discussed here (for a brief review on language-related ERP components, see
Luck 2014). MMN and P3 responses in relation to speech processing will be fur-
ther reviewed in Section 3.4 of Chapter 3. In Chapter 4, MMN/P3 responses are
revisited and explored as neurophysiological underpinnings of attention orient-
ing in spoken language.

2.5.5 Indexing attention orienting using pupillometry

Another psychophysiological method that has been employed to study attention
orienting is pupillometry. Pupillometry is a widely used method, applied in var-
ious scientific domains, measuring changes in pupil size as a proxy for distinct
neurocognitive processes (e.g., Amiez & Procyk 2019).

The black aperture at the centre of the iris (the coloured part of the eye) is
called the pupil. Light passes through the pupil, with the iris controlling the
amount of light that passes through. From there, light hits the retina, and is con-
verted into an electrical signal sent to the brain via the optic nerve. Luminance
changes evoke changes in pupil size. Specifically, high levels of light result in
pupil contraction, while low levels of light lead to pupil dilation (e.g., Strauch et
al. 2022). The pupil light reflex is mediated by two antagonistic networks: pupil
contraction is controlled by the parasympathetic system, and pupil dilation is
regulated by the sympathetic system (for more on the pupil control pathways,
see Amiez & Procyk 2019, Strauch et al. 2022).

As Johansson & Balkenius (2018) point out, it has been established that whilst
large changes in pupil size emerge as a result of luminance changes, pupillary
responses also occur as a function of distinct brain processes. Specifically, the
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pupil dilation response (PDR) has mainly been correlated with processes such as
cognitive effort (in the sense of deliberate allocation of mental resources during
a cognitive task), emotional processing, heightened attention, expectancy viola-
tion, and memory consolidation, among others (for review, see Winn et al. 2018).
Many of these studies have measured pupillary responses in relation to auditory
stimuli (for review, see Zekveld et al. 2018). In particular, a growing number of
pupillometric studies have employed pupillometry to investigate auditory dis-
tractions and proposed the PDR as a valid psychophysiological index of auditory
attention orienting, similar to the neural MMN/P3 responses (e.g., Nieuwenhuis
et al. 2011, Wang & Munoz 2015, Johansson & Balkenius 2018, Marois et al. 2018,
Alamia et al. 2019).

Strauch et al. (2022) suggest pupillometry as a valuable psychophysiological
tool for investigating the differential neural networks of the attention system
as proposed by Petersen & Posner (see beginning of this chapter). The authors
further propose a classification of pupillary responses as a function of the factor
that led to their elicitation, and rank these factors as:

i. low-level, including luminance changes and focal distance,
ii. intermediate-level, involving alerting and orienting, and

iii. high-level factors, encompassing an interaction between conscious atten-
tion and sensory processing.

Each of these factors activates different neural circuits, which in turn elicit dis-
tinct types of pupillary responses. In particular, as already mentioned above,
pupillary responses triggered by low-level factors are stimulated by the parasym-
pathetic and sympathetic systems. Pupillary responses evoked by intermediate-
level factors are mediated by two distinct pathways in the subcortical areas:
arousal-related PDRs result from the locus coeruleus system (LC), and orienting-
related PDRs are controlled by the superior colliculus system (SC) (e.g., Wang &
Munoz 2015, Joshi & Gold 2020). Finally, pupillary responses to high-level factors
are regulated by the executive network located in the frontoparietal areas.

The pupil is characterised by two states: a steady-state with a baseline size, and
a transient-change state indicating temporary deviations from the baseline, ex-
pressed in sudden dilations or contractions (Joshi & Gold 2020). Low-level factors
lead to size changes in the pupil steady-state. Orienting factors trigger transient-
changes in the baseline pupil size. Finally, alerting and executive factors can re-
sult in both steady-state and transient pupil size changes depending on whether
the effect is sustained or temporary.
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2.5 Approaches to studying attention orienting

Orienting-related PDRs are usually momentary, meaning they have short la-
tencies: their onset typically occurs between 200 and 500 ms post stimulus, peak-
ing approximately 1 second later, and ending rapidly just after stimulus com-
pletion (for review on pupillary latencies, see Beatty 1982). Further, orienting-
related PDRs are sensitive to the saliency of the physical properties characteris-
ing auditory deviances. Specifically, the greater the acoustic saliency of a deviant
(i.e., rising sounds), the larger the PDR amplitude (e.g., Liao et al. 2016, Wetzel
et al. 2016, Marois et al. 2018, Strauch et al. 2022). Certainly, high-level factors
can further impact orienting-related PDRs (e.g., Joshi & Gold 2020, Strauch et al.
2022). This is usually reflected in the PDR curve shape, manifesting as a more
sustained response (for more, see Strauch et al. 2022). This means that the la-
tency of attention-related PDRs is indicative of the awareness level or process-
ing depth: whereas transient responses occur pre-attentively, more prolonged re-
sponses emerge in full awareness (for discussion, see Strauch et al. 2022). In other
words, orienting-related PDRs, initiated by an auditory deviant event, can further
activate the executive network, making the deviance available to top-down pro-
cesses or long-term memory. Thus, orienting-related PDRs lead to conscious per-
ception through their transformation into executive-related PDRs. Therefore, the
route from pre-attentive to conscious perception of a deviance is also reflected in
the time course of pupil responsiveness (an integrated readout of attentional net-
works in the words of Strauch et al. 2022). One could hence argue that transient,
signal-sensitive PDR is an instantiation of involuntary attention switch, while a
more prolonged PDR, usually elicited by more complex stimulus properties, is a
manifestation of voluntary attention alignment.

These patterns in pupil dilation response align with the findings in neurocog-
nitive research reviewed so far in this chapter, showing that signal-based proper-
ties are essential for attracting involuntary attention, while voluntary attention
is further activated by more complex top-down processes. In this context, we
see a striking resemblance in the elicitation of MMN/P3 responses and PDR: the
orienting-related PDR amplitude and latency mirrors MMN activation, while the
executive-related PDR latency resembles the P3 elicitation. Many brain studies
on the localisation of neural activity in specific brain structures support a direct
link between the neurophysiological and pupillary underpinnings of attention
orienting. Specifically, evidence from multiple research disciplines proposes the
locus coeruleus (LC) system as one of the areas underlying P3 generation (for re-
views of studies on the relationship between LC, P3, and the orienting response,
see Nieuwenhuis et al. 2005, 2011, Joshi & Gold 2020). In this light, it is worth
recalling that the LC system also regulates the PDR elicitation that is related to
attention. Further, Alamia et al. (2019), in a recent study investigating the link
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between pupillary and neural responses to unattended deviances, found a corre-
lation between PDR and central potentials. Besides pupil size dilation in response
to deviant events, they also report deviances evoking the classic MMN neural re-
sponse. As discussed by the authors, MMN is generated (partially) in the anterior
cingulate cortex (ACC), a brain structure also responsible for evoking pupillary
responses which is closely connected with LC. It appears thus that in addition to
the temporal correlation between the neural and pupillary activity in relation to
attentional processes, there is also a spatial relation between the two activities.
The regulation of attention-related neural and pupillary responses by the same
or connected neural circuits supports the idea that the OR involves a wide range
of physiological changes occurring simultaneously across multiple indices. Nev-
ertheless, the localisation of brain activity is beyond the scope of this work, and
thus will not be discussed further. The pupillary response, and particularly the
PDR, as a psychophysiological underpinning of attention orienting is of partic-
ular interest for Chapter 5, where it is revisited and investigated as a proxy of
attention orienting in speech.

2.6 Summary

This chapter focused on the composite construct of attention orienting towards
auditory deviances by exploring its cognitive and neural underpinnings. First,
the origins of the attention orienting concept were reviewed. The orienting re-
sponse (OR) is defined as a shift in attention initiated by an event deviating in
some property from the recent past, finding expressions in various psychologi-
cal, physiological, neural, motoric, or behavioural indices. In this context, it was
further shown that the nature of the deviating property that initiates an OR re-
sponse elucidates whether the shift in attention is involuntary or voluntary. In
this respect, empirical studies concerned with the role of auditory cues in attract-
ing attention were further reviewed, establishing the fundamental role of rising
acoustic signals in involuntary attention orienting. In addition, it was shown that
involuntary and voluntary orienting emerge at different processing stages (pre-
attentive and attentive, respectively), as they are regulated by different mecha-
nisms.

Various different methods used to investigate attention orienting were out-
lined with a focus on ERPs and pupillometry, two techniques that provide a high
resolution of temporal information, and thereby enable the measurement of brain
and cognitive activity related to attentional processes over time. Special empha-
sis was also placed on the MMN/P3 ERP components and the PDR as reflexes
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of attention orienting. Specifically, MMN and P3 components were shown to be
rigorous correlates of attention orienting, reflecting the route from involuntary
to voluntary attention. Similarly, PDR was shown to be a valid index of atten-
tion orienting, highlighting a striking resemblance between MMN/P3 elicitation
and PDR composites. The link between neural and pupillary activity in relation
to attentional processes was illustrated, reinforcing the idea of the OR being ex-
pressed in multiple physiological exponents at the same time. In keeping with the
focus of this book on attention orienting in spoken language and the relevance
of intonation for its function, the next chapter introduces fundamental concepts
related to prosody and intonation, and reviews important findings in relation to
speech perception and processing.
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3 Intonation and its association with
prominence

Intonation is a fundamental characteristic of spoken language and is usually de-
scribed as the melody of speech, or tone of voice. Intonation and prosody are quite
often used interchangeably — not unreasonably — as the two terms are closely in-
terrelated. On the one hand, one could think of prosody as an umbrella term,
pertaining broadly to the suprasegmental properties of speech used by speak-
ers and listeners to encode and decode a range of interrelated phenomena (e.g.,
Arvaniti 2022, Grice et al. 2023), such as:

i. linguistic phenomena, like metrical and rhythmic structure, prosodic
phrasing and prosodic prominence,

ii. paralinguistic and extralinguistic phenomena, like communicative inten-
tions, attitude, emotions, sociolinguistic identity, gender, sex and age.

On the other hand, intonation is more narrowly related to the melodic part of
speech, conveying meaning in a “linguistically structured way” (Ladd 2008: 4).
This encompasses intonational tones being associated to particular positions in
the prosodic structure, organised in discrete phonological categories related to
intonational phonology (e.g., Ladd 2008). Although intonational phonology sep-
arates the phonological organisation of intonation from its phonetic substance,’
speech is a continuous signal, meaning that intonation is also expressed in the
phonetic record. Fundamental frequency (hereafter, {0), perceived as pitch, and
its modulations have been taken to be the main phonetic exponent of intonation
(e.g., Arvaniti 2022). Nonetheless, f0 modulations interact with other phonetic
properties such as intensity (perceived as loudness), segmental durations (per-
ceived as length), as well as spectral and articulatory characteristics (e.g., Ladd
2008). In addition, f0 also serves other prosodic purposes, such as the encoding

'Tt is proposed that this separation enables intonational models to form descriptions and set
requirements of intonational analysis at a more abstract level, so that similar levels of analysis
can apply across languages (for more, see Ladd 2008, Arvaniti 2022).
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of lexical contrasts in Mandarin or Cantonese (e.g., Arvaniti 2022), or paralin-
guistic and extralinguistic information (e.g., Grice et al. 2023). Therefore, it is
important to clarify that while f0 constitutes the central phonetic manifestation
of intonation, f0 and intonation are not synonymous (e.g., Arvaniti 2022).

When we speak, our intonation conveys meaning over and above the meaning
of the syllables, words, and sentences bearing it. This means that the intonation
of an utterance, also known as the tune, can differentiate between a number of
meanings, and serve several functions. For example, an intonational tone can in-
dicate that an utterance is incomplete and that there is more to come, rather than
being complete, or that it is a question rather than a statement. In addition, speak-
ers make use of intonation to highlight particular information in their utterances
or to chunk information into smaller units. Both of these functions, highlighting
and chunking, serve to orient listeners’ attention to informative parts of utter-
ances which are perceived as prominent. As already discussed in the introductory
chapter of this book, prominence is the property of a linguistic unit “standing
out” from its neighbouring environment (e.g., Terken & Hermes 2000, Streefkerk
2002, Himmelmann & Primus 2015, von Heusinger & Schumacher 2019, Cangemi
& Baumann 2020).

In the domain of prosody, prominence is referred to as prosodic prominence and
pertains to entities like syllables, feet, prosodic words, and intonational phrases
(e.g., Grice & Kiigler 2021). Prosodic prominence is manifested both in discrete
phonological choices as well as in continuous physical parameters. Phonologi-
cally, prominence is related to elements appearing in “privileged” positions in the
prosodic structure (for more on the structural notion of prominence, see Cangemi
& Baumann 2020, Grice & Kugler 2021). Phonetically, prominence marking is as-
sociated with an enhancement of the physical properties (i.e., signal-based vari-
ables) characterising the production of an entity, e.g., f0, intensity, duration, pe-
riodic energy, and other spectral characteristics (e.g., Grice & Baumann 2007,
Baumann & Winter 2018, Grice & Kiigler 2021, Albert 2023). In West Germanic
languages, a lexically stressed syllable stands out from the rest of the syllables
within the same word due to its metrical and/or phonetic characteristics (e.g.,
Cangemi & Baumann 2020). The prominent syllable at the word level is pivotal
in higher prosodic structures like feet or prosodic words, due to the fact that the
prominent syllable forms the head of these higher prosodic constituents, which
in turn enables a structure to be built around them (e.g., Grice & Kiigler 2021).
At the utterance level (also called phrase level, or postlexical level), for instance,
a constituent in focus stands out from the remaining constituents in the back-
ground due to the type of pitch accent (i.e., postlexical tonal movements associ-
ated with the stressed syllable [head]) as well as the enhancement of the phonetic
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3.1 Intonational phonology and prosodic structure

exponents of the particular pitch accent it bears (e.g., Bolinger 1986, 1989, Bau-
mann & Schumacher 2012, Lorenzen et al. 2022). Work on prosodic prominence
has shown that intonational rises, both in the sense of discrete phonological cate-
gories and continuous f0 shapes, are pivotal cues to prominence perception, and
consequently for attracting attention (e.g., Baumann & Réhr 2015, Knight 2008,
Niebuhr 2009, Baumann & Winter 2018). The fundamental importance of intona-
tional rises in speech perception and processing is at the core of this book and is
further discussed in the remainder of this chapter.

The current chapter offers a concise exploration of concepts related to spo-
ken language, focusing especially on intonation and its association to the notion
of prominence. Exploring this association is particularly important for the over-
arching goal of this book, which is to better understand the relevance of into-
nation for the orienting response in spoken language, given that the notion of
prominence pertains to concepts defining general cognition (including the ori-
enting response; see Chapter 1). The structure of this chapter is the following:
Section 3.1 elaborates on the phonological organisation of intonation and its re-
lation to prosodic structure, and discusses one of the most influential accounts
of intonational phonology. Section 3.2 discusses the role of intonation in the
prosodic marking of prominence and shows that intonational rises are a decisive
cue to prominence. Subsequently, Section 3.3 reviews studies supporting the lin-
guistic importance of intonational rises in speech processing. Next, Section 3.4
elucidates the interplay between signal-driven and context-driven processing, in
pointing out that signal-based cues can potentially be overwritten by contextual
cues, leading to different processes. The chapter closes with Section 3.5, in which
list intonation is discussed as the linguistic context of the two experimental stud-
ies presented in Chapters 4 and 5.

3.1 Intonational phonology and prosodic structure

Ladd (2008: 4) defines intonation as “the use of suprasegmental phonetic features
to convey ‘postlexical’ or sentence-level pragmatic meaning in a linguistically
structured way”. The idea that intonation is organised in phonological categories,
and is separated from phonetic substance, has been postulated in many theories
of intonational analysis, with one of the most influential being the autosegmental-
metrical framework (henceforth, AM; e.g., Liberman 1975, Pierrehumbert 1980,
Ladd 2008).2 As discussed in Grice (2022a), the AM framework has been influen-

2AM is not the only framework positing the idea of intonational categoriality. For example, the
British School, the IPO model, and other experimental approaches have proposed categorical
uses of intonation (for a comprehensive review, see Roessig 2021).
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tial for the development of many phonological models of intonation (e.g., Beck-
man & Pierrehumbert 1986, Shattuck-Hufnagel & Turk 1996, Gussenhoven 2004)
as well as psychological models of speech production and perception (e.g., Frazier
et al. 2006, Watson et al. 2008, Wagner & Watson 2010, Shattuck-Hufnagel 2020).
It has also been central in the advancement of the Tones and Break Indices (ToBI)
intonational transcription systems (for a summary, see Beckman et al. 2005) and
has formed the basis of prosodic typology (e.g., Jun 2005b, 2014a).

AM theories assume a hierarchical organisation of prosodic structure, wherein
the intonational contour, that is the tune of an utterance, consists of distinct
units (referred to as tonal or intonational events) which are independent from
the words bearing them, that is, they are postlexical. These distinct units (or
else primitives) constitute sequences of H(igh) and L(ow) tones which pertain to
nodes on the prosodic tree. A prosodic tree involves nodes related to the word
level, that is morae, syllables, feet, prosodic words, as well as higher nodes, above
the word level, including Accentual Phrases, Intermediate Phrases, and Intona-
tional Phrases. The phonological identity of a tone is mapped onto the continu-
ous acoustic features of its realisation (e.g., Arvaniti 2022). The specifics of the
phonological representation and phonetic manifestation of tones are language-
specific (e.g., Jun 2005a). Given that the current work focuses on German, let us
zoom in on West Germanic languages.

West Germanic languages, such as English, Dutch, and German, are charac-
terised by similar prosody and intonation. For instance, they all have lexical
stress and use postlexical tonal events with specific association and functional
properties (e.g., Grice et al. 2005). In what follows, I will focus only on postlexi-
cal tonal events. According to AM theory and prosodic typology (e.g., Ladd 2008,
Jun 2014b), there are two basic ways in which postlexical tonal events can be
associated with positions in the prosodic structure in West Germanic languages:
as pitch accents or as edge tones.? Pitch accents and edge tones have distinct asso-
ciation properties. Whereas pitch accents are associated with stressed syllables,
that is, with the head of a constituent, edge tones are associated with initial or
final boundaries of smaller or larger constituents. Pitch accents always contain
one starred tone, which is the primary tone associated with a tone-bearing unit
and marked by an asterisk, or “star” (*). Pitch accents may further contain an ad-
ditional tone (e.g., H* or L+H"). Edge tones are marked either by the percentage
symbol % (e.g., H%) or by the hyphen symbol - (e.g., H-), depending on whether
they associate to a larger or smaller unit, respectively. Figure 3.1 illustrates the
association properties of an utterance’s tonal events with respect to the nodes

*Hereafter, the terms edge/boundary tone are used interchangeably.
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of its prosodic tree (example and figure are taken from Grice 2022a: 394). From
top to bottom, Figure 3.1 illustrates the utterance’s Intonational Phrase node (IP),
consisting of two intermediate phrases (ip), each of which contains one or two
accentual phrases (). The smallest level of phrasing here consists of one or more
prosodic words (w). In turn, a prosodic word consists of one or more feet (Z), and
a foot consists of one or more syllables (). In the bottom of Figure 3.1, we can
see the tonal structure associated with the utterance. Specifically, there are four
starred tones (see orange boxes), i.e., pitch accents, associated with the stressed
monosyllabic words too, cooks, spoil, and broth. These four starred tones dock
onto the head of a foot, respectively. Three further tonal events, marked in green
boxes, pertain to the two ip and the highest IP nodes, respectively, forming the
edge tones which mark both smaller and larger units in the structure.

T
w ® w w
2 X ) 2 )
VAN NN |
o g o o | [ o g o |
tur me ni (koks | spol | 32 brod
| | | |
H* L* | H- ||H* H* L- L%

Figure 3.1: Prosodic hierarchy of the utterance “Too many cooks spoil
the broth”. Figure reproduced from Grice (2022a: 394).

In AM, functional properties also play a role in the distinction between pitch
accents and edge tones. According to AM and prosodic typology (e.g., Ladd 2008,
Jun 2014b), pitch accents not only associate with stressed syllables, but they are
also considered to primarily have a highlighting function related to prominence-
cueing in West Germanic languages, which make use of both pitch accents and
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edge tones.* By contrast, edge tones not only associate with initial or final edges
of smaller or larger constituents, but it is claimed that they are mainly used for
phrasing and juncture-cueing. Thus, it appears that the association properties
of tones (accent/boundary) are pre-packaged with distinct functions, as reported
in Grice (2022a): pitch accents cue prominence; boundary tones cue phrasing.
Nonetheless, a growing number of research on both speech production and per-
ception challenge this pre-defined relation between association and functional
properties of tones postulated in AM models. For example, as discussed in Grice
(2022a,b) tones in Tashlhiyt Berber have no strict association properties, neither
to heads nor to edges of constituents. Nevertheless, these tones appear to have a
prominence-cueing function, since they are associated with words in focus. The
loose association properties of tones in Tashlhiyt Berber implies that they are
not pitch accents, given that they do not align with a prosodic head, although
they do serve the highlighting function attributed to pitch accents (for more on
Tashlhiyt Berber, see Bruggeman et al. 2017, Bruggeman 2020). Further, Grice
(2022a,b) discusses the case of Maltese: whilst Maltese is described as an into-
national language having regular pitch accents (in terms of AM), it commonly
exhibits additional initial peaks on unstressed syllables. There is evidence that
these initial peaks do not serve a demarcating function, although they are asso-
ciated with the left edge of the word. It mostly appears that words in Maltese
can have two types of prominence, that is, lexical stress prominence, and pitch
prominence on the initial syllable. It seems to be the case, then, that tones in Mal-
tese can associate with both edges and heads of words, but that their association
properties do not necessarily lead to the assumed AM functions of demarcating
or prominence-cueing (for more on Maltese initial peaks, see Vella 1995, 2011,
Grice et al. 2019, Lialiou et al. 2021, 2023).

This evidence calls into question the link between the association (head/edge)
and functional properties (prominence/phrasing) of tonal events postulated by
AM, and highlights the need for a dissociation of the two. Such a dissociation
will allow for more flexibility in describing diverse phenomena. This is neces-
sary not only for “new” or under-studied languages but also for (re)describing
phenomena in already well-studied languages. Section 3.3, reviewing work on
well-studied head prominence languages, shows that edge tones can, in fact,

“One of the three criteria for language classification in Jun’s typology is the prominence type.
Languages which cue prominence by marking the head of a constituent are known as head
prominence languages. Languages which cue prominence by marking both the head and the
edge of a prosodic constituent are known as head/edge prominence languages. Finally, lan-
guages that lack both lexical and postlexical heads and cue prominence by marking the edge
of a constituent are known as edge prominence languages.
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also affect prominence perception. Prior to that, Section 3.2 discusses the link
between intonational rises and prominence.

3.2 Intonational rises as a prominence-cueing device

As already mentioned at the beginning of this chapter, intonation serves multiple
functions, from helping to locate fixed attributes of words — such as lexical stress
in West Germanic languages — to prominence marking at the utterance level
(for a comprehensive review, see Grice et al. 2023). Speakers may use a wide as-
sortment of linguistic means for signalling prominence, including prosodic and
non-prosodic factors (e.g., Baumann & Winter 2018). Nonetheless intonation is
a pivotal cue to prominence in spoken communication. Specifically, speakers
make use of intonation to highlight important parts of their message, endeav-
ouring to orient listeners’ attention to specific information. At the same time, in-
tonation is crucial during speech processing, since prominent intonational events
attract and allocate listeners’ attention to the constituents bearing them, facilitat-
ing their processing. The encoding and decoding of prosodic prominence relates
to discrete phonological choices, continuous phonetic modulations reflected in
the speech signal, and to meaning derived from the context (see Chapter 1, and
Section 3.4 in the current chapter).

Whereas the specifics of prominence marking using intonation depend on a
language’s prosodic system (e.g., Rosenberg et al. 2012, Smith & Rathcke 2020),
cross-linguistic research has revealed f0 to be one of the primary cues (e.g., Liber-
man 1975, Pierrehumbert 1980, Ladd 2008, Beckman 2012). Specifically, in West
Germanic languages, modulations in f0 direction, excursion, scaling, and timing
are some of the acoustic dimensions found to be indicative of different degrees of
perceived prominence, such that f0 peaks are generally perceived as more promi-
nent than f0 valleys (e.g., Rietveld & Gussenhoven 1985, Gussenhoven et al. 1997,
Ladd & Morton 1997). What is more, the size of the excursion has been found to be
a decisive cue to prominence: the steeper the f0 movement, the more prominent
the word associated with it (e.g., Hart et al. 1990, Gussenhoven & Rietveld 1988,
Gussenhoven 2004). Further, it has been shown that the general shape of the f0
contour (e.g., the steepness of a rise or fall as well as its close [early/late] align-
ment with a stressed syllable) is pivotal to prominence (e.g., Kohler & Gartenberg
1991, Niebuhr 2009, Knight 2008).
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Before discussing the phonological expressions of prominence marking, it is
important to note that although f0 modulations are central to prominence mark-
ing postlexically, modulations of other phonetic exponents are also relevant. Per-
ceived prominence has also been found to correlate with enhanced intensity, in-
creased duration, enhanced spectral characteristics, articulatory effort, and, in
more recent work, enhanced periodic energy (e.g., Beckman & Edwards 1994,
Cole et al. 2010, Baumann & Winter 2018, Roessig & Miicke 2019, Albert 2023). It
appears therefore that a multiplicity of cues interact with each other in complex
constellations to express postlexical prominence. Most importantly, research on
individual variability has shown that speakers encode and decode prominence
relations using the aforementioned features in different combinations and with
different degrees of strength (e.g., Baumann & Winter 2018, Lorenzen et al. 2023,
2024).

With respect to the phonological choices of postlexical prominence marking,
in languages like German (a West Germanic head prominence language accord-
ing to Jun’s typology), prominence is encoded (and decoded) through the use of
pitch accents. That is, a highlighting function is attributed to tonal movements as-
sociated with the stressed syllable (head; for more, see Section 3.1). As mentioned
in the previous section, the identity of a pitch accent (and any other postlexical
tone) is defined by its phonetic substance. Specifically, the realisation of pitch ac-
cents in the acoustic record results in different pitch accent types. Accent types
are defined on the basis of the aforementioned f0 dimensions; f0 direction (rise/
fall), f0 scaling (steep/shallow), f0 height (peak/valley), and f0 alignment (tim-
ing of f0 peak or valley relative to a stressed syllable). Research on prominence
perception in West Germanic languages has shown that the type of pitch accent
impacts the degree of perceived prominence.> For instance, studies on Dutch
(e.g., Rietveld & Gussenhoven 1985, Gussenhoven & Rietveld 1988), English (e.g.,
Ladd & Morton 1997, Knight 2008, Cole et al. 2019), and German (e.g., Kohler
& Gartenberg 1991, Niebuhr 2009, Baumann & Rohr 2015, Baumann & Winter
2018) have found that the overall shape of an accent/f0 contour affects promi-
nence perception, revealing the importance of intonational rises, as higher f0
peaks and steeper f0 rises are perceived as more prominent.

Let us now zoom in further on intonational rises and their prominence status

SPitch accent placement within an utterance (prenuclear, nuclear, postnuclear) is also an im-
portant factor in prominence perception. Many schools of intonational analysis have claimed
that the last accent in an utterance, the nuclear accent, is the most prominent one. For German,
the following prominence hierarchy of pitch accent placement has been proposed: nuclear >
prenuclear > postnuclear (e.g., Baumann & Rohr 2015, Grice et al. 2017). Pitch accent placement
is beyond the scope of this book, and will therefore not be discussed further.
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in German. Baumann & Rohr (2015), in a prominence rating task, investigated
the degree of accent type prominence using the accent inventory of the German
Tones and Break Indices model (GToBI; see Table 3.1; Grice et al. 2005). The items
of the study consisted of utterances featuring proper names. The authors manipu-
lated the pitch accent contour on the proper names, and instructed the listeners to
rate how prominent a given proper name sounded using a visual analogue scale.
The results of this study show that the accent type on a given proper name af-
fected its perceived prominence: when proper names were produced with pitch
rises, they were perceived as more prominent than when they were produced
with pitch falls (f0 direction). Crucially, the rise or fall occurred on the stressed
syllable of the proper name. In a similar fashion, steeper rises and falls on proper
names were rated as more prominent than shallow rises and falls (f0 excursion),
and finally, pitch peaks on proper names were judged as more prominent than
pitch valleys (f0 height). Table 3.1 presents the perceived prominence hierarchy
of the tested German accent types proposed by Baumann & Réhr (2015).

Table 3.1: GToBI accent type prominence hierarchy based on the three
dimensions: pitch direction, excursion, and value of starred tone. In-
creasing prominence is ranked from bottom to top. Table reproduced
and slightly adapted from Baumann & Réhr (2015: 2).

Accent type Pitch direction  Pitch excursion  Value of starred tone

L+H* rise steep H

L*+H rise steep L

H* rise shallow H
'H* rise shallow 'H
H+!H* fall (relatively) steep 'H

H+L* fall steep L

L* level shallow L
o n/a n/a n/a

In a more recent study, Baumann & Winter (2018), using a Rapid Prosody Tran-
scription (RPT) task, tested the impact of continuous prosodic (e.g., f0, duration,
intensity), discrete prosodic (pitch accent type and placement), as well as non-
prosodic (e.g., lexical, syntactic, semantic) variables on prominence perception.
Specifically, in this RPT task, untrained German listeners were asked to underline
words regarded as prominent during or right after listening to an utterance. The
results show that discrete prosodic variables, including pitch accent type, were
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the best predictors of prominence. More specifically, the particular shape char-
acteristics of the pitch contour, with rising contours being pivotal, were found
to be the primary cue to prominence perception. This study also highlighted a
new — at the time — perspective related to prominence perception. In particu-
lar, the authors mention that despite the overall trend found at the group level,
prominence perception in their sample was partly determined by individual dif-
ferences, with some of the listeners attending mostly to pitch-driven cues, and
others exhibiting a reverse pattern in attending mostly to lexical and semantic
cues.

So far, it has been shown for West Germanic languages, including German, that
discrete (phonological) and continuous (phonetic) prosodic cues pattern together
in flagging postlexical prominence, reflecting the fact that the shape of a pitch
contour is defined by its f0 dimensions. Summarising,

i. rises are more prominent than falls,
ii. steep rises are more prominent than shallow rises and falls, and

iii. peaks are more prominent than flat pitch and/or valleys.

The results discussed in this section strongly suggest that intonational rises con-
stitute a decisive cue in prominence perception. The next section elaborates fur-
ther on the linguistic importance of intonational rises in speech processing.

3.3 Intonational rises in speech processing

It was pointed out in Section 2.4 that in auditory processing, the physical prop-
erties of the acoustic signal are essential for attracting attention. For instance,
rises in the amplitude or pitch of sine waves prompt auditory looming effects,
indicating that the sound source is approaching. Acoustic saliency thus serves as
a warning cue that activates attentional resources (e.g., Bach et al. 2008). Falling
acoustic signals may also attract attention, but it has been shown that these are
experienced mostly as fading (indicating a receding sound source), and are thus
processed differently than rises (e.g., Macdonald & Campbell 2011).

In a similar vein, related research has shown that prosodic cues, such as intona-
tional rises, are pivotal in speech perception and processing. In West Germanic
languages, rising pitch accents typically mark important and informative con-
stituents in an utterance, such as new topics, new referents, or different types
of focus (especially contrastive or corrective focus; e.g., Bolinger 1986, 1989, Bau-
mann & Schumacher 2012, Grice et al. 2017, Lorenzen et al. 2022, 2024). Rising
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intonation allocates attention towards the constituents bearing it, which facili-
tates their processing. Further, rising pitch accents, when used as a focus-cueing
device, also guide attention towards semantic incongruencies, because they lead
to more elaborate processing of the focused information (e.g., Ventura et al. 2020,
Wang et al. 2011). Moreover, intonational rises guide attention in memory and
recall tasks, facilitating recall performance (e.g., Fraundorf et al. 2010, Koch &
Spalek 2021, Rohr, Savino, et al. 2022). Last but not least, information highlighted
by rising intonation is perceived as more prominent, which leads to more at-
tentional resources being allocated to information highlighted in this way than
when it is highlighted by falling intonation (e.g., Sullivan & Horowitz 1983, Hsu
et al. 2015, Rohr et al. 2020, 2021). Nonetheless, not all rising pitch accents at-
tract attention. For instance, Bari Italian postfocal rising pitch accents, which
are used to mark interrogatives, do not attract attention (i.e., postfocal rising
pitch accents do not facilitate detecting incongruencies in the postfocal domain;
Ventura et al. 2020, Ventura 2020). It thus appears essential to take the structure
of the language under investigation into account. In West Germanic languages,
prominence is very often encoded in the form of intonational rises. Therefore,
the use of rising accents to mark important constituents in such languages may
be the reason for their attention orienting potential.

Let us now focus on the triplet intonation-attention-speech processing. It ap-
pears that the auditory and linguistic processing systems share many common
features, especially with regard to prediction and attention orienting. These two
mechanisms appear to be driving forces for information processing in general,
including for linguistic input (see Bornkessel-Schlesewsky & Schumacher 2016).
As laid out in Section 2.3, the auditory system develops sensory-memory repre-
sentations related to the auditory environment, on the basis of which it predicts
the properties of the upcoming sound events. When predictions are not attested,
attention-calling mechanisms are activated. Likewise, according to Schumacher
et al. (2015) the linguistic processing system constantly develops mental represen-
tations from which predictions for the upcoming entities are derived (for more
detail on the general architecture of the prediction-updating cycle, see Rohr et al.
2021, Repp & Schumacher 2023). As already mentioned in Chapter 2, according
to Friston (2010) our brains build an internal model of the world on which we rely
to predict upcoming sensory events. When these predictions are violated, predic-
tion errors — to use Friston’s term — arise. Prediction errors in language, namely
“mismatches between context and target items” (Rohr et al. 2021: 36), have been
found to elicit detection and attention-calling processes as well. In the previous
chapter, we saw that after an auditory deviation/mismatch, the first attention-
calling mechanism that is activated in the auditory cortex is the mismatch nega-
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tivity (MMN) response, oftentimes called the regularity-violation response (e.g.,
Naitanen 1992). Mismatches in language function in a similar way, eliciting neg-
ative neurophysiological deflections related to such violations (for a general ac-
count on negativities as reflexes of prediction errors, see Bornkessel-Schlesewsky
& Schlesewsky 2019). The most well-studied prediction error deflection in lan-
guage is the N400. The N400 “represents processes that affect an early discourse
linking stage and derive from expectations for an entity raised by the discourse
context. The higher the processing cost for an entity or the more difficult its
reconciliation with prior discourse, the more enhanced is the N400 amplitude”
(Rohr et al. 2021: 36). Rohr et al. (2021) point towards ERP studies on pitch/intona-
tion processing, reporting that as pitch unfolds in time, listeners incrementally
develop expectations for the upcoming entities and their prosodic realisation.
These studies report that when a mismatch between the prosodic input and the
upcoming information occurs, an N400, indicative of a prediction-violation (for
more, see Chapter 2), is elicited in the brain (e.g., Toepel et al. 2007, Baumann
& Schumacher 2012). As I reviewed in the previous chapter, attention orienting
towards an auditory mismatch in cognition can also elicit a positive deflection —
identified as part of the P3 family — which involves a conscious perception of
this mismatch. Likewise, Rohr et al. (2021) investigated the signal-driven effects
of prosodic prominence in an EEG study and found that intonational rises, by
virtue of being acoustically prominent, attracted more attention than less promi-
nent intonational patterns, eliciting a P3 response (for a detailed review of this
study, see Section 3.4). Further, R6hr et al. (2021) mention that attention orient-
ing in language can also be reflected in a Late Positivity, also identified within
the P3 family (e.g., Ruchkin et al. 1990: see also Chapter 2). Rohr et al. (2021)
propose that Late Positivities in language reflect an update of the mental model.
More specifically, according to Rohr et al. (2021), listeners, after orienting their
attention towards a prosodic mismatch, topic shift, or novel information, need to
incorporate the new knowledge in their mental representations by updating their
mental model. Late Positivity has also been considered as an index of attention
orienting in studies investigating prosodic cues marking new information and fo-
cused constituents (e.g., Toepel et al. 2007), as well as unexpected accentuation
(e.g., Schumacher & Baumann 2010, Baumann & Schumacher 2012), redundant
accentuation on constituents in the background (e.g., Li et al. 2018), and deviant
or unexpected prosodic patterns (e.g., Kakouros et al. 2018). According to Rohr et
al. (2021), these are cases where a listener perceives a conflict between prosodic
and information structural cues. This conflict can be resolved through the updat-
ing processes, whereby the mental model is repaired and reorganised (see also,
Toepel et al. 2007, Dimitrova et al. 2012, Brouwer & Hoeks 2013, Schumacher et
al. 2015).
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Evidence supporting the privileged position of pitch rises in attracting atten-
tion also comes from studies on the neural processing of linguistically meaning-
ful pitch variations at both the lexical and postlexical level in Mandarin Chinese
(e.g., Ren et al. 2009, Tsang et al. 2011, Liu et al. 2016, Li & Chen 2018). These
studies show that brain responses are not only activated by the acoustic con-
trasts in the signal, but they are also sensitive to the timing of the acoustic cues.
The study by Li & Chen (2018) is of particular relevance for the current work,
as it investigated Tone2 (that is, a rising tone) and Tone4 (that is, a falling tone),
similarly to Chapter’s 4 intonational rising and falling contours. Using the MMN
paradigm (for more on this paradigm, see Chapter 2), the authors compared the
timing of the cues by contrasting Tone2/Tone4 with Tone3 as a reference tone,
and they found that MMN is sensitive to the timing of the acoustic cues (i.e., the
time point when the tone contours start to diverge; cue of divergence point). It is
particularly interesting that the MMN time window they found for the contours
with the early divergence cue is the same time window observed in the current
study reported in Chapter 4. The contours used in the study reported in Chap-
ter 4 also have an early divergence point (i.e., divergence from the beginning of
the word), pointing at a cross-linguistic similarity.

As discussed in Section 3.1, AM theory and prosodic typology postulate that
tonal events come pre-packaged with specific associations and functional proper-
ties (in the case of English, German, and other languages with a similar prosodic
structure). More specifically, pitch accents are assumed to cue prominence, while
edge tones serve to chunk utterances into smaller units (e.g., Ladd 2008, Jun
2014b). It is therefore proposed that accentual rises constitute a better cue in di-
recting listener attention than rises at prosodic boundaries. Nevertheless, studies
investigating prominence perception and processing call into question the strict
dichotomy proposed by the AM theory. Specifically, it has been claimed that
prosodic phrasing actually can affect prominence perception (for discussion, see
Grice & Kiigler 2021). Some evidence that rising edge tones can also cue promi-
nence comes from serial recall tasks of nine-digit sequences in Italian (Savino et
al. 2020) and German (Rohr, Savino, et al. 2022, Grice et al. 2024). These studies
found that boundary rises marking the last item of non-final triplets facilitated
the recall accuracy of the digit in the boundary position that bears the edge tone.
This facilitation was also observed over the whole triplet. These results reveal
that edge tone rises appear to cue prominence on the whole domain that is de-
limited. Other evidence for edge tones cueing prominence comes from process-
ing studies on the domain of the word (for discussion, see Grice & Kugler 2021),
showing that rising boundary tones facilitate, for example, word segmentation
(e.g., Ou & Guo 2021) and word recognition (e.g., Kember et al. 2021).
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Therefore, regardless of the functions with which pitch accents and bound-
ary tones are pre-defined within AM theory, the prominence patterns in a lan-
guage can be affected or modulated by different structural positions (for the no-
tion of structural prominence, see Streefkerk 2002, Himmelmann & Primus 2015,
Cangemi & Baumann 2020). Put differently, AM postulates that prominence in
West Germanic languages is mostly expressed in the form of pitch accents, direct-
ing the listener’s attention to the highlighted information. The stressed syllable,
as the docking site for the pitch accent, is the head of the word, and therefore
occupies an essential position in the linguistic structure. Yet, prosodic bound-
aries appear to also guide attention towards important elements. This could be
so because flagging prominent information at privileged positions, such as in
the beginning or at the end of an utterance, is crucial for speech processing and
planning (e.g., Seidl & Johnson 2006, Ou & Guo 2021). Hence, one could argue
that in a complex signal such as speech, prominence might not necessarily be
encoded by cues on one specific structural position, but rather by the combina-
tion of cues on different privileged positions. Both experimental studies reported
in this book (Chapters 4 and 5) investigate the role of the phonological status of
the rise, namely as pitch accent or edge tone, in attention orienting. The key, and
novel, discovery is that rises associated with the edges of constituents can also di-
rect the listener’s attention towards the constituents bearing them; the evidence
comes from ERP as well as pupillometric data.

Although linguistic research has attested that rising pitch is pivotal in spoken
communication, previous research on the processing of unexpected/deviant audi-
tory events has focused on pure tones only. To my knowledge, the only oddball
study that has explored the sensitivity of pitch change direction in relation to
speech is Hsu et al. (2015). However, although some of Hsu et al.’s stimuli were
produced with a human voice, they were not designed to convey any linguistic
meaning (see the review of this study in Section 2.4). Chapters 4 and 5 delve
into the role of intonational rises in attention orienting, using speech stimuli
that convey linguistic meaning. Specifically, in extending previous neurophysi-
ological work on simple sine waves, the study reported in Chapter 4 introduces
rising and falling intonation (attributable to both accents and boundary tones) on
sequentially presented lexical items, yielding a list context and the concordant,
language-specific expectations. Likewise, Chapter 5 uses domain-final rises and
falls (i.e., edge tones) within a numerical list context. Crucially, the rise or fall
for the stimuli used in the Hsu et al. paper involved a change in pitch from one
stimulus to the next (i.e., across stimuli), whereas in the current work the rise or
fall takes place within the stimulus itself.
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3.4 Signal- and context-driven processing

The processing of information is highly affected by listener expectations (e.g.,
Clark 2013, Huettig 2015, Grice et al. 2017, Friston 2018, Roessig et al. 2019). These
expectations are in part driven by pure acoustic properties, i.e., the prosodic
context, but can also be driven by context- and/or language-specific expectations,
i.e., expectations raised by the pragmatic context or by language structure. For
example, a particular accent on a constituent or an inserted pause can create
expectations as to the upcoming information.

Previous research on acoustic mismatch detection has targeted signal-based
expectations, but context may also shape attentional orientation. For instance,
Rohr et al. (2021) investigated the role of signal- and expectation-driven effects of
prosodic prominence in two EEG studies. First, four different German accentual
contours were tested in isolated sentences (steep rise, shallow rise, [steep] fall,
and no accent) with intonation the only factor influencing attention orienting.
Second, the most prominent steep rising accent and the less prominent falling
accent were tested with regard to expectations of how exciting/unusual the con-
tent of an utterance is, by relating the stimuli to an exciting/unusual and neu-
tral (negligible/ordinary) pre-context. Results indicate that attentional cues, both
signal-driven and context-driven, engender positivities of varying latency: (i) a
prominent rise on the stressed syllable (and not a rise elsewhere) consumes at-
tentional resources at an early processing stage (reflected in an Early Positivity),
and (ii) highlighting induced by the context (i.e., the exciting context) consumes
attentional resources at a later processing stage (reflected in a Late Positivity).
Moreover, results show that prior context builds up expectations for the upcom-
ing prosodic input, reflected in N400 prediction errors engendered by acousti-
cally unexpected (here, prominent) accents as well as contextually inappropriate
prosodic realisations. These studies hence suggest that attentional orientation
and predictive processing reflect discrete stages in the construction of a mental
representation during real-time comprehension. Another example of the interac-
tion between signal- and context-driven processing of pitch variation is the study
by Liu et al. (2016). Liu and colleagues investigated the attentive processing of
tone and intonation in Mandarin Chinese and found that conscious attentional
neural responses (i.e., the P300 response) were modulated by the pragmatic con-
text (question vs. statement) in which Tone4 appeared.

Following up on Roéhr et al. (2020, 2021), a recent study by Rohr, Baumann &
Grice (2022) on German investigated the effect of context-driven expectations
on tonal cues to prominence. Specifically, the authors tested contexts where the
speaker needs to mark information in an exciting way (exciting context) as op-
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posed to contexts where the speaker provides information in an ordinary way
(neutral context). For the former context, the authors found that speakers made
the target information prominent, by using mostly rising accents characterised
by large rising tonal onglides (measuring the pitch excursion between the pre-
stressed syllable and the accentual peak). In contrast, speakers marked ordinary
information with less prominent accents, mostly by using small rising or falling
onglides. Listeners interpreted large rising onglides (as in L+H") as unusual/ex-
citing/prominent information, as opposed to small rising onglides (as in H*) and
falling onglides (as in H+L*). This study provides further evidence not only for
the intrinsic association between rising intonation and prominence, but also for
the interplay between signal-driven and context-driven cues.

In addition, studies have shown that the processing and perception of prosodic
prominence can also be shaped by language-specific expectations, such that at-
tention is allocated to different information based on a language’s prosodic
structure (e.g., Chandrasekaran et al. 2009, Ventura et al. 2020). For example,
the degree of prosodic attenuation in postfocal material in Italian is different
than in German. In parallel collaborative work with Grice et al. (2025), we con-
ducted a web-based experiment investigating how native Italian speakers and
German learners of Italian perceive the prominence of words with different fo-
cus structures (i.e., in broad and narrow focus, and postfocally) in Italian. In this
study, we were particularly interested in the question of how listeners’ native
language shapes the perception of postfocal prominence. The results show that
both groups of listeners perceived words in narrow focus as more prominent
than words in broad focus, but that they differed in how they perceived post-
focal words. Specifically, native Italian listeners perceived words in both broad
focus and postfocal position equally prominent, despite the differences in the
acoustic realisation of the target words in the two focus conditions. In contrast,
the German learners perceived postfocal words as less prominent than words in
broad focus. These findings indicate that native Italian speakers used both signal-
and language-driven expectations in their perception of postfocal prominence,
whereas the prominence perception of German learners appeared to be driven
only by the signal, i.e., the acoustic saliency of the broad focus words compared
to the reduced acoustic properties of the postfocal words. Both Grice et al. (2025)
and Ventura et al. (2020) show that flat pitch appears to have a different status
in Italian and German, as in Italian attention to postfocal material is enhanced
by flat pitch. Therefore, German learners in Grice et al. (2025) appeared to also
use their L1 expectations regarding the deaccentuation of postfocal elements.

In sum, it appears that prior expectations driven by the linguistic or discourse
context, or even by recent speech experience, can overwrite the typical acous-
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tic cues to prominence (e.g., Cole et al. 2010, Bishop 2013, Kakouros et al. 2018,
Roettger & Rimland 2020), leading to different processes: whilst signal-driven
cues are decisive mainly for pre-attentive processes, context-driven cues mainly
influence attentive processes. This point is revisited and discussed in depth in
Chapter 4.

3.5 A brief note on German list intonation

The previous sections of this chapter established the relevance of intonation for
prominence. It is worth keeping in mind, however, that intonation serves multi-
ple other functions as well. Crucially for the present work, intonation can differ-
entiate between continuity and finality in utterances and — most importantly for
this work — in lists. Thus, before closing this chapter, let us touch upon German
list intonation, the linguistic context of the two experimental studies reported in
this work.

German list intonation involves different pitch contours depending on
whether the list items are non-final or final. More specifically, rising and level®
contours are typically used by native speakers to recite elements of a “multi-part
unit such as a list..” (Peters 2018: 98), as rising and/or level contours on non-final
and penultimate items in lists (or in utterances in general) denote continuity. In
the context of a list, these contours indicate that the list is open or incomplete
(e.g., Grabe 1998, Baumann & Trouvain 2001, Chen 2003, Peters 2018). The final
element in a (closed) list, by contrast, is typically marked by a falling contour, in-
dicating finality and marking the end of the list (see Baumann & Trouvain 2001,
Peters 2018). Nonetheless, final rises (the reflex of H% boundary tones) can also
mark the end of units, such as a sublist, as there are different types of continua-
tion. Continuation can be signalled both across smaller or larger domains (e.g.,
Chen 2003). In discourse, this translates to sentence-internal continuation and
continuation at clause-boundaries (e.g., Chen 2003), while in the case of a list,
this corresponds to list-internal (i.e., non-final items) and list-boundary (i.e., end
of a sublist where a subsequent list or another utterance is yet to come) continu-
ation.

Figure 3.2 presents stylised examples of some possible intonational contours
marking non-final and final items in a numeric list. In blue, we see instantiations
of different rising (first and second row), high (third row), and low level (final row)
contours that can mark non-final items in a list, indicating list-internal continuity.

*With level contours, I refer to contours that are flat or shallow falling towards the boundary.
The pre-boundary tonal specification can vary from rise-fall to shallow falling or shallow high.
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In red, we see contours that can mark final items in a list. More specifically, whilst
in the first, second, and last row, we see instantiations of different falling contours
denoting the end of a closed list, in the the third row, we see, in pink, an example
of a final rise (i.e., a boundary rising contour), marking the end of a list and
indicating list-boundary continuation.

=/ /S / T\

A AN
/ / S

A /\ /\ AN

Einundzwanzig zweiundzwanzig dreiundzwanzig vierundzwanzig

Twenty-one twenty-two twenty-three twenty-four

Figure 3.2: Illustrative examples of list intonation in German on non-
final and final elements in lists using stylised contours (adapted from
examples (14), (15), and (16) in Peters 2018: 98-99).

3.6 Summary

The current chapter served as a condensed introduction to prosody, intonation
and prosodic structure. Central for this chapter has been the relevance of in-
tonation for prominence. The studies reviewed and discussed show that rising
intonation not only constitutes a decisive cue to prominence, but that it also
plays a crucial role in speech processing. However, we saw that, in addition
to signal-driven cues (like intonational rises) context-driven (i.e., meaning- or
language-specific) cues are also of great importance in speech processing, as
they can overwrite the importance of the signal at times, which in turn can lead
to the activation of different processes. Here we note an interesting parallel be-
tween speech and auditory processing. As we saw in Chapter 2, saliency, both
signal-driven and meaning-based, is the mainspring for attention orienting in
auditory cognition. In a similar vein, this chapter showed that prominence, both
signal-driven and context-driven is a driving force for speech processing. As the
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introductory chapter put forward, prominence pertains to the concept of atten-
tion (introduced in Chapter 2). We saw in this chapter that the linguistic domain
uses a pool of mechanisms shared with general cognition, mechanisms which
are crucial for the orienting response in both auditory and speech processing. I
will revisit this argument in the upcoming chapters. More specifically, the exper-
imental work presented in Chapters 4 and 5 builds on both neurocognitive and
linguistic research in an endeavour to unravel the relevance of intonation as a
prominence-cueing device for attention orienting in spoken language.
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4 Unravelling the role of intonation in
attention orienting using ERPs

One of our fundamental abilities is that, based on our interests and goals, we
can voluntarily select our object of attention among the many available input
sources. Voluntary attention thus shields the processing of information that we
have chosen to process from other available but currently irrelevant informa-
tion. However, unexpected sound changes outside of the current attentional fo-
cus may break through this shield, causing an involuntary switch of attentional
resources towards these unexpected changes (see Chapter 2). One of the audi-
tory cortex change detection mechanisms that triggers involuntary attention is
reflected in the neurophysiological response called mismatch negativity (MMN;
e.g., Naiatdnen 1992). The present study is concerned with the processing of in-
tonational rises and falls in German when presented unexpectedly in a stream
of repetitive auditory stimuli. In an EEG study, using an auditory passive odd-
ball paradigm, I investigate whether rising pitch in speech is special in attention
orienting by measuring MMN responses to intonational changes.!

4.1 Motivation

Chapter 2 provided a comprehensive review of studies attesting that the physi-
cal properties of the acoustic signal are crucial for the activation of the orienting
response, showcasing the orienting function of rising signals (see Section 2.4).
Specifically, rises in the amplitude or pitch of sine waves form intrinsic warn-
ing cues with ripple effects, prompting auditory looming (i.e., the percept of an
approaching sound source), which activates attentional resources and in turn
leads to a series of neural, psychological, or physiological reflexive responses.
However, it has also been shown that falling acoustic signals, too, may attract at-
tention when presented unexpectedly, even though they are experienced mostly
as a receding sound source and thus processed differently than rises. In a similar
fashion, Chapter 3 highlighted the linguistic importance of intonational rises in

'The research presented in this chapter has been reported in Lialiou, Grice, et al. (2024).
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speech as a decisive cue to prominence (see Section 3.2), indicating their crucial
role in speech processing (see Section 3.3). Speakers make use of prominent in-
tonational contours to highlight important elements in their utterances, endeav-
ouring to orient listener attention to specific information or a specific idea. At the
same time, prominent intonational events like rising contours attract and allocate
listener attention towards constituents bearing these intonational events, facili-
tating their processing. However, Chapter 3 showed that, in addition to signal-
driven cues (such as rises in pitch), context-driven cues take on a crucial role in
speech processing, and sometimes overwrite the typical acoustic cues that signal
prominence.

In the current chapter, I revisit the idea of an attentional bias (essentially serv-
ing as a warning cue) towards sounds with rising as opposed to falling acous-
tic properties and extend this idea from general cognition to spoken language.
In the context of previous neurocognitive studies suggesting that unexpected
sound events with rising acoustic properties attract more attention than sound
events with falling acoustic properties in a stream of repetitive non-linguistic au-
ditory events (see Section 2.4), the current study explores the role of intonational
rises and falls (attributable to accents and boundary tones) in attention orienting,
using speech stimuli that convey linguistic meaning. Extending previous work
on simple sine waves, I introduce rising and falling intonation on sequentially
presented lexical items, which potentially gives rise to a list context and the con-
cordant, language-specific expectations. In addition, I investigate the role of the
phonological status of the rise (pitch accent or edge tone)? in attention orienting.
Crucially, intonational theories such as the autosegmental-metrical theory (AM;
e.g., Ladd 2008) postulate a strict link between the association (head/edge) and
the functional (prominence/phrasing) properties of tonal events. Pitch accents
are thereby related to prominence and edge tones to phonological phrasing, ex-
cluding a prominence-cueing function of the latter (see Section 3.2 for more de-
tail). However, recent research has provided some evidence against such strict
postulations (for review, see Chapter 3). Therefore, the question I address in re-
lation to the phonological status of rises is whether only rises on pitch accents
play a role, or whether rising edge tones have a similar effect, as in the serial
recall results reviewed in Section 3.3.

For this study, EEG recordings of listeners were collected and event-related
brain potentials (ERPs; for more on this method, see Section 2.5) related to un-
expected auditory deviances in a repetitive auditory stream were measured. Of

?As already stated in the introductory chapter, the term edge tone is used interchangeably with
the term boundary tone.
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particular interest for this study are the MMN and the subsequent positivity (P3).
Previous studies have shown that these two brain responses appear to be the neu-
rophysiological underpinnings of involuntary and voluntary attention, indexing
the path from pre-attentive to conscious processes related to an unexpected au-
ditory change (see Section 2.5). The MMN can be recorded in different stimulus
paradigms, depending on the different aspects of the central auditory processing
under study. One of the most frequently used paradigms is the classic oddball
paradigm in passive recordings, utilised in the current study (e.g., Naaténen et al.
2019). In this paradigm, participants are presented auditorily with sequences of
repetitive sounds, called standards, occasionally interspersed with a rare sound,
called deviant, during a film with no sound. This allows for the elicitation of
brain responses in the absence of attentive listening, and can thus shed light on
the nature of the underlying neural mechanisms.

The main question this study puts forward is whether intonational rises attract
more attention than falls (RQ1 [rises]). Two central hypotheses are tested. Follow-
ing the auditory looming literature (e.g., Bach et al. 2008, Macdonald & Camp-
bell 2011), Hypothesis 1 states that unexpected rises in a sequence of repetitive
falls should attract more attention than unexpected falls in a stream of repetitive
rises, evoking a more pronounced MMN potentially followed by a P3 response.
Furthermore, given the focus of the current work on the processing of intona-
tional rises and falls in both accentual and boundary positions, I subsequently
ask whether the phonological status of the rise and fall affects the underlying
processing (RQ2 [edges]), or in other words whether accentual contours attract
more attention than boundary contours. Hypothesis 2 thus states that the extent
of the effect may vary as a function of the phonological association (pitch accent
vs. boundary tone) of the tonal event (e.g., Ladd 2008). If the standard AM ac-
count holds, postulating pitch accents as the primary markers of prominence, a
greater MMN effect for accentual over boundary contours is expected.

4.2 Methods

Employing the classic oddball paradigm in passive recordings and using the ma-
terial described in Section 4.2.2, four different oddball conditions were designed,
in which rising and falling f0O contours alternated as standard/deviant sounds.
In two conditions, standard/deviant sounds are composed of accentual contours
(conditionl: standard accentual rise/deviant accentual fall; condition2: standard
accentual fall/deviant accentual rise), whereas in the other two conditions, stan-
dard/deviant sounds are composed of boundary contours (condition3: standard
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4 Unravelling the role of intonation in attention orienting using ERPs

boundary rise/deviant boundary fall; condition4: standard boundary fall/deviant
boundary rise). While listening to the stimuli, participants watched a nature doc-
umentary film with no sound (Deep Blue; Fothergill & Byatt 2003).

4.2.1 Participants

ERP data from 32 right-handed participants were recorded. Handedness was as-
sessed by the Edinburgh Handedness Inventory (Oldfield 1971). All participants
were monolingual native speakers of German (28 female, 4 male), aged between
19 and 33 years old (mean age = 24.5 years, SD = 3.5). Participants provided
written informed consent in accordance with the Declaration of Helsinki and
in compliance with the ethics clearance from the Ethics Board of the Deutsche
Gesellschaft fiir Sprachwissenschaft (DGIS). Participants received reimbursement
for their participation (either course credit or monetary compensation). None of
them reported any speech, hearing, or neurological impairment.

4.2.2 Speech materials

The auditory stimuli used in the oddball paradigm comprise rising and falling f0
contours realised either on the stressed syllable (accentual contours), or at the
right boundary, that is, on the last syllable, (boundary contours) of four different
lexical items (Banane ‘banana’, Limone ‘lime’, Marone ‘chestnut’, Melone ‘water-
melon’), resulting in a total of 16 tokens (4 contours x 4 lexical items). For seg-
mental comparability of the lexical items, I selected common trisyllabic German
nouns with simple segmental structure and primary lexical stress on the penul-
timate syllable (CV.CV.CV)? which were mainly composed of voiced sounds to
enable continuous f0 tracking. Additionally, to control for potential word fre-
quency effects on prominence perception (see Cole et al. 2010), all items were of
approximately the same frequency class.?

All stimuli were produced by a phonetically trained female native speaker of
German and recorded with a sampling rate of 44100 Hz and 16-bit resolution
(mono). To ensure natural speech production of the items, the speaker was asked
to spontaneously produce all items in isolation, with all intonational contours.
To circumvent inconsistencies in the realisation of the same intonation contour
across the different items, the most natural-sounding item in terms of speech rate,

*Bold face indicates lexical stress.
*The frequency distributions of the words were extracted from the Leipzig Deutscher
Wortschatz corpus (Quasthoff & Richter 2005).
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duration, pitch range, and meaning® was selected for each contour and presented
repeatedly to the speaker as a prompt for the production of the same contour
type across lexical items. The speaker repeated the prompt with as little delay
as possible, resulting in a natural but very consistent production of the different
contours across items, as confirmed by acoustic analysis. The original production
of all stimuli was used in the experiment, normalised at —23 LUFS. Figure 4.1
illustrates the mean f0 contours as well as the individual f0O contours of all four
items superimposed on each other. The similarity of the fO contours indicates
that they were produced in a very consistent manner across items (see bottom
panels).
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Figure 4.1: Top panel: mean f0 contours across items. Bottom panel:
individual f0 contours of all items, superimposed for each condition.

SThat is, a falling contour marking finality, a rising contour marking continuity.
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4 Unravelling the role of intonation in attention orienting using ERPs

For the acoustic characterisation of the stimuli, the ProPer toolbox was used.
ProPer is an open source toolbox for the acoustic analysis of prosodic phenomena
based on continuous measurements of periodic energy and f0 (Albert et al. 2018,
Cangemi et al. 2019, Albert et al. 2020, Albert 2023). Prior to the ProPer analysis,
f0 contours were extracted and corrected manually in Praat (Boersma & Weenink
2024), using a customised version of mausmooth (Cangemi 2015). To acoustically
describe the current stimuli, the relative periodic energy mass (henceforth, Mass)
and the relative Delta f0 (henceforth, Af0) metrics were employed. All analyses
were conducted on the basis of syllabic units. Scripts and data tables of the cur-
rent analysis have been made available on the Open Science Framework (OSF)
platform (https://osf.io/nhy4c).

Mass is the area under the periodic energy curve between two syllabic bound-
aries. It is calculated as the integral of duration and power, accounting for these
two cues together in one variable, capturing the overall prosodic strength of the
corresponding syllable (for more on the components of Mass and its improved
acoustic characterisation of prominence, see Albert 2023). Here, relative Mass is
used, indicating the prosodic strength of one syllable relative to the other sylla-
bles in the word. Mass values are calculated as the area under the periodic energy
curve of the entire word divided by the number of syllables in the word (Mass =
raw Mass of the word/n of syllables). The average Mass is centred around one,
so that weak syllables exhibit values lower than one, and strong syllables exhibit
values higher than one (weak < 1 < strong).

The measure of Af0 describes the f0 trajectory across syllables, using both
f0 and periodic energy. First, Af0 measures the f0 at the centre of Mass within
each syllabic interval, and then the difference in fO between two subsequent
syllables is calculated. Thus, Af0 indicates the f0 change from syllable to syllable
by calculating the difference from the previous one. For the first syllable, Af0 is
calculated relative to the speaker’s f0 median. The raw Af0 is measured in Hz; in
this analysis relative Af0 values (relative Af0 = raw Af0/speaker’s f0 range) are
used (for more on Af0, see Albert 2023).

Figure 4.2 shows a representative example of a periogram, a visual represen-
tation of the f0 curve, for the item Melone realised with a rising pitch accent.
The f0 curve is enriched with periodic energy, such that the thicker the line, the
greater the periodic energy. The lower part of the figure depicts the periodic
energy curve itself. Mass and Af0 values are illustrated on the same figure.

The consistent production of the f0 contours across items is also evident in the
ProPer analysis. Figure 4.3 depicts relative Af0 values per syllable as a function
of contour, across items as well as per item. In accentual falling contours (see
depiction in blue in the top panels), Af0 starts H(igh) on the first syllable, falls
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Figure 4.2: A representative example of a periogram. In the upper half
of the figure, the blue line illustrates the f0 curve, with thickness re-
flecting its strength. The red line in the lower half part of the figure
depicts the periodic energy curve. The Hz values on the y-axis corre-
spond only to the f0 curve. The red vertical dashed lines indicate the
position of the centre of Mass (CoM) within syllabic intervals. Mass
values on the relative scale are given in numbers below each interval.
The short vertical blue lines on the f0 curve indicate the centre of grav-
ity (CoG), with Af0 values displayed on the f0 curve.

to a L(ow) on the stressed syllable, and levels (or slightly rises) towards the last
syllable in the word. In accentual rising contours (see depiction in red in the top
panels), Af0 starts L on the first syllable, rises to a H on the subsequent stressed
syllable, and levels towards the last syllable. In both falling and rising boundary
contours (see bottom panels), Af0 remains on the same level from the first to the
subsequent stressed syllable, and then for the former contour (see depiction in
green), falls to a L towards the last syllable (boundary) of the word, while for the
latter (see depiction in yellow), it rises to a H.

Moving on to Mass, Figure 4.4 presents Mass values per syllable of each item
across accentual and boundary contours. Visual inspection of Mass in both ac-
centual and boundary contours shows a slight variability on the values across
items. This is expected considering the different phonetic makeup of each sylla-
ble across the different lexical items. Despite these slight differences, the second
syllable, which is stressed and accented, exhibits the greatest Mass across items,
in the accentual contours, indicating that it is prosodically the strongest syllable
in the word, while its overall prosodic strength is similar across rising/falling
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Figure 4.3: Relative Af0 values per syllable (x-axis) across accentual
contours (top panels; accentual falls in blue, accentual rises in red) and
boundary contours (bottom panels; boundary falls in green, boundary
rises in yellow) presented across words (first and third panels) as well
as separately for each word (second and fourth panels).

contours. In the boundary contours, prosodic strength does not differ greatly
between the stressed/accented (second) and the last syllable, which carries the
boundary tone. Mass on the stressed syllable is slightly higher in boundary falls
than in boundary rises, while Mass on the last syllable is subtly higher in bound-
ary rises than in boundary falls.

Table 4.1 presents means and standard deviations for (i) relative Af0 and (ii)
relative Mass values per syllable across items for each contour, as well as (iii) the
total duration of items.
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Figure 4.4: Relative Mass values per syllable (x-axis) as a function of
item and intonational contour. Top panels illustrate Mass values in
accentual contours (rises in red, falls in blue). Bottom panels present
Mass values in boundary contours (rises in yellow, falls in green).

4.2.3 EEG recording

The electroencephalogram (EEG) was recorded from 32 Ag/AgCl electrodes, am-
plified with the Brain Vision amplifier, and digitised at a sampling rate of 1000 Hz.
The electrodes were mounted in an elastic EEG cap (EasyCap, EasyCap GmbH,
Herrsching, Germany) and placed on the scalp according to the standard inter-
national 10-20 system. The electrical contact between scalp and electrodes was
achieved by applying a conductible electrolyte. As the MMN is well-documented
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Table 4.1: Mean and standard deviation (in brackets) for relative Af0
and Mass values, per syllable, across items for each contour, as well as
for the total duration of items.

syllable accentual fall accentual rise boundary fall boundary rise

relative Af0
1 76.20 (9.99)  —76.13 (6.05) ~1.10 (3.5) 1.20 (1.2)
2 ~64.50 (18.5) 53.50 (9.5) 14.50 (9.2) ~7.40 (1.5)
3 -25.50 (13.5) 33.70 (7.8)  —-57.80 (5.8) 42.70 (4.7)
relative Mass
0.88 (0.13) 0.57 (0.14) 0.83 (0.10) 0.81 (0.14)
2 1.42 (0.13) 1.42 (0.07) 1.20 (0.16) 1.09 (0.15)
3 0.70 (0.13) 1.01 (0.09) 0.97 (0.13) 1.10 (0.08)
duration [ms]
item 0.600 (0.01)  0.680 (0.02)  0.630 (0.02) 0.620 (0.02)

to have a frontocentral topography (N4itinen et al. 2007), a distribution of mostly
frontal electrodes (AF3/4/7/8, F3/4/7/8, Fz, FC1/2/5/6, FCz, C3/4, Cz, CP1/2, CPz,
P3/4/7/8, Pz, POz, Oz) was selected. The AFz electrode position served as the
ground electrode, and additional electrodes were placed on the left and right mas-
toids for referencing (left) and re-referencing (right) of the EEG channels. To con-
trol for eye-movement artifacts, the electrooculogram (EOG) was also recorded
with electrodes placed to left and right mastoids at the level of the external can-
thus of each eye, as well as to the supra- and infra-orbital foramens of the right
eye. Electrode impedances were kept below 3 kQ. Figure 4.5 illustrates the distri-
bution of the electrodes used.

4.2.4 Procedure

After electrode application, participants were seated in a booth with sound insu-
lation on a comfortable chair, in front of a monitor. As there was no active task
for this experiment, participants were asked to relax and watch a nature docu-
mentary film with no sound (Deep Blue; Fothergill & Byatt 2003). Participants
were informed that during the film they would hear some audio unrelated to the
film over the loudspeakers, but they were asked to ignore it.

Participants were presented with standard/deviant f0 contours realised on
the same item within condition, but the items across conditions always differed
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Figure 4.5: 2D layout of electrode placement according to the 10-20 sys-
tem. In this system, each electrode is named by one or two letters to
indicate the general brain region (Fp = frontal pole, F = frontal, C = cen-
tral, P = parietal, O = occipital, T = temporal). Each letter is followed
by a number representing the hemisphere (odd numbers = left hemi-
sphere, even numbers = right hemisphere). The lowercase z stands for
the number zero, which represents the electrodes on the midline. The
higher the number, the greater the distance from the midline.

(Latin Square Design: 4 items x 4 oddball conditions). To control for systematic
order and frequency effects potentially induced by the exposure to the oddball
condition and/or item order, 16 fully-counterbalanced lists were created with dif-
ferent oddball condition order and item, so that each list presented all items and
oddball conditions but never the same item across conditions and never the same
condition order. Each participant heard only one of the lists (the exact distribu-
tion of the lists have been made available on OSF [https://osf.io/nhy4c/]).
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Each oddball condition consisted of 1000 trials in total (850 standards and 150
deviants; the inter-stimulus interval was jittered between 450-545 ms in order
to achieve the same stimulus onset asynchrony for all items, which was 1147
ms), resulting in a presentation time of approximately 20 min per condition and
approximately 1 hour and 20 min in total. The order of the trials was fully ran-
domised, with at least two consecutive standards between deviants in order to
avoid deviant stimuli developing their own memory trace. The initial 15 stan-
dards of each condition were excluded from all subsequent analyses, as their pre-
sentation served the sensory-memory trace formation (e.g., Nddtanen et al. 2019),
resulting in a total of 3940 trials (985 trials x 4 conditions). Figure 4.6 depicts a
schematic illustration of the oddball conditions.

[16 initial standards] s b u it i e uo et i m”w_

15 initial standards] T T Fiv -y i

[16 initial standards]

[45 initial standards]

Figure 4.6: Schematic illustration of the oddball conditions. The four
rows present the four different oddball conditions. From top to bottom,
the first two rows illustrate the oddball conditions in which accentual
rising (in red) and accentual falling (in blue) intonation alternate as
standard/deviant within condition; the last two rows depict the bound-
ary rising (in yellow) and boundary falling (in green) oddball alterna-
tion within conditions. Each condition started with the presentation of
15 standard sounds to serve the creation of the memory trace.

4.2.5 Data pre-processing

The data were pre-processed using the Matlab-based toolbox EEGLAB (Delorme
& Makeig 2004), which was developed at the Swartz Center for Computational
Neuroscience. To reduce computational demands, the first step was to resample
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the data to 250 Hz. Afterwards, the data were re-referenced to linked mastoids.
Next, an independent component analysis (hereafter, ICA) for artifact correction
was performed. For ICA decomposition, the EEG was filtered with a 1 Hz high-
pass filter to approach stationarity, and a 45 Hz low-pass filter to remove line
noise. Subsequently, artifact components (muscle and eye components above
80%; heart components above 90%) were automatically detected and removed
from the raw EEG data. After artifact rejection, the raw EEG data were filtered
with a 0.3 Hz high-pass and a 30 Hz low-pass filter, instead of baseline correction
(see Friederici et al. 2000, Wolff et al. 2008, Widmann et al. 2015, Maess et al.
2016a,b) Thereafter, the data were epoched from -200 to 1000 ms post stimulus
onset. For reproducibility, the pre-processing script can be found on OSF (https:
//osf.io/nhy4c/).

4.2.6 Post-processing and statistical data analysis

Post-processing and statistical analyses were conducted in R, version 4.1.2 (R
Core Team 2023). For data processing and visualisation, the R packages tidyverse
1.3.1 (Wickham et al. 2019), and ggplot2 3.3.5 (Wickham 2016) were used. ERP
amplitude was analysed by fitting Bayesian hierarchical regression models using
the brms 2.17.0 package (Biirkner et al. 2023). Data and scripts can be found on
OSF.

4.2.6.1 Post-processing

After data epoching, to avoid effects of the repeated number of standards (recall
that the deviant trials formed only 15% of total trials), an equal number of stan-
dard and deviant trials entered the statistical analyses. To achieve this, only the
standards that appeared directly before a deviant were selected, yielding a total
of 300 trials (150 standards/150 deviants) per electrode site.

The current analysis focuses on two ERP effects that are claimed to index acti-
vation of pre-attentive and conscious attentional mechanisms, respectively: the
MMN and the P3 responses (see Section 2.5). The MMN is a negative auditory
ERP component which is traditionally obtained as a difference wave by subtract-
ing the ERPs to standard from those to deviant stimuli (i.e., deviant ERPs - stan-
dard ERPs; Naitanen et al. 2019). However, this approach requires the use of the
grand averaged signal, leading to a great loss of variance in the data. In the cur-
rent analysis, ERP amplitude was averaged by time window for every participant,
electrode site, and trial. This allows for fitting the models on single-trial data and
at the same time model variance associated to each participant.
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As discussed in Section 2.5, MMN is reported to typically peak between 100 and
250 ms after stimulus onset (e.g., Duncan et al. 2009). MMN is usually followed by
a positive ERP component, the P3 response, around 300 ms or later after stimulus
onset (P3 latency depends on the complexity of the processing: the more complex
the processing, the longer the latency, varying approximately from 250 to 1000
ms; see Duncan et al. 2009). Nevertheless, there is considerable variability in the
definition of the time windows that have been used to analyse these effects, as
peak latency has been usually defined on the basis of visual inspection of the
difference waves. For example, there have been studies defining time windows
with MMN peak latency at around 350 ms (e.g., Emmendorfer et al. 2020). For
this reason, ERP amplitude is here analysed from 0 to 700 ms after stimulus
onset in steps of 100 ms, resulting in seven time windows (0-100 ms, 100-200
ms, 200-300 ms, 300-400 ms, 400-500 ms, 500-600 ms, 600-700 ms). Further,
as the MMN is well-documented to have a frontocentral topography, and the P3
a frontal distribution (e.g., Duncan et al. 2009), for the current analyses a spatial
region of interest® was defined consisting of the AF3, AF4, F3, Fz, F4, FC1, FCz,
FC2, and Cz electrode sites.

4.2.6.2 Inference criteria

ERP amplitude (in microvolt) was modelled from 0 to 700 ms after stimulus onset
by fitting separate Bayesian hierarchical regression models per oddball condition,
in steps of 100 ms. Treatment contrast was used to code the predictor soUND
(levels; standard/deviant) with the level standard serving as the reference level.
Random effects for susjecTs included full variance—covariance matrices (e.g.,
Barr et al. 2013). Weakly informative priors were used for all the parameters (the
full prior specification can be found in the script provided on OSF), as they allow
for a wide range of effect sizes but control for unreasonably large effects. All
models ran with four chains and 4000 iterations with a warm-up period of 2000
iterations. There were no divergent transitions and all Rs were close to 1, showing
that chains mixed without issues. Model fits were also visually inspected using
the posterior predictive check function.

In the following section, inferences are drawn from the posterior distributions
of the parameters. For this, posterior estimates, the low and high boundaries of

®At first, I intended to run the models using all registered electrodes including sagittality and

laterality as predictors in the models. However, besides the theoretical reasons I report here,
there were also practical reasons that led to the decision of defining one spatial region of in-
terest — the models including all scalp electrode sites were highly computationally demanding,
to the point of being intractable.
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the 90% credible interval (CrI) of the estimate, and the posterior probability that
the estimate falls on one side of zero (e.g., P(f < 0) = 0.95) are reported. When
almost all of the posterior mass for an estimate lies on one side of zero, zero is
not included in the 90% CrI (by a reasonably clear margin), and the posterior
probability P is close to one, the effect is considered reliable.

4.3 Results

Figure 4.7 illustrates the grand averaged ERP waves per oddball condition time-
locked to the onset of stimulus, as depicted by the vertical dashed line (see also
Figure 4.8 for the grand averaged difference waves obtained by subtracting stan-
dards from deviants per oddball condition). Left panels show ERPs to the two
accentual oddball conditions in which accentual falls (in blue) and rises (in red) al-
ternate as standard/deviant sounds. Right panels present ERPs to the two bound-
ary oddball conditions in which boundary falls (in green) and rises (in yellow) al-
ternate as standard/deviant sounds. All panels depict ERPs to standards in black,
and EPRs to deviants in colour. Visual inspection of the waves reveals that all
contour types, when presented as deviants, evoked an MMN activity relative to
their corresponding standard stimulation with an onset around 200 ms. For all
deviants except the accentual fall (left top panel), the MMN activity (coloured
area between ERPs to standards and ERPs to deviants) appears to last for two
successive time windows (200-400 ms), with the accentual rising deviant (left
bottom panel) exhibiting the most pronounced effect. MMN to falling deviants
(both accentual and boundary; top panels) appears to be followed by an addi-
tional P3, at the 400-500 ms time window (shaded area between waves) for the
accentual falls, and at a later time window (500-600 ms) for boundary falls.

In what follows, I will first report results on the difference between deviants
and standards (i.e., standard sound vs. deviant sound) per oddball condition to
detect whether MMN and P3 responses were elicited by deviant sounds relative
to their standard stimulation. A brain activity is referred to as an MMN when
a reliable negative difference between deviant and standard sounds is detected
during the 100-200 ms, 200-300 ms, and 300-400 ms time windows. A brain
activity is identified as a P3 response when a reliable positive difference between
deviant and standard stimulation is observed in the 300-400 ms window or at a
later time window. Subsequently, I will summarise MMN and/or P3 effects (if any)
in the presence of rises vs. falls, regardless of their position (accentual/boundary),
aiming to establish whether the direction of the pitch movement affected the
evoked brain response. Lastly, I will sum up MMN and/or P3 effects in the light

73



4 Unravelling the role of intonation in attention orienting using ERPs

= deviant accentual FALL = standard accentual RISE

= deviant boundary FALL = standard boundary RISE

: -3 :
-1 , 1
0 i / 0 : ~
31 : = :
2 2
3
® 4
4 : 5 :
-200 100 0 100 200 300 400 500 600 700 200 -100 0 100 200 300 400 500 600 700
Time (ms) Time (ms)
= deviant accentual RISE = standard accentual FALL deviant boundary RISE = standard boundary FALL
: -3 ;
-2 \ 2 \
1 : ) |
o : // ! s 7~ N\
> ; i > 1 :
=3 =3 2
3 3
4
: 4
6 : 5 H
200 100 0 100 200 300 400 500 600 700 ° 200 00 0 100 200 300 400 500 600 700
Time (ms) Time (ms)
Figure 4.7: Grand averaged ERP waves (per oddball sequence) recorded
to the onset of stimulus (illustrated by the vertical dashed line) over
time (x-axis) at the AF3, AF4, F3, Fz, F4, FC1, FCz, FC2, and Cz electrode
sites. Negative voltage is plotted upwards. Left panels show ERPs to the
two accentual oddball conditions in which accentual falls (in blue) and
rises (in red) alternate as standard/deviant sounds. Right panels present
ERPs to the two boundary oddball conditions in which boundary falls
(in green) and rises (in yellow) alternate as standard/deviant sounds.
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Figure 4.8: Grand averaged difference waves time-locked to the onset
of stimulus (illustrated by the vertical dashed line) and obtained in AF3,
AF4,F3,Fz,F4,FC1,FCz, FC2, and Cz electrode sites. Negative voltage is
plotted upwards. Difference waves were obtained by subtracting stan-
dard waves from deviant waves per oddball condition. Left side pan-
els depict difference waves of accentual falling deviants (in blue) and
accentual rising deviants (in red). Right side panels show difference
waves of boundary falling deviants (in green) and boundary rising de-
viants (in yellow).
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of the position of the rise and fall to find whether the phonological association
(i.e., status) of the tonal event affects the elicitation of MMN and/or P3 responses.

4.3.1 Accentual contours

Figure 4.9 illustrates the posterior distributions of the estimated effects for the
difference between standard and deviant sounds in the two accentual oddball
conditions per time window, in ascending order. The estimated differences be-
tween accentual falling deviants and accentual rising standards (oddball condi-
tion 1) are depicted in blue; the estimated differences between accentual rising
deviants and accentual falling standards (oddball condition 2) are depicted in red.

600-700ms A—

500-600ms —-A»

400-500ms e

M accentualFALL
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300-400ms ——
200-300ms

=C s
100-200ms A
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Figure 4.9: Posterior distributions of the estimated effects for the dif-
ference between standard and deviant sounds in the two accentual
oddball conditions. Accentual falling deviants vs. accentual rising stan-
dards are depicted in blue. Accentual rising deviants vs. accentual
falling standards are shown in red. Time windows are presented in
ascending order. Error bars around the posterior means represent 66%
(thick) and 90% CrL

4.3.1.1 Accentual falling deviant vs. accentual rising standard

Table 4.2 presents model details on ERP amplitude differences between deviant
accentual falling contours and standard accentual rising contours per time win-
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dow. In short, the model revealed no reliable differences between deviant ac-
centual falling and standard accentual rising contours in the 0-100 ms, 100-200
ms, and 500-600 ms time windows. By contrast, between 200 and 300 ms, the
model very strongly favours the interpretation of a negative-going difference
in amplitude, indicating an MMN activity, although the 90% CrI includes zero
on the margin. The model also estimated a reliable positive difference between
400 and 500 ms, indicating that the MMN to falling deviants was followed by an
additional P3, and a further negative-going difference between 600 and 700 ms.

Table 4.2: Tabular overview of modelling results for accentual falling
deviants vs. accentual rising standards per time window.

Time p SE Low High Evid Post.
Window Crl Crl  Ratio Prob
0-100 ms 0.24 024 -0.16 0.63 546 P(f>0)=0.85
100-200 ms 0.30 0.21 -0.06 0.65 10.89 P(f > 0) = 0.92
200-300 ms -0.46 0.27 -0.90 0.00 19.78 P(f <0)=0.95
300-400 ms -0.39 043 -1.10 0.33 461 P(f<0)=0.82
400-500 ms 0.95 0.46 0.18 1.72 4420 P(f>0)=10.98
500-600 ms -0.48 045 -1.20 0.28 6.04 P(f<0)=0.82
600-700 ms -0.98 0.33 -1.54 -0.43 53233 P(f<0)=1.00

4.3.1.2 Accentual rising deviant vs. accentual falling standard

Table 4.3 outlines model details for ERP amplitude contrasts between accentual
rising deviants and accentual falling standards per time window. For these con-
trasts, the model estimated a reliable positive difference in amplitude in the 0
to 100 ms and 100 to 200 ms time windows. For the next two successive time
windows, 200-300 ms and 300-400 ms, compelling evidence for a negative dif-
ference in amplitude was found, suggesting the presence of MMN activity. For
the remaining time windows, the model did not suggest any reliable amplitude
differences.

Overall, these results show that both accentual rises and falls, when presented
as deviant sounds, elicited an MMN activity, starting in the 200 to 300 ms time
window. For the accentual rising deviants, the MMN activity appears to have a
longer duration than it does for the accentual falling deviants, as in this condi-
tion a negative difference is present for two successive time windows (i.e., from
200 to 400 ms). For the accentual falling deviants, the results show that their
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Table 4.3: Tabular overview of modelling results for accentual rising
deviants vs. accentual falling standards per time window.

Time p SE Low High Evid Post.
Window Crl Crl Ratio Prob
0-100 ms 0.38 0.22 0.03 0.74 2558 P(f>0)=0.96

(
100-200 ms 0.40 0.21 0.06 0.75 34.56 P(f>0)=0.97
200-300 ms -0.46 0.29 -0.93 0.00 1851 P(f<0)=0.95
(B < 0) =1.00
(
(
(

300-400 ms -3.49 039 -413 -2.83 Inf P
400-500ms -0.55 0.36 -1.12 0.05 1478 P(f<0)=0.94
500-600 ms 0.52 042 -0.16 1.22 822 P(f>0)=0.89

600-700 ms -0.08 0.38 -0.71 -0.53 142 P(f<0)=0.59

MMN activity is followed by an additional P3 response in the 400 to 500 ms time
window, yet accentual rising deviants did not engender such a brain response.

4.3.2 Boundary contours

Figure 4.10 presents posterior distributions of the estimated effects for the differ-
ences between standard and deviant sounds in the two boundary oddball condi-
tions per time window, in ascending order. The estimated differences between
boundary falling deviants and boundary rising standards (oddball condition 3)
are depicted in green; the estimated differences between boundary rising de-
viants and boundary falling standards (oddball condition 4) are depicted in yel-
low.

4.3.2.1 Boundary falling deviant vs. boundary rising standard

Model details on the ERP amplitude differences between boundary falling de-
viant and boundary rising standard contours per time window are presented in
Table 4.4. Briefly, the model did not provide reliable differences in the 0 to 100
ms, 100 to 200 ms, 400 to 500 ms, and 600 to 700 ms time windows, but showed
compelling evidence for a negative difference in amplitude between 200-300
ms and 300-400 ms, indexing the elicitation of an MMN activity. Although the
model estimated a positive difference between 400 and 500 ms, this difference
was not reliable. Nonetheless, the model provided compelling evidence for an-
other positive-going difference in the 500 to 600 ms time window, suggesting
the presence of a P3 response.
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Figure 4.10: Posterior distributions of the estimated effects for the dif-
ferences between standard and deviant sounds in the two boundary
oddball conditions. Boundary falling deviants vs. boundary rising stan-
dards are depicted in green. Boundary rising deviants vs. boundary
falling standards are shown in yellow. Time windows are presented in
ascending order. Error bars around the posterior means represent 66%
(thick) and 90% CrlL.

Table 4.4: Tabular overview of modelling results for boundary falling
deviants vs. boundary rising standards per time window.

Time p SE Low High Evid Post.
Window Crl Crl  Ratio Prob
0-100 ms 0.25 0.24 -0.15 0.65 5.93 P(f>0)=0.86
100-200 ms 0.17 0.23 -0.20 0.54 3.68 P(f>0)=0.79
200-300 ms -0.60 0.25 -1.02 -0.19 107.11 P(f<0)=0.99
300-400 ms -1.68 0.46 -243 -0.92 1599 P(f < 0)=1.00
400-500 ms 0.39 049 -043 1.20 3.82 P(f>0)=0.79
500-600 ms 0.85 0.44 0.14 1.58 344 P(f>0)=0.97
600-700 ms -0.05 0.37 -0.66 0.55 1.24 P(f<0)=0.55
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4.3.2.2 Boundary rising deviant vs. boundary falling standard

Model details on the ERP contrasts between boundary rising deviants and bound-
ary falling standards per time window are shown in Table 4.5. No evidence was
found for a difference in the 0 to 100 ms, 100 to 200 ms, and 400 to 500 ms time
windows, but the model provided compelling evidence for a negative difference
in amplitude for the 200 to 300 ms and 300 to 400 ms time windows, indicating
an MMN activity. For the last two time windows (500-600 ms and 600-700 ms),
the model estimated a negative-going difference. Here, although the 90% CrI in-
cludes zero on the margin, it could still favour the interpretation of a (marginal)
difference.

Table 4.5: Tabular overview of modelling results for boundary rising
deviants vs. boundary falling standards per time window.

Time p SE Low High Evid Post.
Window Crl Crl  Ratio Prob
0-100 ms 0.11 0.18 -0.19 0.40 2.75 P(f>0)=0.73
100-200 ms 0.05 0.21 -0.29 0.39 1.49 P(f > 0) = 0.60
200-300 ms -0.46 0.16 -0.72 -0.19 379.95 P(f<0)=1.00
300-400 ms -2.39 0.43 -3.10 -1.68 Inf P(f < 0) =1.00
400-500 ms -0.65 0.53 -1.51 0.23 836 P(f<0)=0.89
500-600 ms -0.73 0.45 -1.48 0.00 18.75 P(f < 0)=0.95
600-700 ms -0.77 0.48 -1.57 0.03 17.43  P(f < 0)=0.95

I have shown that rising and falling boundary contours highlight an MMN
activity relative to their corresponding standard stimulation, lasting from 200 to
400 ms. Furthermore, brain responses to boundary rises and falls differ in that the
MMN to boundary falls is followed by a P3 response, while there is no evidence
for boundary rises eliciting a subsequent positivity.

4.3.3 Interim summary

Figure 4.11 summarises all posterior distributions of the estimated differences
per oddball condition in the time windows of interest (i.e., MMN and P3 time
windows). Table 4.6 presents an overview of the estimated differences between
rising and falling contours as well as between accentual and boundary contours.
These differences point towards a distinct relevance of contour direction (i.e., rise
or fall) and linguistic context for the attentional mechanisms.
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Figure 4.11: Posterior distributions of the estimated effects for the differ-
ences between standard and deviant sounds across oddball conditions
in the time windows of interest (MMN time windows: 200-300 ms and
300-400 ms; P3 time windows: 400-500 ms and 500-600 ms). From
top to bottom, boundary rising deviants vs. boundary falling standards
are depicted in yellow, boundary falling deviants vs. boundary rising
standards are depicted in green, accentual rising deviants vs. accentual
falling standards are depicted in red, and accentual falling deviants vs.
accentual rising standards are depicted in blue. Error bars around the
posterior means represent 66% (thick) and 90% Crl.

Comparing accentual rising to falling deviants, it was found that both con-
tours elicit an MMN activity with an onset in the 200 to 300 ms time window.
Whereas there is no quantitative difference at the beginning of the MMN elicita-
tion between accentual rises and falls, the MMN to accentual rises is prolonged
over the subsequent time window (300-400 ms), reflecting a longer-lasting effect
compared to the accentual falls. What is more, accentual falls after MMN elici-
tation engender a subsequent P3 in the 400 to 500 ms time window, a response
that is not evoked by accentual rises.

Let me now turn to the rising vs. falling comparison in the boundary condi-
tions. The findings here are quite similar. Both boundary rises and falls evoke
an MMN activity, lasting for two successive time windows (200-400 ms), with a
tendency for the boundary rises to show a stronger negative effect in the 300-
400 ms time window. The evidence from the model is not reliable enough to
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Table 4.6: Tabular overview of estimated differences between rising
and falling contours as well as accentual and boundary contours in the

time windows of interest.

Time p SE Low High Evid Post.
Window Crl CrI Ratio Prob
Rises vs falls

Accentual

MMN (200—300 ms) 0.00 0.39 -0.65 0.64 1.02 P(ﬂ <0)=0.50
MMN (300-400 ms) -3.10 059 -4.07 -2.15 Inf P(f<0)=1.00
P3 (400-500 ms) 1.50 0.59 0.54 247 132.33 P(ﬁ > 0) = 0.99
Rises vs falls

Boundary

MMN (200-300 ms) 0.14 030 -0.35 0.64 0.46 P(ﬁ <0)=0.31
MMN (300-400 ms) -0.71 0.62 -1.74 -0.28  7.11 P(8<0)=0.88
P3 (500-600 ms) 1.58 0.63 0.56 2.61 14445 P(ﬁ > 0) = 0.99
Accent vs Boundary

Rises

MMN (200-300 ms)  0.00 033 -0.56 053  1.01 P(8<0)=0.50
MMN (300—400 ms) -1.10 0.58 -2.05 -0.15 36.21 P(ﬂ <0)=0.97
Accent vs Boundary

Falls

MMN (200-300 ms) -0.14 037 037 046  1.89 P(<0)=0.65
MMN (300-400 ms) -1.29 0.63 -2.36 -0.25 53.79 P(ﬂ <0)=0.98

claim with confidence that the MMN to boundary rises is more pronounced than
the MMN to boundary falls. However, the MMN to boundary falls, similarly to
the MMN to accentual falls, is followed by an additional P3. There is no such

evidence for boundary rises.

Considering the phonological status of the rise and fall, namely their position
in the prosodic structure (accent/boundary), the MMN to falling contours is of
a similar magnitude in the starting time window (200-300 ms), regardless of
phonological status, while the MMN to boundary falls is prolonged over the
subsequent time window (300-400 ms) compared to the activity evoked by the
accentual falls. Moreover, the MMN to both falling deviants is followed by an
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additional P3, although at different time windows, at the 400 to 500 ms window
for accentual falls, and at a later time window (500-600 ms) for boundary falls.
Zooming in on rising contours, although the onset of the MMN activity does not
differ as a function of the phonological status of the rise (accentual/boundary),
accentual rises exhibit the most pronounced effect in the 300 to 400 ms time
window. Finally, no evidence is found for a P3 brain response in the presence of
either accentual or boundary rises.

I return to these findings in Section 4.4, where I will argue that the observed
brain responses in relation to the tested contours could indicate different neu-
rocognitive processes for intonational rises and falls, due to both speech sound
complexity and linguistic or context-specific interpretation.

4.4 Discussion

Unlike previous neurophysiological research on unexpected auditory changes
in a stream of repetitive stimulation, which focused primarily on non-linguistic
stimuli, the current work explored the neural responses to rising and falling pitch
attributable to accents and boundary tones of sequentially presented lexical items
in German. The main aim of this study was twofold. Using ERP data in an oddball
paradigm, this study investigated the relevance of intonational rises for attention
orienting, as well as to what extent the phonological status of the rise plays a role.
It is important to note that I discuss only MMN- and P3-related effects, as these
are the brain responses that relate to my research questions. In this discussion,
I will first put the findings in the broader context of rising vs. falling intonation,
irrespectively of the prosodic structure, and their relevance for attention orient-
ing (Hypothesis 1). Subsequently, I will discuss whether the phonological status
of the rise and the fall (accent vs. boundary) modulates attentional resources dif-
ferently (Hypothesis 2). Finally, I will briefly discuss some implications of the
current findings for the neural architecture of speech perception.

4.4.1 The processing of rises and falls and their contribution to
attention orienting

The obtained results provide evidence for distinct neurocognitive processes for
intonational rises and falls in the context of an oddball list. This is reflected
in the different brain responses observed during the online processing of the
pitch contours: rising pitch contours engendered MMN activity, while falling
pitch contours evoked an MMN-P3 complex. Whilst MMN indexes automatic
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(i.e., pre-attentive) processes related to involuntary attention switch towards the
deviant pitch contour, the MMN-P3 complex indicates that processes at the pre-
attentive level subsequently activate processes at the conscious level, bringing
the perception of the deviant contour into awareness and to voluntary attention.

These processing patterns might reflect the presence of different mechanisms
or routes for signal-driven (i.e., bottom-up) and context-driven (i.e., top-down)
processes. Although the former have been the target of previous research utilis-
ing the oddball paradigm, the presentation of lexical items in the present study
has the potential to give rise to contextual expectations for a particular list into-
nation. The results of this study indicate that, in a linguistic context, the acous-
tic signal is not the only source for attention orienting, as would be expected
in a “meaningless” context of pure sine waves. Pitch, like any other acoustic
property, is processed as the sensory input unfolds, while at the same time, ex-
pectations for the forthcoming input are formed incrementally (e.g., Rohr et al.
2021). In a linguistic context, the generation of expectations can be based both on
the sensory information of the input (signal-driven) and on contextual meaning
(context-driven; e.g., Rohr et al. 2021). It is worth elaborating on how the present
results elucidate this last point.

In two of the oddball conditions, falling pitch contours were presented as de-
viant sounds, with their corresponding standard stimulation consisting of repeti-
tive rises. In such sequences, the listener can potentially build predictions derived
from two different sources. First, the auditory processing system is able to predict
prospective sounds by detecting regularities in the sensory input (signal-driven
expectations; e.g., Naatanen 1990, Sussman & Winkler 2001, Friston 2010, Va-
chon et al. 2012). Thus, the listener, after being exposed to a repetitive sequence
of stimuli with rising pitch, predicts and anticipates that the next auditory event
will again be a rising contour. Predictions can also arise from the linguistic in-
terpretation of the context (context-driven expectations; for predictions in lan-
guage, see, among others, Schumacher et al. 2015, Rohr et al. 2021). The oddball
paradigm resembles a list context because it presents (auditory) events repeat-
edly and sequentially. On top of the sequential presentation of the stimuli in this
study, naturalistic pitch contours realised on real words were used, approximat-
ing an even more natural list context.” List intonation in German, as mentioned
in Section 3.5, typically involves rising pitch on non-final and penultimate items
(indicating continuity) followed by a fall on the final item (indicating finality; e.g.,
Baumann & Trouvain 2001, Peters 2018). Thus, the repetitive rising stimulation,
as a natural and appropriate contour on non-final list items, denotes that the list

"The words all refer to food items that could conceivably be used in, e.g., a shopping list.
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is not over yet. The repetitive/standard rises, therefore, might have elicited addi-
tional predictions driven by the contextually created meaning. Such an expecta-
tion is the anticipation that the list will come to an end at some point. Therefore,
the listener, first, anticipates a rising contour on the basis of the sensory informa-
tion that is available in the repetitive auditory stimulation (signal-driven expec-
tation) and, second, given the available contextual meaning, expects that at some
point the list will be over, thus anticipating a falling contour (context-driven ex-
pectation). Recall now that when the deviant fall was presented, an MMN-P3
complex was elicited, indicating that, first, the violation of the anticipated rising
contour activated a pre-attentive response of an involuntary attention switch to
the unexpected falling contour. Subsequently, a conscious or voluntary atten-
tion orientation towards this falling contour was observed, potentially induced
by the validation of the context-driven expectation, that is, the anticipation that
the list would at some point come to an end. Similar findings are reported in
a study by Liu et al. (2016) on the neural processing of tone and intonation in
Mandarin Chinese. Crucially, the authors observed that P3 is modulated by the
context (question vs. statement) for the falling contour Tone4. The present find-
ings are also in accord with Réhr et al. (2021) who showed, in an ERP study, that
signal- and context-driven cues consume attentional resources at different pro-
cessing stages: signal-driven cues attract attention at an early processing stage,
while context-driven cues attract attention at a later processing stage (for more
on these studies, see Section 3.4).

Now let us move to the other two oddball conditions in this study, where
the standard stimulation consisted of repetitive falling pitch, occasionally inter-
spersed with rising pitch. Such sequences give the feeling of the presentation of
isolated events, as the repetitive/standard falling intonation is contextually an
inappropriate/unnatural pitch contour for non-final items of a sequence. Hence,
such sequences might allow the listener to only build signal-driven expectations.
Put differently, based on the sensory input, the listener anticipates that the next
sound will be a falling contour again, but cannot generate a prediction over and
above the purely signal-based one, as this repetitive signal is already unexpected
in the context of a list (i.e., incongruency in the prosodic realisation on non-final
items in the list context). Recall now that the presentation of the deviant rises
evoked an MMN activity, showing that the prediction generated from the sen-
sory input was violated, activating an automatic involuntary attention switch to
the unexpected rising contour. Brain responses related to conscious/voluntary
attentional processes, such as the P3, were not observed for rising deviants.

To better understand how these distinct processes for the rising and falling
deviants, as reflected in the observed brain responses, link to attention orient-
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ing and prominence-cueing, a joint consideration of these findings is required.
The starting observation is that all pitch contours, when presented as deviants,
evoked an MMN activity, indexing orientation towards the violation in the acous-
tic signal. In particular, rising pitch deviants, either on a stressed syllable or at
the boundary of a word, engendered the most pronounced MMNSs. This shows
that pitch rises attract more involuntary attention. Falling pitch deviants elicited
less pronounced MMN:Ss, followed by a pronounced P3. This indicates that pitch
falls also attract some involuntary attention which, however, ultimately leads
to conscious attention orientation. This suggests that rising pitch, as an acous-
tically salient cue, causes an auditory looming effect at the pre-attentive stage,
whereas falling pitch appears to be interpreted as linguistically prominent infor-
mation within the list context. Thus, its processing is affected by the contextual
meaning, which activates conscious attentional mechanisms. The results of this
study appear to differ from Hsu et al. (2015) (for a detailed review of this study,
see Section 2.4 and Section 3.3) in that Hsu et al. found a P3 response to rising
pitch changes at a speaker’s normal pitch level (i.e., not elevated).

In what follows, I suggest that the current findings do not, in fact, contradict
those of Hsu et al. Crucially, the stimuli used in the current study were different
from those used in Hsu et al., as the current study used real words as opposed to a
simple /a/ (at normal and resynthesised elevated pitch levels) and sine waves. An
additional difference (also described in Section 3.3) is that the rise or fall in the
Hsu et al. stimuli involved a change in pitch from one stimulus to the other, i.e.,
across stimuli. By contrast, in this study, the rise or fall appears within stimuli.
Hsu et al. suggest that sudden pitch rises in speech demand more attentional re-
sources than sudden falls, and their presence in speech (in comparison to simple
sine waves) activates additional conscious processing mechanisms. In the present
study, where the speech signal is the only signal that listeners encounter, I conjec-
ture that it is the linguistic/contextual meaning that draws voluntary attention,
rather than speech per se. In other words, one could argue that in both Hsu et
al. and in the current study, P3 appears to be elicited by some kind of available
“meaning”, and not so much by pitch direction. In Hsu et al., “meaning” emerges
from speech in comparison to the meaningless sine waves. It is the sudden rising
and not the sudden falling pitch that evokes the P3 because rising pitch is acous-
tically more salient, but if it was only the direction of pitch and not the additional
information of “meaning”, then pitch rises in sine waves would have elicited a
P3 as well. In the current study, “meaning” arises from the context. The rising
deviant condition, although acoustically salient — and linguistically prominent,
as in German prominence is often encoded through intonational rises — happens
to be contextually inappropriate, and thus contextually “meaningless”, just like
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the sine waves in Hsu et al. By contrast, the falling deviant condition, although
acoustically less salient, is contextually appropriate as it transmits the linguistic
meaning of the list context. Such a list context may not be as available to speakers
of Mandarin, where local f0 changes are affected by lexical tone.

It has further been shown that different degrees of prosodic prominence trig-
ger signal-driven processes to a different extent (e.g., Rohr et al. 2021). This is also
evident in the current results. Specifically, a positive relation between prosodic
prominence and MMN activity is observed: as prosodic prominence increases
(rises being more prominent than falls), MMN activity intensifies. Nonetheless,
the P3 response appears to be unaffected by the prosodic prominence level of the
deviant. Instead, it is context-induced. Specifically, the context of the list in the
case of the falling deviant (i.e., a sequence of rises) appears to trigger an antici-
pation of the end of the list, typically marked by a falling contour. Although the
falling deviant is acoustically less salient than the rising deviant, it activates con-
scious attentional mechanisms as reflected in the P3. Thus, in real-time process-
ing of sequentially repeated stimuli, the amount and level of attention allocated
to the deviant stimulus appear to be determined by a combination of signal- and
context-based properties, when contextual meaning is available. In turn, when
contextual meaning is unavailable or inappropriate, signal-inherent properties
guide attention orienting. It thus appears that the meaning of the sequence shifts
the prominence status of the contours which, in turn, shifts the stage of attention
orientation, activating different routes in processing (pre-attentive/conscious, in-
voluntary/voluntary).

Overall, the current results show that the processing of rising and falling pitch
contours produces distinct brain responses, which are claimed to be related to
two core attentional processes: the automatic involuntary attention switch at the
pre-attentive stage (reflected by MMN generation) and the voluntary attention
orientation at the conscious stage (reflected in the P3 signature). Pre-attentively,
signal-based cues appear to be fundamentally important. At this processing stage,
pitch rises, as the most acoustically salient events, attract the most attention. This
highlights the pivotal role of pitch rises not only in cognition, as previous MMN
studies have shown (e.g., Naatanen et al. 1978, Alain et al. 1994, Doeller et al.
2003), but also in spoken language, suggesting that there is something intrinsic
in their acoustic signal, regardless of whether rises take the form of a pure sine
wave, a speech sound in isolation or speech in context. This is likely due to
the rising acoustic properties being so salient that they are able to warn and
prepare the listener’s nervous system about an important event happening in the
environment, activating basic attentional resources that in turn elicit automated
or appropriate adaptive responses (these adaptive responses have been described

86



4.4 Discussion

by Sokolov 1963b as reflexes; for more see Section 2.1). In spoken communication,
this entails orienting a listener’s attention towards the most important part of the
uttered message, which is crucial for effective interpretation and speech planning
in drawing listener attention to an upcoming turn. The essential nature of signal-
based cues for the pre-attentive processing stage has also been highlighted by
studies reporting that not only salient acoustic contrasts, but also the timing of
the acoustic cues are decisive for evoking attention-related brain responses pre-
attentively (e.g., Ren et al. 2009, Tsang et al. 2011, Li et al. 2018, Rohr et al. 2021).

Further, the findings of the current study manifest that conscious, voluntary
attention is modulated by the meaning that intonation encodes in a given con-
text, and not by pitch direction itself (for similar attentional processes modulated
by context-driven cues, see Liu et al. 2016). Here, the conscious processing stage
is activated by pitch falls. Although pitch falls are not salient enough and are less
prominent in the prosodic prominence hierarchy (e.g., Baumann & Réhr 2015),
it is evident that (in this case) language experience and context-driven expecta-
tions overwrite the signal-induced properties (see Bishop 2013). In other words,
acoustic saliency can be overridden by expectations that emerge from context,
making pitch falls highly relevant and thus linguistically prominent in the list
context. This finding is in line with studies showing that signal-driven cues can
be overwritten at later processing stages by prior linguistic- or discourse-based
expectations, as well as by recent speech experience (e.g., Bishop 2013, Kakouros
etal. 2018, Roettger & Rimland 2020, Ventura et al. 2020, Bornkessel-Schlesewsky
et al. 2022).

4.4.2 The role of the phonological status of the rise (and the fall) in
attention orienting

Another question this study has advanced concerns the phonological status of
the rises and falls, that is, their position in the prosodic structure and the contri-
bution of this status to the observed attentional processes. Crucially, the results
of this study demonstrated differences in the magnitude and latency of the MMN
activity when comparing accentual to boundary contours (see Figure 4.11). Specif-
ically, when comparing accentual to boundary rises, accentual rises exhibit the
more pronounced MMN. In turn, when comparing accentual to boundary falls,
boundary falls show a prolonged MMN latency as opposed to the very short ac-
tivity evoked by accentual falls. I argue that during online processing, intonation
contours, as a complex part of the speech signal, are processed holistically, mean-
ing that attention is not oriented necessarily towards a specific point in the f0
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trajectory. Rather, it is the pitch contour direction that modulates attention ori-
enting (drawing attention to a higher level of linguistic representation such as
a — putative — phrase).

To illustrate this point, consider the rising/falling contours investigated: both
accentual and boundary contours were realised on sequentially presented trisyl-
labic lexical items (like Banane ‘banana’). Hence, the domain of the realisation
of the pitch contour in this study is the word; thus, each word is an intonational
phrase on its own. Therefore, a complete pitch contour on every word consists
of both a pitch accent and a boundary tone. Specifically, the pitch configuration
which in this study is referred to as accentual rise is followed by a high boundary
at the end of the word, whereas the pitch configuration which is referred to as
accentual fall is followed by a low boundary at the end of the word. Likewise,
the rising boundary is preceded by a low accent, whereas the falling boundary is
preceded by a high accent. Hence, by considering the entire pitch configuration
as the current word stimuli unfold, we can better understand whether a specific
part of the contour is relevant for attracting (more) attention or not. The current
results indicate that the structural position of the pitch event (accent vs. bound-
ary) has a secondary role in attentional processes. Specifically, it was found that

i. a rising pitch contour is globally more successful in attracting attention
than a falling one, regardless of the position of the rise or the fall, while
secondarily,

ii. a rise on the stressed syllable leads to more attention than a rise on the
final unstressed syllable, and

iii. high pitch on the stressed syllable in falling contours (H*) attracts more
attention than falling pitch on the stressed syllable (H + L*).

The finding that accentual rises induce a greater MMN effect, attracting more
attention than boundary rises, is not surprising. It has already been claimed in
previous work on prosodic prominence that accentual rising contours (and espe-
cially steep rising pitch accents) are the most prominent contours in the prosodic
prominence hierarchy and that they demand more attentional resources than
falling pitch accents (e.g., Baumann & Rohr 2015, Rohr et al. 2021). Let us now
zoom in on the finding that accentual rises attract more attention than bound-
ary rises, considering it in light of the entire contour and the periodic energy
that characterises these rising contours (for results on periodic energy, see Sec-
tion 4.2.2). In the accentual rising contours, pitch starts low, already rises quite
steeply during the stressed syllable, and remains high towards the last syllable,
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and thus at the end of the word (an appropriate analysis following the German
Tones and Break Indices (GToBI) annotation scheme, would be: L + H* H-%;
see Grice et al. (2005)). The rising pitch movement takes place on the lexically
stressed syllable, which has high periodic energy, making the pitch strongly
transmitted on that syllable. See Figure 4.1 for mean and individual intonation
contours, Figure 4.3 and Figure 4.4 for measures related to periodic energy. Now,
in boundary rising contours, pitch starts mid-level, remains at this level or falls
slightly during the stressed syllable, and rises towards the end of the word. In
GToBI, this would be annotated as L* L-H%. The rising part of the contour is
restricted to the final unstressed syllable, which has considerably lower periodic
energy than the stressed syllable. Thus, the f0 in the boundary rise condition
is transmitted more weakly than in the accentual rise condition. Therefore, al-
though both rising contours attract more attention than the falling ones, within
the rising category, the accentual rising contours are produced with more peri-
odic energy and thus attract more attention than the boundary rising contours.

Turning to the comparison of accentual and boundary falling conditions, a
more sustained MMN effect is evoked by boundary falls rather than accentual
falls. Consider that, in the realisation of the accentual falling contours, pitch
starts high at the beginning of the word (enabling it to fall) and falls through-
out the stressed syllable. It then continues on the same low level until the end of
the word (in GToBI H + L* L-%). In the realisation of the boundary falling con-
tours, pitch starts on a relatively mid-level and rises slightly towards the stressed
syllable, enabling it to fall at the end of the word (in GToBI, H* L-%). The high ac-
cent on the stressed syllable (and before the fall at the boundary) leads to higher
periodic energy on this part of the signal in comparison to the accentual falling
contour, where pitch is already falling during the stressed syllable (this is con-
versant with the finding that H* is more prominent than H + L*; see Baumann &
Rohr 2015). Therefore, the high pitch accent and the amount of periodic energy
in the signal before the boundary fall potentially contribute to the perception
of the boundary falling contour condition as more prominent, leading to greater
attention as compared with the accentual fall.

One could argue that this constitutes evidence for the attention orienting func-
tion and the prominence value of the accent, and thus the structural importance
of the stressed syllable. However, remember that in comparing boundary rising
to boundary falling contours, boundary rises were found to attract more atten-
tion than falls, although the stressed syllable in the former contour bears a low
pitch accent, as opposed to the boundary fall that is preceded by a high pitch
accent. It appears, therefore, that what takes place (in terms of f0 movement) at
discrete prosodic positions (head/edge) is not sufficient to orient attention on its

89



4 Unravelling the role of intonation in attention orienting using ERPs

own. In contrast, it is the entire contour that guides attention. Prosodic positions
appear to have a supplementary/secondary role in the modulation of attentional
resources. This becomes evident when the investigated pitch contours are ar-
ranged according to their elicited MMN effects, assuming a decrease in MMN
effect (and thus attention attraction) from left to right:

RISE[accentual rises (L + H* H-%) > boundary rises (L* L-11%)]

>

FALLThoundary falls (H* L-%) > accentual falls (H + L* L-%)]

First and foremost, a rising pitch configuration globally attracts more atten-
tion than a falling one. Second, and within rising categories, when the rise oc-
curs in different structural positions, it attracts more attention when it coincides
with the head/stressed syllable (in the accentual rising condition) compared with
when it occurs at the boundary (in the boundary rising condition). Now, when
the rise occurs at the same structural position, it attracts more attention if it
is a steep rise (L + H* in the accentual rising condition) as opposed to a shal-
low rise or just (level) high pitch (H* in the boundary falling condition). Finally,
within falling categories, high pitch preceding a fall on the accented syllable (in
the boundary falling condition) attracts more attention than a simple fall (in the
accentual falling condition). These results are in line with what has previously
been reported on prominence marking in German (e.g., Baumann & Réhr 2015,
Baumann & Winter 2018). Crucially, it was shown here that these subtle prosodic
differences are reflected in the pre-attentive MMN response.

4.4.3 Some implications for the neural architecture of language

The neural architecture of language perception is complex and dynamic (for dis-
cussions, see among others, Gandour et al. 2004, Hickok & Poeppel 2007, As-
saneo et al. 2019). It involves two fundamentally different neural mechanisms, a
signal-based mechanism and a meaning-based one, expressed at distinct process-
ing stages. On the one hand, the current results show that the intrinsic properties
of the sensory input, that is, signal-driven cues (Assaneo et al. 2019 refers to this
as the intrinsic auditory mechanism), are essential for speech perception at the
early pre-attentive processing stage, with rises taking priority over falls precisely
because of their acoustic saliency. The fundamental role of signal properties, and
thus the special role of rises at the pre-attentive processing stage (feeding the
signal-based mechanism) is also shown in previous MMN studies to unexpected
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sound changes (for a review of studies, see Chapter 2, and among others, Naati-
nen et al. 2019) but also in studies investigating the neural processing of linguis-
tically meaningful variations, both at the lexical and the postlexical level (e.g.,
Ren et al. 2009, Tsang et al. 2011, Li & Chen 2018, Réhr et al. 2021). On the other
hand, the current findings suggest that at a later, conscious, processing stage, the
linguistic functions of the stimuli (called top-down/externally driven mechanism
by Assaneo et al. 2019) modulate speech perception (feeding the meaning-based
mechanism). Specifically, the construction of meaning was found to attract vol-
untary attention towards meaningful aspects, here reflected by the use of words
and the minimal context of list intonation. This is in line with findings from pre-
vious studies showing that top-down activities are decisive for the activation of
later processing stages (see, among others, Ren et al. 2009, Liu et al. 2016, Assaneo
et al. 2019, Rohr et al. 2021).

Overall, it appears that the neural architecture of the auditory cognition and
spoken language share a common pool of mechanisms that are crucial for the
orienting response in both auditory and speech processing. Chapter 6 brings to-
gether the results from this and the following chapter in discussing implications
for the neural architecture of general cognition and spoken language.

4.5 Summary

The present study is a novel attempt to unravel the neural mechanisms that
underlie attention orienting towards unexpected linguistic intonational changes
by revisiting the idea of an attentional bias towards pitch rises (as opposed to
pitch falls) and extending it from a general cognitive level (auditory looming) to
a linguistic one. This study shows that, in a linguistic context, the amalgamation
of different cues evokes qualitatively and quantitatively distinct neural responses
tied to two core attentional mechanisms:

1. the involuntary attention switch, a mechanism at the pre-attentive pro-
cessing stage which is reflected in MMN elicitation, and

2. the voluntary attention orienting, a mechanism at the conscious process-
ing stage which is reflected in the P3 signature.

In its most concise form, the main finding of this study is that, in spoken lan-

guage, rising intonation takes on a special role in attracting involuntary atten-
tion, whereas contextual meaning is essential for voluntary attention orienting.
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Rising pitch evokes the largest MMN, indicating that it leads to a greater involun-
tary and automated attention switch compared with falling pitch. This holds re-
gardless of the phonological association of the rise in the prosodic structure (head
vs. edge). It thus appears that there is a biological basis for the cross-linguistic
use of rises for attracting attention towards informative parts of the message -
even though rises are grammaticalised differently across languages in being en-
coded as either pitch accents or edge tones. Furthermore, the appropriateness
of the intonational pattern in a given context and, specifically in this study, in
the list context, is decisive for voluntary attention orienting. Here, falling pitch,
although acoustically less salient than rising pitch, engenders an additional P3,
indicating that the contextual meaning prevails over or even “cancels out” the
signal properties (for a discussion on the interplay between sensory input and
top-down activities in language processing, see Bornkessel-Schlesewsky et al.
2022).

Overall, the role of rises is fundamentally important, not only for auditory
cognition but also for (successful) language communication, because of their in-
trinsic acoustic properties that activate involuntary attentional resources, pre-
attentively, regardless of whether they are carried by a simple sine wave, a speech
sound in isolation, or meaningful speech. However, in spoken language, the
acoustic signal is not the only source of information; hence, the importance of
rises is mitigated by contextual meaning, which appears to activate voluntary at-
tention as it is required for modulating/updating conscious processing stages and
mental representations during language comprehension. Capitalising on the cur-
rent findings, the next chapter delves further into the relevance of domain-final
(the reflex of phrase-final edge tones) intonational rises (and falls) for attention
orienting in spoken language by measuring pupil dilation response (PDR), a rig-
orous psychophysiological index of auditory attention orienting (see Chapter 2).
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5 Indexing the attention orienting
function of domain-final rises using
pupillometry

A fundamental characteristic of the human cognitive system is its ability to with-
draw attention from a currently important activity and orient it towards a source
of information that may be currently irrelevant, but valuable enough for further
assessment. For example, an unexpected, rare, or new sound that deviates in
some property from the current auditory environment may capture attention,
prompting an involuntary switch of the attentional resources towards this de-
viant auditory event. In Chapter 4, I demonstrated the special role of rising into-
nation in attention orienting towards unexpected changes in spoken language in
an event-related potential (ERP) study. More specifically, I showed that the atten-
tion orienting function of rising intonation in speech holds regardless of whether
the rise was accentual or associated with an edge tone. Capitalising on these find-
ings, the current study delves further into the relevance of domain-final! intona-
tional rises and falls (which are the reflex of phrase final edge tones) for attention
orienting in German. Using a changing-state oddball paradigm, in which auditory
sequences of sequentially ordered (i.e., seriatim) ascending numbers (standards)
are occasionally interspersed with an out-of-the-sequence number (deviant), this
study investigates whether domain-final rising intonation takes on a special role
in attention orienting by measuring listeners’ pupil dilation response (PDR).

5.1 Motivation

Over the years, many studies have been concerned with the mechanism under-
pinning attention orienting. This work has paved the way for the development of
many accounts. As reviewed in Chapter 2, one of the mechanisms that has been

'Hereafter, I use the terms domain-final, edge, and boundary tone interchangeably.

2A part of the data reported on this chapter has been presented at the 46" Annual Meeting
of the Cognitive Science Society (CogSci 2024) and published in the conference proceedings
(Lialiou, Harris, et al. 2024).
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suggested as underlying auditory attention orienting is expectancy violation: the
auditory system is able to develop expectancies by detecting regularities in the
sound environment, and thus predict upcoming sound events. When a deviant
sound occurs instead of an anticipated event, it attracts attention, initiating an
orienting response (OR; for more on the mechanisms of attention orienting, see
Section 2.1 and Section 2.3). It has been shown that this OR finds expression
in multiple physiological indices, such as heart and respiratory rates, and elec-
trodermal, vasoconstrictive, neural, as well as pupillary reactions (for more, see
Section 2.5).

As discussed in Chapter 2, pupillary responses, and more specifically, PDR has
mainly been used as a correlate of cognitive processes like listening effort, height-
ened attention, expectancy violation, and memory consolidation (for review, see
Winn et al. 2018). PDRs have also been used in linguistic studies assessing cog-
nitive resource allocation towards mismatches between prosody and focus in
discourse processing (e.g., Zellin et al. 2011); attention and linguistic processing
difficulty towards grammatical, syntactic, and semantic mismatches (e.g., Dem-
berg 2013, Demberg & Sayeed 2016); affective arousal towards expectancy viola-
tions such as rhyme violations in poetry processing (e.g., Scheepers et al. 2013);
attention and cognitive load towards mismatches between prosodic and syntactic
grouping (e.g., Jesse & Jun 2019); and attention allocation towards unpredictable
sentence continuation and age-effects (e.g., Hiuser et al. 2019), among others.
More importantly, PDR has also been identified, by a growing number of studies,
as a rigorous (psycho)physiological index of both involuntary and voluntary au-
ditory attention orienting, highlighting a striking resemblance between the PDR
composites and the neural MMN/P3 responses observed using ERP measures (for
more on PDR as a proxy for attention orienting as well as on the link between
neural and pupillary activity, see Section 2.5). Specifically, as discussed in Chap-
ter 2, pupillometry provides a high resolution of temporal information, making it
possible to measure cognitive activity related to attentional processes over time.
The latency of attention-related PDRs has been reported to be indicative of the
processing stage in which the attentional mechanism is activated: transient di-
lations reflect pre-attentive processes, while more prolonged responses indicate
processes at the conscious level (see Strauch et al. 2022).

Pupillometric studies on auditory attention, using oddball paradigms, have
further reported that PDR is not only affected by the presence of an auditory
deviant, but is also sensitive to the intensity of the physical characteristics of
that deviant sound. In other words, the more salient the acoustic properties of
a deviant sound, the larger the magnitude of the change in the PDR (e.g., Liao
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et al. 2016, Wetzel et al. 2016, Marois et al. 2018). These findings align with neu-
rophysiological and linguistic research on auditory and speech perception. In
auditory perception, the saliency of an event is essential in attracting attention:
the greater the rise in amplitude or pitch on a deviant sound, the greater the
orienting response. Likewise, in speech perception, intonational rises are used
for attracting interlocutors’ attention when asking questions, directing listeners’
attention towards the most important part in an utterance, and even guiding at-
tention in serial recall tasks (for a review of auditory cognition, see Section 2.4;
for a review of language perception, see Section 3.3 and Section 3.4).

The current study examines how attention orienting in response to deviances
in numeric sequences is modulated by the intonation pattern that these deviances
feature. Listeners’ pupil size, and specifically, PDR, is used as a proxy for atten-
tion orienting. As discussed in Chapter 3, intonational events are phonologically
anchored to specific positions in the prosodic structure, forming either pitch ac-
cents (anchored to stressed syllables), or edge tones (anchored to edges of con-
stituents). In the autosegmental-metrical theory of intonational phonology (e.g.,
Ladd 2008), edge tones have been strictly associated with a phrasing function,
while pitch accents have been associated with a prominence-cueing function. Se-
rial recall studies (e.g., Savino et al. 2020, Rohr, Savino, et al. 2022, Grice et al.
2024) have provided some evidence against this strict dichotomy in reporting
that rising edge tones attract attention by lending prominence to the whole do-
main they delimit, as reflected in listener recall performance. Building on these
serial recall studies as well as the finding that rises associated with the edges of
constituents induce an attention orienting response in a similar way to accen-
tual rises (reported in Chapter 4), the present study focuses on the processing
of domain-final rising and falling intonation in German (RQ1 [rise]), and further
investigates the attention orienting function of rises at the edges of constituents
(RQ2 [edges]).

Moreover, considering the relevance of meaning for attention orienting in spo-
ken language reported in Chapter 4, the present study maintains and refines the
minimal context of lists employed in the previous chapter, this time using au-
ditory numeric sequences consisting both of seriatim ascending numbers (stan-
dards; e.g., 2122 23 24 25 26 27 28...) and occasional out-of-the-sequence numbers
(deviants; e.g., 25 in 21 22 23 25 26 27 28...). Numeric sequences were selected for
this study as they inherently give rise to the linguistic context of a list, allow-
ing for expectancy formations as well as expectancy violations, which are both
related to the forthcoming numbers. This provides an optimal context for study-
ing attention orienting. Moving to the language-specificity of this context (RQ3
[expectations]), standard numbers feature shallow falling intonation (hereafter,
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neutral intonation), a pattern that can also be found on non-final items of a se-
quence or list in German, while deviant numbers are produced with one of the
following three intonational patterns: neutral intonation, domain-final rises, or
domain-final falls. Domain-final rises and falls are functionally distinct: rises indi-
cate continuity; falls denote finality (e.g., Grabe 1998, Baumann & Trouvain 2001,
Chen 2003, Peters 2018). However, both types of edge tone can mark the end of
either small or large units in a sequence, and they thus fulfil a similar function
(for more on German list intonation, see Section 3.5). Therefore, the naturalistic
pitch contours used in this study for the realisation of both standard and deviant
numbers simulate a natural linguistic context.

Assuming that attention orienting is indexed, at least in part, by PDR excur-
sions, the prediction is that the presentation of a deviant number (as 27 in 23 24
25 27 28...) will disrupt the anticipated pattern. This prediction is based on the
claim that the attention orienting response is underpinned by an expectancy vi-
olation mechanism (for more, see Chapter 2). The disruption of the anticipated
pattern caused by the deviant number will thus capture attention, which in turn
will induce an excursion in PDR. Based on the enhanced orienting function of ris-
ing pitch compared to falling pitch (for reviews, see Section 2.4, Section 3.3 and
Section 3.4, and for current results, see Chapter 4), it is further predicted that
a domain-final rise in deviants will result in greater disruption, attracting more
attention and thus inducing a more robust PDR compared to deviants produced
with domain-final falls or with neutral intonation.

Now, individuals may vary in the use or control of attentional resources to-
wards incoming information. These individual differences may arise from the
use and activation of different cognitive functions interacting with the atten-
tional system. Studies endeavouring to better understand individual variability
during cognitive or language processing usually examine cognitive functions like
working memory capacity (WMC), processing speed, and executive processes
(e.g., inhibition, shifting, updating), among others (for review, see Frischkorn et
al. 2022). At a more exploratory level, this study attempts to unravel whether
listeners’ individual cognitive profiles affect the processing of the introduced
arithmetic deviances produced with different intonational patterns, as a way of
better understanding the attention orienting function towards them. In this en-
deavour, selective attention, in terms of inhibitory ability, processing speed, and
WMC are selected as proxies for measuring individual cognitive variability. In-
hibition may be one of the most crucial cognitive operations for better under-
standing the mechanism of attention orienting towards deviant events across in-
dividuals. Inhibition reflects a listener’s ability to suppress irrelevant or unimpor-
tant information from breaking into the current attentional focus. Thus, whereas
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individuals with better inhibitory ability might be better at suppressing unim-
portant auditory deviances, thus saving attentional resources, individuals with
lower inhibitory capacity might be more susceptible to switching attention to-
wards auditory deviances. Further, there is a consensus in the literature on indi-
vidual variability that processing speed (although a diverse term; for discussion
see Frischkorn et al. 2022) is essential in explaining varying processing patterns
among individuals. Therefore, processing speed might also contribute to a better
comprehension of the orienting response by exploring whether processing speed
aids or impedes the evaluation of deviants, for example, on the basis of signal-
driven cues like different intonation patterns (as in this study). Lastly, WMC is
one of the most frequently investigated cognitive measures of individual variabil-
ity. While WMC has been found to be a strong factor in individual variability in
cognition, its contribution to attentional control is less clear (for discussion, see
e.g., Keye et al. 2009, Sorqvist et al. 2013). However, some studies have reported
a link between working memory (WM) load and mitigation of distractions at the
later stages of orienting, such that the greater the WM load, the less susceptible
a person is to distractions (e.g., SanMiguel et al. 2008). Thus, in the context of
the current study, WMC measures might shed more light on the link between
attention-related mechanisms and WMC resistance operations.

Lastly, this study puts forward another exploratory question concerning the
contribution of sequence length (if any) in attention orienting. This question
was born out of the design of the items, whereby sequence length served the
purpose of making the deviant position less predictable throughout the exper-
iment (see Section 5.2.2). Given the exploratory nature of this question, no hy-
pothesis is formed. The present study thus has two aims, a confirmatory one
and an exploratory one. The main aim is to test the attention orienting function
of domain-final rising intonation, using PDR as a rigorous proxy for attention
orienting. In addition, this study puts forward two exploratory questions, one
related to the effect of sequence length in attention orienting, and another ex-
ploring individual-specific cognitive variability in the activation of attentional
resources towards deviances featuring different intonational patterns.’

3Prior to pupil data collection, the design of the stimuli was tested in a pilot study, ensuring that
the introduced deviances were indeed perceptible. This pilot study is reported in Appendix A.
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5.2 Methods

5.2.1 Participants

Sixty native speakers of German (54 female, 6 male), aged between 19 and 38
years (mean age = 22.6 years, SD = 3.3) with normal or corrected-to-normal
vision participated in this study. Participants provided written informed con-
sent in accordance with the Declaration of Helsinki and in compliance with the
ethics clearance from the Ethics Board of the Deutsche Gesellschaft fiir Sprach-
wissenschaft (DG£S). Participants received reimbursement for their participation
(either course credit or monetary compensation). None of them reported any
speech, hearing, or neurological impairments.

5.2.2 Speech materials

The auditory stimuli comprise sequentially ascending ordered lists of numbers,
consisting of a set of 17 numbers (medium-length sequence) or 22 numbers (long
sequence). They were combined with three different prosodic realisations (neu-
tral, rise, fall) on the deviant number. In total, 36 unique experimental numeric se-
quences were constructed for this study, with 6 different numeric sequences per
prosodic condition and sequence length. The experimental items were combined
with 36 unique filler items, which did not include a deviant number. Figure 5.1
illustrates instantiations of filler and experimental materials.

The experimental items introduced arithmetic deviances, i.e., a number out of
sequence, called deviant. To achieve this, one or two consecutive numbers were
omitted from the sequence. Specifically, 18 out of the 36 numeric sequences (i.e.,
3 out of the 6 numeric sequences, per prosodic condition and sequence length)
introduced the deletion of 1 consecutive number, and the remaining 18 numeric
sequences introduced the deletion of 2 consecutive numbers. The controlled vari-
ation in deletion of one or two consecutive numbers served to increase the dif-
ficulty of the task. To control for potential effects of deviant position in the se-
quences, the deviant was introduced at two different positions: position 11 in the
medium sequence length and position 16 in the long sequence length, as shown
in the second panel of Figure 5.1. Sequence length served the purpose of making
the position of the deviant less predictable throughout the experiment.

The rise and fall prosodic conditions involved domain-final pitch movements,
reflecting phrase final High and Low edge tones, respectively. The prosodically
neutral condition served as a baseline. The experimental sequences included
numbers between 22 and 99 which consisted of either two (e.g., 50 fiinfzig [fyn-
ftsic]), four (e.g., 52 zweiundfiinfzig ['tsvaruntfynftsi¢]) or five syllables (e.g., 57
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Filler items

# position 1‘z‘3‘4‘5‘5‘7‘e‘9‘10‘11‘12‘13‘14‘15‘15‘17‘

sequence | 80 81 82 83 84 85 86 87 88 89 90 91 82 93 94 95 96

#position | 1 | 2 | 3| 4|5 |6 | 7 | 8| 9|10 1M|12]|13]14 |15 |16 |17 |18 |19 | 20| 21| 22

sequence | 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

Experimental items

deviant

# position 1‘2‘3‘4‘5‘6‘7‘8‘9‘10‘11‘12‘13‘14‘15‘16‘17‘

sequence | 37 38 39 40 41 42 43 44 45 46 48 49 50 51 52 53 54

deviant

# position 1‘2‘3‘4‘5‘6‘7‘8‘9‘10‘11‘12‘13‘14‘15‘16‘17‘18‘19‘20‘21‘22

sequence | 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 61 62 63 64 65 66 67

Figure 5.1: Example filler and experimental materials illustrating the
different lengths of the numeric sequences used, as well as the two
different deviant positions in the experimental items.

siebenundfiinfzig ['zi:-benuntfynftsic]), always with primary stress on the first syl-
lable, allowing enough time for the different intonation contours to unfold. For
the deviant numbers, 32 of 36 consisted of four syllables, and the 4 remaining
numbers consisted of five syllables.

An example of a numeric sequence for each of the three prosodic conditions
is depicted in Figure 5.2. In the rising condition, all standards in the sequence
were produced with the same intonation, that is, with neutral intonation, typi-
cally used on non-final items of a sequence or list in German. The deviant was
realised with a boundary rising intonational contour. In the falling condition,
similarly to the rising one, all standards in the sequence were produced with the
same neutral intonation, and the deviant was realised with a boundary falling
intonational contour. A neutral condition, in which both standards and deviants
in the sequence were produced with the shallow falling intonation, served as the
baseline condition. While both boundary rises and falls can mark the end of small
or large units in a sequence, they are functionally distinct: rises indicate conti-
nuity; falls indicate finality. Across all three conditions, the last number of the
entire sequence of each trial was realised with a boundary falling intonational
contour in order to mark the end of that trial.
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i) rising condition:

ii) falling condition:
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Figure 5.2: Speech waveform & f0 contour of a sample experimental
trial sequence per condition.

The filler items were constructed without a deviant in the sequence, enhanc-
ing the creation of the memory trace formation of the sequentially ascending
ordered numbers. The filler items consisted of a different range of numbers com-
pared to the experimental ones to ensure variability in sequence construction.
Numbers ranged between 2 and 99, and consisted of either one, two, four, or
five syllables, always with primary stress on the first syllable. Filler items were
comparable to the experimental items with regard to the prosodic conditions in
order to ensure that participants could not identify the deviant in the experimen-
tal items just by tuning into the prosodic marking of deviants. Out of the filler
items, 12 highlighted a number in the sequence with a boundary rising intona-
tional contour (comparable to the rising condition), another 12 items highlighted
a number in the sequence with a boundary falling intonational contour (com-
parable to the falling condition), and a further 12 items were comparable to the
neutral condition. Fillers differed from experimental items in that the position of
the prosodically distinct number in the sequence was fully randomised, in order
to ensure that participants would not be able to identify a particular position in
the sequence which differed prosodically from the rest.

Participants were presented with all 72 items (36 experimental and 36 fillers;
12 for each of the three prosodic conditions) in a counterbalanced design. Specif-
ically, items were distributed in three lists. Each list contained all items and con-
ditions, but never the same item across conditions. The 72 items were further
distributed across three blocks with 24 items each (12 experimental and 12 fillers).
The order of the items in each block was pseudo-randomised, with at most three
consecutive experimental items but never from the same condition. To control
for systematic order and frequency effects potentially induced by the exposure
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to block and/or item order, the fully counterbalanced lists were created with dif-
ferent block order and item, so that each list presented all items and blocks but
never the same item across blocks and never the same block order. Each partic-
ipant heard only one of the lists (the exact distribution of the lists as well as all
items have been made available on the Open Science Framework (OSF) platform
[https://osf.io/nhy4c]). All stimuli were produced by a phonetically trained 38-
year-old female native speaker of German and recorded with a sampling rate of
44.100 Hz and 16-bit resolution (mono). To ensure natural speech production of
the items, first, the speaker produced all numbers from 0 to 100 in separate blocks
as a function of prosodic condition (e.g., neutral prosody: 0, 1, 2, 3,...100; rising
prosody: 0, 1, 2, 3,...100; falling prosody: 0, 1, 2, 3,...100). Subsequently, all number
renditions were cut from each block, saved as individual audio files, and concate-
nated into the different numeric sequences using Praat (Boersma & Weenink
2024). The inter-stimulus interval between spliced numbers was 100 ms. The av-
erage duration of the medium-length and long sequences was 24.86 sec and 25.21
sec, respectively. All stimuli used in the experiment were normalised at —-23 LUFS
but not manipulated further.

5.2.3 Acoustic characterisation of speech material

For the acoustic characterisation of the deviant numbers in the sequences, the
relative Delta f0 (Af0) metric from the ProPer toolbox was employed (Albert et
al. 2018, Cangemi et al. 2019, Albert et al. 2020, Albert 2023), as described in
Chapter 4. Prior to the ProPer analysis, f0 contours were extracted and corrected
manually in Praat (Boersma & Weenink 2024), using a customised version of
mausmooth (Cangemi 2015). The ProPer analysis was conducted on the basis of
syllabic units. Scripts and data tables of the current analysis have been made
available on OSF (https://osf.io/nhy4c). The measure of Af0 traces the {0 trajec-
tory across syllables, using both f0 and periodic energy, indicating f0 changes
from syllable to syllable by calculating the difference from the previous one. For
more details about the metric please refer to Section 4.2.2. Table 5.1 presents
means and standard deviations for Af0 per syllable across target numbers for
each prosodic condition, as well as the total duration of the deviant numbers.
Figure 5.3 depicts relative Af0 values per syllable as a function of prosodic
condition across quadrisyllabic deviant numbers (the pattern is the same in pen-
tasyllabic deviant numbers, as can be seen in Table 5.1). In the rising condition
(see depiction in yellow), mean Af0 starts at a mid-level and rises shallowly from
the first to the second syllable, then remains on the same level until syllable
three, and steeply rises towards the last syllable, i.e., the right edge of the word.
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Table 5.1: Mean and standard deviation values (in brackets) for relative
Af0 values per syllable across items for each condition as well as for
the total duration of items.

measurement rising falling neutral

relative Af0  quadrisyllabic

0.97 (4.74)  559(3.92)  2.82(8.90)
9.33(3.36) —-17.9(7.79) —8.23 (4.93)
7.04 (3.18) -28.2(12.4) —11.5(11.3)
21.7(7.12) -15.8(7.34) -14.2 (15.0)

B W N -

relative Af0  pentasyllabic

1 0.88(1.38)  3.88(1.89)  1.47 (2.07)
2 3.00(0.79) -4.33(0.87) —1.16(2.09)
3 475(3.13) -14.7(2.99) -8.23(1.19)
4 5.24 (0.65) —-23.7(7.41) —4.13 (1.67)
5 27.2(133) -15.9(7.32) -10.8 (13.8)
duration [ms] item 1126 (59.64) 1127 (86.06) 1098 (61.64)

Figure 5.4 presents instantiations of the deviant f0 contours per prosodic con-
dition, analysed in the autosegmental-metrical model of intonation laid out in
the German Tones and Breaks Indices annotation scheme (GToBI; Grice et al.
2005). In GToBI, the aforementioned rising contour is H* “H-%. In both falling
and neutral conditions (see Figure 5.3, depiction in green and black, respectively),
mean Af0 starts somewhat higher than in the rising condition, and gradually falls
from the first to the last syllable. The difference between the falling and neutral
condition is that in the falling condition, the first syllable is slightly higher, and
the drop from the first to the second, and from the second to the third syllable,
is steeper than in the neutral condition. The drop towards the last syllable is
smaller in the falling than in the neutral condition. In GToBI, the neutral and the
falling conditions are labelled as H* L- and H* L-%, respectively (see Figure 5.4,
depiction in green and black, respectively). The larger boundary in the falling
condition explains the gradient difference in the meaning between the two con-
tours. Specifically, the neutral contour, because it does not fall as steeply as the
falling contour, marks the end of a unit less clearly, and thus can be featured on
non-final items in a sequence. The falling contour, in contrast, unambiguously
marks the end of a unit indicating finality due to its steep fall and the extra-low
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pitch towards the end. Lastly, the rising contour can mark the end of a unit as
well, but it is functionally different from the falling contour in that it indicates
that more is expected (in a following unit).

40
o 20 ©
()] ©} e} .
O rise
2 oy B @ fall
= C~@ -~ _ @ neutral
® S o Tt
=20 e - -
~ ~— ., -
-40
1 2 3 4
syllable

Figure 5.3: Mean relative Af0 values per syllable (x-axis) across
prosodic conditions in quadrisyllabic deviant numbers.

\ . "\t'\.,‘-,

H* AH-% H* L% H* L-

Figure 5.4: Instantiations of deviant f0 contours per prosodic condition
in GToBL

5.2.4 Experimental procedures

The experimental sessions of the main study followed the exact same structure
as the pilot study (see Section A.3). That is, the pupillometric task was performed
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always at the beginning of the session, followed by a battery of cognitive tests,
always in the following order: a version of the flanker task (measuring inhibitory
ability), a version of the odd-man-out task (measuring processing speed), and a
version of the digit span task (measuring WMC; see below for more details on
these tasks).*

5.2.4.1 Pupillometry

For the pupillometric task, the auditory stimuli were presented using the SR
Researcher Experiment Builder (v. 4.595) via loudspeakers, with pupil data time-
locked to the onset of each sequence. Pupil size was sampled at 1000 Hz, using an
Eyelink 1000 eye-tracker (SR Research Ltd.). Prior to the beginning of the task, the
system was calibrated to the dominant eye of each participant, using a 9-point
calibration procedure. For all participants, the average luminance measured at
the dominant eye was 50 Ix.

Participants were seated in the eye-tracking lab in front of a computer monitor
and a keyboard. Participants were informed that they would be presented audi-
torily with numeric sequences but they were naive to the deviances included. In
order to keep them engaged with a task, participants had to answer a compre-
hension yes/no question related to the numeric sequence they heard in 35% of
the trials,> by pressing a button indicated on the keyboard. Written instructions
were also provided. The experiment started with a practice phase of 5 items con-
sisting of seriatim numbers. Two of them were followed by a comprehension
question for which participants received immediate feedback on the screen. The
experiment consisted of three blocks of 24 items each. Participants could take an
optional short break between the blocks. The experiment lasted approximately
one hour.

Every trial started with a drift correction. With the onset of the auditory se-
quence, a black fixation cross appeared on a grey background and remained on
the screen during the whole trial. Participants were instructed to fixate on the

“The button press, the flanker, and the odd-man-out tasks were implemented in OpenSesame
(Mathot et al. 2012). The digit span task was implemented in SoSci Survey (Leiner 2024). In all
these tasks, participants could take an optional short break between the blocks, and during the
practice phase they received immediate feedback on the screen.

SFor example, one of the questions was War die Aufzihlung in Zehnerschritten? “Was the enu-
meration in steps of ten?” The full set of the questions is provided on OSF. Participants’ mean
response accuracy to these questions was 95% for questions related to the experimental items,
and 100% for questions related to the fillers (across individuals, response accuracy ranged be-
tween 86-100%), indicating high engagement.
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black cross on the screen. Twenty-five of the trials were followed by a compre-
hension question presented onscreen, and participants had to press one of two
buttons on the keyboard to indicate their yes/no response. Following the offset of
each trial, a grey screen with a black dot was displayed, providing enough time
for the pupil dilation to subside. Specifically, participants were instructed that
during this screen, they could take time to rest their eyes. Once they were ready
to continue, they had to press SPACE to start the next trial. Figure 5.5 depicts a
schematic illustration of an experimental trial.

Auditory numerical sequence

o

o) question

®
%
T~ A A
Trial onset Time (ms) /l l
L
Drift

Resting screen
correction to comprehension . .
ensure : time for pupil
> question .
stabilized size to return to
pupil size (35% of the trials) baseline
before trial
onset

Figure 5.5: Schematic illustration of an experimental trial in the pupil-
lometric task.

5.2.4.2 Cognitive test battery

Various cognitive functions may give rise to individual differences in language
processing. In the literature, a large number of tasks has been employed to in-
vestigate individual differences in the performance of cognitive and linguistic
tasks. The cognitive battery employed in this study consists of modified versions
of the flanker (Eriksen & Eriksen 1974), odd-man-out (Frearson & Eysenck 1986),
and digit span (Wechsler 1987) tasks, endeavouring to measure selective atten-
tion in terms of inhibitory ability, processing speed, and WMC, respectively. The
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current cognitive battery has been made freely available online for use in other
studies (repository link: https://osf.io/muh9t/).

5.2.4.2.1 Flanker task

To measure inhibitory ability, a modified version of the flanker task was em-
ployed, using arrow stimuli (Eriksen & Eriksen 1974, Anwyl-Irvine et al. 2020).
Participants were informed that a sequence of five arrows would appear hori-
zontally in the middle of the screen. Participants were asked to indicate whether
the middle arrow in this sequence pointed to the left or to the right by pressing
the “S” or “K” button on the keyboard accordingly. They were instructed to place
their fingers on the above-mentioned buttons to reduce cognitive load. The task
consisted of two conditions: a congruent and an incongruent one. As depicted in
the first two rows of Figure 5.6, in the congruent condition, all arrows pointed in
the same direction as the middle arrow. In the incongruent condition, the middle
arrow pointed in the opposite direction compared to the other arrows in the se-
quence (see last two rows). Participants were asked to be as fast and as accurate
as possible in their responses.

Congruent-right —> —> —> —> —>
Congruent-left €¢— €— ¢— — <—
Incongruent-right €— €— —> <— <—

Incongruent—left —> —> ¢<— —> —>

Figure 5.6: Item illustration as a function of condition in the flanker
task.

In total, 96 experimental items were constructed for this task (48 congruent
and 48 incongruent). Half of the congruent items (i.e., 24 items) presented all
arrows pointing towards the right direction (see first row in Figure 5.6), while the
other half presented all arrows pointing to the left (see second row in Figure 5.6).
Half of the incongruent items (i.e., 24 items) displayed all arrows pointing to
the right direction, while the middle arrow pointed to the left (see last row in
Figure 5.6). The remaining 24 incongruent items exhibited the reverse pattern,
i.e., all arrows were pointing to the left, while the middle arrow pointed to the
right (see third row in Figure 5.6). The task started with a practice phase of 12
items. The main experimental phase consisted of four blocks with 24 items each
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(25% congruent-right direction, 25% congruent-left direction, 25% incongruent-
right direction, 25% incongruent-left direction). Item and block order were fully
randomised. Figure 5.7 depicts a trial structure: for each trial, a fixation cross
was presented on the screen for 1700 ms. The fixation cross was followed by
the presentation of the arrow stimuli. The stimuli remained on the screen until
participants pressed one of the two valid buttons (“S” or “K”). Each trial ended
with a blank screen for 400 ms. The task lasted approximately 5 minutes.

+

— e

e
&

1700ms Trial Response 400ms
(no time out)

Time (ms)

Figure 5.7: Schematic illustration of an experimental trial in the flanker
task.

5.2.4.2.2 Odd-man-out task

To measure processing speed, a modified version of the odd-man-out task was
employed (Frearson & Eysenck 1986). In the original task, participants were pre-
sented with a disposition of three stimuli and were asked to decide whether the
first or the third stimulus is more distant in relation to the second one, i.e., which
is the “odd-one-out” in terms of proximity. Here, following Diascro & Brody
(1994), the original task was adapted by increasing the complexity of the para-
digm. Specifically, two levels of difficulty were manipulated: the distance of stim-
uli disposition (hereafter, spatial condition) as well as the shape (hereafter, gap
condition) of the “odd-one-out” stimulus. The stimuli consisted of three hexagons
arranged in two odd-man-out conditions. In the spatial condition, the stimuli
were arranged in a line, with the odd-man-out stimulus at a spatial distance from
the other two hexagons. As depicted in the three top panels of Figure 5.8, three
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spatial “odd-one-out” configurations were possible in this condition. In the gap
condition, stimuli were arranged at equal distance from each other in a line, but
they differed in that the “odd-one-out” hexagon had a gap on its top side. Again
there were three possible locations for the missing side (the right, left, or middle
hexagon). The three bottom panels of Figure 5.8 display the possible “odd-one-
out” configurations in the gap condition.

Spatial condition

1. Right
disposition <:> <:> <:>
e O O O
disposition
v O YO
disposition
Gap condition
w0 O O
gap
2. Left
= O O O
3. Middle
= O O O

Figure 5.8: Item illustration as a function of condition in the odd-man-
out task. The three top panels show the possible locations of the “odd-
one-out” stimulus’s disposition in the spatial condition; the three bot-
tom panels illustrate the possible locations of the missing side of the
“odd-one-out” stimulus in the gap condition.

Participants were informed that they would see sequences of three hexagons
on the screen, and were asked to indicate the “odd-one-out” hexagon, namely
the one that differed from the others. They were instructed to press the follow-
ing buttons on the keyboard as fast and as accurately as possible: “1” when the
“odd-one-out” stimulus appeared on the left side of the sequence, “2” when it ap-
peared in the middle, and “3” when it appeared on the right side. As before, par-
ticipants were instructed to place their fingers on the relevant keys in advance,
in order to reduce cognitive load. The task started with a practice phase of six
items. The main experimental phase consisted of four blocks with 30 items each
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(5 items x 3 positions (right, left, middle) x 2 conditions (spatial, gap), resulting in
a total of 120 experimental items). Item and block order were fully randomised.
Figure 5.9 depicts a trial structure: for each trial, a fixation cross was presented
on the screen for 2000 ms. The fixation cross was followed by the presentation of
a stimulus trial. The stimuli remained on the screen for 100 ms and were imme-
diately followed by a blank screen. The blank screen remained until participants
pressed one of the three valid buttons (17, “2”, or “3”) or until time-out (5000 ms).
The task lasted approximately 5 minutes.
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Figure 5.9: Schematic illustration of an experimental trial in the odd-
man-out task.

5.2.4.2.3 Digit span task

Lastly, to measure WMC, a modified version of a digit span task was conducted,
based on the WAIS-R Digit Span test (Wechsler 1987). For this modified version,
stimuli recorded for a different experiment (Rohr, Savino, et al. 2022, Grice et al.
2024) were used. Participants were instructed to wear headphones as they would
be presented auditorily with sequences that progressively increased in length,
containing digits from 1 to 9. After every two sequences of the same length,
starting with a three-digit sequence, the length of the next two sequences was
extended by one digit, up to two sequences of nine digits, resulting in a total of 14
experimental sequences. Participants were asked to recall all digits of a sequence
immediately after the presentation of the last digit, in the exact same order they
were presented. Participants could hear each sequence only once. After sequence
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presentation, a numeric keypad appeared on the screen. Responses were entered
by clicking each digit on the numeric keypad in the appropriate order. No digit
could be omitted from the response. At the top left of the screen, above the
keypad, a counter showed how many digits had already been entered. As soon
as the participants entered the last digit of a sequence, they could proceed to the
next sequence by clicking a “next” button. All stimuli were initiated by a beep
tone of 890 ms, followed by 500 ms of silence, before the digit sequence started.
The task lasted approximately 5 minutes. Figure 5.10 illustrates a trial structure.

)
o) J—‘
oae
aao
Boa
I\M%Enﬁ
890ms. 500ms Trial Response No time out
(audio time out) (no time out)

Time (ms)

Figure 5.10: Schematic illustration of an experimental trial in the digit
span task.

5.2.5 Data processing and statistical analyses

Data processing and statistical analyses were conducted in R, version 4.1.2 (R
Core Team 2023), using the R packages ggplot2 3.3.5 (Wickham 2016), itsadug
2.4.1. (van Rjj et al. 2022), mgcv 1.9-1 (Wood 2023), PupilPre 0.6.2. (Kyroldinen et
al. 2020), and tidyverse 1.3.1 (Wickham et al. 2019). For reproducibility, data and
scripts have been made available at https://osf.io/nhy4c.

5.2.6 Data pre-processing
5.2.6.1 Pupil data

Pupil data were exported using SR Research Data Viewer (v.4.3.210), and were
further processed using the R-package PupilPre (Kyro6ldinen et al. 2020). Pupil
data were re-aligned to 100 ms prior to the onset of the deviant number, and
then continued for 3000 ms. Blink components were automatically detected and
removed from the raw pupil data. The data were then manually checked, and
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the remaining blink artifacts were removed by hand. Subsequently, trials includ-
ing more than 20% of missing data because of blink artifacts were completely
removed from further analyses, yielding 3.52% loss of the total dataset. After
artifact rejection, the raw data were interpolated using cubic spline interpola-
tion and then filtered with a Butterworth 0.1 Hz low-pass filter. Skipped trials
due to missing values and artifacts created by the filter were removed using the
trim_filtered function. Thereafter, the raw data were baseline-normalised by trial
(subtractive correction) using the average of 100 ms preceding the onset of the
deviant. Finally, normalised data were down-sampled to a rate of 100 Hz (10 ms
time bins).

5.2.6.2 Cognitive test battery

For the flanker and odd-man-out tasks, accuracy (correct/incorrect responses,
coded as 1/0) as well as response times (in ms) were recorded for each trial. To
measure participants’ inhibitory ability, the efficiency measure by Spilsbury et al.
(1990) was employed. Specifically, the number of the correct incongruent trials
was divided by the median response time (inhibition score = [number of cor-
rect answers in incongruent trials] / [median response time]) per participant. To
measure processing speed, a similar efficiency measure was calculated per par-
ticipant. This measure was computed by dividing the number of correct trials
by the median response time. Lastly, in the digit span task, digit responses were
recorded in the recalled order by participants. The digit span of each participant
was calculated as the length of the last correctly recalled sequence before that
participant’s failure on two consecutive sequences.

Table 5.2 presents individual cognitive profiles in terms of inhibition, process-
ing speed, and WMC. The table shows raw mean scores per individual participant
across the three cognitive tasks implemented. Higher scores in the flanker task
indicate better inhibitory skills; higher scores in the odd-man-out task indicate
slower processing speed; and higher scores in the digit span task indicate larger
WMC.

Table 5.2: Mean performance per participant across the three cognitive
tasks.

Participant ID  Flanker Odd-man-out Digit Span

01 0.98 3.77 8
02 0.98 5.97 6
03 0.92 5.08 9
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Participant ID  Flanker Odd-man-out Digit Span

04 0.98 4.15 6
05 0.98 3.30 6
06 0.98 7.00 5
08 0.90 4.06 6
09 0.98 7.14 5
10 1.00 6.26 7
11 0.92 4.47 5
12 0.96 2.89 7
13 0.98 3.14 6
14 0.96 5.41 7
15 0.98 4.45 6
17 0.98 4.01 7
18 0.94 5.18 6
19 0.96 5.71 7
20 0.98 5.53 9
21 1.00 5.80 7
22 0.96 4.87 8
23 0.98 4.21 6
24 1.00 5.71 5
25 0.98 4.14 6
26 1.00 5.01 6
27 0.94 5.27 6
30 0.98 4.90 5
31 0.85 3.71 8
32 0.98 5.98 6
33 0.98 5.54 6
34 1.00 2.96 6
35 1.00 4.64 7
36 0.94 4.86 6
37 0.96 4.43 8
38 0.96 3.23 5
39 0.96 3.55 7
40 0.90 5.85 6
41 0.98 5.14 7
42 1.00 3.92 5
44 0.96 4.79 6
45 0.98 4.01 5
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Participant ID  Flanker Odd-man-out Digit Span

46 1.00 8.05 6
47 0.98 4.97 4
48 0.92 5.12 7
49 0.94 3.83 6
50 0.92 4.39 8
51 0.96 7.72 7
52 1.00 4.10 5
53 0.90 3.76 6
54 1.00 6.46 6
55 1.00 4.95 6
57 0.98 4.98 6
59 0.96 2.94 8
60 0.96 4.56 7
61 0.92 5.49 6
62 0.88 5.04 7
63 0.98 5.30 5
64 1.00 4.71 8
65 0.98 3.76 6
66 0.96 5.28 9
67 0.92 3.58 6

The next processing step consisted of standardising (z-scoring) participants’
scores across the flanker, odd-man-out, and digit span tasks. Although partici-
pants could be classified on the basis of their performance on one of the three
cognitive tasks, the combinations of the skills measured in the three tasks is con-
sidered crucial for a better understanding of the different cognitive pathways
involved in the process of OR activation. Prior to statistical modelling, correla-
tion tests among the three cognitive scores were employed. As in the pilot study
using the button press paradigm (see Section A.5.2), the correlation tests revealed
a weak positive correlation between odd-man-out and flanker scores (r(572278)
= 0.34, p < 0.0001), indicating that the slower the processing speed, the better
the inhibitory skills (and vice versa). A weak negative correlation between digit
span and flanker scores was also found (r(572278) = -0.23, p < 0.0001), indicating
that the greater the span, the lower the inhibitory skills.
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5.2.6.3 Inference criteria

The statistical analysis of the pupil data is divided into two parts, confirma-
tory and exploratory, similarly to the evaluation of the pilot results (see Sec-
tion A.4). The confirmatory analysis tested the prediction that deviant numbers
produced with rising intonation, due to its attention orienting function, will in-
duce a stronger PDR compared to numbers realised with falling intonation, or
when the intonation does not differ from that of the standard numbers, that is,
deviants produced with neutral intonation.

In the exploratory analyses, I examined whether sequence length affects PDR
and/or whether it interacts with the different prosodic deviant realisations. Be-
sides sequence length, I also explored whether individual cognitive profiles inter-
act with the prosodic conditions and thus affect the processing of the introduced
deviances produced with different intonational patterns. The full model specifi-
cations can be found in the script provided on OSF.

The PDR was normalised and modelled using Generalised Additive Mixed
Modelling (GAMM), which has been shown to be effective for analysing pupil
data, as it accounts for nonlinear patterns and interactions, nonlinear random ef-
fects, and the inherent autocorrelation of time-course data (see van Rij et al. 2019).
In particular, GAMM is appropriate for modelling nonlinear time-series patterns,
capturing variation in two trajectories: height and shape. These two trajectories
are captured by different terms: parametric terms allow for mean differences in
the overall height of the curves, and smooth terms allow for differences in the
shape of the curves. GAMM also accounts for random effect structures by us-
ing random smooths (e.g., Winter & Wieling 2016, Wood 2017, Séskuthy 2017).
Random smooths expand the principle of smooth terms to the random effects by
fitting separate smooths at each value of a grouping variable, thereby allowing
different curve shapes for different subjects and/or items.

5.2.6.4 Confirmatory analysis

PDR was modelled as a function of the ordered factor® PROSODIC CONDITION.
Treatment contrast was used to code PROSODIC CONDITION (levels: rise/fall/neu-
tral), with rise serving as the reference level. This coding allows for testing the
following contrasts:

Ordered factors allow for testing whether the curves of each level of the factor differ not only
in height (parametric coefficients) but also in shape (difference smooth terms).
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1. rise vs. fall, and

2. rise vs. neutral.

The model included prosoDIC CONDITION both as a parametric term, testing
for overall height differences in PDR curves between prosodic conditions, and as
a smooth reference term, capturing the shape effects in the reference level of the
PROSODIC CONDITION (i.e., rise) over TIME. The model also included a difference
smooth term by PROSODIC CONDITION, testing shape differences of PDR curves
between prosodic conditions (i.e., rise vs. fall, and rise vs. neutral) over TIME. Fur-
ther, the model included a random smooth by suBjJecT, and a reference-difference
random smooth for each sUBJECT by PROsoDIC CONDITION which captures shape
differences by suBjecT. Lastly, autocorrelation within trajectories was controlled
via the inclusion of an AR1 residual model. Given that this model could not test
for the contrast between fall vs. neutral, the simultaneous confidence interval
(CI) test” was implemented to examine this contrast.

5.2.6.5 Exploratory analyses

Moving to the exploratory part of this study, for both sequence length and indi-
vidual cognitive variability, I fitted three separate models to examine their inter-
action with prosoDIC CONDITION in the three following contrasts:

1. Model I: neutral vs. rise,
2. Model 2: neutral vs. fall, and

3. Model 3: rise vs. fall.

Results are presented on the basis of model summaries.

5.2.6.5.1 Sequence length

For the investigation of the sequence length effect, PDR was modelled as a func-
tion of the ordered factors PROSODIC CONDITION (treatment coded) and LENGTH
(treatment coded, reference level: long), as well as their interaction. PROSODIC
CONDITION, LENGTH, and their interaction were included in the models as para-
metric terms and smooths over TIME. In addition, random smooths by SUBJECT,

"The simultaneous confidence interval (CI) test can be used as a proxy for a post-hoc test: when
testing two whole curves simultaneously, if any point in the CI does not include zero, then the
difference between them can be treated as significant.
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and reference-difference random smooths per condition for the individual levels
of suBjECT, were included in all models. Lastly, an AR1 residual model was in-
cluded in all models to control for autocorrelation within trajectories. Model 1
was fitted such that the smooth over TIME for the condition [neutral, long] repre-
sented the reference smooth. The model further included difference smooths for
the conditions [rise, long], [neutral, medium], and [rise, medium]. This approach
allows for assessing the following differences: the difference smooth for [rise,
long] reflects the effect of rising vs. neutral deviants in long sequences; the differ-
ence smooth [neutral, medium] shows the effect of neutral deviants in medium-
length vs. long sequences; and the difference smooth [rise, medium] highlights
the effect of rising deviants in medium-length vs. long sequences. Model 2 was
fitted such that the smooth over TIME for the condition [neutral, long] repre-
sented the reference smooth. The model further included difference smooths for
the conditions [fall, long], [neutral, medium], and [fall, medium]. Specifically,
the difference smooth for [fall, long] reflects the effect of falling vs. neutral de-
viants in long sequences; the difference smooth [neutral, medium] shows the ef-
fect of neutral deviants in medium-length vs. long sequences; and the difference
smooth [fall, medium] highlights the effect of falling deviants in medium-length
vs. long sequences. Finally, model 3 was fitted such that the smooth over TIME
for the condition [rise, long] represented the reference smooth. The model fur-
ther included difference smooths for the conditions [fall, long], [rise, medium],
and [fall, medium]. Specifically, the difference smooth for [fall, long] reflects
the effect of falling vs. rising deviants in long sequences; the difference smooth
[rise, medium] shows the effect of rising deviants in medium-length vs. long se-
quences; and the difference smooth [fall, medium] highlights the effect of falling
deviants in medium-length vs. long sequences.’

5.2.6.5.2 Cognitive variability

For the exploration of the individual cognitive variability effect, and given the
aforementioned correlations among the cognitive predictors, only one predictor
was selected for the subsequent analyses. Due to its high relevance for attention
orienting, the flanker scores, indicating inhibitory skills, were chosen. Therefore,
PDR was modelled as a function of the ordered factor PROSODIC CONDITION (treat-
ment coded) and its interaction with the continuous FLANKER SCOREs. Specifi-
cally, PROsoDIC CONDITION was included in the models as a parametric term, with

8These models do not allow for estimating the following comparisons: [rise, medium] vs. [neu-
tral, medium]; [fall, medium] vs. [neutral, medium]; [rise, medium] vs. [fall, medium]. Given
that these differences are not of primary interest, I describe them based on the illustration of
GAMM smooths.
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a reference smooth over TIME and a difference smooth over TIME by PROsoDIC
coNDITION. Further, the models included a reference and a difference smooth
over FLANKER SCORES by PRosoDIC cONDITION. The reference smooth captured
non-linear changes (if any) in the average PDR as a function of the FLANKER
scores for the reference prosodic level (neutral in model 1; falling in model 2;
and rising in model 3), while the difference smooth reflected shape differences
in the non-reference prosodic level (rising in model 1; neutral in model 2; falling
in model 3), compared to the reference level. A tensor product reference smooth
and a tensor product difference smooth were also parts of the model, captur-
ing the two-way interaction between PROSODIC CONDITION and FLANKER SCORES
over TIME. The tensor product reference smooth modelled the effect of FLANKER
SCORES (if any) on the curve shape of the prosodic reference level (neutral in
model 1; falling in model 2; and rising in model 3). The tensor product differ-
ence smooth reflected whether this effect changed in the non-reference prosodic
level (rising in model 1; neutral in model 2; and falling in model 3). In addition,
random smooths by suBjecT and reference-difference random smooths per con-
dition for the individual levels of suBjeEcT were included in all models. Lastly,
an AR1 residual model was included in all models to control for autocorrelation
within trajectories.

5.3 Results

This section presents results reporting model predictions and plotting GAMM
smooths which depict the different estimated effects on the PDR within the time
window of interest. The presentation of the results is structured as follows. First,
I concentrate on the confirmatory analysis, that is, I report on PDR differences
among prosodic conditions, and thus focus on results related to the hypothesis
that rising deviants may induce stronger PDRs due to the attention orienting
function of rising intonation. Subsequently, I report on the exploratory analyses,
presenting the effects of sequence length and individual cognitive variability on
PDRs, and hence on the processing of the introduced deviances produced with
different intonational patterns.

Figure 5.1 illustrates grand averaged changes in pupil diameter from the base-
line average over time (sampled in 10 ms bins), as a function of prosodic con-
dition, time-locked to the onset of the deviant stimulus (zero ms; as depicted
by the vertical dashed line). The yellow point-range curve depicts pupillary re-
sponses to deviants produced with the rising edge tone (rising condition), the
green point-range curve shows pupillary responses to deviants featuring the
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falling edge tone (falling condition), and the black point-range curve illustrates
pupillary responses to deviants with neutral intonation (the baseline prosodic
condition). Visual inspection of the curves reveals that deviant numbers elicit
a PDR regardless of the intonation they feature, but the different intonational
contours seemed to affect the PDR in distinct ways.
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Percent change from baseline average
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o
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Sampled time in 10 ms bins

Figure 5.11: Grand averaged pupil dilation response per prosodic con-
dition over time (sampled in 10 ms bins), time-locked to the onset of
deviant stimulus (illustrated by the vertical dashed line), and estimated
from the baseline average.

5.3.1 Confirmatory analysis

GAMM smooths’ (including 95% Cls) of PDR to deviant numbers as a function
of prosodic condition are depicted in Figure 5.12. Colour coding of the prosodic
conditions’ estimated smooths corresponds to the colour coding in Figure 5.11.
Comparing PDR curves between rising and neutral conditions, the model re-
vealed that rising intonation elicited a more robust PDR, in terms of both the
overall height (parametric difference: = —37.06, t = -4.380, p < 0.001) as well as
the shape of the PDR curve (smooth difference: EDF = 3.198, F = 7.038, p < 0.001),
reflecting an increased and long-lasting effect. For the contrast between falling
and neutral intonation, the simultaneous confidence interval test indicates that
the PDR curve associated with falling edge tones was significantly different from

’GAMM smooths illustrate height, shape, and latency properties of the effects.
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Figure 5.12: GAMM smooths of PDR (normalised) with 95% ClIs, across
prosodic conditions. PDRs are time-locked to the onset of the deviant
(zero ms), as indicated by the vertical dashed line.

the PDR curve associated with neutral intonation (t = 2.357), in that the ampli-
tude is larger and prolonged. Finally, when comparing rising to falling intonation,
rises are differentiated from falls by the shape of the PDR curve (smooth differ-
ence: EDF = 1.048, F = 3.632, p = 0.05), meaning that rising intonation exhibits a
more sustained effect over time.

In sum, both rising and falling edge tones evoked greater pupillary dilations,
both in magnitude and duration, than the baseline neutral intonation. At the
same time, PDR to rises showed a more sustained effect over time compared to
the falling condition.

5.3.2 Exploratory analyses
5.3.2.1 Sequence length

GAMM smooths (including 95% Cls) of PDR to deviant numbers, as a function of
prosodic condition and sequence length are shown in Figure 5.13. As before, black
depicts the estimated smooths of deviants neutrally produced, yellow depicts
the estimated smooths of deviants produced with rising intonation, and green
depicts the estimated smooths of deviants produced with falling intonation. Solid
and dashed lines represent long and medium-length sequences, respectively.
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Figure 5.13: GAMM smooths of PDR (normalised) with 95% ClIs, across
prosodic conditions and sequence lengths. PDRs time-locked to the
onset of the deviant (zero ms), as indicated by the vertical dashed line.

The models revealed an interaction between prosodic condition and sequence
length. Specifically, when comparing rising to neutral deviants (see solid lines in
middle and left panels of Figure 5.13), and falling to neutral deviants (see solid
lines in right and left panels of Figure 5.13) in long sequences, the results showed
that both rising and falling deviants elicited greater PDRs in terms of both the
overall height ([rise vs. neutral] parametric difference: p = 42.96, t = 3.259, p =
0.001; [fall vs. neutral] parametric difference: f = 35.35, t = 2.904, p = 0.001) and
shape of the PDR curve ([rise vs. neutral] smooth difference: EDF = 5.375, F =
5.602, p < 0.001; [fall vs. neutral] smooth difference: EDF = 4.291, F = 5.699, p
< 0.001), demonstrating an increased and long-lasting effect. Nevertheless, no
differences were found between rising and falling deviants in long sequences
(see solid lines in middle and right panels of Figure 5.13; [rise vs. fall] parametric
difference: f = —6.984, t = —0.622, p = 0.53; smooth difference: EDF = 1.011, F =
0.103, p = 0.76).1°

When comparing rising and falling deviants in long sequences to rising and
falling deviants in medium-length sequences (see middle and right panels of
Figure 5.13, respectively), the models show that both edge tones evoked PDRs of
smaller amplitude and shorter latency in medium-length sequences as opposed
to long sequences ([rise, long vs. rise, medium] parametric difference: = -32.20,

1 Although the current models could not test for the same comparisons in medium-length se-
quences, it can be seen from the GAMM smooths in Figure 5.13 that the differences in medium-
length sequences follow the same trends as in long sequences. That is, on the one hand both
rising and falling deviants in medium-length sequences appear to evoke more robust PDRs
than neutral deviants (see dashed lines in Figure 5.13), as they do in long sequences. On the
other hand, it appears that rising deviants do not differ from falling deviants in medium-length
sequences, similarly to the long sequences.
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t=-2.747, p = 0.001; smooth difference: EDF = 4.514, F = 3.210, p = 0.001; [fall, long
vs. fall, medium] parametric difference: § = -43.86, t = -2.795, p = 0.001; smooth
difference: EDF = 3.271, F = 5.017, p < 0.001). However, when comparing neutral
deviants in long and medium-length sequences (see left panel of Figure 5.13),
PDRs to medium-length sequences differ only in shape, in that they exhibit a
less curvy line, indicating a faster response ([neutral, long vs. neutral, medium]
smooth difference: EDF =1.034, F = 5.380, p = 0.01), while no height differences are
observed ([neutral, long vs. neutral, medium] parametric difference: f§ = -17.86, t
= —1.235, p = 0.21).

In sum, rising and falling edge tones evoked PDRs of greater magnitude and
latency than the baseline neutral condition, in long (and medium-length) se-
quences. Within both rising and falling edge tones, the long sequences evoked
PDRs of larger amplitude and prolonged latency as opposed to medium-length
sequences. This was not the case for neutral intonation. For this prosodic con-
dition, long sequences elicited longer pupillary responses, which, however, did
not differ in amplitude compared to those elicited by medium-length sequences.

5.3.2.2 Cognitive variability

GAMM smooths (including 95% Cls) of PDR to deviant numbers, as a function of
prosodic condition and flanker scores, are shown in Figure 5.14. Flanker scores
are illustrated from left (lower inhibition) to right (higher inhibition) panels. Fig-
ure 5.15 illustrates difference smooths (calculated as smooth A — smooth B) with
95% Cls for the comparisons among prosodic conditions as a function of flanker
scores (x-axis). The red shaded areas depict the points in the 95% CI that do not
include zero, which are regarded as the windows of significant differences.

The models indicated an interaction between prosodic condition and flanker
scores. More specifically, the results show that PDR changes as a function of in-
hibitory ability across prosodic conditions. For neutral intonation (horizontal top
[and middle] panels in Figure 5.14), it was shown that inhibitory ability modu-
lated PDR shape, such that the lower the flanker score, the longer the PDR (tensor
product smooth: EDF = 8.442, F = 2.758, p = 0.001). Similarly, for falling intona-
tion (horizontal middle [and bottom] panels in Figure 5.14), inhibitory ability also
affected PDR shape. From low to average to high flanker scores, a decrease in the
duration of the PDR was observed (smooth difference: EDF = 1.900, F = 4.657, p
= 0.01; tensor product smooth: EDF = 10.322, F = 4.581, p < 0.001). For rising into-
nation (horizontal [top and] bottom panels in Figure 5.14), the results also show
that PDR shape changed as a function of inhibitory ability, such that the better
the flanker score, the longer the PDR (tensor product smooth: EDF = 8.866, F =
4.476, p < 0.001).
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Figure 5.14: GAMM smooths of PDR (normalised) with 95% CIs, across
prosodic conditions and flanker scores. PDRs are time-locked to the
onset of the deviant (zero ms), as indicated by the vertical dashed line.
Yellow depicts the estimated smooths of deviants produced with rising
intonation, green depicts the estimated smooths of deviants produced
with falling intonation, and black depicts deviants produced neutrally.
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Figure 5.15: Difference smooths of PDR (normalised) with 95% CIs for
the comparisons among prosodic conditions as a function of flanker
scores. The red shaded areas depict where the 95% CI does not include
zero, indicating the windows of significant differences.

Comparing neutral to rising intonation (horizontal top panels in Figure 5.14
and left panel in Figure 5.15), PDRs differed in both height and shape, as a func-
tion of inhibitory skills: from low to high flanker scores, the higher the score, the
stronger the rising PDRs, showing an increased and long-lasting effect (paramet-
ric difference: B = 37.471, t = 4.294, p < 0.001; smooth difference EDF = 5.453, F
= 6.164, p < 0.001; tensor product smooth difference: EDF = 6.162, F = 3.346, p =
0.001). Likewise, comparing falling to neutral intonation (horizontal middle pan-
els in Figure 5.14 and middle panel in Figure 5.15), PDRs differed in both height
and shape as a function of low inhibitory skills, such that the lower the flanker
scores, the weaker the neutral PDRs, showing a decreased and subtly faster effect
(parametric difference: p = -23.014, t = —2.337, p = 0.01; smooth difference EDF
= 5.170, F = 3.422, p = 0.001; tensor product smooth difference: EDF = 1.003, F =
2.757, p = 0.05). Finally, comparing rising to falling intonation (horizontal bottom
panels in Figure 5.14 and right panel in Figure 5.15), PDRs differed only in shape
as a function of high inhibitory skills, such that the higher the flanker score, the
faster the falling PDRs (smooth difference: EDF = 1.898, F = 2.427, p = 0.05; tensor
product smooth difference: EDF = 7.762, F = 2.887, p = 0.001).

In sum, individuals’ inhibitory skills modulated PDR to deviants differently
across prosodic conditions. Individuals with higher flanker scores, and thus bet-
ter inhibitory skills, showed sustained PDRs only to rising deviants, as opposed to
neutral and falling ones, with no difference between the latter two ([rise] > [fall
= neutral]). In contrast, individuals with lower flanker scores, and hence weaker
inhibitory skills, exhibited sustained PDRs to both rising and falling PDRs, but
not to the baseline neutral ([rise = fall > neutral]).
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5.3.3 Interim summary

To briefly summarise the current findings, deviants produced with rising and
falling intonation (high and low edge tones, respectively) elicit a greater pupillary
response (both in magnitude and duration) than deviants featuring the baseline
neutral intonation. This holds for both long and medium numeric sequences.
Within the edge tone conditions, rising intonation resulted in a greater pupillary
response than falling intonation, manifesting as a more sustained effect over time.
In the next section, I will argue that the gradient effects of intonation on PDR
response indicate different modulations of attention orienting in each prosodic
case.

Turning to the sequence length effect, the results show that both rising and
falling edge tones evoked stronger PDRs, showing an increased and long-lasting
effect in long sequences compared to medium-length sequences. However, neu-
tral intonation elicited only subtly longer pupillary responses in long sequences,
which, in turn, did not differ in height amplitude compared to those elicited in
medium-length sequences. In the next section, I will reason that the findings we
observe here reflect the temporal conditions under which our auditory process-
ing system develops sensory-memory traces of the stimuli and their regularities,
which are crucial representations for the mechanism which underlies the atten-
tion orienting response.

Finally, considering individual variability, it is evident that individuals’ in-
hibitory skills affect PDR modulation across prosodic conditions. For individuals
with strong inhibitory skills, only rising intonation led to more sustained PDRs,
while falling and neutral ones evoked transient pupillary responses. In contrast,
for individuals with weaker inhibitory skills, both rising and falling prosodic
conditions caused prolonged PDRs, as both led to stronger responses than the
neutral baseline. In the following, I will argue that the observed PDR responses
in relation to inhibition indicate that the successful evaluation of the deviant, and
thus the activation of the different stages of the orienting response, depends on
individual-specific cognitive bandwidth.

5.4 Discussion

In this chapter, I investigated the relevance of domain-final rises and falls (the re-
flexes of phrase final edge tones) for attention orienting in German. Domain-final
rising intonation has been shown to attract attention in serial recall experiments
(e.g., Savino et al. 2020, Rohr, Savino, et al. 2022, Grice et al. 2024). Here, I tested
the attention orienting function of domain-final rises in a different way, namely
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by utilising a changing-state oddball paradigm in a pupillometry study. The aim
of the study was trifold. Using PDR as a reflex of attention orienting, the main
objective was to test whether deviant numbers in seriatim ascending sequences
can capture more attention, thereby evoking more robust PDRs, when realised
with a final rise compared to when they are produced with a final fall or when
their intonation does not differ from that of the standards (the neutral case). In
addition, this study took an explorative direction in the examination of sequence
length effect on PDR elicitation, and the contribution of individual cognitive vari-
ability to the processing of deviances, with the aim of better understanding the
function of attention orienting.

Prior to the pupillometric study, the design of the stimuli was piloted using a
button press paradigm in an explicit deviant-detection task (see Appendix A). It
was confirmed that the design of the stimuli was successful, in that listeners in-
deed perceived and detected the deviances across numeric sequences. The pilot
data provided some further interesting results which are discussed in Section A.6.
The structure of the current section is the following. First, I put the findings in
the broader context of intonational rises vs. falls and their relevance for attention
orienting, and consequently, I elaborate on the implications of these findings for
the function of rising intonation at the edges of constituents as an attention ori-
enting device. Next, I highlight the relevance of sequence length for the orienting
response in passive listening. Finally, I discuss the contribution of individual cog-
nitive variability in the activation of attentional mechanisms.

5.4.1 Rising intonation at the edges of constituents as an orienting
device

Starting with the group level findings from the confirmatory part of this study,
my predictions were the following. First, given that attention orienting is indexed
by dilations in pupil size (e.g., Liao et al. 2016, Marois et al. 2018, 2019), and given
the claim that attention orienting is underlined by a mechanism driven by ex-
pectancy violations (e.g., Ndatanen et al. 2011, Vachon et al. 2012), I predicted that
the presentation of a deviant number in a seriatim ascending numeric sequence
would disrupt the anticipated pattern, causing an attention switch expressed in
a PDR. In addition, given the association between attention orienting and rising
pitch reported in previous work (e.g., Nddtanen et al. 1978, 1980, Alain et al. 1994,
Doeller et al. 2003, Chobert et al. 2012, Hsu et al. 2015, Ventura et al. 2020, R6hr
et al. 2021, Lialiou, Grice, et al. 2024), the second prediction was that deviants
produced with the rising edge tone would result in greater disruption, expressed
in a more robust PDR compared to deviants produced with the falling edge tone
or with neutral intonation.
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The present pupillometric results provide evidence in favour of the first predic-
tion: deviant numbers do indeed elicit a PDR, regardless of intonation. These re-
sults corroborate previous findings on auditory cognition claiming that attention
orienting is underpinned by an expectancy violation mechanism (e.g., Hughes et
al. 2007, Vachon et al. 2012, Paavilainen 2013, Hughes 2014). Now, when the in-
tonation of deviants differed from the intonation of standards, exhibiting either
rising or falling edge tones, deviants elicited an increased pupil dilation effect
compared to the neutral condition, in which the intonation of the deviant did
not differ from that of the standards. This finding indicates that prosodic mark-
ing on deviants results in more robust attentional resources being allocated to-
wards the violation. This finding is compatible not only with the idea from the
early literature that attention orienting is sensitive to the physical properties of
auditory deviances (for more, see Wright & Ward 2008), but also with results
from neurocognitive studies reporting that signals with both rising and falling
acoustic properties attract attention when presented as deviants (for literature
review, see Section 2.4).

Moving to the second prediction, and hence the comparison between rising
and falling edge tones, a subtle PDR shape difference was found between the
two tones. This difference indicates that rising tones evoked more long-lasting
changes to PDRs than falling tones. These results potentially reflect qualita-
tively different cognitive processes. As discussed in Section 2.5, the latency of
attention-related PDRs is indicative of the processing stage in which the atten-
tional mechanism is activated: transient dilations reflect pre-attentive attentional
processes, while more prolonged responses indicate processes at the conscious
level (see Strauch et al. 2022). As discussed in Chapter 2, attention-related PDRs
consist of different subcomponents, two of which are the orienting-related and
the executive-related PDR. Orienting-related PDRs are usually momentary, and
typically evoked by sensory events such as an instance of auditory deviance,
while executive-related PDRs are prolonged and evoked by top-down processes.
Thus, an orienting-related PDR, evoked by an auditory deviant, reflects an invol-
untary attention switch, which in turn, and after some evaluation of the deviant
in the processing system, can further activate the executive network, thereby
bringing the deviant into awareness. In other words, the route from pre-attentive
to conscious perception of a deviant is reflected in the time course of pupillary
responses. The findings of this study indicate that, on the one hand, falling edge
tones induce an involuntary attention switch towards the deviant pre-attentively,
as reflected in the observed transient pupil dilation. On the other hand, rising
edge tones initially cause a similar involuntary switch of attention, and then,
potentially due to their prominence, bring the perception of the deviant into
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awareness, thereby activating voluntary attention orienting. This finding can be
related to previous neurocognitive studies (e.g., Rinne et al. 2005, Macdonald &
Campbell 2011) suggesting a differential processing of rises and falls. Whilst de-
viant sounds with both rising and falling acoustic properties have been found to
attract attention in auditory cognition, rises have been claimed to serve as intrin-
sic warning cues due to their saliency (e.g., Bach et al. 2008). Specifically, rises
have been reported to prompt auditory looming effects, which indicate an ap-
proaching sound source, whereas falls are experienced as receding sound sources,
activating fewer attentional resources than rises (for literature review, see Sec-
tion 2.4). Let me now elaborate on how the results of this study elucidate the
aforementioned point in the linguistic domain.

In the two oddball conditions discussed above, the deviant numbers are re-
alised with rising and falling edge tones, whereas their corresponding standard
stimulation is produced with neutral intonation (shallow falling intonation; for
the acoustic characterisation of the intonational contours see Section 5.2.3). In
such sequences, the listener potentially builds predictions both on the basis of
the sensory input and on the linguistic meaning this sensory input transmits.
First, listeners detect regularities in the sensory input, then they extrapolate a
pattern, and finally, they predict upcoming events (for more on the auditory sys-
tem operations, see Section 2.3). Thus, the listener, after being exposed to the
seriatim ascending numeric pattern produced with neutral intonation, not only
predicts and anticipates the following stepwise ascending number, but also an-
ticipates that this number will be produced with the same intonational pattern.
Now, as shown in Chapter 4, predictions can also arise from linguistic meaning,.
The items used in this study are numeric sequences, which inherently give rise to
expectations about forthcoming numbers. On top of this natural prediction con-
text created by the (semantics of the) numeric sequences, the standard/seriatim
numbers are produced with the aforementioned neutral intonational contour,
a contour which can be featured on non-final items of a sequence or a list in
German (for more on German list intonation, see Section 3.5). The expectations
about a forthcoming number are therefore enhanced by the linguistic meaning
of the intonation with which the standard numbers are realised, that is, a natural
and appropriate contour on non-final list items which denotes that the sequence
is not over yet. Now, the intonation of standard stimulation might have elicited
additional meaning-based predictions, specifically, expectations about the forth-
coming end of the numeric sequence. Therefore, the listener, on the one hand,
anticipates a forthcoming ascending number, on the basis of both the seriatim
pattern and the intonational meaning. On the other hand, the listener expects
that the sequence will end at some point, and therefore seeks an intonational
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cue that signals this end. Both rising and falling edge tones, although they de-
note different things (rises indicate continuity, whereas falls indicate finality),
can mark the end (or the boundary) of a smaller (or larger) unit within the ut-
terance. Thus, domain-final rises and falls mark the end of smaller units within
sequences and are contextualised in a similar way in the items of this study: the
deviant number, produced with either of the two tones, is the last item (but still
part) of the same sequence unit — but not the last item of the entire list — thereby
violating the anticipated seriatim pattern. Furthermore, the presentation of the
edge tones violates the expectation that the next number should be produced
with neutral intonation. This means that, on the one hand, rising and falling
edge tones validate the anticipation of a forthcoming sequence end, and on the
other hand, they violate the anticipated seriatim pattern produced with neutral
intonation, since they mark a deviant number included in the same unit with the
standard numbers.

The initial observation is that the presentation of a deviant, produced with
either of the two edge tones, evokes an increased PDR (compared to a neutral de-
viant), indexing a greater switch of attentional resources towards the violation of
the seriatim pattern produced with neutral intonation. Nonetheless, when the de-
viant number is produced with rising pitch, this elicited subtly prolonged pupil
dilations, indicating that, in this case, the violation first causes an involuntary
attention switch, followed by voluntary attention orienting and thus conscious
processing. In a linguistic context where deviants produced with either of the
two tones generate and violate the same signal-driven and meaning-based ex-
pectations, the ability of rising deviants to ultimately lead to conscious attention
orientation, in contrast to falling (and neutral) deviants, can be attributed to their
prominence. This is in line with Rohr et al. (2021) showing that the amount of
attention oriented to a stimulus is defined by signal-based cues combined with
meaning-based expectations derived from the context. This is also manifested in
the results reported in Chapter 4, where I showed that involuntary attention ori-
enting is signal-driven, while voluntary attention is driven by meaningful aspects
of intonation licensed by contextually created expectations (see Section 4.4).

We can argue that the present results highlight the attention orienting func-
tion of rising pitch, suggesting that domain-final rises on deviant stimuli also
enhance the ability of the deviant to attract attention at a more conscious level.
This finding thus strengthens the case for the role of rising intonation at the edges
of constituents in attention orienting. As discussed in Chapter 3, intonational
events are phonologically anchored to specific positions in the prosodic struc-
ture, that is, they are either associated with the stressed syllable (pitch accents),
or with the edges of constituents (edge tones). In the autosegmental-metrical
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theory of intonational phonology (e.g., Ladd 2008) pitch accents are associated
strictly with a prominence-cueing function, while edge tones are associated with
a phrasing function. In that sense, it has been claimed that accentual rises are bet-
ter in directing listener attention than rises at edges (for more, see Section 3.1).
This has already been called into question by results from serial recall studies
(e.g., Savino et al. 2020, Rohr, Savino, et al. 2022, Grice et al. 2024) which report
that rising edge tones marking the final item of non-final triplets boost the recall
accuracy of the whole triplet, hence orienting attention to the whole domain (see
also Section 3.3). The work reported in Chapter 4 adds to those first indications
of domain-final rising intonation attracting attention in showing that, during on-
line processing, rising intonation takes on a special role in involuntary attention
orienting, regardless of whether the rise played the role of accentual or bound-
ary contour. Therefore, the results of the current study contribute further to this
novel discovery that rises associated with the edges of constituents can also di-
rect listener attention at a more conscious level. Building on the aforementioned
serial recall results, one speculation is that domain-final rises attract more atten-
tion than falls because rising edge tones attract attention to the entire domain. It
is hence possible that rising edge tones encourage the listener to more quickly
integrate the deviant with previous items in the same domain, and that listener
awareness of the violation thereby increases.

The privileged status of the rising edge tones is also shown in the pilot re-
sults on speed-accuracy trade-off and individual variability (see Section A.5.2).
In the rising condition, no trade-off between speed and accuracy was observed,
whereas such a trade-off was found in both the neutral and falling conditions.
Specifically, faster responses in the neutral condition and slower responses in
the falling condition lead to worse performance. Further, by taking into account
the cognitive profiles of the listeners in the pilot study, we can see that listeners
with better inhibitory skills were more accurate in identifying the rising deviants
than the average, jolting them out of their inhibition. These results show that,
even in a relatively easy explicit task where listeners are aware of the deviant
numbers, neutral and falling intonation can be somewhat challenging for the
listeners, whereas rising intonation appears to capture listener attention more
readily.

5.4.2 The relevance of sequence length for attention orienting in
language

Moving to the more exploratory part of this study, I first focus on the relevance
of sequence length for attention orienting in language. The pilot data show no
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difference between the two sequence lengths across all conditions, meaning that
listeners were equally good and equally fast in detecting the deviant in both
medium-length and long sequences, when explicitly asked to do so (see Sec-
tion A.5.2). In contrast, the pupil results show that deviants in long sequences
evoked more robust PDRs than deviants in the medium-length sequences across
all prosodic conditions, with the neutral condition exhibiting this difference more
subtly. The interpretation put forward here is that in passive listening, long
sequences allow the auditory processing system to develop stronger memory
traces, i.e., representations, of regularities in stimulus sequences, which are cru-
cial for the expectancy violation mechanism. To illustrate the aforementioned
point, consider how our sensory systems operate. According to Naiténen et al.
(2011), the sensory systems develop representations, called memory traces, re-
lated to the stimuli and their regularities. The perception of a stimulus occurs at
the transient phase of memory trace formation. Our brain continuously updates
the representations in order to maintain a correspondence with the environment.
During this updating process, the system extrapolates a pattern and forms cer-
tain predictions. When these predictions are not attested in the input that the
system perceives, violating the representations formed, attention-calling mech-
anisms are activated (for more on the operations of the auditory system, see
Section 2.3, and among others, Friston 2010, 2018, Naitanen et al. 2019).
Neurocognitive studies using simple sine waves have shown that for the mem-
ory trace of standard stimulation in passive auditory oddball paradigms to be
formed, the presentation of standard auditory events, in the beginning as well
as during the experimental session, needs to exceed a threshold of about 200 ms,
also called the temporal window of integration (TWI; see Néétanen et al. 2019).
The presentation of the standard numbers before the deviant in both sequence
lengths of this study’s items undoubtedly exceeded this TWI, simply because
the items consisted of quadrisyllabic and pentasyllabic numbers, meaning that
each number itself had a duration of 1000 ms or more. Both sequence lengths
presented a sufficient amount of standard numbers before the deviant, specifi-
cally, 10 standard numbers (TWI of ca. 10 seconds) in the medium-length and
15 standard numbers (TWI of ca. 15 seconds) in the long condition, since de-
viants in both length sequences activated attentional mechanisms as reflected
in the elicited PDR responses. The fact that PDRs were more robust in the long
sequences shows that the longer TWI allows for a better and stronger formation
of the memory trace corresponding to the standard stimulation, in turn leading
to a greater switch of attention when this memory trace is violated. Therefore,
these findings attest that in language, by virtue of the stimuli being of longer du-
ration than the simple sine waves used in studies of auditory cognition, a TWI
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of at least 10 seconds is needed to achieve the memory trace formation of stan-
dards and the concordant pattern extraction and prediction build-up. A longer
TWI may help the processing system to build stronger memory traces, in turn
leading to a more robust switch of attentional resources towards a violation. Nev-
ertheless, for explicit deviant-detection tasks such as in the pilot study (see Ap-
pendix A), it appears that the longer sequences do not provide any advantage
over the medium-length sequences.

5.4.3 The contribution of individual variability to attention orienting

A final, exploratory objective that this study put forward concerns the contribu-
tion of individual cognitive variability to attention orienting. Participants’ indi-
vidual variability was measured on the basis of three cognitive skills: process-
ing speed, inhibitory ability, and WMC. The cognitive measurements yielded
weak correlations (see Section 5.2.5), and thus the pupillary statistical analysis
modelled only an interaction between flanker scores, reflecting participants’ in-
hibitory ability, and prosodic conditions. The data show that the presentation of
deviants attracts listeners’ involuntary attentional resources, regardless of into-
nation. This is manifested in the dilations of participants’ pupil size across all
prosodic conditions. The data further indicate different PDR modulations for the
three intonational patterns marking the deviants, as a function of inhibitory abil-
ity. More specifically, individuals with stronger inhibitory ability exhibited sus-
tained PDRs to deviants produced with rising intonation, in contrast with more
rapid PDRs to deviants produced with falling or baseline neutral intonation. Con-
versely, individuals with weaker inhibitory ability responded to both rising and
falling deviant prosodic realisations with equally sustained PDRs, causing a more
increased and prolonged effect than the neutral baseline.

As mentioned previously in this chapter, the time course of pupillary response
is indicative of the different stages of the orienting response: transient dilations
indicate pre-attentive processes; more prolonged dilations reflect processes at
the conscious level. Therefore, the present data indicate that the presentation
of the deviant first causes an involuntary attention switch, across all prosodic
conditions. From this moment, a constant tripartite interaction starts among
signal-based cues from the input (bottom-down mechanism), top-down opera-
tions like contextual expectations driven by the meaning-based cues of the input,
and other top-down executive mechanisms like processing speed, inhibition and
WM, which inform the processing system about prediction errors (i.e., the pres-
ence of deviants). All mechanisms together feed the attentional system, which
in turn determines whether the pre-attentive involuntary attention switch will
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lead to the deviant reaching full awareness, or whether the auditory processing
system will continue with the processing of the following input. The success-
ful evaluation of the deviant, and thus the activation of voluntary attention, de-
pends on individual cognitive bandwidth. Inhibitory ability is a crucial cognitive
factor to consider in understanding the observed PDR variability across individ-
uals. Nonetheless, it is worth considering the three cognitive skills comprising
cognitive profiles — inhibitory ability, processing speed, and WMC - together
in an endeavour to better comprehend which cognitive operations interact with
attention orienting across individuals (and how). As a general trend, correlation
tests indicated that, in the current sample, individuals with better inhibitory abil-
ities tended to be characterised by a slower processing speed and smaller WMC.
Conversely, individuals with poorer inhibitory abilities tended to show a faster
processing speed and larger WMC. Let us now consider the aforementioned PDR
findings in the light of individual cognitive variability.

Individuals with high flanker scores, and hence strong inhibitory skills, exhib-
ited prolonged PDRs only towards rising deviants, manifesting as a long-lasting
effect, whereas they responded with quite rapid PDRs to falling and baseline
neutral deviants. Despite a good ability to inhibit irrelevant information outside
the current attentional focus, rising deviants broke the shield of voluntary atten-
tion, not only momentarily, but for longer time, bringing the perception of the
relevant deviant to a more conscious level. Such individuals tended to exhibit a
slower processing time, which gave them enough time to properly evaluate the
importance of the deviant. During this time, the bottom-up mechanism interacts
with the processing system and feeds it with cues coming from the signal. In the
case of arising deviant, the processing system gives it high importance, due to the
deviant’s high acoustic saliency and linguistic prominence. Given the established
importance of the deviant, inhibition is blocked. The deviant thus enters WMC
and subsequently activates voluntary attention. In the case of a falling deviant,
or a deviant with baseline neutral intonation, the processing system renders the
deviant’s importance low, due to its (very) low acoustic saliency and linguistic
prominence. Given the established low importance of the deviant, inhibition is
activated, and attention is thus drawn back to the initial focus. In this latter case,
the deviant’s withholding from further processing is also achieved by WM resis-
tance. Some studies on attentional control have shown that increased WM load
prevents or attenuates auditory distraction by utilising a top-down control (e.g.,
SanMiguel et al. 2008). Here, individuals’ low WMC potentially leads to high
WM load, resulting in WMC resistance towards the unimportant deviant in or-
der to minimise the disruption of storage processes (e.g., Berti & Schroger 2003,
SanMiguel et al. 2008). In the case of rising deviants, such an operation is absent
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potentially due to the established significance of the deviant, rendering further
processing necessary.

In contrast to individuals with high flanker scores, individuals with low flanker
scores, and thus weaker inhibitory skills, responded with prolonged PDRs to both
rising and falling deviants, but with transient PDRs to baseline neutral deviants.
This means that deviants, regardless of their prosodic marking (rising vs. falling),
broke through the shield of voluntary attention. However, when a deviant did
not differ prosodically from the standard numbers, owing to its low acoustic
saliency and linguistic prominence, it only evoked an involuntary switch, draw-
ing attention back to the initial focus. As the data reported in this chapter show,
these individuals exhibited lower inhibitory skills and further tended to be char-
acterised by faster processing speed and larger WMC. One potential scenario is
that fast processing, in the current study, leads to inadequate evaluation of the
importance of the acoustic cues characterising the deviant event. In other words,
the lack of time for deviant evaluation may result in shallow processing, and thus
an ineffective judgement of a deviant’s importance. In this case, the deviant’s
inefficient evaluation, in conjunction with a weaker inhibitory mechanism and
small WMC resistance,!! enables the deviant event to move to later stages of ori-
enting (regardless of prosodic marking). Another possible scenario is that these
individuals, despite their fast processing speed, engage in deep processing and
establish deviant importance. In this scenario, the importance of rising deviants
blocks the available suppressing mechanisms and activates voluntary attention.
In contrast, falling deviants, due to their attenuated auditory cues, may lead to
increased listening effort. Increased listening effort, in turn, may interfere with
the operations of the — already weak — suppressing mechanisms, resulting in
increased (auditory) attention demands and thereby voluntary attention orient-
ing. The disentangling of the two plausible scenarios needs further investigation;
nonetheless it appears that the weaker the repressive capacity, the easier the at-
tentional overloading.

Previous research on individual variation in auditory attention has yielded
sparse and contradictory evidence. Starting with the role of WMC in auditory
distractions (i.e., deviations), the present results contradict studies reporting that
individuals with high WMC are less susceptible to attentional switches towards
auditory distractions or deviations (for review, see Sorqvist et al. 2013, Hughes
2014). As mentioned in Sorqvist et al. (2013), the exact nature of the mechanism

"Remember that these individuals have high WMC, which according to Berti & Schréger (2003)
and SanMiguel et al. (2008) prevents WM load, in turn making WMC more susceptible to
distractions.
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that WMC taps into is still under debate, with one of the views claiming that high
WMC attenuates distractions because individuals with high WMC have excellent
inhibitory skills. It is important to note that in the relevant studies, a link between
WMC and inhibition was presumed, but not tested directly. The present work
differs from the aforementioned studies, as WMC and inhibition were measured
separately, showing that high WMC does not necessarily imply high inhibition
(although WM constitutes a control system; see Baddeley 2003). Instead, we have
seen that individuals with high WMC are characterised by lower inhibitory skills
than individuals with low WMC.

Whereas some studies investigating the role of WM in attention control have
shown that higher WMC leads to fewer distraction effects, other studies have
shown the opposite. The present results are compatible with the latter. More
specifically, they are in line with Berti & Schréger (2003) and SanMiguel et al.
(2008), who show that increased WM load (i.e., low WMC) attenuates or even
prevents auditory distraction. SanMiguel et al. (2008) argue that the type of dis-
traction influences WM load effects. Specifically, the authors mention that in the
studies where WM load was found to increase distraction, distractions were ac-
tually “competing” stimuli generating task-related conflicts, as in a Stroop task.
However, the distractor stimuli in the aforementioned study - or better, the
deviant stimuli — were task-irrelevant, orienting attention away from the task.
Likewise, in the present work, deviants were task-irrelevant, with no conflict
being generated. Further, S6rqvist et al. (2013) showed in a meta-analysis that
high WMC does not correlate with attenuated distraction when deviants are task-
irrelevant. I am taking these findings as further evidence in support of the results
reported in the present work.

To my knowledge, no previous study has directly tested the effect of inhibition
or processing speed on auditory attention. The study by Keye et al. (2009) inves-
tigated the relationship among WM, inhibition, and processing speed. Nonethe-
less, it is important to note that Keye et al. (2009) were concerned with visual
selective attention. Keye et al. (2009) found no support for a relation between
WM and attention control or inhibition (conflict reduction). Further, the authors
found a relation between high WMC and slow speed, as opposed to the present
results. However, the findings of the present study are in line with the Heitz &
Engle (2007) study, again on visual attention, in reporting that individuals with
high WMC had faster responses than individuals with low WMC.

Considering the present findings holistically, it appears that individuals dif-
fer in the effective mechanisms they have at their disposal. The evaluation of
deviants by the processing system constitutes the first crucial step in determin-
ing which further operations will be activated. Individuals may or may not have
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an effective processing system, leading to successful or unsuccessful evaluation,
respectively. The next step involves the activation of suppression mechanisms
such as inhibition and WMC resistance. Likewise, individuals may or may not
have efficient suppressing mechanisms to protect their attentional system from
potential overloading. In this study, some individuals appear to have at their dis-
posal both an efficient processing system, which evaluates the importance of the
deviants successfully, and sufficient suppression mechanisms, activated when
needed. When a deviant event is rendered important, suppressing operations —
including inhibition and WMC resistance — are withdrawn and involuntary at-
tention changes to voluntary attention, bringing the deviant event to conscious
processing. When the event is rendered unimportant, suppressing operations are
activated, blocking irrelevant distractions from later stages of orienting and pro-
tecting the attentional system from unnecessary overloading. For the remain-
ing individuals, it is not as clear whether the processing system is efficient in
evaluating the importance of deviants, but it is evident that they do not have at
their disposal strong suppressing mechanisms. As a result, deviants, regardless
of whether their importance has been established or not, command additional
attentional resources, which maximises attentional processing load.

5.5 Summary

Pupillary data from 60 native German listeners were analysed for the present
study. The findings

1. corroborate the claim that attention orienting is underpinned by an ex-
pectancy violation mechanism,

2. confirm that pupillometry is a rigorous technique for studying attention ori-
enting,

3. index the attention orienting function of domain-final rises in speech,

4. show the relevance of temporal window of integration (TWI) length for atten-
tion orienting in language, and

5. highlight the important contribution of individual cognitive variability.

With respect to the attention orienting function of domain-final rises in Ger-
man, the current results support the idea of an attentional bias towards pitch
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rises, and extend the scope of this bias from a general cognitive level to the lin-
guistic domain. In spoken language, rising pitch takes on a special role in attract-
ing attention, also at a more conscious level, and even when this pitch rise is not
attributable to a pitch accent, but rather to an edge tone (or edge tone complex).
This finding strengthens the argument of Chapter 4 that the phonological status
of the pitch event (head- or edge-associated) is not of primary relevance for at-
tention orienting owing to a prevalence for holistic processing. In contrast, both
the direction of the pitch contour (signal-based cue) and the appropriateness of
the contour in the linguistic context (meaning-based cue) are fundamental for
involuntary and voluntary attention mechanisms, respectively. In this study, ris-
ing edge tones, specifically, feed both signal- and meaning-based mechanisms,
activating both pre-attentive and conscious attentional stages.

In the current data, rises and falls function in a similar way: they mark the
end of a smaller sequence unit, including deviants which violate an expected
pattern. Thus, rises take priority over falls precisely because of their prominence.
This finding points towards an argument that the neural architecture of auditory
cognition and spoken language shares a common pool of mechanisms which
are crucial for the attention orienting network. This argument is revisited in
Chapter 6.

As for the role of sequence length, this study shows that language benefits
from alonger TWIthan cognition. This is due to the complex nature of the speech
signal — stimuli are longer in duration than simple sine waves. Based on the
findings of this study, a TWI of at least 10 seconds is necessary for the formation
of a memory trace related to regularities in standard stimulation. At the same
time, a longer TWI allows the processing system to build stronger memory traces,
which in turn evoke a stronger orienting response when violated.

Last but not least, the findings of this study show that the cognitive bandwidth
deployed by individuals to process auditory deviances is critical both for an ef-
fective activation of voluntary attention and protection of the attentional sys-
tem from potential overloading. Both mechanisms (voluntary attention and cog-
nitive offloading) are crucial for successful speech interpretation. Importantly,
individuals differ in the effective mechanisms they make use of, which affects
the processing of deviances introduced in the environment. Individuals lacking
such effective cognitive mechanisms may end up exhausting mental resources
that might have been needed for other purposes. In spoken communication, this
could entail a listener’s failure to orient attention towards the most important
part of the uttered message, which in turn could affect interpretation and speech
planning. Individual cognitive variability is thus a crucial factor to take into con-
sideration for processing studies, especially when the general trend in the data
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represents individuals who can effectively use their attentional resources. The
contribution of individual cognitive bandwidth to attention orienting is revis-
ited in Chapter 6, in which I will bring together the findings of this and previous
chapters and suggest a unified view of the cognitive and functional relevance of
intonation for attention orienting in spoken language.
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6 General discussion

The present work made a novel attempt to unravel the cognitive and functional
relevance of intonational prominence for attention orienting in the linguistic
domain. This was achieved by focusing on the temporal unfolding of the neu-
rophysiological and pupillary underpinnings of the orienting response (OR) to-
wards intonational rises and falls embedded in oddball sequences, along with the
relevant language-specific expectations. Attention orienting has mainly been in-
vestigated within cognitive domains like vision and audition, uncovering a sen-
sitivity of the orienting response towards the physical properties of events (vi-
sual/acoustic saliency). The novelty of the current work is that, departing from
neurocognitive studies on auditory perception, it raised the question of how the
function of the orienting response extends from acoustic saliency to prominence,
and hence from auditory cognition to speech. In what follows, I will first sum-
marise the main results of the two studies presented in this book (Section 6.1).
Next, I will discuss the general implications of the main findings (Section 6.2),
and point towards future research directions (Section 6.3). The chapter closes
with concluding remarks in Section 6.4.

6.1 Summary and main observations

The aim of the study reported in Chapter 4 was to examine the neurophysiolog-
ical correlates (ERPs) of attention orienting towards intonational rises and falls
when presented unexpectedly in a stream of repetitive auditory stimuli. Specif-
ically, the processing of rises and falls was investigated through the use of an
oddball paradigm, where sequences of repetitive stimuli were occasionally inter-
spersed with a deviant stimulus, allowing for elicitation of a mismatch negativ-
ity (MMN). Whereas previous oddball studies on attention towards unexpected
sounds involving pitch rises were conducted on non-linguistic stimuli, this study
used lexical items with natural intonation contours as stimuli. The main findings
of this study can be summarised as follows:

1. The direction of the pitch contour (the signal-driven cue) is primarily rele-
vant for involuntary attention orienting (RQ1 [rises], RQ4 [architecture]).
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2. Similarly, the appropriateness of the contour in the linguistic context (the
context-driven cue) is primarily relevant for voluntary attention orienting
(RQ3 [expectations], RQ4 [architecture]).

3. By contrast, the effect of the rise holds regardless of the phonological status
of the pitch event (RQ2 [edges]). This is not predicted by standard intona-
tional theory, where only rises on heads (i.e., pitch accents) are expected
to play a role in attention orienting.

More specifically, the obtained results indicate that intonational rises play a
special role in attention orienting at a pre-attentive processing stage, whereas
contextual meaning (here a list of items) is essential for activating attentional re-
sources at a conscious processing stage. This is reflected in the activation of dis-
tinct brain responses: rising intonation evokes the largest MMN; falling intona-
tion elicits a less pronounced MMN followed by a P3 (reflecting a conscious pro-
cessing stage). The data further reveal a complex interplay between the phono-
logical status (i.e., accent/head marking vs. boundary/edge marking) and the di-
rection of pitch change in their contribution to attention orienting. Attention is
not necessarily oriented towards a specific position in prosodic structure (head
or edge). Rather, it was found that the intonation contour itself, and the appro-
priateness of the contour in the linguistic context, are the primary cues to the
two core stages of attention orienting, pre-attentive and conscious orientation
respectively, whereas the status of pitch accent or edge tone plays only a mini-
mal role. This could be either because of holistic processing, or because rises in
either phonological position serve as attention orienters, in that both are mean-
ingful rises, and not just transitions from one phonological event to another.

Chapter 5 delved into the pupillary underpinnings of attention orienting to-
wards domain-final (the reflex of phrase final edge tones) intonational rises and
falls. Using a changing-state oddball paradigm, in which auditory sequences of se-
quentially ordered (seriatim) ascending numbers (standards) were occasionally
interspersed with an out-of-the-sequence number (deviant), this study investi-
gated whether domain-final rising pitch in speech takes on a special role in at-
tention orienting by measuring listeners’ pupil dilation response (PDR). Further,
this study placed a special focus on the contribution of individual cognitive vari-
ability to attention orienting. The main findings of this study can be summarised
as follows:

1. Intonational rises take on a special role in attracting attention, also at a
more conscious level, and even when this rise is attributable to edge tones
(ROL1 [rises], RQ2 [edges], RQ3 [expectations], RQ4 [architecture]).
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2. The cognitive bandwidth deployed by individuals in processing auditory
deviances is critical for the effective activation of voluntary attention and
protection of the attentional system from potential overloading (RQ4 [ar-
chitecture]).

Elaborating on the results, intonational rises are salient, prominent, and con-
textually relevant (within the chosen experimental set-up), and therefore activate
both involuntary and voluntary attention, which is reflected in listeners’ PDRs.
Given that domain-final rises and falls function in a similar way in the context
of a list, namely signalling the end of a sub-sequence in a longer list, rises take
priority over falls precisely because of their prominence. This finding highlights
the attention orienting function of intonational rises, suggesting that domain-
final rises on deviant stimuli also enhance the ability of the deviant to attract
attention. Further, this finding strengthens the argument of Chapter 4 that the
direction of the pitch contour and its appropriateness in the linguistic context
are fundamental for attention orienting, whereas the phonological status of the
pitch event is not of primary relevance. Finally, this study shows that individual
cognitive variability contributes to the function of attention orienting. Cognitive
variability was measured on the basis of three cognitive skills: processing speed,
inhibitory ability, and working memory capacity (WMC). The results reveal that
individuals differ in the effective mechanisms they tend to use, which in turn
affects how they process deviances.

6.2 General implications of main findings

I now turn to the synthesis of the obtained results, offering a unified view on the
cognitive and functional relevance of intonation for attention orienting, demon-
strating that auditory cognition and spoken language share a common pool of
mechanisms that pertain to the orienting response.

6.2.1 The relevance of intonation for the architecture of attention
orienting in spoken language

Going back to the conceptual origins of OR, the hypothesis of two OR stages —
involuntary and voluntary — and their attribution to different mechanisms —
bottom-up and top-down — was already discussed by early philosophers, theo-
rists, and psychologists (for more, see Chapter 2). Ivan Pavlov, the father of the
OR concept, distinguished two signal systems. The first signal regulates the in-
voluntary OR, initiated by the sensory properties of a stimulus, and the second
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signal system regulates the voluntary OR, evoked by complex thought processes.
Importantly, the interplay between the mechanisms pertaining to OR and either
low-level sensory cues or high-level cognitive operations was also attested by
later psycho- and neurophysiological studies on auditory attention (for reviews,
see Néditianen 1992, Nadtanen et al. 2019). Essentially, the nature of the cue deter-
mines which mechanism will be fed. The different mechanisms, in turn, activate
distinct attentional processing stages, resulting in involuntary or voluntary ori-
enting.

One of the questions that the present research has raised is whether the neu-
rocognitive architecture of attention orienting is similar across auditory cogni-
tion and spoken language (RQ4 [architecture]). The experimental findings re-
ported in this work show that there are commonalities across the two, as the
mechanisms that pertain to the different stages of the orienting response are
subserved by similar neural and pupillary underpinnings.

In its most concise form, the main finding of this work is that signal-driven
cues are decisive for activating an involuntary orienting response, while context-
! cues are essential for activating voluntary attention orienting. In the fol-
lowing, I will break this finding down by jointly discussing results from the two
experimental studies. Figure 6.1 presents a schematic illustration of how signal-
and context-driven cues pertain to OR activation according to the present find-
ings. Signal- and context-driven cues are represented by squares and triangles,
respectively. The “square” violation represents signal-driven violations that do
not fit a given contextual meaning; the “triangle” violation represents contextu-
ally meaningful signal violations that fit the surrounding context. For example,
in the context of the experimental investigation reported in Chapter 4, rising
deviants are linked to the square violation, while falling deviants relate to the
triangle violation. In the context of the experimental investigation reported in
Chapter 5, rising deviants pertain to the triangle violation as well.

The qualitatively and quantitatively distinct ERP and PDR responses show
that, on the one hand, the physical properties of the sensory input (signal-driven
cues) are essential for speech processing at an early pre-attentive stage, attract-
ing involuntary attention (RQ1 [rises]). On the other hand, the meaning-based
properties of the same input (context-driven cues) are crucial for speech process-
ing at a conscious stage (RQ3 [expectations]), leading thus to voluntary attention.
Both pitch rises and falls, when presented as deviants, evoked an MMN, the neu-
ral correlate that indexes pre-attentive processes related to involuntary attention

driven

!Context-driven and meaning-based terms have been used interchangeably throughout this
book, as they refer to the semantics of a respective stimulus, as well as to meaningful aspects
licensed by pragmatics and/or contextually created expectations.
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Figure 6.1: Schematic illustration of the processing routes of the OR ac-
tivations, as a function of signal- or meaning-based cues. The square
represents signal-driven violations; the triangle represents contextu-
ally meaningful signal violations (inspired from Na&ténen et al. 2011:
12).

orienting (e.g., Naatinen et al. 2019), with intonational rises evoking the largest
MMN, owing to the acoustic saliency of the signal (Chapter 4). Similarly, into-
national rises and falls marking deviant numbers evoked increased PDR effects
compared to deviants that do not differ intonationally from the standard num-
bers (Chapter 5). These results indicate that the prosodic marking of deviants (i.e.,
signal-driven cues) activates pre-attentive attentional resources towards the rel-
evant violation (see Figure 6.1, where both square and triangle violations initiate
an involuntary OR). The saliency level of these signal-driven cues modulates the
robustness of the OR, such that the more salient the properties of the speech
signal, the more robust the involuntary OR. This is in line with findings from
neurophysiological and pupillometric studies on auditory perception showing
that the OR is sensitive to the physical saliency of the signal, such that the more
salient the physical properties of a sound, the more enhanced the OR towards it
(e.g., Nadtdnen et al. 1978, Alain et al. 1994, Doeller et al. 2003, Rinne et al. 2005,
2006, Bach et al. 2008, Macdonald & Campbell 2011, Hsu et al. 2015, Liao et al.
2016, Wetzel et al. 2016, Marois et al. 2018).

Evidence reinforcing the fundamental importance of signal-based cues at the
pre-attentive level also comes from linguistic research showing that the elicita-
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tion of attention-related brain responses is sensitive both to the salient acoustic
contrasts in the signal and the timing of the acoustic cues (e.g., Ren et al. 2009,
Tsang et al. 2011, Li & Chen 2018, Rohr et al. 2021). The present results are compat-
ible with the aforementioned studies on different languages like Mandarin Chi-
nese, Cantonese, and German, suggesting a cross-linguistic similarity (for more
on these studies, see Chapter 3).

Furthermore, deviant falls were shown in Chapter 4 to elicit an additional P3
response, reflecting that its processing has been brought into awareness (e.g.,
Polich 1986). Although falls are acoustically less salient than rises, they are con-
textually more appropriate (within the given experimental setting), and thus con-
textually more prominent, when presented as deviants after repetitive rises in the
context of a list. This is because this whole intonational pattern reflects one of the
most natural list intonation patterns in German (for more on list intonation in
German, see Chapter 3). In the experimental setting of Chapter 5, although both
deviant domain-final rises and falls share a similar contextual meaning, that of
signalling the end of a sub-sequence in a list, rises are linguistically more promi-
nent. This is evidenced by the fact that deviant domain-final rises evoked more
prolonged PDRs than falls, leading to voluntary attention orienting, and thus
conscious processing of the relevant deviant.? These results indicate that the
linguistically meaningful aspects of intonation licensed by contextually created
expectations are decisive for the elicitation of voluntary OR (see illustration in
Figure 6.1 where only the triangle violation that fits the surrounding context leads
to a voluntary OR). This is compatible with linguistic research on the interaction
between signal- and context-driven processing (e.g., Liu et al. 2016, Rohr et al.
2021) showing that voluntary attention is modulated by meaning-based expecta-
tions derived from the pragmatic context.

Therefore, just as in auditory cognition, so too in spoken language, a number
of cues can activate the orienting response, with distinct cues tied to the two core
attentional stages. Pre-attentively, attention is driven by the acoustic saliency of
intonation, feeding bottom-up mechanisms like signal-driven expectations. Con-
sciously, attention is driven by the meaning and the prominence relations that
intonation encodes in a given context, feeding top-down mechanisms based on,
e.g., language experience and context-driven expectations. Nonetheless, spoken
language entails a higher level of complexity than auditory cognition, as signal-

?As discussed in Chapter 2, the latency of attention-related PDRs indicates the processing stage
during which the OR is activated: transient dilations reflect pre-attentive attentional processes;
more prolonged responses show that subsequent conscious processing has been activated (see
Strauch et al. 2022).
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driven and context-driven cues — or in other words saliency and prominence —
may be combined in speakers’ intonational choices.

6.2.2 The cognitive & functional contribution of intonational rises to
attention orienting

The attention orienting function of rising intonation has been of particular inter-
est for this work, due to its inherent association with prominence. As introduced
in Chapter 1 (and as shown elsewhere in this book), there are many similarities
between the notions of linguistic prominence and cognitive saliency. Departing
from neurocognitive studies on auditory perception reporting an attentional bias
towards salient rising as opposed to falling sounds, I posed the question whether
this attentional bias towards rising signals extends from acoustic saliency to
prominence, and hence from general cognition to spoken language (RQ1 [rises]).
The present work answers this question in the positive. Concisely, the main find-
ing is that intonational rises indeed take on a special role in attention orienting,
particularly — but not only — at the pre-attentive stage.

That intonational rises are crucial for speech processing pre-attentively, at-
tracting involuntary attention, is shown in the large MMN response rises evoke
when presented as deviants (Chapter 4). This indicates the advantage of rises in
mismatch detection, causing a greater involuntary switch of the attentional re-
sources towards deviant rises compared to deviant falls. This holds regardless of
the phonological status of the rise as a pitch accent or an edge tone. This finding
highlights the pivotal role of pitch rises not only in cognition, as previous MMN
studies have shown (e.g., Nd4ténen et al. 1978, 1980, Alain et al. 1994, Doeller et al.
2003, Hsu et al. 2015), but also in spoken language. I argue that this finding fur-
ther shows that it is precisely the intrinsic acoustic saliency of rises that renders
them fundamentally important for involuntary attention-related processes. In
auditory perception, sounds with rising acoustic properties have been attributed
a robust warning function, related to life-threatening or emergency situations,
precisely because of their acoustic saliency, as they prepare the nervous system
by activating attentional resources (e.g., Bach et al. 2008) which in turn elicit
automated or appropriate adaptive responses (called reflexes by Sokolov 1963b,
Sokolov 1963a). In speech perception, this equates to intonational rises alerting
and orienting listeners’ attentional resources towards, e.g., important linguistic
entities. This process is crucial for effective interpretation and speech planning.

The contribution of intonational rises to attention orienting in spoken lan-
guage is not only restricted to the pre-attentive stage. As we have seen, meaning-
based cues are decisive for voluntary orienting, and thus for attentional processes
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at a conscious stage. I showed in Chapter 4 that in speech, the acoustic saliency
of intonational rises (and thus their attention orienting function) is mitigated
by contextual meaning: when intonational rises are contextually inappropriate,
they do not attract attention at a conscious level. By contrast, falls, which are not
salient but contextually relevant, and thus prominent, do attract voluntary atten-
tion. Further, Chapter 5 showed that when both intonational rises and falls are
contextually relevant, rises trump falls. I argue that this finding highlights the at-
tention orienting function of intonational rises, even when they are attributable
to edge tones, suggesting that when rises and falls function similarly in a given
context, rises on deviant stimuli enhance the ability of these deviants to attract
attention also at a more conscious level. Rises in this case are not only acousti-
cally more salient, but also linguistically more prominent than falls. This is in
line with studies on the neural processing of linguistically meaningful pitch vari-
ations in different languages (e.g., Tsang et al. 2011, Ventura et al. 2020, Rohr et
al. 2021). For example, Tsang et al. (2011) showed in a study on the pre-attentive
processing of Cantonese tones, that MMN is sensitive to pitch contour direction
and height. Ventura et al. (2020) found in an EEG study that rising pitch accents
guide attention towards semantic incongruencies, as they lead to more elaborate
processing of the focused information. Likewise, Rohr et al. (2021), investigating
the signal- and context-driven effects of German prosodic prominence in an EEG
study, reported a P3 elicitation, a neural correlate of conscious attention, to into-
national rises on the stressed syllable of the critical words, and claimed that it is
the linguistically “meaningful rises that orient attention, rather than rises per se”
(2021: 44).

Another question I raised in this work is whether rises at the edges of con-
stituents attract attention to the same extent as accentual rises do (RQ2 [edges]).
The present findings also answer this question in the positive. The experimental
investigations reported in Chapters 4 and 5 both provide evidence for the at-
tention orienting function of intonational rises, even when they are attributable
to edge tones. That both accentual and boundary intonational rises have been
found to function as attention orienting devices in the present research chal-
lenges the typological prediction posited by the autosegmental-metrical (AM)
theory of intonational phonology (e.g., Ladd 2008, Arvaniti 2022, Grice 2022a),
where pitch accents are strictly associated with a prominence-cueing function,
and edge tones are associated with a mere phrasing function. Serial recall stud-
ies (Savino et al. 2020, Rohr, Savino, et al. 2022, Grice et al. 2024) have already
provided first indications against this strict dichotomy, in reporting that rising
edge tones marking the final item of non-final triplets boost recall accuracy of
the whole triplet, orienting attention to the whole domain. The two present ex-
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perimental investigations corroborate these findings by showing that not only
accentual but also edge tone-related intonational rises can cue prominence, by
orienting attention towards a deviant bearing them. All these findings posit a
challenge for important aspects of prosodic theory and typology in pointing to-
wards a prominence-cueing function of rising edge tones.

Overall, the current results contribute to our understanding of how intonation
affects listeners’ detection of prediction-violations or mismatches, and thus the
orienting of attention towards them by showing i) that intonational rises indeed
make information more salient, attracting attention pre-attentively (serving like
warning cues), and ii) that the attention orienting function of rises is mediated
both by prominence and the expectations within a given context, leading to vol-
untary attention orienting.

6.2.3 The role of expectations in attention orienting

It appears that the auditory and linguistic processing systems share common fea-
tures relating to attention orienting, with expectations (i.e., predictions) being a
driving force. A question that this work has put forward in relation to expecta-
tions is whether language- and/or context-specific expectations affect attention
orienting (RQ2 [expectations]). As Chapter 2 thoroughly reviewed, one of the
mechanisms deemed to underlie attention orienting is the expectancy violation
mechanism, suggesting that the precondition for an OR is the violation of rule-
based expectancies (e.g., Nadtdnen 1990, Sussman & Winkler 2001, Vachon et al.
2012).

According to Naitianen et al.’s (2011) prevalent model, the auditory process-
ing system develops sensory-memory representations related to the regularities
between successive sound events in the environment (see the features of the
auditory input integrated in the formation of representations in Figure 6.1). On
the basis of these representations, the processing system forms expectations by
predicting the properties of upcoming sound events. When these anticipatory
predictions are violated because the properties of the upcoming event deviate
from what is expected, attention-calling mechanisms are activated. As we already
saw, the first attention-calling stage is the involuntary attention switch, activated
by signal-driven cues. After the involuntary OR towards the auditory deviance,
this deviance can be brought into awareness, either by a strong attention-calling
process or through the formation of an attentional trace. This trace depends on
voluntary maintenance by the control mechanisms (voluntary OR). When it is
voluntarily maintained, it is available to top-down processes as well as to long-
term memory, leading to conscious perception and semantic activation (see Sec-
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tion 2.3). The findings in the present work confirm that the same expectancy
violation mechanism activates the subsequent attention-calling mechanisms in
spoken language.

Let me exemplify this last point by referring to the data from Chapter 4. Here,
listeners were presented with classic oddball lists, namely sequences of repetitive
sounds (standards) occasionally interspersed with a rare sound (deviant). Specif-
ically, rising and falling intonation alternated as standard/deviant sounds across
different conditions. Rising and falling intonation was introduced on real lexical
items in German referring to food items, giving rise to a list context and the rel-
evant language-specific expectations. In this study, two layers of expectations
were formed. First, our auditory processing system is able to predict prospec-
tive sounds by detecting regularities in the input. Therefore, listeners, after be-
ing exposed to the repetitive sequence of stimuli, either with rising or falling
pitch, predict that the next event would bear the same pitch contour (signal-
driven expectations). When this was not the case, an MMN was elicited, indi-
cating an involuntary attention switch towards the deviant. Remember that all
deviants elicited an MMN - this means that all deviants, regardless of their acous-
tic saliency, were able to activate the first attention-calling stage,® simply by vi-
olating signal-driven expectations. Predictions can, however, also arise from the
linguistic interpretation of the context (context-driven expectations): the odd-
ball paradigm resembles a list, and, additionally, the natural pitch contours used
on real words enhanced the list context. Thus, when rising stimulation was pre-
sented repetitively (standard stimuli), as a natural and appropriate intonation
on non-final list items, this appeared to elicit additional contextual predictions,
such as the anticipation of the end of the list. Therefore, when the falling deviant
was presented, it validated the context-driven expectations, as it is a cue to final-
ity — even though it violated the signal-driven expectations. This is reflected in
the MMN-P3 complex elicited by this deviant. Pre-attentively, the falling deviant,
violating the signal-driven expectations, activates an involuntary OR, shown in
MMN, but subsequently, manages to be voluntarily maintained and move into a
conscious processing stage by validating the context-driven expectations, shown
in the P3. These context-driven expectations were not formed when falling pitch
was repetitively presented and occasionally interrupted by rising deviants, prob-
ably because the repetitive standard falling stimulation is already less expected
on non-final items in the context of a list, blocking the generation of predictions
over and above the pure signal.

SHowever, the more salient the intonational contour, the more robust the MMN response.
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Let us now move to the data from Chapter 5. In this study, listeners were
presented with seriatim (i.e., sequentially ordered) ascending numeric lists (stan-
dards), occasionally interspersed with an out-of-the-sequence number (deviant).
This deviant number featured either the same intonation as the standard num-
bers (neutral), or either final rising or final falling intonation. The pupillometric
data show that all deviant numbers did elicit a PDR, regardless of intonation. This
finding further corroborates the claim that attention orienting is underpinned by
an expectancy violation mechanism. The numeric lists inherently give rise to ex-
pectations about forthcoming numbers. The processing system forms memory
representations by detecting the regularity in the environment, that is, the seri-
atim pattern, and predicts that the next number will follow the same pattern. This
pattern was violated, once the deviant number was presented, causing an OR as
reflected in the PDRs. Listeners were not only exposed to the seriatim pattern,
but they were also exposed to the signal-driven cues with which this pattern was
produced. Therefore, listeners not only anticipated a following stepwise ascend-
ing number, but they also expected this number to feature neutral intonation,
given that all previous numbers were produced with this realisation. When the
deviant violated both the seriatim and the intonational pattern, the OR response
was stronger, as reflected in the increased PDRs. This result shows that signal-
driven cues garner more robust attentional resources towards the violation. Be-
sides the seriatim and the signal-driven expectations, the listeners appeared to
have formed a third layer of expectation, which arose from the linguistic meaning
of intonation (context-driven expectations). More specifically, the neutral intona-
tion of the standard stimulation is a natural list intonational pattern for non-final
items in German. Thus, the expectations regarding a forthcoming number were
enhanced by the linguistic meaning of the neutral intonation, indicating that
the list was not over yet. Numeric lists are not infinite, however, and listeners
therefore also expected that the list would end at some point, and would have
listened out for the corresponding intonational cue. Now, both final rises and
falls can mark the end of a smaller or larger unit. Thus, when final rises and
falls were presented, they, on the one hand, validated the anticipation of the end
of the list. On the other hand, the deviant was included in the same unit as the
standard numbers, thereby violating the anticipated seriatim and signal-driven
patterns. The partial validation of the context-driven expectation, along with the
violations of the other two expectation layers, led to a conscious OR.

These findings are compatible with previous linguistic research which has
shown that the processing or the perception of prosodic mismatches is shaped
by expectations licensed both by signal properties and meaningful aspects of
prosody within a pragmatic context (e.g., Liu et al. 2016, Rohr et al. 2020, 2021,
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Rohr, Baumann & Grice 2022). Studies have also shown that the processing of
such mismatches can be affected by language-specific expectations (e.g., Chan-
drasekaran et al. 2009, Ventura et al. 2020, Grice et al. 2025). The present results
are also in line with studies reporting that prior linguistic- or discourse-based ex-
pectations, or even recent speech experience, can overwrite signal-driven expec-
tations at later processing stages (e.g., Bishop 2013, Kakouros et al. 2018, Roettger
& Rimland 2020). Rohr et al. (2021) have claimed that attention orienting related
to predictive processing is reflected in discrete stages in the construction of a
mental representation during real-time comprehension, based on the fact that
the amount of attention drawn to a stimulus is defined by signal-based cues com-
bined with context-driven expectations.

The present findings contribute to the argument that the OR in speech is in-
deed underpinned by the expectancy violation mechanism proposed for the au-
ditory domain. This is in accord with what has been suggested about the gen-
eral functions of the linguistic processing system by Schumacher et al. (2015).
As reviewed in Chapter 3, Schumacher et al. (2015) claim that the linguistic pro-
cessing system, like the auditory processing system, constantly develops mental
representations, related to entities in the linguistic environment. Based on these
representations, predictions for the upcoming entities are derived. Prediction er-
rors (Friston 2010) in language, which occur from item-context mismatches, have
further been found to elicit detection and attention-calling processes (for more
details on the architecture of the prediction-updating cycle, see also Rohr et al.
2021, Repp & Schumacher 2023). The more enhanced the violation of a prediction,
the higher the processing cost for an entity (or, the more difficult its reconcilia-
tion with prior discourse; see Rohr et al. 2021). After the detection of violations,
the mental model needs to update its representations. More specifically, as re-
ported in Rohr et al. (2021), if listeners allocated their attention towards some
prosodic mismatch, topic shift, or novel information after detecting it, they need
to incorporate the new knowledge in their representations by repairing, reorgan-
ising, and updating their mental model (see also, Toepel et al. 2007, Dimitrova
et al. 2012, Brouwer & Hoeks 2013, Schumacher et al. 2015).

6.2.4 Neural and pupillary underpinnings of attention orienting

Let us now zoom in further on evidence for commonalities in the architecture of
auditory cognition and spoken language with regard to attention orienting (RQ4
[architecture]). More specifically, I will discuss the neural and pupillary under-
pinnings of attention orienting across the two domains. In general, the literature
review in Chapter 2 elucidated that OR is expressed in multiple physiological,
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psychological, motoric, and neural exponents. It has emerged that the MMN and
P3 ERP components are rigorous correlates of attention orienting in auditory
perception, reflecting the route from involuntary to voluntary orienting (e.g., Es-
cera et al. 1998, Naitanen 2001, Hsu et al. 2023). Similarly, PDR was shown to
be a valid index of auditory attention orienting, highlighting a striking resem-
blance between MMN/P3 components and PDR composites (e.g., Nieuwenhuis
et al. 2011, Wang & Munoz 2015, Johansson & Balkenius 2018, Marois et al. 2018,
Alamia et al. 2019, Strauch et al. 2022, Contier et al. 2024).

The present work has indicated that attention orienting in spoken language is
manifested in the same neural and pupillary exponents. This is a crucial finding
for two reasons. First, it reinforces the credibility of these OR correlates by at-
testing their presence in a different domain. Second, it shows that the function,
or the architecture, of the orienting response is subserved by the same neural
pathways and pupillary underpinnings across domains.

Overall, the common pool of mechanisms crucial for the orienting response in
both the auditory realm and in speech is reflected in a number of ways, such as

1. the involuntary & voluntary OR stages, which are initiated by a similar
interplay between distinct mechanisms (bottom-up & top-down) and dif-
ferent cues (signal-driven & context-driven);

2. the expectancy violation mechanism, which is responsible for activating
attention-calling mechanisms like OR; and

3. the neural and pupillary underpinnings that subserve the orienting net-
work.

6.2.5 Individual variability and other top-down operations

A final point I will discuss is the role of individual variability in the orienting
response. Chapter 5 explored the impact of listener-specific cognitive variability
on attention orienting. The aim was to better understand how other cognitive
operations interact with attention orienting across individuals. In its most con-
cise form, the main finding is that individuals do vary in the use or control of
their attentional resources towards incoming information, utilising different top-
down operations to different extents. Figure 6.2 presents a schematic illustration
of other cognitive operations involved in the process of involuntary attention
transitioning to voluntary orienting as a function of individual variability.
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Figure 6.2: Schematic illustration of other top-down operations pertain-
ing to attention orienting. The figure presents sets of possible activa-
tions of other cognitive operations leading from involuntary to volun-
tary orienting, as a function of individual cognitive profiles.

That the cognitive bandwidth deployed by individuals in processing auditory
deviances in spoken language is critical for an effective activation of voluntary
attention (and protection of the attentional system from potential overloading)
is reflected in the observed PDR variation across individual cognitive profiles.
In particular, Chapter 5 reports that all deviants elicited PDR responses. This
indicates that, when deviants were presented, listener attention was involuntar-
ily oriented towards them, regardless of intonation. Nonetheless, the three into-
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national patterns marking the deviants evoked different PDR modulations as a
function of individual cognitive variability.

The participants in this study tended to form two subgroups with regard to cog-
nitive variability, operationalised with measures of inhibitory ability, processing
time, and WMC. The first group of individuals (see paths represented by arrows
on the right side of Figure 6.2) appeared to have both an efficient processing
system, which evaluates the importance of deviants successfully, and sufficient
suppressing mechanisms, which were activated when needed. That is, when a
deviant event, e.g., an intonational rise, is salient and/or prominent, the process-
ing system renders it important. Subsequently, suppressing operations, including
inhibition and WMC resistance, are withdrawn and involuntary attention gives
way to voluntary attention, bringing the deviant in conscious processing. When
the saliency and/or prominence status of the event is low, the processing sys-
tem renders it unimportant. Consequently, suppressing operations are activated,
blocking irrelevant distractions from later stages of orienting and thereby pro-
tecting the attentional system from unnecessary overloading.

For the second group of individuals (see paths represented by arrows on the
left side of Figure 6.2), it is not as clear whether their processing system is ef-
ficient in evaluating the importance of deviants. Nevertheless, it is evident that
these individuals do not have strong suppressing mechanisms. As a result, de-
viants garner additional conscious attentional resources regardless of whether
their importance has been established or not, thereby maximising attentional
processing load.

On the basis of these results I propose that a deviant’s presentation causes, at
first, an involuntary attention switch across all prosodic conditions. From this
moment onwards, other top-down operations, like processing speed, inhibitory
ability, and WMC, cooperate and continuously interact with the attentional sys-
tem. The attentional system, in turn, determines whether the pre-attentive invol-
untary attention switch will lead to full awareness of the deviant, or whether the
processing system will continue with the processing of the following input. As
we saw, the successful evaluation of the deviant, and thus the activation of vol-
untary attention, depends on the individual’s cognitive bandwidth. A deviant’s
evaluation by the processing system constitutes the first crucial step in deter-
mining which further operations will follow. Individuals may or may not have
an effective processing system, leading to either successful or unsuccessful eval-
uation. The next step involves the activation of suppressing mechanisms like
inhibition and WMC resistance. Inhibitory abilities underlie what are perhaps
the most crucial operations in protecting the attentional system from potential
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overloading. Likewise, as we saw, individuals may or may not have efficient sup-
pressing mechanisms to protect their attentional system. The combination of an
effective processing system and sufficient suppressing mechanisms is essential,
as failure in responding to an important sound change might be life-threatening,
but responding to every sound change might exhaust mental resources that are
needed elsewhere. In spoken communication this could entail a listener’s failure
to orient attention towards the most important part of a message, which in turn
can affect successful interpretation and speech planning.

As mentioned in Chapter 5, research on individual variability in auditory at-
tention is scattered, and, to my knowledge, no previous study has directly tested
the effect of inhibition or processing speed on auditory attention. With regard
to WMC, the present results are compatible with Berti & Schroger (2003) and
SanMiguel et al. (2008) in reporting that increased working memory (WM) load,
and thus low WMC, attenuates or even prevents auditory distraction. Nonethe-
less, the present findings stand in contrast with other studies reporting that lis-
teners with high WMC are less susceptible to auditory deviances (for review,
see Sorqvist et al. 2013, Hughes 2014). SanMiguel et al. (2008) claim that WM
load effects are influenced by the type of the auditory deviant or distraction. In
this respect, SanMiguel et al. (2008) argue that, in studies where WM load (i.e.,
low WMC) was found to increase attention towards auditory deviants, those de-
viants actually were “competing” stimuli generating task-related conflicts, as in
a Stroop task. However, in SanMiguel et al. (2008), the deviant stimuli were task-
irrelevant, orienting attention away from the task. In a similar vein, Sérqvist
et al. (2013), showed in a meta-analysis that high WMC and attenuated distrac-
tion do not correlate when deviants are task-irrelevant. Given that deviants were
also task-irrelevant in the present work, with no conflict being generated, I take
these findings as further evidence in support of the present results. Finally, with
regard to processing speed and WMC correlation, our results are in line with a
study on visual attention by Heitz & Engle (2007) reporting that individuals with
high WMC had faster responses than individuals with low WMC.

Overall, the present findings on PDR contribute to research on individual vari-
ability by exploring three different cognitive skills: inhibition, processing speed,
and WMC. The findings highlight the importance of taking individual cognitive
variability into consideration in processing studies, and offer a starting point for
further work through the cognitive test battery used for assessing the aforemen-
tioned cognitive operations.
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6.3 Limitations and directions for future work

The present work provided empirical findings that contribute to a better under-
standing of the relevance of intonation for attention orienting in spoken lan-
guage. Thus, the current results form a solid basis for future research. Neverthe-
less, like many other studies, the current experimental designs have some lim-
itations. To this end, in what follows, I propose directions for future work that
could deepen our understanding of attention orienting in spoken language and
the impact of intonational prominence on it.

The present work investigated the temporal unfolding of the neural and pupil-
lary underpinnings of attention orienting towards intonational rises and falls
embedded in oddball sequences. The construction of the oddball sequences in
the two present studies included real words, food items in Chapter 4 and num-
bers in Chapter 5, simulating a more natural speech context (that of a list) com-
pared to previous neurocognitive studies. Nonetheless, this context was still very
much controlled. To this end, I propose that future research should focus on the
investigation of the link between intonation and attention orienting in more eco-
logically valid contexts. One idea could be the use of semi-spontaneous memory
games. For instance, listeners could be presented auditorily with people playing
a game like I packed my bag (Brandreth 1986). In the most common version of this
game, a speaker starts by saying “I packed my bag and in it I put..” and refers to
an object. The next speaker repeats the sentence with the original object and adds
one more. The very next speaker repeats the sentence with the original object,
the object named by the second speaker, and adds another one, and so forth. The
structure of this game offers an excellent test case, as it creates memory traces
of patterns which, of course, can be violated by introducing deviant items in the
narrative, which, in turn, can be manipulated prosodically. Scenarios other than
packing a bag can, of course, also be used, such as “I went to the zoo and saw..”
(Wallace & Kauffman 1973), “I went on a picnic and brought..” (Dynes 2017), “I
went to the shops and bought..” (Lauchlan & Carrigan 2013), or any other context.
A more radical idea would be to test even more naturalistic settings, in presenting
listeners with a podcast topic or an audio book and manipulate the intonation
of some utterances in expected (congruent) and unexpected (incongruent) ways.
The unexpected manipulations could serve as deviants, investigating whether or
how attention is oriented towards such manipulations compared to the expected
manipulations which could serve as standards.

Considering a different type of limitation, this work unravelled the cognitive
and functional contribution of intonational rises, attributable both to pitch ac-
cents and edge tones, to attention orienting in German, a West Germanic lan-
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guage. In order to test the biological basis of the attention orienting function
of rises, as well as the role of edge tones in the orienting response, non-West
Germanic languages also need to be investigated. Maltese and/or Maltese En-
glish (MaltE) offer two excellent test cases for future research. Due to histori-
cal and demographic shifts, Maltese and MaltE have been in contact for many
years, and they co-exist in the repertoire of most Maltese speakers (Vella 2013).
What makes Maltese and/or MaltE particularly interesting is their prosodic char-
acteristics. First, both Maltese and MaltE are reported to have weight-sensitive
lexical stress (e.g., Vella 1995, 2009). Most importantly, although both languages
are described as head prominence languages (Jun 2014a), meaning that they fea-
ture regular pitch accents to cue prominence, they also exhibit frequent H(igh)
tones on initial unstressed syllables (e.g., Vella 2007, 2011). Thus, unlike German
where lexical (stress) and postlexical (intonation) prominence co-occur, the two
levels of prominence do not appear to be straightforwardly linked in Maltese and
MaltE (Lialiou et al. 2023). This enables words in Maltese and MaltE to feature
more than one prominence simultaneously: lexical stress prominence as well as
intonational prominence on the initial syllable. This potentially raises questions
about the perceptual status of prominence in Maltese and MaltE, as lexical stress
and intonational prominence might serve as competing cues (Lialiou et al. 2023).
Therefore, the investigation of the attention orienting function of initial rises in
Maltese and MaltE, and its comparison to the attention orienting function of reg-
ular accentual rises, could shed light not only on the general importance of rises
in attention, but more importantly on the functional contribution of rises at the
edges of constituents to prominence.

Another interesting test case could be Greek. Typologically, Greek, too, is a
head prominence language (e.g., Jun 2014a). Nonetheless, recent results on the
perception of prominence in Greek show that L(ow) accents are equally likely to
be judged as prominent as other rising accents when they appear in a nuclear
position (Orrico et al. 2024). Orrico et al. (2024) suggest that their results indi-
cate that it is the strong metrical position that drives the prominence perception
in Greek, rather than the mere acoustic properties of the intonational events. It
has been shown in Chapter 4 that listener attention is not always attracted to-
wards the most acoustically salient entity. Although German is a language where
prominence is very often encoded in the form of intonational rises, listener at-
tention was voluntarily allocated to deviant falls. This voluntary orienting to-
wards deviant falls was not driven by acoustic saliency, but rather by linguistic
prominence and pragmatic criteria, in the form of language- and context-driven
expectations. Orrico et al. (2024) mention that their results on Greek show pre-
cisely that Greek listeners’ prominence judgments are not necessarily driven by
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acoustic saliency, but rather by higher order phonological and pragmatic fac-
tors. Therefore, testing the relevance of intonation for the orienting response in
Greek could potentially shed more light on whether the biological importance
of rises as an attentional cue still holds in a language that may not prioritise
the acoustic signal to cue prominence, and could therby elucidate the role of
language-specificity in interpreting cues and in attention orienting.

A final point that deserves further investigation is the role of individual vari-
ability in attention orienting. As already mentioned in the previous section, Chap-
ter 5 made a novel attempt to unravel the importance of individual variability in
attention orienting with regard to other cognitive operations such as process-
ing speed, inhibitory ability, and WMC. Nonetheless, other cognitive operations
may also be relevant for a better understanding of the orienting response across
different listeners. In this regard, a further shortcoming of the current work is
that Chapter 4 did not look at all into individual variability. Given the promising
findings of Chapter 5, I propose that future research in the direction of individual
variability is essential, especially when group level results are driven by a spe-
cific subgroup of the registered sample. The present work provides a basis for
future research by offering a cognitive test battery that includes assessments for
the aforementioned cognitive operations. Certainly, future work further testing
the relevance of these cognitive operations is warranted. Given that the bigger
picture on individual variability remains blurry, researchers who endeavour to
better understand individual processing variability should consider investigating
further cognitive operations and other skills, such as pragmatic skills.

6.4 Conclusion

To conclude, the present work made a novel attempt to unravel the relevance
of intonation for attention orienting in the linguistic domain. It provided ex-
perimental data using ERPs and pupillometry, which were utilised to examine
the route from involuntary to voluntary attention. Taken together, the findings
from the experiments reported in this book indicate that both saliency and promi-
nence, encoded through intonational choices, impact the orienting response by
modulating different stages of attention. The current work increases our knowl-
edge in relation to the orienting response in the linguistic domain, and takes us
one step closer to a full understanding of how linguistic complexity, with its in-
teractions between signal- and context-driven cues, pertains to the attentional
network. Lastly, the present research corroborates the idea of an attentional bias
towards intonational rises, associated with both heads and edges, and extends it,
for the first time, from acoustic saliency to prominence, and hence from general
cognition to spoken language.
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Appendix A: Pilot study — Button press

The aim of this pilot study was to test the design of the stimuli used in the pupillo-
metric experiment reported in Chapter 5, ensuring that the introduced deviances
in the numeric sequences were indeed perceivable. For the pilot study, an explicit
deviant-detection task was employed using a button press paradigm. Participants
in the pilot study also performed the cognitive test battery measuring individual
variability, so that the respective implementations could be tested as well. A dif-
ferent sample of listeners was necessarily recruited for the pilot and the pupil-
lometry studies, given that the listeners who took part in the pilot study were
aware of the presence of deviants in the items.

A.1 Participants

Thirty native speakers of German (19 female, 11 male), aged between 20 and 34
years (mean age = 24.7 years, SD = 3.9), took part in the study. Participants pro-
vided written informed consent in accordance with the Declaration of Helsinki
and in compliance with the ethics clearance from the Ethics Board of the Deutsche
Gesellschaft fiir Sprachwissenschaft (DGIS). Participants received reimbursement
for their participation (either course credit or monetary compensation). None of
them reported any speech, hearing, or neurological impairments.

A.2 Speech materials

The design and the acoustic characterisation of the speech materials tested in this
pilot study are those used in the pupillometry study reported in Section 5.2.2 and
Section 5.2.3.

A.3 Experimental procedures

A.3.1 Button press

Each experimental session consisted of the pilot task, i.e., a button press task, suc-
ceeded by a battery of cognitive tests, always in the following order: a version of



A Pilot study — Button press

the flanker task (measuring inhibitory ability), a version of the odd-man-out task
(measuring processing speed), and a version of the digit span task (measuring
WMC; see Section 5.2.4 for more details on these tasks).! After a briefing about
the structure of the experimental session, participants started with the deviant-
detection task in a button press paradigm. Participants were seated in a quiet lab
room in front of a computer monitor and a keyboard, wearing headphones. The
experimenter informed the participants that they would be presented auditorily
with numeric sequences. Each experimental trial started with a screen present-
ing a black fixation cross for 1500 ms. Participants were instructed to fixate the
black cross that would appear on the screen, and were informed that as soon as
the cross turned green, they would hear a sequence. The green cross remained on
the screen throughout the audio file’s duration. Participants were also informed
that some of the sequences would include some out-of-the-sequence numbers,
and were asked to press the SPACE button on the keyboard as fast as possible
when they heard the deviant number. A time-out was set at the end of the au-
dio file. Each trial ended with a blank screen for 1000 ms. Written instructions
were also provided. The task started with a practice phase of five items. After the
practice phase, participants had the option to ask potential clarification questions.
The task consisted of three blocks of 24 items each. The task was approximately
35 minutes long. Figure A.1illustrates the structure of an experimental trial.

A.3.1.1 Cognitive test battery

For the description of each task in the battery test, see Section 5.2.4.

A.4 Data processing and statistical analyses

Data processing and statistical analyses were conducted in R, version 4.1.2 (R
Core Team 2023), using the R packages brms 2.17.0 (Biirkner et al. 2023), ggplot2
3.3.5 (Wickham 2016), and tidyverse 1.3.1 (Wickham et al. 2019). For reproducibil-
ity, data and scripts have been made available at https://osf.io/nhy4c.

'The button press, the flanker, and the odd-man-out tasks were implemented in OpenSesame
(Mathot et al. 2012). The digit span task was implemented in SoSci Survey (Leiner 2024). In all
these tasks, participants could take an optional short break between the blocks, and during the
practice phase they received immediate feedback on the screen.
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A.4 Data processing and statistical analyses
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Figure A.1: Schematic illustration of an experimental trial in the button
press task.

A.4.1 Data pre-processing
A.4.1.1 Button press task

In the pilot task, accuracy (correct/incorrect responses coded as 1/0) as well as
response times (in ms) were recorded for each trial, and participants’ mean ac-
curacy and mean correct response time were computed. Every trial in which
participants pressed the response button after the onset of the deviant in trials
introducing arithmetic deviances (the experimental items) was considered a cor-
rect response. Simultaneously, the lack of a button press in trials which did not
include deviances, i.e., the filler items, were considered correct responses. Every
trial where participants pressed the response button before the presentation of
the deviant in the sequence, did not press the response button at all, although
the sequence included a deviant, or pressed the response button although the se-
quence did not include a deviant were taken to be incorrect responses.? Correct
response time was computed as the time from the onset of the deviant number
until the press of the response button on every trial including a deviant.

A.4.1.2 Cognitive test battery

For the pre-processing of the cognitive scores, see Section 5.2.5.

2One participant was excluded from the analyses, as their overall accuracy in the filler items
was 14%.
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A.4.2 Inference criteria

The statistical evaluation of the pilot results is divided into confirmatory and
exploratory analyses. In the confirmatory part, I tested i) whether deviant num-
bers are indeed detected, and ii) whether rising intonation, due to its reported
attention orienting function, facilitates deviant recognition, and thus task per-
formance, compared to falling or neutral intonation.

In the exploratory part, I examined two-way interactions between the main
variable, that is prosodic condition, and two other predictors. Specifically, given
the two different item lengths (medium and long), which controlled for the de-
viant position, I explored whether sequence length affects accuracy and correct
response times, and whether length interacts with the prosodic conditions. Fur-
ther, I investigated if and how individual cognitive variability affects the process-
ing of the introduced deviances produced with different intonational patterns.
Finally, I investigated whether there is a speed—accuracy trade-off in the partici-
pants’ performance.

A.4.2.1 Confirmatory analyses

Correct response times (in ms) and accuracy (correct/incorrect response, coded
as 1/0) were modelled by fitting separate Bayesian hierarchical regression models
(linear hierarchical regression for response times, and Bernoulli logistic regres-
sion for accuracy) as a function of PROsoDIC CONDITION. Treatment contrast was
used to code the predictor PrRosopIC cONDITION (levels: neutral/rise/fall) with
the level neutral serving as the reference. Random effects for both susjecTs and
rTEMS included full variance-covariance matrices (e.g., Barr et al. 2013).

A.4.2.2 Exploratory analyses
A.4.2.2.1 Sequence length

Correct response time (in ms) and accuracy (correct/incorrect response) were
modelled separately as a function of two-way interactions between PROsODIC
CONDITION and LENGTH. Similarly to PROSODIC CONDITION, treatment contrast
was used to code the predictor LENGTH (levels: long/medium), with the long
stimuli serving as the reference level. Random effects for both sujecTs and
1TEMS included full variance—covariance matrices (e.g., Barr et al. 2013).
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A.4.2.2.2 Cognitive variability

The continuous cognitive scores resulting from the three cognitive tests were
z-scored before entering any statistical models. Subsequently, they were tested
for correlations in order to find out whether participants’ skills are interrelated.
In the case of a correlation among the three scores, only one of the three scores
would be selected for the subsequent analyses. Correct response time (in ms)
and accuracy (correct/incorrect response) were modelled separately as a function
of two-way interactions between PROSODIC CONDITION and cognitive score(s).
Random effects for both suBjecTs and 1TEMS included full variance-covariance
matrices (e.g., Barr et al. 2013).

A.4.2.2.3 Speed-accuracy trade-off

Finally, the speed—accuracy trade-off was also examined by modelling accuracy
(correct/incorrect response) as a function of a two-way interaction between
PROSODIC CONDITION and SPEED (i.e., response time, z-scored). Here, response
times of both correct and incorrect responses were included. Random effects for
both suBjEcTs and 1TEMs included full variance—covariance matrices (e.g., Barr
et al. 2013).

All models used weakly informative priors for all parameters (the full prior
specification can be found in the script provided on OSF), allowing for a wide
range of effect sizes while controlling for unreasonably large effects. All models
ran with four chains and 4000 iterations, with a warm-up period of 2000 iter-
ations, and they all converged: there were no divergent transitions and all Rs
were close to 1, showing that chains mixed without issues. Model fits were also
visually inspected using the posterior predictive check function. In the following
section, inferences are drawn using the posterior distributions of the parameters.
For this, the following are reported: posterior estimates, standard errors (SE), the
low and high boundaries of the 90% credible interval (Crl) of the estimate, and
the posterior probability that the estimate falls on one side of zero (e.g., P(f < 0)
= 0.95). When almost all of the posterior mass for an estimate lies on one side of
zero, zero is not included in the 90% CrI (by a reasonably clear margin), and the
posterior probability P is close to one, the effect is considered reliable.

A.5 Results

Figure A.2 illustrates accuracy on deviant identification (left panel), and response
times of the accurate responses (right panel) across the three prosodic conditions
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(neutral, rise, fall). Violin plots visualise distributions of values as kernel density
plots. On top of the violins, mean accuracy and mean response times are plotted
using dot plots. Dots in different colours illustrate mean scores of each individual
participant per prosodic condition, while the large triangles depict mean values
of each distribution at the group level. Visual inspection of the data shows that
the overall accuracy is at ceiling across all prosodic conditions (neutral = 94%,
rise = 97%, fall= 96%), and that mean response times do not differ considerably
across prosodic conditions (neutral = 919 ms, rise = 942 ms, fall = 952 ms).

In the following, I first report on the confirmatory analyses, and subsequently
explore interactions between the main variable and sequence length as well as
individual cognitive variability. Finally, I present an analysis of potential speed-
accuracy trade-offs in individual performance.

Accuracy Response Time
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Figure A.2: Distribution of accuracy on deviant identification in the
numeric sequences (left panel) and mean response times of accurate
responses (right panel) across the three prosodic conditions (neutral,
rise, fall).

A.5.1 Confirmatory analyses

Model outputs suggest that prosodic condition did not reliably affect either ac-
curacy or correct response times, as they did not provide evidence for reliable
differences among conditions. Estimated contrast details are given in Table A.1.
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Table A.1: Tabular overview of modelling accuracy (a) and response
time (b) as a function of prosodic condition.

(a) Accuracy

comparison f SE Low High Evid. Post.

Crl Crl Ratio Prob
neutral vs. rise 0.56 043 -0.15 126 9.81 P(f>0)=0.91
neutral vs. fall 0.41 0.40 -0.23 1.08 538 P(f>0)=0.84
rise vs. fall 0.15 0.49 -0.68 0.96 1.71 P(B > 0)=0.63

(b) Response time

comparison f SE Low High Evid. Post.

Crl CrI Ratio Prob
neutral vs. rise 0.02 0.02 -0.02 006 396 P(f>0)=0.80
neutral vs. fall 0.03 0.02 -0.01 0.07 7.96 P(f>0)=0.89
rise vs. fall -0.01 0.03 -0.05 0.03 0.61 P(f>0)=0.38

A.5.2 Exploratory analyses
A.5.2.1 Sequence length

First, it was tested whether sequence length had an effect on both dependent
variables (i.e., accuracy and correct response times) as well as whether there was
an interaction with prosodic condition. Models on both accuracy and correct re-
sponse times indicate that there is no reliable evidence for either an effect of
length or an interaction between prosodic condition and sequence length. Esti-
mated comparison details for accuracy are presented in Table A.2, and for correct
response times in Table A.3.

A.5.2.2 Cognitive variability

Subsequently, it was explored whether individual cognitive variability interacts
with the prosodic structure of deviants, affecting task performance. Before mov-
ing on to the modelling results, I will report on the cognitive profile of the in-
dividuals. Table A.4 presents raw mean scores per individual participant across
the three cognitive tasks.

Higher scores in the flanker task indicate better inhibitory skills; higher scores
in the digit span task indicate larger WMC; and higher scores in the odd-man-out
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Table A.2: Tabular overview of modelling accuracy as a function of
prosodic condition and length. From top to bottom, (a—b) provide esti-
mate differences between prosodic conditions in medium-length and
long sequences, while (c) shows estimate difference between medium-
length and long sequences across prosodic conditions.

(a) medium length

comparison B SE Low High Evid Post.
CrI  Crl Ratio Prob

neutral vs. rise -0.11 0.84 -1.46 131 0.79 P(f>0)=0.44
neutral vs. fall 033 080 -0.97 1.66 191 P(B>0)=0.66

rise vs. fall 0.43 0.70 -0.70 1.57 2.80 P(f>0)=0.74
(b) long length

comparison f SE Low High Evid Post.

Crl Crl Ratio Prob

neutral vs. rise  -0.57 047 -134 -0.20 0.13 P(f>0)=0.11
neutral vs. fall  -0.51 046 -1.27 022 0.14 P(f>0)=0.12
rise vs. fall 0.05 0.57 -0.89 1.00 1.16 P(f>0)=0.54

(c) medium vs. long

comparison p SE Low High Evid Post.
CrI  CiI Ratio Prob

neutral vs. rise ~ 0.63 048 -0.13 143 10.63 P(f>0)=0091
neutral vs. fall 0.17 0.60 -0.82 117 153 P(f>0)=0.60
rise vs. fall -0.21 0.58 -1.18 0.75 0.55 P(f>0)=0.35
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Table A.3: Tabular overview of modelling correct response time as a
function of prosodic condition and length. From top to bottom, the first
two panels provide estimate differences between prosodic conditions
in medium-length and long sequences, while the last panel shows es-
timate difference between medium-length and long sequences across
prosodic conditions.

(a) medium length

comparison p SE Low High Evid Post.
CrI  Crl Ratio Prob

neutral vs. rise  0.00 0.06 -0.10 0.09 089 P(S>0)=0.47
neutral vs. fall  0.00 0.06 -0.10 0.10 0.97 P(f>0)=0.49

rise vs. fall 0.01 0.03 -0.05 0.06 131 P(B>0)=057
(b) long length
comparison f SE Low High Evid. Post.
CrI  Crl Ratio Prob

neutral vs. rise  -0.01 0.04 -0.07 0.05 055 P(S>0)=0.35
neutral vs. fall  -0.03 0.03 -0.09 0.02 0.18 P(f>0)=0.15
rise vs. fall -0.02 0.03 -0.08 0.03 036 P(f>0)=0.26

(c) medium vs long

comparison f SE Low High Evid Post.
CrI  Crl Ratio Prob

neutral vs. rise 0.02 0.03 -0.03 0.08 3.16 P(f>0)=0.76
neutral vs. fall 0.02 0.05 -0.06 0.10 1.67 P(f>0)=0.63
rise vs. fall -0.01 0.05 -0.09 0.07 0.67 P(f>0)=0.40
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Table A.4: Mean score performance per participant across the three
cognitive tasks.

Participant Flanker Odd-man-out Digit Span

1 1.00 3.25 5
2 0.94 3.33 5
3 0.96 3.72 7
4 0.96 4.65 9
5 0.98 4.52 7
6 1.00 7.57 5
7 1.00 4.17 6
8 0.98 3.32 7
9 0.96 3.42 8
10 0.94 2.90 6
11 0.96 2.80 7
12 0.98 6.32 5
13 0.92 3.78 7
15 0.98 4.97 5
16 0.96 6.60 7
17 0.98 5.15 5
18 0.96 3.50 6
19 1.00 4.47 6
20 1.00 3.37 6
21 0.90 5.29 6
22 0.96 5.22 6
23 1.00 6.52 7
24 0.96 3.31 7
25 1.00 12.41 6
26 0.92 4.42 7
27 0.94 5.01 6
28 0.98 4.06 7
29 0.92 6.09 9
30 0.96 4.47 7
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task indicate slower processing speed. A correlation test among the three scores
revealed a weak correlation between the flanker task scores and the other two
scores. Specifically, a weak positive correlation between flanker and odd-man-
out scores was found (r(1042) = 0.24, p < 0.001), such that the better the inhibitory
skills, the slower the processing speed. In contrast, a weak negative correlation
between flanker and digit span scores was observed (r(1042) = —0.34, p < 0.0001),
such that the better the inhibition, the shorter the span. Given even this weak
correlation between two of the cognitive predictors, only one of them was se-
lected for the subsequent analyses, the flanker scores, as these indicate inhibitory
ability, a cognitive ability highly relevant for the main research question.

Whereas the model on response times provided no reliable evidence for a two-
way interaction between prosodic conditions and flanker scores, the model on
accuracy provided compelling evidence for such an interaction. Specifically, the
model showed that individuals with higher flanker scores achieved reliably lower
accuracy in the neutral prosodic condition, but higher accuracy in the rising
prosodic condition. Moving to comparisons among prosodic conditions in inter-
action with flanker scores, the model showed that the higher the flanker score,
the better the accuracy in rising and falling conditions, compared to the neutral
condition. There were no further differences between the rising and falling condi-
tions. Estimated comparison details for response times are presented in Table A.5,
and for accuracy in Table A.6.

A.5.2.3 Speed-accuracy trade-off

Lastly, this section reports on whether there is a speed—accuracy trade-off in the
participants’ performance. Figure A.3 illustrates the speed—accuracy trade-off us-
ing raw values. The zero point (also highlighted by a dashed line) on the y-axis
illustrates the onset of the deviant, while the second dashed line represents the
end of the sequence. Values between zero and the end of the sequence show cor-
rect response times. Negative values show response times before the onset of the
deviant. Response times after the offset of the sequence show cases where par-
ticipants incorrectly did not press the button, and as a result the end of the audio
was recorded as the response time. As it can be observed from the overall means,
the correct response times do not differ among conditions, an interpretation also
supported by the model reported in the confirmatory analyses.

The model on the speed—accuracy trade-off provided compelling evidence for
an interaction between speed (response time) and prosodic condition. Specifi-
cally, in the neutral prosodic condition, the slower the speed, the better the ac-
curacy, while for the falling condition, the opposite pattern was observed — the
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Table A.5: Tabular overview of modelling response times as a func-
tion of a two-way interaction between prosodic condition and flanker
scores. The table shows mean differences between prosodic condi-
tions with and without interactions (a), as well as differences between

prosodic conditions in interaction with attention (b).

(a) Prosody vs prosody:flanker

comparison f SE Low High Evid. Post.
Crl Crl Ratio Prob
neutral:flanker 0.03 0.02 -0.01 007 6.64 P(f>0)=0.87
rise:flanker 0.01 0.01 -0.01 003 279 P(B=>0)=0.74
fall:flanker 0.00 0.02 -0.03 0.02 0.87 P(f>0)=0.47
(b) prosody:flanker
comparison p SE Low High Evid Post.
Crl Crl Ratio Prob
neutral vs. rise 0.00 0.04 -0.06 0.07 1.11  P(f>0)=0.53
neutral vs. fall 0.00 0.04 -0.06 0.07 105 P(f>0)=0.51
rise vs. fall 0.00 0.03 -0.05 0.05 1.15 P(f>0)=0.54
Speed-accuracy trade off
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Figure A.3: Speed (y-axis) — accuracy (x-axis) trade-off across prosodic

conditions.
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A.6 Discussion

Table A.6: Tabular overview of modelling accuracy as a function of
a two-way interaction between prosodic condition and flanker scores.
The table provides mean differences between prosodic conditions with
and without interactions (a), as well as differences between prosodic
conditions in interaction with attention (b). Reliable differences are

highlighted in bold.

(a) prosody vs prosody:flanker

comparison p SE Low High Evid Post.

Crl Crl  Ratio Prob
neutral:flanker -0.88 038 -153 -030 130.15 P(f<0)=10.99
rise:flanker 0.71 0.47 -0.06 1.49 1447 P(f>0)=0.94
fall:flanker 0.42 0.45 -0.32 1.16 4.67 P(f>0)=0.82

(b) prosody:flanker

comparison p SE Low High Evid. Post.

Crl Crl Ratio Prob
neutral vs. rise 200 0.77 074 3.27 204.13 P(f>0)=1.00
neutral vs. fall 1.57 0.71 0.42 2.76 10290 P(B>0)=0.99
rise vs. fall 0.43 0.63 -0.62 1.47 3.08 P(f>0)=0.76

slower the speed, the worse the accuracy. This is also shown in Figure A.3. For
the neutral condition, most of the incorrect responses occurred on trials where
participants pressed the button before the onset of the deviant (i.e., faster speed,
less accuracy; slower speed, better accuracy). For the falling condition, the op-
posite pattern can be observed, that is, most of the incorrect responses resulted
from participants not pressing the button at all, as also shown in the model re-
sults (slower responses, less accuracy). Finally, the model provided no evidence
for an effect of speed on accuracy for the rise condition, or evidence for differ-
ences among prosodic conditions in interactions. Estimated comparison details
for the speed-accuracy trade-off are presented in Table A.7.

A.6 Discussion
The results of the pilot study point towards an overall ceiling performance across

conditions, showing that listeners reliably perceive and detect the deviances in
the numeric sequences presented in an explicit behavioural task. At the group
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Table A.7: Tabular overview of modelling accuracy as a function of
speed (response time). The table provides mean differences between
prosodic conditions in interaction with speed (a) as well as differences
between prosodic conditions with and without interactions (b). Reli-
able differences are highlighted in bold.

(a) prosody vs prosody:speed

comparison p SE Low High Evid Post.
Crl CrI Ratio Prob
neutral:speed  0.61 0.17 034  0.92 Inf P(B>0)=1.00
rise:speed 0.00 0.27 -0.44 0.45 0.99 P(f>0)=0.50
fall:speed -0.47 024 -0.89 -0.08 41.11 P(f<0)=0.98
(b) prosody:speed
comparison B SE Low High Evid Post.
CrI  Crl Ratio Prob

neutral vs. rise  0.02 0.64 -1.05 1.07 1.03 P(§>0)=0.50
neutral vs. fall  0.81 059 -0.16 1.79 10.28 P(f>0)=0.91
rise vs. fall 0.71 0.59 -0.17 1.78 10.36 P(f>0)=0.91

level, listener performance did not differ across conditions, indicating that rising
intonation did not facilitate the identification of the deviant, or across sequence
lengths, showing that there was no benefit of one length over the other. How-
ever, the advantage of the rising prosodic condition is subtly in evidence through
the speed—accuracy trade-off and individual variability. When examining the re-
lation between speed and accuracy, it is evident that the rising condition is the
only condition for which there was no trade-off between speed and accuracy
for listeners. On the contrary, there was a trade-off for the other two conditions
(faster responses in the neutral condition, and slower responses in the falling
condition, lead to worse performance), showing that both neutral and falling in-
tonation challenges listeners in some way in their detection of the deviant. Fur-
ther, as evinced by the cognitive profiles of the listeners who participated in this
pilot study, rising intonation appears to be relevant for successful performance.
Specifically, we see that participants with better inhibitory skills showed higher
accuracy in the rising condition than average, and that they were better overall
in both the rising and falling conditions compared to the neutral one, showing
that they need intonation to jolt them out of their inhibition. In particular, the
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A.6 Discussion

model indicates that even participants with high inhibitory skills had lower accu-
racy in the neutral condition, corroborating the finding that neutral intonation
impedes the identification of deviants. To conclude, rising intonation appears to
be advantageous in detecting the deviant number compared to the neutral and
falling conditions, which are more challenging, with the neutral condition be-
ing the most likely to involve errors, and the falling condition lying somewhere
between the rising and the neutral conditions.
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Prosody and attention orienting

Humans are confronted everyday with an influx of sounds coming from several sources.
In a given auditory environment, some of the sound events might be unexpected, rare,
or new. Our cognitive system has the ability to detect such sounds, and consequently
activate an attention orienting response.

This book provides an in-depth investigation of the interplay between prosody and
attention orienting during online speech processing by using two complementary ex-
perimental methods, electrophysiology and pupillometry. In particular, it examines the
cognitive and functional relevance of intonation for the orienting response in speech,
emphasising the crucial role of rising contours. More specifically, it investigates the in-
fluence of prosodic structure, showing that rising tones at constituent edges attract atten-
tion similarly to accentual rising tones, challenging important tenets of prosodic theory
and typology.

The book shows that contextual expectations shape the orienting response, extend-
ing insights beyond purely acoustic cues to pragmatically meaningful linguistic signals.
Finally, much like cues from auditory cognition, rising tones activate both involuntary
and voluntary attentional mechanisms — the former driven by signal-based acoustic cues,
while the latter arise from contextual influences guiding voluntary attention orienting.

Taken together, the findings in this book enhance our understanding of the role of
intonation in attention orienting, emphasising the significance of rising tones. The book
establishes key connections to general cognition and individual variability while explor-
ing potential extensions for an architecture of attention orienting in spoken language.
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