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Abstract

The present dissertation is a contribution to speech production modelling. It assumes
that speech is dynamic, and that articulation behaves as a function of time. Certain
aspects of both timing and duration appear to be very important components of a
phonological unit. However, many phonologies do not take time into account. This
might be because it is not often assumed that dynamical systems govern both us and
our language. This dissertation focuses on measuring the mechanical movements
during articulation, in order to enhance our understanding of which the phonological
units are. Also, Swedish word accent is examined.

Movements that, under the effect of a variable, are systematic over several speakers are
considered more likely to form part of a phonology than those which vary more both
between and within speakers. For this purpose, articulatory movements of a total of 23
speakers have been recorded with ElectroMagnetic Articulography. The data analyses
show: the way we measure the start of a movement affects whether it can be considered
to have good timing or not (Paper 2); the creation of tones is integrated with the
creation of consonants and vowels (Paper 1); tonal context affects movements of lips,
jaw and tongue body (Paper 2 and 3); a long vowel is executed through a longer open
jaw (Paper 3); the acceleration profile of the jaw has clear systematic features (Paper 3);
when any of the consonants in a CVC sequence is made with the same articulator as
the other consonant, both segments are shortened, regardless of place of articulation
(Paper 4).

On top of this, the dissertation contains a more detailed introductory chapter in which
the following hypotheses are emphasized: 1) the articulators responsible for the £ rise
and f; fall, respectively, may be timed with other active articulators. This timing, which
is assumed to be phonological, appears to have a biomechanical effect on either
articulator; 2) bilabial and jaw movements seem to consist of active intervals and
postures defined on the basis of maximal acceleration and deceleration; 3) acoustic
segment duration seems to coincide with the acceleration profile of the consonant
articulation.

All in all, the dissertation demands continued work with both mechanical
measurements and dynamic model developments. Mapping the systems of motion that
we already know exist helps us to understand the function of time in speech and to
reveal the real phonological units.
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1 Introduction

Human language sounds the way it does because the speech apparatus is what it is.
Thus, acoustics is dependent on articulation. With a little imagination, the relationship
between articulation and acoustics can be described as the relationship between a
footstep and its footprint. The mass and the velocity of the foot (and of the entire foot
carrier) determine the final result of the footprint. If the foot carrier is moving fast, the
footprint reflects this. If the foot carrier is a small or a large individual, this can be
discerned by means of the depth and the length of the footprint. In addition, the
recipient of the message (the listener) has primarily access only to the footprint, and
this helps her/him interpret what the foot carrier (the speaker) communicates. Some
things may be easier to interpret than others, for example if the foot carrier is small or
large, but the nuances of the movements are perhaps a little trickier. Either way, it is
necessary for the recipient of the message to interpret the footprint according to her
expectations and acquired knowledge about how a foot moves, that is, the natural
movement pattern of the body and the foot. Nothing else can be of equal importance.

In this dissertation, I argue that we find a similar relationship between articulation and
acoustics — and, by extension, perception. That is, the listener (the recipient) hears the
acoustics (sees the footprint), but necessarily interprets it based on motor knowledge
and prior experience of the movements of the speech apparatus (the footstep) of the
speaker (the foot carrier). In other words, the acoustic signal contains cues and clues as
how the articulators move, their speed and their mass. The aim of this dissertation is to
contribute to our knowledge of how systematic articulatory movements are involved in
speech modelling.

During the time I have been working on this dissertation, a clear theme has emerged
that is quite easy to describe, despite the, sometimes, complex nature of the subject.
Quite simply, all four studies in this dissertation are about consonants and vowels, and
how they differ in their most basic parts. Thus, what initially might appear to the reader
to be another chapter in the history of research on Swedish word accent is really about
how consonants and vowels are affected by various intra-syllabic parameters, of which
tones, for example, are one.

But, why, you may ask, is the difference between consonants and vowels significant?
After all, they only follow upon one another: consonant, vowel, consonant, vowel, etc.,
like beads on a string. Unfortunately, that is a simplified picture, and a shortcut that
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can lead to a dead end. Historically, phonetics is based on the three cornerstones
articulation, acoustics and perception. Much work has been done within each field, but
it is important, if not decisive, for the different research orientations themselves, how
these three cornerstones interconnect. Perception research, for example, is based on
acoustic research and certain assumptions about the link between articulation and
acoustics. So not to assume that consonants and vowels are actually motorically
overlapping and physically coordinated, which has a major impact on their acoustic
patterns, can therefore have fatal results for, for example, a listening test. Therefore,
developing research on how articulation and acoustics are specifically related to each
other may not only benefit these two fields of research, but also have a significant
impact on perception research, not to mention other branches of language research.

Thus, if we return to the foot, how can the receiver, based on her knowledge of how
the foot can move, get all the necessary information out of a footprint? There must be
a system throughout the physiological meeting between the foot and the substrate that
allows this. A system that also applies to speech; the various articulators and their
movements in the oral cavity. Thus, a structured system is needed that is distinctive
and at the same time open to the dynamics of movement. Quite simply, what is needed
may be a phonology based on the laws of physics.

1.1 Background

As a research topic, phonetics is a hybrid of the humanities and the natural sciences. At
its core, phonetics is thus an interdisciplinary research topic, and our collaborations
occur naturally across the spectrum. Common to all phonetics is a holistic approach to
human language. We thus naturally assume the limitations and possibilities of the
human body, and always on the basis of a linguistic question. This may have a particular
bearing on the research topic with which this dissertation is concerned, since one
measures the body's movements in the search for phonological distinction.

The link between articulation and acoustics is however not a new field of research. On
the contrary, phoneticians have at all times been looking for the systematic articulatory
movements that underlie the distinctive phonological units, a search often guided by
acoustic patterns. An important milestone that may be mentioned here is the
knowledge of how consonants overlap with vowels. Like underlying diphthongs, vowels
are combined in one layer, while consonants act as islands on top of that layer. This
connection was demonstrated by Sven Ohman as early as 1966, through an acoustic
study of VCV sequences. Ohman demonstrated very clearly that the overlapping
constriction, that is the consonant, was firmly in line with the start of the second vowel
movement, coupled like syllables, one could say: V-CV. Thus, in other words, the co-
articulation is greater in a CV sequence than a VC sequence, a conclusion shared by
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many others since then (MacNeilage & DeClerk, 1969; Browman & Goldstein, 1988;
Fowler & Saltzman, 1993; Byrd, 1995; Lofqvist & Gracco, 1999; Recasens, 2002).
With the help of technological advances, our knowledge of articulatory mobility has
progressed. We have been informed, for example, that the lips, and the jaw, are
correlated in time by their highest velocity (Gracco, 1988), or that the jaw is more or

less open depending on which type of consonant the tongue tip is making (Lindblom,
1983; Mooshammer et al., 2006).

A large part of the work presented in this dissertation work is of practical nature and
has been carried out with an apparatus and a particular method for measuring
articulatory movement in time and space, the ElectroMagnetic Articulograph (EMA).
The nature of this machine is reviewed in the method chapter of this dissertation.
However, its potential has given rise to increasing use over the last thirty years, as seen
through several studies. For example, its possibilities for inter-articulatory timing
measurements has made EMA suitable for speech modelling in linguistic research
(Lofqvist & Gracco, 1999, 2002; Recasens, 2002; Lofqvist, 2007; Gao, 2008; Hoole
etal., 2009; Miicke et al., 2012; Stone, 2013; Erickson et al., 2014; Tilsen, 2016; Shaw
& Chen, 2019; Pastitter & Pouplier, 2017). In particular, the high resolution of time
appears appropriate for studies on co-articulation. Prosodic research, of which this
dissertation is part, has also gained momentum through the use of its methodology, by
examining the articulatory constraints of phrase boundary (Cho, 2002; Byrd et al.,
2005; Hoole et al., 2009; Mooshammer et al., 2013; Bombien et al., 2013; Erickson et
al., 2014), and accents and tones (Cho, 2002; Erickson et al., 2004; D’Imperio et al.,
2007; Gao, 2008; Miicke et al., 2012; Yi & Tilsen, 2014; Miicke & Grice, 2014;
Niemann et al,, 2014; Katsika et al., 2014; Shaw et al.,, 2016). Articulatory
measurements with focus more on spatial position have also been made using the EMA
(Erickson et al., 2004; Mooshammer et al., 2007; Shaw et al., 2016), including some
on Swedish speakers (Schétz et al., 2013). Articulography also allows the recording of
facial movements other than those of the articulators, which has been shown in studies
on multimodality (Krivokapic et al., 2017; Frid et al., 2019).

1.2 Research questions and Theoretical background

The following sections introduce the theoretical framework used in this dissertation.
First, a discussion of articulatory effort versus perceptual contrast is presented. This part
serves as a declaration of why word-initial position is a main thread in the dissertation.
After that follows an exposition of dynamic speech, how it behaves and what is believed
to be its structure. The theories and models mentioned here may at first be seen as
separate, but they are really based on each other, as ramifications or levels of the same
theoretical framework. Therefore, the emphasis is on the issues they have in common,
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although they are presented separately in the next section for the sake of simplicity. The
theoretical background concludes with an introductory text on Swedish phonology,
focusing on Swedish word accent, since this is the topic of three of the four dissertation
studies.

1.2.1 Questions on communicative efficiency

It is usually assumed that the phonological inventories of different languages are based
on two rules: perceptual contrast should be high, and articulatory effort low (Lindblom
& Maddieson, 1988). Furthermore, it is usually assumed that a word-initial position is
most important for the listener due to incremental processing; and that signals are
gradually made available to the listener over time (Marslen-Wilson & Zwitserlood,
1989; Cutler, 2012; Beddor et al., 2013). This means that, in a word-initial position,
the perceptual contrast should be as high as possible, while the articulatory effort should
be as low and yet as effective as possible. In a word-medial position, equally strong
requirements would not apply. In fact, phonetic information in segments seems to
depend on placement: listeners have an easier time identifying word-initial segments
than word-medial segments (for a review on word processing, see Wedel et al., 2019).
This supports the Lindblom/Maddieson assumption of articulatory effort and
perceptual contrast.

Because word-initial position is significant, phonological rules also seem to aim for as a
high lexical contrast as possible at the beginning of words (Wedel et al., 2019). Another
aspect of communicative efficiency, and highly relevant to the above, is that more
frequent words tend to be shorter, while less frequent words are longer (Zipf's law of
abbreviation; for a review, see Wedel et al., 2019). Long words seem to have to
contribute more lexical information, because the context does not, as if less frequent
words need to be more specified. However, short and long words can also be more or
less predictable. In this regard, phonetic information seems to play a greater role for the
listener (Wedel et al., 2019).

To summarize, it is precisely a summation of many different aspects that makes a word
to be considered to have a high degree of informativity (i.e. an “easy” word): e.g. that
lexical and phonological contrast is high, predictability is high, articulation effort is
low, and that perceptual contrast is high. In addition, these attributes appear to apply
primarily to word-initial segments. Therefore, it seems essential to put the spotlight on
the word-initial segments. What are the components of an effective articulation that at
the same time are able to create maximum contrast for the listener to make use of? The
primary goal is of course to be understood by the listener, and to enable contrasts,
which will serve as lexical units. The speaker does this by utilizing the mobility in the
oral cavity. However, we do not appear to utilize the full moving capacity of the mouth
(Lindblom, 1983). Thus, the speaker moves her mouth less than is possible, as it is not
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the full capacity of the movements that determines the phonological contrasts.
Furthermore, language is a system, and is likely a similar system to the speaker as to the
listener, for the sake of efficiency. Thus, the speaker would likely utilize a system of
articulation that interacts with the systemized structure of a particular language. In the
word-initial segments, it is most important to get those structures and those movements
right, to systematise them, in order to avoid misunderstandings and communicative
collapse. One research question that has thus guided this dissertation is:

o What systematic articulatory movements can we find in word-initial segments?

To move the issue forward we need a more detailed theoretical framework.

1.2.2  Questions on the dynamic nature of speech

Research on systematic articulatory movements, and on the link between acoustics and
articulation, is naturally focused on notions of what the phonological units are. Thus,
we are looking for dynamic movement patterns that fit with predetermined structural
units. But what if those units we traditionally believe to be phonological are not?
Phonological structures that instead may be found in the body's own movements.

1.2.2.1  Towards a dynamical systems theory for speech

Dynamical systems theory (DST) is a collective name for mathematical differential
functions of time and space'. Dynamical systems are thus measurable functions that are
bound by relationships of different natural phenomena (for an overview, see Iskarous,
2016). Hence, they are physical laws, or laws of nature. One example of such a physical
law is the falling object, where a stone released from a cliff falls faster and faster as a
function of time. Another is the relationship between increase and decrease in an
hourglass, again over time. We all interact with the physical laws, daily, all the time.
Our speech, in turn, is based on the laws of nature. This is an indisputable fact: we
make sounds with different movements governed by natural laws, and acoustics not
only reflects these movements, it is also governed by those same laws.

Let us now return to one of the major challenges for linguists: to link the dynamic
speech to a distinctive structure that can function phonologically and lexically. The
critical point in understanding why DST is applicable to language is that in differential
equations there is already a distinctiveness (Iskarous, 2017). Hence, we do not need to
talk about how to bridge the gap (or explain the interface) between phonetics and
phonology, between what is dynamic and what is discrete, because the gap no longer
exists: linguistic structures are discrete and dynamic at the same time (Iskarous, 2017).

! The account of dynamical systems in this section stems mainly from a workshop with Dr Khalil
Iskarous in Potsdam in autumn 2018, organized by Dr Aude Noiray.
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The challenge therefore lies instead in mapping which dynamical systems are in the
making, that is, what constitutes phonological structures.

One such system 