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ABSTRACT

This dissertation aims to provide a detailed description of the primary and secondary cues
associated with Norwegian phonological vowel quantity and explore the link between
speech production and perception. While vowel duration is the primary, obligatory cue to
long-short vowel distinctions in production, the existence and role of secondary cues in
Norwegian vowel length is less thoroughly explored. Secondary cues described in
Norwegian include longer consonants after short vowels, long vowels that are more
peripheral in the vowel space, and long mid vowels that are diphthongized compared to
their short counterparts. There also a gap in understanding how listeners use cues in the
perception of long and short vowels, particularly knowledge about if and how listeners
use secondary cues like vowel quality and postvocalic consonant duration. Experimental
studies of the acoustics, hyperarticulation, and perception of long and short vowels were
conducted to investigate these topics. The production, enhancement, and perception of
long and short vowels as well as theoretical implications thereof are the focus of this
dissertation. Three main questions were asked and explored in three experiments: (1)
what are the acoustic correlates of Norwegian vowel quantity, (2) how is quantity
enhanced by speakers to increase their intelligibility for listeners in Norwegian, and (3)
how do listeners use multiple acoustic cues when perceiving the vowel quantity
distinction.

In production, Experiment 1 demonstrated that listeners systematically produce
long vowels with: (1) longer vowel duration, (2) a different spectral quality than short
vowels, and (3) shorter postvocalic consonant duration. Furthermore, long mid vowels
were shown to diphthongize in a centralizing direction. Experiment 2 tested how listeners
adjusted their speech in clarifying an apparent misunderstanding of their intended vowel
length by a simulated interlocutor. Acoustic analysis showed that speakers adjusted their
speech by lengthening the duration of long vowels and shortening that of short vowels,
producing long-short pairs further apart in the vowel space (except for /a/, and producing
consonants after long vowels shorter. Speakers did not, however, enhance spectral
movement in long mid vowels. This demonstrates that of the four cues investigated, only
three are enhanced for clarity-motivated reasons. Furthermore, there were vowel-specific
patterns in that speakers did not enhance the quality difference between long and short
/al. Critically, Experiment 2 also supported accounts that speakers will adjust their
articulations in a targeted way that is aimed at eliminating perceptual confusability of
phonological contrasts. In perception, Experiment 3 tested how listeners used the
acoustic correlates of quantity found in Experiments 1 and 2 and whether there would be
vowel-specific perceptual strategies. Analysis showed that listeners did have vowel-
specific patterns in their perception of long and short vowels. While vowel duration was
used for all six pairs, vowel quality was not reliably used for long and short /a/ and
postvocalic consonant duration was not reliably used for long and short /u/.



The results of the experiments outlined in this dissertation suggest that (1)
speakers produce long and short vowels with multiple acoustic correlates, (2) these
acoustic qualities are enhanced in targeted ways to increase intelligibility of speech, and
(3) listeners use secondary cues in perception with both cue- and vowel-specific patterns.
The theoretical implications of these findings were further discussed in relation to cue
weighting, clear speech, the production-perception link, and cross-linguistic patterns.
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CHAPTER 1 - INTRODUCTION

1. STATEMENT OF THE PROBLEM

This dissertation explores the link between phonetic variation and systems of
phonological contrast. Liberman et al. (1967)’'s “lack of invariance” problem outlines the
fact phonemic category membership is rarely signaled by a single acoustic cue, alluding
to the inherently robust and multidimensional nature of phonological contrast. WWhen using
the term “cue”, we will work off the definition: “[...] a perceptual cue might be considered
any information that systematically influences listeners’ perception of a contrast, while a
cue in production could encompass anything that varies systematically across members
of a contrast” (Schertz & Clare, 2020, p. 2). This idea of multiple cues to define a contrast
is explored by Enhancement Theory, which further describes the function of redundant,
enhancing secondary cues in creating more salient contrasts for both speakers and
listeners (Stevens & Keyser, 1989; Kingston & Diehl, 1994; Keyser & Stevens, 2006).
Kingston and Diehl’s (1994) Duration Ratio Hypothesis is another example of this. In this
account, the relative durations of vowels and consonants in VC clusters, specifically when
one has a quantity contrast, are mutually enhancing cross-linguistically. Despite several
theories dealing with multiple cues in phonological contrast, the exact role that phonetic
variation plays as potentially enhancing secondary cues is yet to be understood fully.
Thus, one of the central goals of this dissertation is to further explore how secondary
acoustic cues illustrate the complexity of seemingly simple phonological contrasts,

pointing to the rich nature of contrast in general.



Furthermore, this dissertation explores the relationship between speech
production and perception. Speech production and perception have traditionally been
studied independently but understanding their relationship and where they converge and
diverge helps to create a comprehensive model of representation and linguistic
knowledge (Casserly & Pisoni, 2010; Schertz & Clare, 2020). When considering the
relationship between these two modalities, we should consider the directionality thereof.
For example, if production were guided by perception, speakers make use of cues in
production as they are used in perception with the goal of guiding a listener (Beddor et
al., 2018). Or if perception were guided by production, listeners’ perceptual judgements
could be based on the same metric they use as speakers when producing a contrast
(Newman, 2003). Conclusions on how cues in production and perception are correlated
are complex. Schertz and Clare (2020) state that no correlations between production and
perception have been found in any “standard” cue-weighting study, defined as a study
looking directly at cues for a phonological contrast as compared directly in production and
perception. However, significant correlations have been found in studies focusing on
contextualizing cues. For example, Zellou (2017) found a correlation between degree of
nasalization in production and sensitivity in perception. Yet, this is an area which needs
to be investigated further to be understood. Therefore, using acoustic correlates of
Norwegian vowel quantity as an example, this dissertation will also examine the link
between cues as used in production and in perception. Specifically, do we see that the
acoustic correlates of contrasts are mirrored in what listeners use in perception? And if
there is a mismatch, what does that mean for the overall relationship between production

and perception?



These larger questions will be addressed through the lens of primary and
secondary acoustic cues in the production and perception of Norwegian vowel quantity.
Contrastive vowel quantity is when the duration of a vowel conveys lexical meaning:
whether a vowel is long or short encodes a different word. While vowel duration is
considered the primary, obligatory cue to vowel quantity, there are a number of secondary
cues that have been attested in production including fO, spectral characteristics, and
postvocalic consonant duration.

Descriptions of vowel quantity in Norwegian vary in terms of what is or is not
included in this contrast. One group of descriptions take a simplified stance that the only
temporal cues were correlated with quantity in production, namely vowel duration (Behne
et al., 1996) and postvocalic duration (van Dommelen, 1999). Other accounts include
differences in vowel quality, describing short vowels as being more central than long
vowels (Kristoffersen, 2000, p. 16); this is in line with cross-linguistic descriptions of vowel
quantity (Maddieson, 1984, p. 129-130). The latter stance that long-short pairs have
quality differences has been long accepted within by Norwegian scholars.

Empirical studies on the role of primary and secondary cues in the perception of
Norwegian have been small, sparse, and rather unclear in their conclusions. Both Nylund
and Behne (1996) and Behne and Nylund (2003) examined the role of spectral and
durational information in quantity perception and provided some preliminary evidence that
listeners might utilize vowel quality in perceiving quantity. However, this was only shown
to occur for certain vowels within the subset used in the experiments and the exact size
of the effect was not discussed at length. Van Dommelen demonstrated that the duration

of the postvocalic consonant had an effect on the categorization of long and short vowels,



specifically that changing the postvocalic consonant duration moved the location of the
perceptual boundary between quantities. It is worth noting that the roles of vowel quality
and postvocalic consonant duration have been investigated separately in research on
Norwegian, leaving a gap in the literature in terms of having complete and comprehensive
account.

The situation of vowel quantity in Norwegian raises many questions about the
relationship between phonetic variation and phonological contrast. Hence, there are
several aims of this dissertation:

With respect to the production of phonological vowel quantity, this dissertation will
serve two main purposes. First, this dissertation will be one of the most comprehensive
acoustic descriptions of how vowel quantity is produced in Norwegian. What are the exact
acoustic qualities that Norwegian speakers produce? Are there vowel-specific patterns?
In Chapter 2, this dissertation investigates the ways in which vowel quality, vowel
duration, postvocalic consonant duration, and vowel inherent spectral change (VISC)
signal quantity in perception. The second purpose of the production aspect of this
dissertation is to provide the first study on how Norwegian vowel quantity is enhanced in
clear speech production, which is investigated in Chapter 3. Examining the enhancement
strategies of speakers as it relates to vowel length in Norwegian can give insight into how
the contrast works in the language. Furthermore, this provides an opportunity to examine
how speakers adjust their language in local, contrast-oriented ways aimed at getting
minimizing sources of perceptual ambiguity. Lastly, the study will investigate any cue- and

vowel-specific patterns that may arise.



With respect to perception, how do listeners utilize both temporal and spectral cues
in perceiving vowel quantity? How do listeners adapt their weighting of various acoustic
cues when one or more cues are no longer informative? Chapter 4 will explore how
listeners weight vowel quality, vowel duration, and postvocalic consonant duration in
identifying phonemic quantity. In addition to if and how much listeners rely on each cue,
vowel-specific perceptual strategies will be investigated as well.

Finally, the implications of this research for our understanding of the role of sub-
phonemic information in the phonetic grammar of Norwegian are explored. For example,
if secondary cues like vowel quality and the duration of the postvocalic consonant are
systematically associated with the production and perception of vowel quantity, should
we consider them to be part of the phonological representation of these segments? And
if there is a difference in how these cues are integrated into phonological quantity between
production and perception, how can we reconcile this? The theoretical implications of

these questions are an important focus of this dissertation as well.

2. LITERATURE REVIEW

2.1 Vowel quantity

2.1.1 Production
The primary, obligatory acoustic cue in segment quantity is duration. Critically, durational
differences which signal quantity are said to be phonemic when a language uses the long

and short forms of a vowel or consonant (geminate vs. singleton) to encode lexical



distinctions. For example, Japanese has both types of contrasts as seen in (1). Vowel
quantity is demonstrated by the contrast of a short vowel in (a) and long vowel in (b);
gemination is demonstrated by the contrast of a singleton (short) consonant in (c) and a

geminate (long) consonant in (d).

(1) Japanese quantity contrasts (Tsujimura, 2007)

a. [su] ‘vinegar”
b. [su] ‘inhale”
c. [saka] “hill”

d. [sak:a] “author”

In addition to more common long-short distinctions in quantity, some languages have
three-way distinctions. For example, Estonian has short, long, and extra-long vowels as

seen in (2).

(2) Estonian vowel quantity contrasts (Lippus, 2011)

a. [sata] ‘hundred”
b. [sa:ta] “send (imperative)”
c. [sa:ta] “get (infinitive)”

It is important to note that segmental duration is usually not the sole cue present in
production that marks quantity. It has been well established that vowel quality differences

exist in long/short vowel pairs in a number of languages. Specifically, short vowels tend



to be realized more centrally in the vowel space than long vowels. Maddieson (1984, p.
129-130) surveyed 331 languages and found 56 languages with vowel quantity
distinctions. Of these 56 languages, 17 languages were shown to have centralization of
the short vowels in some or all pairs of vowels. Table 1.1 demonstrates the distribution of

these quality contrasts within the vowel space.

Table 1.1: Breakdown of 56 languages (in Maddieson, 1984, p. 129-130) that have quality

differences between long and short vowels in the given area of the vowel space

Vowel Quality Attested Difference in Percentage
Languages Quality

High Front 40 17 42.5

High Central 2 0 0
High Back 37 10 27
Mid Front 27 16 59.2
Mid Central 2 1 50
Mid Back 28 14 50
Low Front 7 1 14.3

Low Central 31 0 0
Low Back 4 0 0

Differences in fO have been attested in quantity contrasts too. The most commonly cited
language for fO differences between long and short vowels is Japanese. In Japanese,

short vowels are typically produced with a static fO while long vowels are produced with



a falling fO (Kinoshita et al., 2002). While differences in quality between long and short
vowels is relatively common across languages with this phonemic contrast, fO is
significantly less common.

Acoustic differences are not always limited to the quantitative segment; oftentimes,
adjacent segments undergo some degree of compensatory lengthening or shortening.
For example, consonants following long vowels are typically produced shorter than those
following short vowels, and this can be seen in languages such as Icelandic and Swedish
(Pind, 1996; Behne et al., 1999). This follows Kingston and Diehl's (1994) Duration Ratio
Hypothesis, which states that the duration of a vowel and the following consonant are
mutually enhancing, regardless of which segment is quantitative.

From here, it is abundantly clear that phonological quantity is not marked solely by
segmental duration. Rather, multiple enhancing, secondary cues help to signal long and
short vowels. Cross-linguistic research on the contrast between long and short vowels is
important to understanding the multidimensional nature of not only vowel quantity
contrasts but phonemic contrasts in general. Therefore, an important question to continue
investigating is, what are these multidimensional acoustic properties of vowel quantity

and how do these manifest cross-linguistically?

2.1.2 Perception

In the pursuit of understanding how vowel quantity operates both within and across
languages, acoustic correlates found in production are naturally an important component.
However, we know that speech does not exist in a vacuum and is produced with the

intention of being understood by a listener. Thus, another important aspect to consider is



which acoustic cues are informative for listeners when determining the difference
between long and short vowels. As with studies in production, comprehensive and cross-
linguistic examinations of the cues that listeners use in perception are needed to shed
light on the complex nature of quantity contrasts. Another interesting question that
requires further investigation is how the qualities that correlate with quantity in production
are used by listeners in perception. Specifically, do we see patterns in production mirrored
in perception? And what does the answer we receive tell us about the nature of the
relationship between production and perception as it pertains to this phonological contrast
and linguistic systems as a whole?

Previous work has looked at the acoustic cues related to the perception of vowel
quantity in several languages. Specifically, work has attempted to uncover which of the
secondary cues described in the previous section are most salient for listeners during
word comprehension. While the most salient cue for listeners has been established to be
vowel duration, secondary cues such as segmental context (Tranmuller & Krull, 2003),
dynamic fO (Lehiste, 1976; van Dommelen, 1993), and spectral differences between long
and short vowels (Abramson & Ren, 1990; Sendelmeier, 1981) have been shown to
impact listeners’ judgement of vowel quantity.

Early investigations of the perception of dynamic fO found that listeners tended to
perceive vowels with a dynamic fO as longer than vowel with a level fO (Lehiste, 1976;
Pisoni, 1976; Wang et al., 1976). Wang et al. (1976) also found that vowels with a rising
fO contour were perceived as longer than those with a falling fO and vowels with a falling
fundamental frequency, in turn, were perceived as longer than those with a level fO.

However, later studies on the topic either found that an increase in perceived vowel



duration due to fO was context dependent (van Dommelen, 1993) or failed to replicate this
effect altogether (Rosen, 1977). It is also worth noting that studies that found perceptual
lengthening due to a dynamic fO have been done primarily on American English, which
does not have a vowel length contrast, while those that did not consistently find an effect
were done on language with phonemic vowel quantity (Swedish: Rosen, 1977; German:
van Dommelen, 1993).

Multiple studies have explored the role of vowel quality in the perception of vowel
quantity across various languages. Some earlier literature asserted that spectral vowel
characteristics were not used in quantity perception (e.g., Garnes, 1976); however, these
studies used long-short vowel pairs that did not display significant spectral differences in
their production. Other studies specifically targeted testing vowels where long and short
phonemes were spectrally dissimilar. Pind (1996) tested the use of spectral
characteristics in the perception of Icelandic vowel quantity. Using long and short /a/ and
/el, stimuli manipulated along both vowel duration and spectral quality were created.
Listeners were presented with the stimuli and asked to choose from two given words,
which they had heard, categorizing the vowel as long or short. Pind found that spectral
factors can be of “decisive importance” during the perception of Icelandic vowel quantity.

Lehnert-LeHouillier (2010) conducted a cross-linguistic examination of the role of
secondary acoustic cues in the perception of vowel quantity in three quantitative
languages: Thai, Japanese, and German. They found that for listeners of all three
languages, vowel duration was an important cue for the vowel quantity identification, and
the duration of the phonemic boundary between long and short vowels differed between

languages. FO was found to influence the perceived vowel duration only for Japanese
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listeners whose native language associated long vowels with a dynamic (i.e., falling) fO.
This finding is similar to Behne et al. (1999), who had also found that Japanese listeners
interpreted a falling fO as signaling a long vowel. Lastly, all listeners were influence by
spectral cues in their judgement of vowel quantity. The findings of this study bring about
the point that some cues (e.g., f0) are seen to signal vowel quantity in production for some
languages but not others, and this can be mirrored in perception via the emergence of
language-specific perceptual patterns.

Lippus et al. (2013) looked at the role of duration, pitch, and vowel quality in the
perception of the three-way (short, long, and extra-long) Estonian vowel quantity
distinction. In the case of Estonian, the researchers point out that in the case of languages
that have a three-way quantity distinction (e.g., relatively common in Finno-Ugric
languages), it is extremely common for the contrast to be marked by at least one prosodic
feature to increase distinctiveness. They found that vowel quality was important in
distinguishing short and long/extra-long vowels; this was because the largest difference
in vowel quantity was here, with short vowels being more centralized than long, but no
significant spectral difference occurring between long and extra-long vowels. The
researchers found that fO was important for listeners in perception while distinguishing
between long and extra-long vowels; this also makes sense, as there is a clear difference
in pitch and contour in the production of long and extra-long vowels that does not
necessarily exist with short vowels. Finally, they found that the duration of the coda
consonant was an important factor in identifying all three quantities. This study displayed
that it is not only features directly on the segment that aid in quantity identification, but

also acoustic qualities of adjacent segments as well.
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Taken together, the results of these studies support the robustness and multi-
dimensionality of phonemic vowel quantity. Not only do we see a number of acoustic
correlates of quantity in production, these primary and secondary cues are informative for
listeners in perceiving. Furthermore, these studies show language-specific patterns in
terms of what cues are included in signaling vowel quantity, giving merit to examine

languages closely to learn what that particular language uses.

2.2 Multiple acoustic cues perception

2.2.1 Cue weighting

A single acoustic dimension is rarely sufficient to define phonological category
membership, a classic illustration of the “lack of invariance” issue outlined by Liberman
et al. (1967). Enhancement Theory begins with the underlying assumption that in any
given language, there is a set of contrasts signaled by acoustic cues that are often
enhanced to be more robust and salient for listeners. Enhancement of a phonological
contrast by covariation with another feature is common cross-linguistically (Stevens &
Keyser, 1989; Kingston & Diehl, 1994; Keyser & Stevens, 2006).

An important question to ask is: how do listeners handle multiple acoustic cues
covarying with a single contrast in the speech signal? In terms of multiple cues signaling
a single contrast, some cues in production are more strongly correlated with category
membership than others and this is mirrored in how much listeners use these cues
(Abramson & Lisker, 1984; |demaru & Holt, 2011). When we talk about some acoustic

cues being more informative for listeners, this refers to the phenomenon where some
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cues are strongly correlated with listener categorization responses while others are not
as predictive of perceived sound category. The fact that some acoustic dimensions play
a greater role in determining the perceptual identity of a phoneme is referred to as cue
weighting; the ability of a listener to integrate and weight acoustic information across
different dimensions is critical for speech perception (Holt & Lotto, 2006).

A common example used to illustrate cue weighting is the way listeners handle
spectral and temporal acoustic cues in the perception of English tense-lax vowel
distinctions. It has been established that tense vowels are systematically produced with
longer durations than lax vowels. Hillenbrand et al. (2000) tested listeners in the
identification of twelve American English vowels in an /hVd/ context after manipulating
vowels along both the duration and spectral dimensions. They found that while listeners
utilized both spectral and durational information in their identification of vowels, they relied
more heavily on spectral cues than vowel duration.

However, cue weighting is not always uniform across contexts, contrasts, or
individuals. Clayards (2018) compared individuals’ cue weights within and across five
different contrasts. For each contrast, stimuli were manipulated along a primary and a
secondary acoustic dimension (see Table 1.2). Listeners completed a two-alternative
forced choice task for four out of the five sets of minimal pairs. They found that the way
in which listeners weighted primary and secondary cues in relation to one another differed
across contrasts; for some contrasts, the weight of primary and secondary cues was
positively correlated while for others they were negatively correlated. Furthermore,

Clayards found much individual variation in how cues were weighted.
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Table 1.2: Minimal pairs and the primary and secondary acoustic cue manipulated in

Clayards (2018)

Minimal Pair Primary Secondary
bet-bat Formant frequency Vowel duration
bog-dog Vowel transition Release burst
dear-tear VOT Onset fO
Luce-lose Duration ratio Vowel Transition
sock-shock Frication noise Vowel transition

One central question within research on cue weighting is: what determines the relative
cue weighting of different acoustic dimensions in the speech signal? Holt and Lotto (2006)
state than an adaptive listener would weight dimensions based on experience over time
with the acoustic environment and that we could predict weighting functions for speech
perception if we knew how acoustic dimensions co-varied with phonetic contrasts in a
listener’s experience. They then go on to describe four variables that influence how cues
are weighted, with two relating to the distributional characteristics of acoustic information
and being language specific, and the other two not. Here, | will address the first two points.
First, cues can differ in their informativeness in category identity, and this informativity
can be determined by the distinctiveness of the distributions of categories along the
acoustic dimension: if the category distributions are more distinct along one dimension, it
is more informative. For example, VOT in American English are quite reliably different
across categories and is therefore a very informative cue for stop voicing contrasts (Lisker

and Abramson, 1964; Lotto & Holt, 2006).
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The second factor in how cues are weighted comes from a perceptual learning
perspective and is variance; the auditory system seems to be especially sensitive to
dimensions that are varying (Lotto & Holt, 2006). This concept was demonstrated with
non-speech sounds, where components with greater relative variance were more heavily
perceptually weighted (Lutfi & Doherty, 1994). Yet, there is evidence that the relationship
between within-category and between-category variance may be a determinant of
perceptual weight. While greater distinctiveness between category can lead to greater
informativity for a particular cue, large within-category variance can decrease the
informativeness of a dimension by potentially creating distributional overlap (Holt & Lotto,
2006).

One must remember that these two factors in how listeners weight cues should be
considered language, dialect, and perhaps even listener specific. For example, while
aspiration might be a strong cue to voicing in English, it does not carry the same weight
for Hindi stop consonant categories because it is strongly correlated with the aspirated-
unaspirated distinction (Benguerel & Bhatia, 1980). Therefore, when examining the
weighting of multiple cues for a contrast in a language, it is worthwhile to closely examine
how that contrast is produced in that language. The link between distinctiveness and
variation in the perception of a cue and how those cues are subsequently used in
perception in a corner of speech perception that has not been robustly explored and

warrants more attention in further research.
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2.2.2 Flexibility in speech perception
Idemaru and Holt (2011) called phonetic category restructuring based on category
internal information “dimension-based statistical learning”, where listeners will
dynamically adjust the use of various acoustic dimensions that define phonetic
categories. Liu and Holt (2015) examined this paradigm in native English listeners’
perception of vowels, specifically looking at the weighting of the primary cue of spectral
quality and the secondary cue of vowel duration. They found that while listeners primarily
(at baseline) used spectral quality with vowel duration being secondary, they flexibly
down-weighted their use of vowel duration when exposed to an artificial accent that
deviated from English norms (i.e., filtered out counter-productive acoustic information.
There is evidence that listeners are able to also use distributional information in
the input to learn which dimensions are more reliable overall; specifically, listeners will
increase their use of a secondary dimension when the most reliable dimension is no
longer informative. Kim et al. (2020) examined listener weighting of vowel quality
(primary) and duration (secondary) in perceiving American English tense-lax vowel
distinctions. After establishing a baseline cue weighting for listeners, the researchers
exposed participants to Korean-, Italian-, or Mandarin-accented English vowels; these
stimuli were manipulated to deplete the informativeness of spectral information but
enhance the vowel duration. Afterwards, listeners completed an identification task with
the accented tokens. The researchers found that participants flexibly down-weighted
spectral information and up-weighted vowel duration for the accented tokens,
demonstrating the dynamic adjustment of cue weights described by ldemaru and Holt

(2011). Understanding how listeners handle speech that deviates from established native
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norms is useful. For example, speech that deviates from native language norms, requiring
enhancement by non-primary acoustic dimensions, is not uncommon: non-native
pronunciations of English front vowel contrasts (e.g., (/i/-/1/) tend to have exaggerated
vowel durational differences and spectral differences that are less pronounced (Escudero,
Benders, & Lipski, 2009).

While most studies have focused on this phenomenon on a group level, a smaller
body of work has examined individual differences as well. For example, Schertz et al.
(2016) found large individual differences in individual cue re-weighting strategies in
listeners presented with foreign accented words. The researchers tested Korean
speakers’ productions and cue weighting when perceiving Korean (L1) and English (L2)
stop voicing contrasts. They found that while participants reliably used both VOT and fO
in their productions, the way in which participants adjusted their cue weighting between
hearing L1 and L2 tokens varied widely across individuals, with no prevailing pattern
emerging.

Research on the flexibility in speech perception adds nuance and depth to our
understanding of cue weighting. While early research on cue weighting attempted to find
a clear-cut and widely applicable pattern, more recent research has embraced the
concept of cue weighting being language, context, and even individually specific.
Research on flexibility in speech perception offers perspective on how cue weighting
within an individual can change based on distributional properties of the input, highlighting
how dynamically adaptive the listener really is. Furthermore, what we can learn from how
listeners adapt their cue weighting strategies can offer insight into cue informativity and

how various acoustic cues can be used to signal phonological contrasts.
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2.3 Enhancement in production

As discussed above, we know that phonological contrasts are often marked by multiple
acoustic cues in production. These cues are not only useful in signaling contrast in the
production of speech but are used by listeners in perception. Listeners are adaptive and
speech perception is dynamic; listeners are able to take the most informative acoustic
cue and weight it heaviest when distinguishing between phonemes and this process is
not static. As outlined in “dimension-based statistical learning”, when one cue that was
once informative is no longer so, listeners are able to up-weight other cues in order to
successfully decode the speech signal. Given the dynamic nature of speech perception,
it is worth investigating if this adaptivity extends to speech production too. When there
are multiple cues to produce to signal a contrast, are speakers able to adjust their speech
across communicative contexts to better signal a phonological contrast? How can
speakers enhance cues to make speech more intelligible? Research investigating the
acoustic characteristics of various types of speech and adaptive adjustments is discussed

below.

2.3.1 H&H Theory and clear speech

Lindblom’s H&H (hypo- and hyperarticulation) Theory is an account of variation based
upon communicative context. H&H Theory illustrates that speech is adaptive in that
speakers typically change their performance according to communicative and situational

demands. Furthermore, speech production exists on a continuum between hypo- and
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hyperspeech, each marked by their own characteristics, and this is regulated by balancing
listener- and speaker-oriented forces. Hypospeech occurs when the communicative
context favors the listener, and the speaker can reduce articulatory effort and produced
reduced speech. On the other hand, when the communicative context is such that the
listener may have difficulty receiving the intended message, the speaker will produce
clearer, hyperarticulated speech. Situations that can elicit hyperspeech vary greatly and
can include noisy external environments or a communicative participant who is an L2
speaker of the language used.

There are a handful of characteristics deemed to be global, in that they persist
across talkers and languages. For example, clear speech is often produced 5 to 8 dB
greater than conversational speech (Picheny et al., 1986), similar to speech produced in
noise (Bond et al., 1989) or when shouted (Rostolland, 1982). Furthermore, clear speech
has been found to be slower, with speaking rates of 90 to 100 wpm compared to 160 to
205 wpm in conversational speech (Picheny et al., 1986). Similarly, Bradlow (2002) found
in their one male and one female talker that sentence duration increases between 51%
and 116% when changing into clear speech. Possibly contributing to increased sentence
durations, it has been reported an increase in the number and duration of pauses; here,
a pause was defined as any silent interval between words greater than 10 ms excluding
silence before word-initial plosives (Picheny, 1986; Krause & Braida, 2004; Bradlow
(2002). In addition to loudness and duration, clear speech also often has a higher fO and
a larger range, suggesting more laryngeal tension, similar to speech produced in noise
(Bond et al., 1989; Summers et al., 1988); however, these changes are not necessarily

consistent across talkers (Picheny et al., 1986; Krause & Braida, 2004).
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There has been evidence for more segment-focused effect in clear speech. For
example, vowels in clear speech are often produced with an expanded vowel space and
increased duration (Chen, 1980; Picheny et al., 1986; Moon & Lindblom, 1994; Bradlow,
2002; Krause & Braida, 2004). While Bradlow (2002) found similar degrees of vowel
space expansion across the vowel inventory for English and Spanish speakers, Krause
and Braida (2004) found differences based on vowel tenseness (i.e., only tense vowels
expanded). In addition to adjustments to the vowel space, vowel duration differences
have been found to be enhanced in a way correlated to language-specific phonological
structure. Smiljanic and Bradlow (2008) examined clear speech production of English
tense and lax vowels, English vowels before voiced and voiceless stops, and Croatian
long and short vowels. They found that for the English tense-lax distinction, there were
no significant changes in durational contrast yet in Croatian, where duration is central to
the long-short vowel contrast, there were changes in durational differences. This suggests
that while vowel space expansion is a common hallmark of clear speech, temporal cues
such as vowel duration in the case of languages with vowel quantity may also be
commonplace.

Taken together, the results from previous studies on segmental contrast
enhancement in clear speech indicate that hyperarticulated speech tends to enhance
acoustic distance between phonological categories and this may be language-specific
(Kang & Guion, 2008). Therefore, the enhancements made in clear speech could be a

viable route by which to investigate the cues that are central to a phonological contrast.
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2.3.2 Error resolution

One line of inquiry has examined clear speech in a specific communicative context: when
a listener mishears a speaker. Specifically, are speakers able to dynamically adjust their
productions to suit specific communicative challenges? While we might be able to see a
general pattern in regular clear speech, do speakers also make adjustments that are
specifically targeted at sources of phonological confusion? Targeted adaptation accounts
propose that speakers dynamically adjust their speech to address local communicative
issues (Lindblom, 1990; Buz et al., 2016) and speakers making phonetic modifications
while clarifying misheard speech has been documented by several studies. Ohala (1994)
found durational increases in vowels and voiceless stop consonants and Oviatt et al.
(1998) found that speakers globally increased duration of speech segments and pauses
as well as exaggerated intonational contours.

Ohala (1994) also examined whether durational differences were larger on the
specific segment that had been misunderstood compared to surrounding segments. For
example, would the VOT of a voiceless stop (e.g., in pit) be increased more if the
interlocutor had misunderstood the voiceless stop as voiced (e.g., as bit) compared to if
the interlocutor had misunderstood an adjacent vowel (e.g., as pat). Ohala found no
significant differences. However, further work has uncovered differences in “global” and
“focal” hyperarticulation occurring during error correction. Oviatt et al. (1998) analyzed
the speech of participants correcting a simulated speech recognizer that produced two
types of errors: (1) general error, where the system replied with “???”, or (2) substitution,

where the system guessed the wrong word or phrase. While durational increases were
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reported across corrections for both types of errors, they were larger for focal error
correction.

Schertz (2013) expanded on these findings and recorded speakers producing
speech toward what they believed was an automatic speech recognition system. Target
words had either a voiced or voiceless onset plosive. Similar to Oviatt et al. (1998), the
system either showed a general error or a more specific error; specific errors included
mistakes in voicing, place of articulation, or manner of articulation. Schertz (2013) found
that VOT to mark voicing was hyperarticulated when the interlocutor misheard the voicing
of the onset plosive specifically; there was no hyperarticulation of the onset VOT when
the mistake was general or in the place or manner of articulation. Additionally,
hyperarticulation was only on the VOT: neither overall amplitude nor overall word duration
was hyperarticulated.

Buz et al. (2016) introduced the Adaptive Speaker Framework, another targeted
adaptation account. They investigated how speakers adapt their productions when
feedback from their interlocutors suggests that previous productions might have been
perceptually confusable. Through a pseudo-interactive task, participants gave
instructions to a simulated partner with naturalistic response times. The researchers
manipulated whether the target word, which contained a voiceless plosive in onset
position (e.g., pit), occurred in the presence of a competitor with a voiced onset plosive
(e.g., bit) or an unrelated word (e.g., food). They found that participants hyperarticulated
VOT specifically in the presence of a voiced competitor, but not in the presence of an
unrelated word. It is important to note that these results occurred in the absence of explicit

clarification requests, with the hyperarticulation of VOT suggesting that listeners
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preemptively hyperarticulated VOT in situations where there may be perceptual
confusability. While other descriptions of targeted speaker adaptation claim that speakers
make adjustments based on real-time communicative difficulties, this account claims that
these adaptations are segmentally-targeted specifically to the phonological source of
confusion.

Cohn et al., (2022) examined whether adjustments made in speech might not just
be contrast- or context-specific, but also specific to a type of interlocuter. They tested
whether speakers had targeted error correction strategies for voice-Al and human
interlocutors. Across two studies with varying rates of comprehension errors, they found
that speakers did indeed have differences in strategies between interlocutor types:
speakers produced louder speech with a lower fO and smaller fO range when correcting
errors from a voice-Al system than an apparent human interlocutor. Speakers also
produced more vowel hyperarticulation with the voice-Al interlocutor as well. These
findings add support to the account that speakers are able to adjust their articulations in
very targeted manners not only accounting for the nature of a mistake or phonological
contrast, but also for the type of interlocutor with which they are interacting.

Together these studies illustrate how speakers hyperarticulate in the specific
context of an interlocutor misunderstanding the intended linguistic message and that
hyperarticulation can be a “targeted and flexible adaptation rather than a generalized and

stable mode of speaking” (Stent et al., 2008, p. 163).
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3. TARGET LANGUAGE: NORWEGIAN

3.1 Vowel inventory
According to Kristoffersen (2000", p. 13), the set of surface vowels that can exist in

stressed syllables in Urban East Norwegian (UEN) is:

Long: [ii, y;, &, Uz, e, @, O, A, &]
Short: [i, y, #, U, €, ce, 9, Q, &&]

In addition to the monophthongs described above, there are six diphthongs found in

Norwegian (as described in Kristoffersen, 2000, p. 19):

Common: [ee], cgj, aew]

Marginal: [9j, &, a1]

Here, the marginal diphthongs are those that only appear in a small, mostly borrowed,

number of Norwegian words.

" It should be noted that the descriptions given in Kristoffersen (2000) refer to the dialect of Urban Eastern
Norwegian (UEN).
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Figure 1.1: Placement of long monophthongs (left), short monophthongs (middle), and

diphthongs (right) in the vowel space (based on Kristoffersen, 2000, p. 17)

3.2 Vowel quantity

To understand the synchronic state of quantity in Norwegian, we can begin with a
diachronic perspective. All Germanic languages historically had quantity contrasts for
both consonants (geminate-singleton) and vowels (long-short), but various processes
such as open syllable lengthening and degemination occurred during the medieval period.
These changes, referred to as the Germanic quantity shift, were not uniform across the
language family: for example, while most varieties of German underwent degemination,
Swiss and Bavarian varieties did not (Page, 2020). While it was happening between
dialects within-language, variation was even more pertinent between-language.
Therefore, some Germanic languages retained vowel quantity, and some retained both
(Davis, 2011; Page 2020).

Languages which underwent open syllable lengthening via vowel lengthening but
not gemination include Faroese, Swedish, and Norwegian (Kristoffersen, 2011; Page,
2020). Norwegian has contrastive vowel quantity, such that differences in vowel duration

are phonemic and distinguish words as those in (3):
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(3) Norwegian quantity pairs (Kristoffersen, 2000)

a. [ta:k] “roof”

b. [tak] “thank you”
C. [vi:n] ‘wine”

d. [vin] “win”

Generally long vowels have been reported to be anywhere from 1.4 to 3.3 times longer
than short vowels, depending on the source (see Table 1.3). A traditional view of this
length contrast asserts that the only difference between quantitative vowel pairs is the
duration of the vowel. Behne et al., (1996) recorded 12 native speakers of Norwegian
producing long and short /i, 0, a/ in real monosyllabic words with either /g/ or /k/ codas for
a total of twelve words; the researchers did not use minimal pairs in this experiment. From
these recordings, they took three measurements: (1) vowel duration, (2) postvocalic
consonant duration, and (3) F1 and F2 values from the midpoint of the steady state of the
vowel. The found that while there was an effect of vowel quality on duration in that low
vowel /a/ was generally longer with a slightly larger difference in duration in the long-short
pair, there was not an effect of quantity on quality.

On the other hand, changes in vowel quality have been cited in other descriptions:
specifically, long vowels are more peripheral in the vowel space than short vowels, in line
with other cross-linguistic accounts of vowel quality differences in long-short vowel pairs
(Kristoffersen, 2000, p. 16). In contemporary literature regarding the sound system of

Norwegian, the existence of qualitative differences between long and short vowels has
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become widely accepted. However, a detailed description of the formant structure of long
and short vowels in Norwegian has yet to be created; many popular accounts of
Norwegian vowel quantity either do not include a detailed acoustic description or make
use of an exceptionally small data set (e.g., Kristoffersen’s description being based on
his own personal recordings).

Furthermore, mid-vowels /e:/, /o:/, and /@:./ are described as changing from
monophthongs in their short form to diphthongs in their long form; the direction of the
diphthongization has been described both as centering (i.e., moving toward the center of
the vowel space) and opening (i.e., moving toward the edge of the vowel space) (Kvifte
& Gude-Husken, 2005). While both long and short vowels in Norwegian can occur in

closed syllables, it is worth noting that only long vowels can occur in open syllables.

Table 1.3: Ratio of long to short vowels according to various sources (from Stausland

Johnsen, 2019)

Source Ratio
Fintoft (1961) 1.5-2
Vanvik (1972) 2.1-2.7

Payne et al. (2017) 1.4-3.3

In addition to differences in vowel duration and quality, postvocalic consonant duration
has been observed to be longer after short vowels than long (Behne et al., 1996).
Durational contrasts in Norwegian have been described as more subtle than in languages

like Finnish and Hungarian (see Aoyama, 2001, p. 94-96; Ham, 2001, p. 142-150), two
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languages where consonant length is not correlated with vowel length and is the main or
only carrier of a particular contrast (Payne et al., 2017). The exact ratio of long to short
vowels has varied throughout the literature, with scholars claiming a long-to-short ratio of
anywhere from 1.0 to 1.8; it is worth noting that the variation in descriptions is smaller

than that for vowel durations.

Table 1.4: Ratio of long to short consonants according to various sources (from

Stausland Johnsen, 2019)

Source Ratio
Fintoft (1961) 1.1-1.2
Jensen (1962) 1.2
Vanvik (1972) 1.1-1.4
Payne et al. (2017) 1.0-1.8

Because vowel and consonant length are negatively correlated and one can be predicted
from the other, there has been much discussion on whether it is vowel length or consonant
length that is phonologically marked; this discussion is not limited to Norwegian, but
occurs in closely related languages Swedish and Icelandic, which exhibit “Stress-to-
Weight”? (Fretheim, 1969; Jahr & Lorentz, 1983). On one side, it is argued that it is vowel
duration that is phonologically marked as the durational differences are larger and,

therefore, more perceptually salient for listeners (Fintoft, 1961; Behne et al., 1998). On

2 The so-called “Stress-to-Weight” condition refers to the mutual dependency of syllable weight and stress. This is
applicable in quantity discussions in situations where vowel and consonant duration are together said to be
dependent on syllable weight.
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the other side, some consonants are marked as moraic with vowel length being derived
via lengthening under stress in the phonology (Eliasson, 1985; Riad, 1992). Riad (1992)
argues and analysis that consonant quantity can, in a straightforward manner, predict the
“‘quantitative complementarity” of segments in stressed syllables, whereas vowel duration
fails to do so as long vowels can occur in open syllables. An alternative solution to this
debate claims that neither vowel nor consonant length is primary: Kristoffersen (2000, p.
157-158) asserts that vowel and consonant length are both assigned after stress
assignment and must both therefore be absent from underlying representations.
Through this dissertation, we will be working under the understanding that vowel
quantity is phonologically marked, with differences in consonant length resulting from the

quantity of the preceding vowel.

3.3 Perception of Norwegian vowel quantity

3.3.1 Previous work

Perceptual studies on Norwegian about the role of primary and secondary acoustic cues
in phonemic quantity during spoken word comprehension are sparse and lack strong
claims in their conclusions. Nylund and Behne (1996) examined the salience of vowel
quality and duration for Norwegian speakers listening to Norwegian and English vowels.
They presented listeners with vowel tokens that were manipulated along both a durational
and a spectral dimension and asked listeners to identify the vowel-phoneme they heard.

They concluded that duration was mainly used by Norwegians for identifying Norwegian
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vowels while quality was inconclusive; the researchers claimed that there was a weak
indication that it could be integrated by listeners.

Van Dommelen (1999) looked at temporal factors in the perception of V:C vs. VC:
rhymes in Norwegian disyllable words. Van Dommelen used the minimal pair of [ma:ts]
(mate) and [mat: 8] (mat, plural adjective) and manipulated them along three dimensions:
(1) shortening the long vowel in small steps to create a vowel duration continuum, (2)
occlusion duration of the intervocalic consonant in two steps, and (3) original schwa was
shortened to create long and short schwa conditions. It is worth noting that the author did
not do anything with the quality of the vowel, working under the assumption that spectral
differences between long and short /a/ would not influence listener responses. Van
Dommelen found that the duration of the vowel had the largest impact on listener quantity
perception. Furthermore, a variation in the consonant closure duration appeared to cause
a shift in the perceptual long-short vowel boundary, reflecting phonological patterns in
Norwegian.

Behne and Nylund (2003) compared Norwegian and English speakers’
identification of Norwegian vowels, specifically examining how each listeners group
utilized the acoustic cues of vowel duration and quality. Looking at /i, o, a/, they created
a 5x5 stimulus matrix design where each vowel was manipulated along both quality and
duration dimensions in five steps from an acoustic value canonically associated with a
long vowel to a short vowel. The researchers did not include postvocalic consonant
closure duration in their investigation and instead normalized this to average duration as
produced by the speakers in their study. Listeners heard the manipulated tokens and

were instructed to indicate from two real words shown on the screen, which word rhymed
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with what they had heard. They found that for /i/ and /o/, vowel quality did not have a
significant effect on listener responses for either the Norwegian or American listeners, but
vowel duration did for both vowels and groups. Interestingly, the Norwegian listeners used
vowel quality in identifying the quantity of /a/, specifically in the form of a large jump from
long to short responses between spectral steps 3 and 4. The researchers state that this
could be due to the exceptionally large qualitative difference between long and short /a/
as compared to /i/ and /o/ used in this study. In addition to introducing the notion that
vowel quality could be used in the perception of quantity in Norwegian, this study also
offers the first glimpse at possible vowel-specific perceptual patterns within the language
as well.

Taken together, these studies provide evidence that the secondary acoustic cues
present in the production of Norwegian vowel quality are salient and informative for
listeners: they are useful in quantity perception. However, previous studies have not
included a comprehensive subset of the vowel inventory, as in the case of Nylund and
Behne (1996) and Behne and Nylund (2003). Considering the emergence of vowel-
specific patterning in Behne and Nylund (2003), another look at a larger section of the
vowel inventory would seem to be the clear next step. Furthermore, studies such as van
Dommelen (1999) have not considered both vowel quality and postvocalic consonant
duration together in the same study. Therefore, it is difficult to paint a clear picture of how
these two acoustic cues are used adjacently in perception and the possible interactions

that may occur.
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3.3.2 Preliminary study

In a preliminary study, | looked at the role of vowel duration and spectral quality in the
perception of long and short /i, u, a/ in Norwegian. Specifically, | was interested in two
main points: (1) is vowel quality used in quantity perception, and (2) is this the same
across vowels. Building off previous work that had left agnostic conclusions, | aimed to
determine if there was merit in analyzing perceptual patterns for the vowels separately to
allow more nuanced patterns to emerge.

Three phonotactically possible CVC non-word minimal pairs differing in quantity
containing /i, u, a/ and matched for coda consonant were recorded within the carrier
phrase “jegsa ____igar’ (I said ___ yesterday) by a male native Norwegian speaker.
Vowels were spliced out of their original frames and acoustically manipulated along both
vowel duration and vowel quality to create a 6x10 stimulus matrix, with six quality steps
with F1 and F2 shifting incrementally from the canonically short (step 1) to canonically
long (step 6) vowel and 10 duration steps ranging from 70 ms to 160 ms in 10 ms
increments. This approach mirrors previous research on cue weighting (e.g., Grenon et
al., 2019). The manipulated vowels were put back into their frames, after which the
postvocalic consonant closure duration was normalized, where the durational difference
between consonant closures after long and short vowels were neutralized via removing
or duplicating segments of this part of the recording, to 110 ms, in line with previous work
(e.g., Behne et al., 2003).

38 participants (22 female, 15 male, 1 non-binary) were students at the University
of Oslo and reported being native speakers of Norwegian. Participants completed a 4AlX

paired discrimination task in which each pair contained (1) the stimulus item and (2) either
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the unchanged long or short vowel. For example a trial might look like:
bi:d/oriciNaL/bVd/maniPuLaTED VS. /bId/oRIGINAL-/DVd/MANIPULATED, Where the first pair contains
the unmodified long vowel and the second pair contains the unmodified short vowel.
Listeners were presented with orthographic representations of the word pair and asked
to specify what word they heard, categorizing the vowel as long or short.

Listener responses were coded for either a long (=1) or short (=0) vowel
categorization and stimuli were coded for both Quality (1-6) and Duration (1-10) steps.
The values of the steps were scaled to have endpoints of 0 and 1 in order to made the
effect size of the two variables with varying numbers of steps directly comparable. A
mixed-effects logistic regression model was run using the glmer() function in the Ime4
package in R (Bates et al., 2015). Fixed effects of the model included Quality, Duration,
and their interaction and random effects included by-Listener random intercepts and by-
Listener random slopes for the main effects and their interaction. Separate mixed effects

logistic regression models were run for each vowel phoneme.

Table 1.5: Model output with Coef. (p).

lil lul lal

(Intercept)

-0.365 (0.022)*

-0.121 (0.659)

-1.034 (<0.001)**

Quality

0.743 (<0.001)**

0.594 (<0.001)**

0.093 (0.431)

Duration

0.452 (<0.001)**

0.912 (<0.001)**

0.944 (<0.001)**

Quality*Duration

-0.045 (0.031)*

0.083 (<0.001)***

-0.053 (0.003)**

Syntax: glmer(Response ~ Quality*Duration + (1 + Quality*Duration | Listener)
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The models for both /i/ and /u/ showed a significant main effect for both Quality and
Duration, indicating that listeners used both acoustic dimensions in vowel quantity
categorization. However, the /a/ model found only Duration to be a significant predictor of
participant responses, suggesting that listeners were not using vowel quality in identifying
long and short /a/. The model outputs suggest a phoneme-specific pattern in which
listeners utilize differences in vowel quality in the quantity categorization of high vowels
but not the low vowel. Furthermore, there is evidence of vowel-specific cue ordering. As
we can use the estimated coefficient to approximate the weight of a particular cue, we
can see that for /i/, vowel quality is weighted more heavily than vowel duration, whereas
the opposite is true for /u/.

These results are interesting for multiple reasons. First, despite previous work
claiming that vowel quality was not reliably used, this data suggested that it is indeed
used for at least the high vowels /i/ and u/. Furthermore, a phoneme-specific pattern
emerged in which both quality and duration were used for high vowels, but not for the one
low vowel used. Of course, whether vowel height is a significant factor in what listeners
use in quantity perception cannot be definitively determined from this vowel subset, but
this warrants further vowel-specific work. Lastly, in addition to phoneme-specific use of
acoustic cues, there was also phoneme specific-cue ordering, suggesting that listeners
are able to adjust their cue weighting and ordering by-phoneme for whatever reason
including cue informativity or based or based on their distributional experience with cues

for that particular vowel.
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These preliminary results are the jumping off point for Experiment 2 in this
dissertation, which will include more vowels and an additional acoustic cue: postvocalic

consonant closure duration.

4. THIS DISSERTATION

This dissertation aims to explore the link between phonetic variation and systems of
phonological contrast through the lens of spectral and temporal cues in the production
and perception of Norwegian vowel quantity. This dissertation does not look at one
specific dialect of Norwegian but includes participants from multiple regions across
Norway. This will be achieved through a series of experiments that were designed to
reveal different aspects of my overall research question; each experiment is a piece of
the overall puzzle of the complex nature of Norwegian vowel quantity.

In Chapter 2, Experiment 1 will focus on the acoustic cues that are present in the
production of Norwegian vowel quantity. In order to adequately assess the roles of
spectral and temporal cues in enhancement and perception, it is important to first
establish the cues present in production. As described in 2.1.1, there are a variety of
acoustic cues that are known to signal vowel quantity contrasts in different languages and
these cues can be on the vowel or adjacent segments. In this chapter, | will be examining
the role of four main cues: (1) vowel duration, (2) vowel quality, (3) postvocalic consonant
duration, and (4) vowel inherent spectral change in the diphthongization of mid vowels.

This chapter will provide a comprehensive account of the acoustic correlates of vowel
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quantity in the production of regular speech as produced by 26 native speakers of
Norwegian.

In Chapter 3, Experiment 2 will examine the ways in which the same 26 Norwegian
speakers enhance vowel quantity through clear speech. In this chapter, a pseudo-
interactive task is created to create a scenario where participants encounter an
interlocutor who either: (1) correctly understand the intended utterance or (2)
misunderstand the intended vowel quantity in the utterance. Participants then either
confirm or correct the interlocutor’s understanding of their utterance, effectively producing
regular or clear speech. How the acoustic cues explored in Chapter 2 are expressed in
clear speech as compared to regular speech will be explored and the implications of these
enhancements on the phonological representation of Norwegian vowel quantity will be
discussed. This study will be the first in-depth description of clear speech in Norwegian
and an important investigation into how quantity is enhanced specifically in this language.

In Chapter 4, Experiment 3 will explore how primary and secondary acoustic cues
are utilized by listeners. This study will address two shortfalls of previous studies that
were noted above: (1) the lack of a more comprehensive vowel subset, and (2) not
considering both vowel quality and postvocalic consonant duration together in a single
study. Building off the results of my preliminary study looking at the three corner vowels,
this study offers an expanded vowel set with the six vowels /i, u, a, o, @, e/) as well as the
inclusion of a third acoustic cue: postvocalic consonant duration. Using a similar stimuli
matrix design to the preliminary study, each vowel is manipulated along both duration and
quality in five steps to create a 5x5 set. Each set of vowels was then spliced back into the

frame with either a long or short postvocalic consonant, created 50 tokens for each vowel
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and 300 tokens overall. Participants then heard each stimulus and then was asked to
choose from a pair of recordings of real words, which one the stimulus rhymed with,
similar to the task used in Behne and Nylund (2003). The way that the acoustic cues are
used, interact, and how these strategies might be vowel-specific will be outlined and
elucidated.

In Chapter 5, | will discuss the overall findings of Experiments 1, 2, and 3 within
both a language-specific descriptive context and how patterns found in Norwegian
compare to established cross-linguistic patterns for vowel quantity contrasts outlined by
previous research. | will also explore the broader theoretical implications of this research
for our understanding of linguistic systems. Specifically, | will address topics such as the
role of phonetic variation in system of phonological contrast. Together my dissertation will
provide a comprehensive account of the roles of both spectral and temporal cues in this
quantitative contrast and describe the link between production and perception. In
essence, this is an account of the link between phonetic systems and systems of contrast:
how do segmental and suprasegmental phonetic realizations represent and enhance

phonological contrasts?
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CHAPTER 2 - PRODUCTION OF VOWEL QUANTITY

1. BACKGROUND

Oftentimes, a single acoustic dimension is not sufficient to define a phonological category
(Liberman et al., 1967). For example, while VOT is a primary acoustic cue signaling word-
final stop voicing, this contrast is often enhanced by a secondary cue of duration on the
preceding vowel (Lisker and Abramson, 1964). Therefore, we often see phonological
categories marked by multiple, presumably mutually enhancing, secondary cues aimed
at making contrasts more salient for listeners. Vowel quantity is when the duration of a
vowel encodes lexical distinctions, in that whether a vowel is long or short can change
the meaning of a word. Cross-linguistically, vowel quantity is a multi-dimensional and
robust phonological contrast with a handful of acoustic correlates that signal it. Common
secondary acoustic cues include spectral differences, dynamic fO, and the duration of the
following consonant (Maddieson, 1984, p. 129-130; Behne et al., 1996; Pind, 1996).

In order to explore the role of vowel quality, vowel duration, and postvocalic
consonant duration in Norwegian phonological quantity, it is important first to establish
the acoustic features present in production. In Norwegian, our understanding of vowel
quality works has been hampered by two main issues. First, the overall lack of high-
quality, acoustic-based phonetic descriptions of the vowel quantity system. The literature
is sparse and often uses very small data sets (Behne et al, 1996; Kristoffersen, 2000).
For example, in Kristoffersen (2000), the majority of the acoustic vowel analysis is done

on recordings made of only the author. Secondly, in the sparse studies available, there
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are competing accounts of exactly how Norwegian vowel quantity is signaled acoustically.
For example, some more traditional approaches to this issue claim that vowel quantity in
Norwegian is signaled solely by temporal cues, with cues such as vowel quality not being
affected by quantity (e.g., Behne et al., 1996). Other accounts tell a different story, stating
that long and short vowels in Norwegian are in fact realized with different acoustic
qualities, with long vowels being more peripheral (e.g., Kristoffersen, 2000). Furthermore,
there are competing descriptions of long mid vowels: while they have been stated to
diphthongize, some literature describes this diphthongization as centering (Kvifte & Gude-
Husken, 2005), while some describes it as moving toward the edge of the vowel space
(Kristoffersen, 2000).

Therefore, it is important to continue examining the acoustic correlates of
Norwegian vowel quantity to create a cohesive and comprehensive description that can
be used as a foundation for future research surrounding the phonetics of Norwegian
vowels. From here, we can begin to address larger theoretical questions regarding the
multidimensionality and robustness of phonological contrast. In many cases, the primary,
obligatory cue for a particular contrast is easily identified, but enhancing secondary cues
contribute much to increasing distinctiveness and salience. Examining different types of
contrasts in different languages allows us to begin to understand how multidimensionality
in contrast can work on a larger scale. Furthermore, we can begin to understand the
nuanced role that phonetic variation has within phonological categories and

representation.
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2. RESEARCH QUESTIONS

Experiment 1 aims to provide an acoustic analysis of the realization of Norwegian vowel
quantity in a set of six long-short vowel contrasts: /i/, /u/, /al, /ol, lel, /a/. The goal is to
describe the multidimensional acoustic correlates of vowel quantity before moving on to
examine how these acoustic cues are enhanced in clear speech (Chapter 3) and used in
perception (Chapter 4). Specifically, do Norwegian speakers use multiple cues in
production to signal quantity contrasts? And if so, what are these cues? Furthermore, can
we predict to see that acoustic cues signaling quantity on the vowel are uniform across
the vowel system?

Four acoustic cues are examined: (1) vowel duration, (2) vowel quality, (3)
postvocalic consonant duration, and (4) degree and direction of spectral movement in
diphthongized long vowels. The specific patterns we predict are outlined below.

As vowel duration is the primary and obligatory cue for vowel quantity, we predict
that long vowels have a longer duration than short vowels. Furthermore, we predict that
consonants following long vowels are produced shorter than those following short vowels.
Given both previous descriptions of vowel quantity and theories such as the Duration
Ratio Hypothesis, these predictions are uncontroversial.

While the existence of durational differences in vowels and the postvocalic
consonant is widely accepted (e.g., Behne et al., 1996), the role of vowel quality and,
also, the diphthongization of long vowels needs to be examined further. To investigate
differences in (2) vowel quality between long and short vowels, we can check for

significant differences along the F1 and F2 dimensions; if there are indeed spectral

40



differences, we predict that these will manifest as significantly different values for these
formants. Specifically, as previous literature has pointed out that long vowels are often
more peripheral than short vowels (Maddieson, 1984 p.129-130; Kristoffersen, 2000), we
predict that vowels will be closer to the edge of the vowel space when they are long. This
peripheralization would look different for each vowel, given that a peripheral movement
is “outward” rather than simply “fronter” or “higher”. Therefore, the differences we predict
are: long /i/ has a lower F1 and higher F2, long /u/ has a lower F1 and lower F2, long /a/
has a higher F1 and lower F2, long /e/ has a lower F1 and higher F2, long /@/ has a lower
F1 and higher F2, and long /o/ has a lower F1 and lower F2. These differences are roughly

illustrated in Figure 2.1.

F2
Higher value = fronter

o F1
Higher value
= lower

Figure 2.1: Relative predicted positions of long and short vowels within the vowel

space.
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In addition to placement in the vowel space, we predict that the (4) diphthongization of
long mid vowels are used to signal quantity in production. This can be investigated via
the amount of spectral movement in long mid vowels. But using the F1 and F2
measurements taken at 20% and 80% of the vowel’'s duration as points within a F1/F2
two-dimensional space, we can calculate the Euclidean distance to estimate the acoustic
distance between the two points, telling us the amount of spectral movement. We predict
that long mid vowels will have a larger distance between these two points in the vowel

than short mid vowels.

3. METHODS

3.1 Word list

The list consisted of CVC quantitative minimal pairs of real words matched for coda

consonant voicing and manner but varying in onset consonant. Table 2.1 provides the

word list used in this study. The word list was developed in consultation with a native

speaker of Norwegian. In addition to the 12 target words, 24 filler words were also

included in the study. Table 2.2 provides these filler words.
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Table 2.1. Orthography for target word pairs by-vowel with gloss in parentheses (n=12).

Vowel Pair
1l hvit (white, masc.) - hvitt (white, neut.)
lu/ bok (book) - bukk (ram)
lal fat (plate) - fatt®
lo/ vat (wet, masc.) - vatt (wet, neut.)
lel fet (fat, masc.) - fett (fat, neut.)
o/ sot (sweet, masc.) - sott (sweet, neut.)

Table 2.2: Orthography for filler words with gloss in parentheses (n=24).

Mat (food) Hus (house) Vin (wine) Lys (light)
Sprak (language) Bil (car) Vinn (win) Qy (island)
Katt (cat) Venn (friend) Vind (wind) Tid (time)
Litt (little) Melk (millk) Hunn (female) Mer (more)
Snill (kind) Vei (street) Hund (dog) Seng (bed)
Sko (shoe) Fjell (mountain) Mgt (toward) Takk (thanks)

3 Typically found as part of a phrase, for example: ta fatt (start).
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3.2 Participants and procedure

Twenty-six participants (16 female, 9 male, 1 non-binary; average age = 28.3 years)
participated in this experiment at the University of Oslo via online recruitment posts. All
reported being native speakers of Norwegian and all reported speaking at least one other
language other than Norwegian. None of the participants reported having any hearing or
speech impairments. The study was approved by the UC Davis Institutional Review Board
(IRB protocol #1653463-1) and subjects completed informed consent before participating.

Participants were recorded in a quiet room. Speakers recorded the word list within
a frame sentence “Jegsa ____igar’ (Isaid ____ yesterday). They were instructed to read
the word list as naturally as possible and in their own dialect. Two productions were

collected from each participant.

3.3 Acoustic analysis

Each recording was listened to by the researchers in order to ensure that the speaker
produced the utterances correctly. Trials with artifacts (e.g., yawning or humming) were
exclude; ten trials from two participants were excluded from this experiment. Participant
utterances were annotated using a TextGrid in Praat (Boersma & Weenink, 2022) with
three tiers (1) production type at the sentence level, (2) word at the word level, and (3)
vowel and postvocalic consonant at the segment level.

Two temporal measurements were taken. Vowel duration was measured from the

start to the cessation of periodic voicing and clear formant structure. Consonant closure
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duration was measured from the cessation of periodic voicing and formant structure in
the vowel to either the release burst as seen in the spectrogram or the onset of voicing
for the first vowel in the phrase “i gar’, after the target word. In addition to temporal
measurements, the first two formants were measured from the midpoint of the steady
state of each vowel using a script in Praat (Boersma & Weenink, 2022). In order to
eliminate differences in the acoustic output based on speaker differences, formant values
were normalized using the Nearey1l method (Nearey, 1977), based on log mean
normalization with Equation 1. Here, F*n; is the normalized value for Fp;, formant n of

vowel V, and mean(log(F») is the log-mean for all Fns for the speaker in question.

F*npv) = antilog (log(Fn[V]) — mean(log(F,) (1)
These normalized values were then scaled to be more Hertz-like using Equations 2-3
where FN; is the normalized value for formant i and FNyn and FNyax are the minimum and

maximum normalized formant values for formant i (Thomas & Kendall, 2007).

F'y =250+ 500(F" 1 = FY1pun)/ (FY ipax — FNian) - (2)

FIZ =850 + 1400(FN2 - FNZMIN)/(FNZMAX - FNZMIN) (3)
We are also interested in the difference in spectral characteristics between long and short

versions of the same vowel phoneme. Therefore, we calculated Euclidean Distance (ED)

between the vowels as points on a two-dimensional (F1-F2) plane to approximate the
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acoustic distance between them (formula provided in Equation 4), where a represents

one vowel and b represents the other.

ED = \/(F1, — F1,)? + (F2, — F2,)? (4)

In addition, measurements of the formants at 20 and 80 percent of the vowel’s duration
were taken from the mid vowels to examine the degree of vowel inherent spectral

movement (VISC) (indicating diphthongization) across long and short vowels.

4. RESULTS

4.1 Vowel duration

Figure 2.2 shows the average duration of long and short vowels by vowel type and Table
2.4 gives the raw duration values for these, as well as the long-to-short ratio for each
vowel type. Short vowels had an average duration of 73 ms while long vowels had a
duration of 207 ms; the average long-to-short ratio of vowels from this data set was 2.87,
within the range of long-to-short vowel durations reported in the literature (1.4 to 3.3).
To assess the effect of both vowel and quantity on the vowel’s duration, a mixed
effects linear regression was run. Fixed effects included Quantity (Long or Short), as well
as Vowel Type (6 levels). Random effects included by-Speaker random intercepts and
by-Speaker random slopes for Quantity (see syntax below). Fixed effects were sum

coded.
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Duration ~ Quantity + Vowel + (1 + Quantity | Speaker) (5)

The output of this model is provided in Table 2.3. As expected, the model showed a
significant main effect for quantity, with short vowels being produced reliably shorter than
long vowels.

The model did not compute any main effects for vowel type, indicating that there
are no significant differences in the average durations of long and short vowels by vowel
pair. This is in contrast with findings reported from previous literature, which observed

that the low vowel /a/ is produced longer than other vowels in Norwegian.

200+
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Quantity

Figure 2.2: Average vowel durations (ms) by-vowel for long and short vowels (a=/a/).
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Table 2.3: Model output for vowel duration.

Est. Std. Error df t p
Intercept 138.517 10.051 4.000 13.781 <0.001***
Vowel (a) -2.809 5.338 109.000 -0.526 0.599
Vowel (e) 3.003 3.634 109.000 0.563 0.574
Vowel (i) -0.448 4.389 109.000 -0.084 0.933
Vowel (0) -1.826 3.123 109.000 -0.342 0.732
Vowel (@) -1.793 3.763 109.000 -0.336 0.737
Quantity -65.383 2.387 109.000 27.387 <0.001***
(Short)

long-to-short ratio (C).

Table 2.4: Average durations for long (A) and short (B) vowels by duration (ms) and the

Vowel A. Long B. Short | Long
Short

i 211.020 73.35 2.87

u 211.37 73.76 2.86

a 205.67 72.09 2.85

7] 203.54 70.21 2.89

o) 211.02 73.83 2.86

e 210.79 70.48 2.99

Average 207.21 73.31 2.87
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4.2 Vowel quality

Figure 2.3 displays the acoustic value of each long and short vowel within the F1-F2
space. Table 2.5 provides the average F1 and F2 values for long and short vowels, by
vowel type.

In order to assess whether differences along F1 and F2 were significant, t-tests
were conducted for each formant and vowel. For example, to examine which differences
are significant for long and short /i/, the difference between long and short F1 was tested
as well as the difference between long and short F2. The results of these t-tests can be
seen in Table 2.6. For all vowels tested, there was a significant difference along at least
one acoustic dimension, indicating that there is a qualitative difference in the production
of long and short vowels for all pairs tested. However, which formant—or whether it was
one or both that differed—is vowel-specific.

For /i/, there is a significant difference in both the F1 and F2 dimensions; long /i/
has a lower F1 and higher F2, indicating that it is produced higher and fronter in the
mouth. For /u/, there is a significant difference only in F1, with long /u/ having a lower F1,
indicating that it is articulated higher in the mouth. The lack of significant difference in F2
points to it being articulated with similar backness in long and short forms. The vowel /a/
has a significant difference in F2, indicating that the long vowel was produced higher in
the mouth; there is no significant difference in F1 to suggest differences in frontness. For
/@l, there is a significant difference in F1, which was lower in the long vowel, indicating an
articulation higher in the mouth. There is no significant difference in F2. The vowel /o/ has

a difference along the F1 dimension; long /o/ is produced with a lower F1, pointing to an
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articulation higher in the mouth. Lastly, /e/ has a significant difference along both F1 and

F2. Long /el is produced with a lower F1 and higher F2, indicating a higher and fronter

articulation.
2004
4004
U
O Quantity
L 600 Long
@ a Short
e
d
800
1000
3000 2500 2000 1500 1000 500
F2

Figure 2.3: Plot of scaled normalized F1 and F2 values for long and short vowels.
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Table 2.5: Average formant values in Hz for long and short vowels taken at midpoint.

Vowel Long Short

F1 F2 F1 F2
i 362 2451 422 2345
u 376 955 438 946
a 717 1117 752 1165
7] 560 1564 623 1569
0 463 845 508 875
e 604 2044 687 1875

Table 2.6: Results of t-tests and the Euclidean Distance between long and short vowels.

Vowel Formant t df P ED (Hz)

i F1 -3.238 42.821 0.002** 122
F2 2.092 43.965 0.042*

u F1 -3.161 40.971 0.003** 63
F2 -0.119 43.996 0.905

a F1 -1.083 42.924 0.2844 55
F2 -2.061 42.834 0.043*

[} F1 -3.175 43.930 0.003** 64
F2 -0.107 43.651 0.915

o} F1 -2.481 43.078 0.017* 54
F2 -0.712 42.036 0.480

e F1 -3.812 41.970 <0.001*** 188
F2 3.637 41.833 0.001***
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In addition to the overall placement in the vowel space indicated by the first two formants,
the acoustic distance between vowels in each pair was tested. Of the six vowel, four
vowels have similar Euclidean distances, within the 54-64 Hz range: /u/ (63 Hz), /a/ (55
Hz), /e/ (64 Hz), and /o/ (54 Hz). Two vowels have notably larger Euclidean distances
between long and short vowels: /i/ (122 Hz) and /e/ (188). To assess the effect of Vowel
on the distance between short and long vowels, a mixed effects linear regression was
run. Fixed effects included Vowel Type (6 levels). Random effects included by-Speaker
random intercepts and by-Speaker random slope. The output of this model is provided in

Table 2.7. Fixed effects were sum coded.

ED ~ Vowel + (1 + Vowel | Speaker) (6)

The model shows a significant effect for Vowel, with both /i/ and /e/ having a significantly
larger acoustic distance within the long-short pairs than the other vowels. This makes
sense, given the patterns in the number of formant dimensions vowel pairs differed on.
For the four first vowels with smaller acoustic differences within-pair, there is a significant
difference along only one formant. For the two with higher acoustic distances, they differ
along two dimensions. Here it is important to note that this data suggests that while there
was an acoustic difference found in each of the six long-short pairs in the current study,

the extent of that acoustic difference was not uniform.
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Table 2.7: Model output for Euclidean distance.

Est. Std. Error df t P
Intercept 91.100 17.350 19.84 10.428 <0.001***
Vowel (a) -54.080 37.862 259.180 -1.428 0.1544
Vowel (e) 97.392 34.341 259.180 2.932 0.012*
Vowel (i) 31.459 45.299 259.180 2.428 0.025*
Vowel (0) -37.393 36.793 259.180 -1.475 -0.141
Vowel () -27.452 35.202 259.180 -0.880 0.379

4.3 Postvocalic consonant duration

Figure 2.4 plots the average postvocalic consonant duration after each vowel by quantity;
it should be noted that on the x-axis, “long” refers to long vowels, not a long consonant.
Table 2.8 has the raw durations in milliseconds for each of these values

As expected, consonants are consistently shorter after long vowels (146.63 ms)
than following short vowels (210.55 ms) and this difference is significant [{(5.089) =-3.280,
p=0.021). Previous literature reports that consonants following short vowels were 1.0-1.8
times the duration of consonants following long vowels and the present data paints a
similar picture: consonants following short vowels are produced 44% longer than those
following long vowels. Generally, there is not a difference in the postvocalic consonant
duration by nucleus vowel, except for consonants following short /o/, which are slightly
longer than consonants following the other vowels.

Additionally, the vowel-to-consonant ratio was measured to examine the

proportion of the syllable rhyme that was taken up by each segment type. For words
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containing long vowels, the duration of the vowel is 1.43 times that of the consonant
whereas in words containing a short vowel, the vowel’s duration is 0.35 times that of the

following consonant. This is relatively stable across vowels.
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Figure 2.4: Average postvocalic consonant durations after long and short vowels, by

vowel type.
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Table 2.8: Average durations (ms) for long and short vowels (A), consonants after long

and short vowels (B) and the vowel-to-consonant ratio (C).

A. Vowel B. Consonant | _Vowel | Long
Consonant Short
Long 207.21 146.63 1.43 1.44
Short 73.31 210.55 0.35
1.6
Vowel
1.2
-
_’_.

0.84

Vowel-to-Consonant Duration Ratio

0.4+

Long

Quantity

SHon

Figure 2.5: Average VC duration ratios by-vowel for long and short vowels.

4.4 Diphthongization (VISC)

For mid vowels, the first and second formants were measured at 20% and 80% of the

total vowel duration to assess the degree and direction of diphthongization. Figure 2.6
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shows the movement of each long vowel through the vowel space from the start to end
of production. Table 2.10 shows the average F1 and F2 values at the start (20%) and end
(80%) of each vowel as well as the acoustic distance between these two points.

To assess whether the degree of movement within long mid vowels was greater
than within short mid vowels, spectral movement was analyzed with a linear regression
model. The fixed effect of the regression was Quantity. Random effects included by-
Speaker random intercepts and by-Speaker random slopes for Quantity. Fixed effects

were sum coded.

ED ~ Quantity + (1 + Quantity | Speaker) (8)

The output of this model is provided in Table 2.9. Separate models were run for each mid
vowel. The decision to run vowel-specific models was in order to look at whether fixed
effect (Quantity) was different from zero (if speakers diphthongized) rather than the
overall average. As expected, the model for each vowel showed a significant main effect
for Quantity for the three mid vowels, indicating that the degree of spectral movement is
greater in long mid vowels than in short mid vowels. However, the model did not compute
a significant difference for non-mid vowels: long non-mid vowels were not produced with
a larger degree of spectral movement than short vowels, indicating that they are not
diphthongized.

Of the three mid vowels showing diphthongization, /o/ has the smallest acoustic
distance (116 Hz) from the beginning to end of vowel, indicating a lesser degree of

diphthongization than the other two vowels. From start to end, the both the vowel’s F1
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and F2 increase, indicating a movement down and forward, toward the center of the vowel
space. /@/ has the next smallest degree of movement, with a Euclidean Distance of 645
Hz from the start to finish of the vowel. The vowel’s F1 increases while its F2 decreases,
indicating movement down and backward in the mouth, also moving toward the center of
the vowel space. Lastly, /e/ has the largest degree of movement along the vowel, with a
distance of 150 Hz from start to finish. Similar to /@/, the F1 increases while the F2

decreases across the vowel, indicating centralization.
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Figure 2.6: Movement of mid vowels through the vowel space.
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Table 2.9: Model output for spectral movement.

Vowel Est. Std. Error df t p

i Intercept 174.430 6.454 19.173 27.030 <0.001***
Quantity (Short) | -46.429 29.593 26.393 -1.490 0.093

u Intercept 118.538 9.322 20.768 12.716 <0.001***
Quantity (Short) | -51.331 18.342 25.329 -1.109 0.193

a Intercept 125.890 10.580 19.543 11.890 <0.001***
Quantity (Short) | -75.394 24.301 25.992 -0.356 0.542

e Intercept 729.340 39.300 21.590 18.560 <0.001***
Quantity (Short) | -621.760 41.310 29.170 -15.050 <0.001***

o Intercept 166.36 12.65 21.860 13.152 <0.001***
Quantity (Short) | -73.990 20.760 22.240 -3.564 <0.001***

@ Intercept 313.410 12.620 21.835 24.830 <0.001***
Quantity (Short) | 225.390 21.860 26.934 -10.310 <0.001***

Table 2.10: Average formant values for the start and end of long /e, @, o/ and the

Euclidean distance between points.

Point Formant lel lol lol
Start F1 475 443 414
F2 2150 1724 812

End F1 671 645 511
F2 1646 1396 877

Euclidean Distance 540 384 116
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5. INTERIM DISCUSSION

5.1 Temporal cues

The two temporal cues examined in this acoustic analysis were vowel and postvocalic
consonant duration. Given that vowel duration is the primary, obligatory cue to vowel
quantity distinctions, it was expected that long vowels would be significantly longer in
duration than short vowels. Previous literature provided a range of long-to-short ratios
ranging from as small as 1.4 to as long as 3.3 (Fintoft, 1961; Vanvik, 1972; Payne et al.,
2017). In the current data set, long vowels are an average of 2.87 times the duration of
short vowels, with a range of 2.85 to 2.99 across vowel types. This is within the line of
previous research on vowel durations. Another noteworthy point is the lack of vowel-
specific differences in average duration observed in the present study. Previous literature,
specifically Behne et al. (1996), stated that low vowels were longer on average than high
vowels. In their study, they were comparing /a/ to /i/ and /o/. This pattern is not attested
in the data here. This is somewhat surprising as intrinsic differences in duration across
vowel types are common cross-linguistically, often an articulatory consequence of
needing to open the jaw further for low vowels than high vowels (Solé & Ohala, 2010);
opening the jaw further simply takes more time. However, we do not see such a trend
here. At the present time we cannot provide a conclusive answer as to why, but it is

noteworthy nonetheless.
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The second temporal cue of interest was postvocalic consonant closure duration.
As with many other quantitative languages, Norwegian displays a compensatory trade-
off in quantity in that consonants after long vowels are shorter than those after short
vowels. The reported durational ratio from previous literature varies, as with vowels,
though to a lesser extent. Across various sources, consonants after short vowels are
reported as being anywhere from 1.0 to 1.8 times the duration of consonants after long
vowels. In the current data set, consonants after short vowels average a duration 1.4
times longer than those after long vowels, comfortably within the ranges provided by
previous research. As we know that quantity is often cued by multiple acoustic cues—
one of which often being postvocalic consonant duration—this difference in consonant
duration after long and short vowels was expected.

In addition to examining the durations of quantitative vowels and their following
consonants, it is also worth examining how durations within syllable rhymes are
influenced by quantity. To this end, the vowel-to-consonant ratio and overall VC durations
were calculated. As immediately evident from the difference in range of durational ratios
between vowels and consonants, consonant duration does not vary to nearly the extent
that vowel duration does. This is likely due to the fact that contrasts are carried on the
vowel and, though postvocalic consonant duration is an enhancing secondary feature, it
is not obligatory or as informative in communication. Therefore, we cannot expect to see
a truly compensatory lengthening or shortening of consonants within the VC environment
leading to symmetrical vowel-to-consonant ratios. In V:C clusters, the vowel comprises,
on average, 58.6% of the cluster, while in VC: clusters, the consonant comprises, on

average, 74.2% of the cluster. This tells us that while the majority of the VC: cluster’s
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duration is taken up by the consonant, in the case of long vowels, the consonant isn’t
shortened to the extent needed to create a similar ratio between V:C and VC: clusters.
Of course, this conclusion comes from a relatively limited set of data: monosyllabic words
with stop codas. It would of course be of interest in the future to look more closely at how
this works in other environments such as multisyllabic words, and words with varying coda

consonants.

5.2 Spectral cues

Two main aspects of the spectral quality of the vowels are under investigation in the
current study. First, whether there were differences in the spectral characteristics of long-
short vowel pairs, and second, if there was diphthongization of long mid vowels as
suggested in previous literature.

It has been well established that differences in spectral qualities within long-short
vowel pairs is common cross-linguistically within systems that have phonological vowel
quantity (Maddieson, 1984, p. 129-130). However, it is not always the case that every
vowel pair within a given language has these differences, as evidenced by Maddieson
(1984); there are some vowel pairs—or perhaps areas in the vowel space—that show
spectral differences in long-short pairs than others. Therefore, it was of particular interest
to examine the spectral characteristics of each vowel pair individually.

The first main takeaway from the data presented here is that every vowel pair in
the data set has significant acoustic differences along at least one formant, with two

vowels having differences in both F1 and F2. The fact that all vowels have a difference
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along at least one formant supports the claim that all long vowels are produced with a
different quality than short vowels. While this qualitative difference in long-short vowels
pairs is attested cross-linguistically, we sometimes see that a qualitative difference exists
in some vowel pairs, but not in all. As seen in Maddieson (1984, p. 129-130), there are
some areas of the vowel chart that are “hot spots” for this qualitative difference in within
the set of languages that have a long-short pair there, some areas have a higher
percentage of pairs with qualitative differences. For example, Maddieson (1984, p. 129-
130) showed that in high front long-short pairs (40 pairs), 42.5% had spectral differences.
On the other hand, areas such as low central had 31 attested long-short pairs, but of
these, none had spectral differences. However, in the data presented in this study, all
vowels have spectral differences along at least one formant dimension, indicating that
spectral differences between long and short vowels is both robust and informative in
carrying this phonological contrast in Norwegian.

In addition to exploring if and how the long and short vowels within a pair differed,
it was also important to consider the degree of difference, as expressed through the
Euclidean Distance between the vowels in the two-dimensional acoustic plane. As
demonstrated above, the way in which the vowel pairs differ qualitatively is vowel-specific,
the degree to which they differ was as well. Specifically, two vowels stand out in their
exceptionally large acoustic difference between the long and short vowel: /i/ and /e/. It is
worth noting that these are the only two vowels that have significant acoustic differences
along both formant dimensions as well. The case of acoustic differences in /i:/-/1/ contrasts
has been the topic of numerous studies looking at the interaction of vowel quality and

quantity in production and perception. Researchers such as Kim et al. (2020) often point
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to this particular pairing of sounds as being particularly salient in both production and
perception. This is the case in both qualitative contrasts, such as tense-lax distinctions
where duration is a secondary cue, and in quantitative differences, such as long-short
contrasts, where quality is a secondary cue. Some languages even point to quantitative
differences in this vowel pair as behaving differently than other vowel pairs. For example,
in Czech, listeners will often produce long and short /i/ with a much larger difference in
vowel quality and smaller difference in duration than pairs (Podlipsky et al., 2009). The
exact reason why has yet to be uncovered, but in the context of Norwegian and this
dissertation, it will be of interest to see if these differences continue to persist in clear
speech enhancement and cue weighting in speech perception.

Lastly, it is noteworthy to revisit descriptions of other languages with vowel quantity
produced with spectral differences between long and short vowels. In many languages,
long vowels are described as being more peripheral than short vowels (Maddieson, 1984,
p. 129-130). The same has also been said about long and short vowels in Norwegian
(Kristoffersen, 2000). However, it is unclear if this statement can be broadly applied to the
vowels in the current data. It is true that some of the vowel pairs have a long vowel that
is clearly more peripheral than the short vowel. For example, long /i/ is produced both
fronter and higher in the vowel space and long /u/, while not backer, is still produced
higher. Yet, there are vowels in this data set that are either unclear in the peripherality of
the long vowel or are very much the opposite in pattern. For mid vowel /@/, while the long
vowel is placed higher in the vowel space, it is not necessarily further front or back and it
is ambiguous if this can truly be considered more peripheral. Low vowel /a/ seems to go

against this pattern all together with long vowel being produced further from the edge of
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the vowel space with a lower F1. Thus, from the current data, it is not clear if the one-
size-fits-all “long vowels are more peripheral” statement can truly be applied.

The second point of investigation looked at the way long mid vowels (i.e., /e, o, @/)
are realized in Norwegian. Previous literature stated that mid vowels tend to diphthongize
when they are long. However, there were competing accounts as to the degree and
direction of this diphthongization, specifically whether the phonetic diphthongs were
opening (i.e., moving toward the edge of the vowel space) or closing (i.e., moving toward
the center of the vowel space). First, it was established that long vowels are produced
with more spectral movement than short vowels; this supports claims that mid vowels
tend to diphthongize when they are long, but not when they are short. Therefore, this
increase spectral movement is likely helpful in signaling quantity. The data presented in
this chapter support claims of a closing diphthongization in that long mid vowels move
toward the center of the vowel space. Of the three mid vowels, it is noteworthy that while
they all exhibit central-directed movement, the degree to which they diphthongize varies.
The two front mid vowels /e/ and /@/ have a higher degree of diphthongization as evident
in both the vowel plot in Figure 2.5 and in the Euclidean distance measurements. This
suggests that while it is clear that mid vowels do indeed diphthongize, the degree to which

they do so is vowel-specific.

5.3 General remarks

The original goal of this experiment was to establish how the following cues were used in

production to signal vowel quantity in Norwegian: (1) vowel duration, (2) vowel quality, (3)
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postvocalic consonant duration, and (4) diphthongization of long mid vowels. From the
data here, it is evident that vowel duration is the main acoustic correlate and is mutually
enhancing with postvocalic consonant duration. In other words, consonants are shorter
after long vowels than short vowels. Spectral characteristics of vowels have also been
proven to signal vowel quantity. While it is not necessarily the case that long vowels are
always more peripheral than short vowels, we can see from the data here that there is
indeed a spectral difference in long-short vowel pairs. Lastly, it is the case that long mid
vowels tend to diphthongize. While previous literature provided competing accounts about
the direction of this diphthongization, the data here support an account of centralizing
diphthongization. Therefore, we can conclude that all four acoustic cues examined here

are correlated with quantity in production.
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CHAPTER 3 - ENHANCEMENT OF VOWEL QUANTITY

1. BACKGROUND

According to Lindblom’s (1990) H&H Theory, speech production is adaptive and exists
along a continuum between hypo- and hyperspeech, with speakers dynamically adjusting
their productions to meet communicative demands. Previous studies have aimed to
discover global characteristics of clear speech and have found a number of patterns
including: higher amplitude (Picheny et al., 1986), slower speaking rates and increased
sentence durations (Picheny et al., 1986; Bradlow, 2002), and greater ranges in fO (Bond
et al., 1989; Summers et al., 1988). There has been further evidence that adjustments in
clear speech can be more segment-focused. One well-documented example being the
expansion of the vowel space in clear speech (Chen, 1980; Picheny et al., 1986; Moon &
Lindblom, 1994; Bradlow, 2002; Krause & Braida, 2004). Temporal cues in languages
with long-short vowel distinctions can also be enhanced, as evidenced by changes in
durational differences in long-short vowel pairs in Croatian where long vowels were
lengthened (Smiljanic & Bradlow, 2008). Overall, cross-linguistic work has found that
hyperarticulation may have some global features, but also elicits some local contrast-
specific patterns of phonetic modification; this suggests that hyperarticulation is at least
partially defined by the enhancement of contrast-specific featural contrasts.

One line of research has examined how speakers adjust their speech in a very
specific communicative context: when an interlocutor misunderstands them. This type of

clear speech scenario, error resolution, examines how specific and controlled clear
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speech can be. Some feature of speech in clarifying misheard speech are deemed global,
for example durational increases in vowels and voiceless stops (Ohala, 1994) or
increased duration of speech segments (Oviatt et al., 1998). However, there is also
evidence that speakers can also produce more “focal” hyperarticulation. For example,
speakers have been shown to hyperarticulate VOT in situations where they perceive the
possibility for perceptual confusability of a stop’s voicing (Buz et al., 2016). This work
suggests that rather than being a stable mode of speaking, hyperarticulation is a more
targeted and flexible adaptation.

Examining clear speech and error resolution can begin to answer a number of big-
picture questions. Because much of clear speech is produced in the context of a real or
perceived communicative difficulty, how speakers adjust their speech for better
intelligibility can give us insight into what speakers believe is helpful in understanding their
intended linguistic message. For example, the global adjustments outlined above might
be seen by speakers as making speech overall easier to follow, parse, and understand.
However, the fact that speakers adjust their speech in targeted ways when an interlocutor
mishears their intended linguistic message indicates that speakers have systematic ways
to adjust their speech that are tailored to the nature of the misunderstanding to attempt
to make their speech more easily understood. For example, if an interlocutor
misunderstands the intended voicing of a consonants and the speaker enhances the VOT
in clarifying, this indicates that the speaker, when taking the perspective of the listener,
believes this particular cue to be useful in distinguishing this contrast. Therefore,
examining how speakers enhance their speech is useful for understanding what is

informative and necessary in signaling a contrast.
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The way that the cues associated with Norwegian vowel quantity are enhanced in
clear speech has not been explored. Furthermore, the enhancement of vowel quantity in
clear speech has been overall understudied. Therefore, the investigation of how vowel
quantity in enhanced my Norwegian speakers provides a benefit on two fronts, both in
understanding Norwegian specifically, but also in understanding how vowel quantity is
enhanced. The findings from this study can be further applied to our understanding of
how phonetic features signal phonemic categories and how their adjustment and
enhancement can tell us about phonological contrast and the dynamic adaptiveness of

speech.

2. RESEARCH QUESTIONS

Experiment 2 investigates the way in which speakers manipulate featural distinctions
signaling vowel quantity when trying to clarify misunderstood speech. For example, if a
speaker produces the word vat with a long /o/, but the interlocutor understands this as
vatt with a short /o/, how will the speaker adjust their speech when correcting?
Furthermore, what we find in this experiment can begin to paint a picture about how
multidimensional contrasts are enhanced to increase intelligibility.

There are four main acoustic cues that were explored in Experiment 1: (1) vowel
duration, (2) vowel quality, (3) postvocalic consonant duration, and (4) long mid vowel
diphthongization. Of these four cues, each was shown to be correlated vowel quantity in

production. Therefore, in Experiment 2, we ask how these cues are enhanced in clear
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speech for error resolution and what this can tell us about the how long and short vowels
are mentally represented and what their phonetic targets may be.

If it is the case that these acoustic cues are enhanced in clear speech to make
vowel quantity contrasts more salient for listeners, there are a number of patterns we can
predict within the data. First, if listeners enhance vowel quality differences, we predict that
long and short vowels are produced more differently in clear speech than in regular
speech. That is, there might be a larger acoustic difference as told by the Euclidean
distance in the vowel plane between them. Second, if speakers enhance postvocalic
consonant durations, we predict there will be changes in the relative duration ratio
between consonants after long and short vowels, also indicating that they are produced
more differently in clear speech. Specifically, because the duration ratio is calculated by
dividing the consonant after a short vowel by the consonant after a long vowel, we predict
a higher number for this measurement in clear speech than in regular speech. In clear
speech, it is common to see segments lengthened overall. However, here we are
interested in testing whether the relative duration difference within pair changes,
indicating enhancing durational differences between long and short vowels in relation to
one another. Lastly, if speakers enhance the diphthongization of mid vowels to mark long
vowels, we might expect to see more spectral movement, marked by a larger Euclidean
distance between the 20% and 80% points in the vowel’s production.

From this data, we can learn about what is seen as useful in making the vowel
quantity more salient for listeners who misunderstand the intended message from the

speaker. In doing so, we can begin to learn more about what is part of the mental
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representation of long and short vowels in Norwegian and how to apply this information

to theories of contrast and enhancement on a broader scale.

3. METHODS

3.1 Interlocutor recordings

To elicit more natural speech, a pseudo-interactive task was developed in which
participants were told they would be communicating with an interlocutor who would be
giving them feedback on the words they were producing. This was chosen over a simple
reading task as the goal was to create a more authentic communicative context; this has
been shown in previous literature to yield speech that is better understood (Scarborough
& Zellou, 2013).

To create the voice of the apparent interlocutor, a wordlist was pre-recorded by a
30-year-old male native speaker of Norwegian from Larvik. Words were recorded inside
of the carrier phrases of “Var det __ du sa?” (Was it __ you said?) and “Ok, du sa __”
(Ok, you said __). Sentences were altered to include a 100 ms pause before and after
the target word and the intensity was normalized to 60 dB for all utterances.

The list consisted of CVC quantitative minimal pairs of real words matched for coda
consonant voicing and manner but varying in onset consonant. Table 3.1 provides the
word list used in this study. The word list was developed in consultation with a native
speaker of Norwegian. In addition to the 12 target words, 24 filler words were also

included in the study. Table 3.2 provides these filler words.
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Table 3.1: Orthography for target word pairs by-vowel with gloss in parentheses (n=12).

Vowel Pair
1l hvit (white, masc.) - hvitt (white, neut.)
lu/ bok (book) - bukk (ram)
lal fat (plate) - fatt*
lo/ vat (wet, masc.) - vatt (wet, neut.)
lel fet (fat, masc.) - fett (fat, neut.)
o/ sot (sweet, masc.) - sgtt (sweet, neut.)

Table 3.2.: Orthography for filler words with gloss in parentheses (n=24).

Mat (food) Hus (house) Vin (wine) Lys (light)
Sprak (language) Bil (car) Vinn (win) @y (island)
Katt (cat) Venn (friend) Vind (wind) Tid (time)
Litt (little) Melk (millk) Hunn (female) Mer (more)
Snill (kind) Vei (street) Hund (dog) Seng (bed)
Sko (shoe) Fjell (mountain) Mgt (toward) Takk (thanks)

4 Typically found as part of a phrase
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3.2 Participants and procedure

Twenty-six participants (16 female, 9 male, 1 non-binary; average age = 28.3 years)
participated in this experiment at the University of Oslo via online recruitment posts. All
reported being native speakers of Norwegian and all reported speaking at least one other
language other than Norwegian. None of the participants reported having any hearing or
speech impairments. The study was approved by the UC Davis Institutional Review Board
(IRB protocol #1653463-1) and subjects completed informed consent before participating.

Participants completed a speech production elicitation task. On a given trial,
participants completed the experiment in four parts, schematized in Figure 3.1. First,
participants produced the target word within the frame sentence “Jegsa i gar” (I said
____yesterday). After this initial production, participants heard one of two response
conditions from the pre-recorded utterances by the interlocutor: (1) the correct word
response or (2) an incorrect word with the incorrect vowel quantity; these response words
were played within the frame “Vardet _ dusa?” (Was it ____ you said?). Depending on
which condition the particular trial was, participants responded with either: (1) “Ja, jeg sa
____igar (Yes, | said ___ yesterday) or (2) “Nei, jeg sa ____ i gar’ (No, | said
yesterday). The last part of the trail consisted of the interlocutor confirming the word the

participant produced by saying “OK, dusa__ " (OK, you said ___) with the correct word.
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Incorrect feedback Correction trial

Interlocutor: Speaker:
Var det sgtt du > Nei, jeg sa sat i
sa? gar.

Speaker: Interlocutor:
Jeg sa sptigar OK, du sa sgt.
Interlocutor: Speaker:

Var det sgt du > Ja, jeg sasgti
sa? gar.
Correct feedback Confirmation trial
TURN 1 TURN 2 TURN 3 TURN 4

Figure 3.1: Schematic of two possible trials with the word sgt; a correction trial flow on

top and a confirmation trial flow on bottom.

3.3 Acoustic analysis

The same acoustic measures in Experiment 1 were taken in Experiment 2: (1) vowel
duration, (2) consonant closure duration, (3) F1 and F2 at vowel midpoint, and (4) F1 and
F2 at 20% and 80% of the vowel duration for mid vowels. The same vowel normalization
technique described in Experiment 1 was also used for Experiment 2. For the spectral
measures, the Euclidean distance between the midpoint of long and short vowels was
calculated using Equation 2, where a represents one vowel and b represents the other.
The same equation was also used to calculate the distance between the 20% and 80%

points in mid vowels for assessing spectral movement.
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ED = /(Fl, — F1,)% + (F2, — F2,)2  (2)

For both duration types, a duration ratio was calculated. For vowel duration ratios, the
duration of the long vowel was divided by the duration of the short vowel. For the
postvocalic consonant closure duration, the duration of the consonant after a short vowel

was divided by the duration of the duration of the consonant after a long vowel.

3.4 Statistical analysis

Each acoustic parameter (vowel duration ratio, Euclidean Distance, consonant closure
duration ratio, VISC) was analyzed using a separate linear mixed effects regression
model with the Ime4 package in R (Bates et al., 2015). The fixed effect of Production
Type was also included (3 levels): (1) original: the first production of the sentence prior to
feedback, (2) correction: repetition of the sentence following incorrect feedback, and (3)
confirmation: repetition of the sentence following correct feedback. For all models, the
initial utterances were used as the reference level. Random effect structure included

Speaker random slopes and intercepts for Type (Imer syntax provided in Equation 3).

Feature ~ Type + (1 + Type | Speaker) (3)
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For features on the vowel (i.e., vowel duration, vowel quality, and diphthongization), a
separate model was run for each vowel; a single model was run for postvocalic consonant

duration.

4. RESULTS

4.1 Vowel duration

Figure 3.2 shows the average vowel duration for long and short vowels for each trial type
and Table 3.3 shows the average long-to-short duration ratio for each vowel and each
trial type. Table 3.4 has the statistical output for the linear regression model run for each
vowel. The decision to run vowel-specific models was in order to look at whether fixed
effect (Type) was different from zero (e.g., if speakers enhanced) rather than the overall
average.

For this analysis, the duration ratio of long vowels divided by short vowels is
calculated. Because it is long divided by short, a larger ratio indicates a larger relative
difference in durations between long and short vowels and a smaller ratio indicates a
smaller relative difference.

The models for each vowel showed a similar output and will therefore be discussed
here together rather than individually. For each model, there was a significant main effect
of Type for both confirmation and correction trials. For the confirmation trials, the negative
estimated coefficient tells us that the duration ratio is smaller and, thus, long and short

vowels are produced with a duration that is less different in these trials. In contrast, the
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positive estimated coefficient for correction trials shows that in clear speech produced in
these trials, the relative duration ratio is larger than in the initial utterances, denoting that

listeners are enhancing differences in vowel duration in clear speech.
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Figure 3.2: Average vowel duration (ms) across trial types.
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Table 3.3: Average long-to-short duration ratio by trial type.

Vowel Initial Correction Confirmation

i 2.87 4.31 2.37

u 2.86 3.72 2.65

a 2.85 4.31 2.57

@ 2.89 4.51 2.30

o 2.86 4.06 2.08

e 2.99 4.41 2.42
Average 2.87 4.22 2.40
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Table 3.4: Model outputs for vowel duration.

Vowel Est. Std. Error df t p

i Intercept 2.982 0.217 23.008 13.708 <0.001***
Type (Confirm) -0.601 0.134 26.728 -4.573 <0.001***
Type (Correct) 1.331 0.129 44.281 10.246 <0.001***

u Intercept 2.962 0.143 23.603 20.663 <0.001***
Type (Confirm) -0.305 0.118 47.715 -2.591 0.013*
Type (Correct) 0.758 0.163 25.548 4.629 <0.001***

a Intercept 2,941 0.132 22.792 22.022 <0.001***
Type (Confirm) -0.365 0.110 38.085 -3.311 0.002**
Type (Correct) 1.366 0.167 23.489 8.205 <0.001***

[ Intercept 2,993 0.153 23.018 19.509 <0.001***
Type (Confirm) -0.689 0.183 29.814 -3.761 <0.001***
Type (Correct) 1.514 0.228 23.045 6.616 <0.001***

o} Intercept 2.741 0.077 24.311 35.618 <0.001***
Type (Confirm) -0.665 0.084 30.969 -7.890 <0.001***
Type (Correct) 1.322 0.165 23.560 8.028 <0.001***

e Intercept 2.992 0.117 23.166 25.558 <0.001***
Type (Confirm) -0.569 0.085 25.930 -6.636 <0.001***
Type (Correct) 1.418 0.209 23.063 6.760 <0.001***

4.2 Vowel quality

Figure 3.3 shows the location of long and short vowels within the vowel space for each

trial type. Table 3.5 shows the output for the models run on each vowel. The decision to
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run vowel-specific models was in order to look at whether fixed effect (Type) was different
from zero (e.g., if speakers enhanced) rather than the overall average. From the models,
we can see some vowel-specific patterns in enhancement of quantitative differences,
which are discussed below.

In the /i/ model, there was not a significant main effect for Type for confirmation
trials, indicating that speakers produce long and short /i/ with similar acoustic distance in
both initial and confirmation trials. However, there was a significant main effect for Type
for correction trials. Here, listeners produce long and short /i/ with a greater acoustic
difference between them, indicating they are enhancing the qualitative difference in clear
speech. There was a similar pattern in the /u/ model. There was not a significant main
effect of Type for confirmation trials, but there was for correction trials. This suggests that,
like /i/, speakers do not necessarily reduce the acoustic distance between long and short
/u/ in the reduced speech in confirmation trials but do in the clear speech produced in
correction trials.

In the /a/ model, there was not a significant effect of Type for confirmation or
correction trials. This suggests that speakers do not produce long and short /a/ more or
less spectrally distinctly for either confirmation or correction trials. Thus, we can conclude
that speakers are not enhancing spectral difference in the long-short /a/ vowel pair in clear
speech.

In the /@/ model, there was a significant main effect of Type for both confirmation
and correction trials. In confirmation trials, speakers produce long and short /@/ with a
larger acoustic distance in the vowel space than in initial trials. This is somewhat

surprising as we might expect more hypoarticulation in confirmation trials, which may lead
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us to expect a smaller acoustic difference rather than a larger one. However, for correction
trials, speaker do produce long and short /@/ further apart in the vowel space, indicating
that speaker do indeed enhance qualitative difference for this pair in clear speech. The
output of the /e/ model is similar in the fact that there was a significant main effect for
Type for both confirmation and correction trials. The positive estimated coefficients for
both these trial types suggests that speakers are producing long and short /e/ more
distinctly in the second utterances in both confirmation and correction trials than in the
initial utterances. From this, we can conclude that speakers are enhancing qualitative
differences for this vowel.

The /o/ model had a significant main effect for Type for both confirmation and
correction trials. However, unlike the /@/ model, the negative estimated coefficients in this
model indicated that listeners are producing long and short /o/ with a smaller acoustic
distance between them for both trial types. While this is not necessarily surprising for
confirmation trials, where we might expect more hypoarticulation and the degradation of
some acoustic cues, this was not expected for correction trials. We can therefore

conclude that listeners do not enhance spectral differences for /o/ in clear speech.
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Table 3.5: Model outputs for Euclidean distance.

Vowel Est. Std. Error df t p
[ Intercept 145.000 10.226 68.047 14.180 <0.001***
Type (Confirm) 6.961 18.825 42.909 0.370 0.713
Type (Correct) 99.496 18.455 44.538 5.391 <0.001***
u Intercept 416.680 95.230 26.470 4.376 <0.001***
Type (Confirm) 10.400 135.750 51.000 0.077 0.939
Type (Correct) -258.84 143.11 43.850 -1.809 0.047*
a Intercept 127.420 11.110 48.600 11.468 <0.001***
Type (Confirm) -10.620 19.020 50.960 -0.558 0.579
Type (Correct) 105.310 58.420 21.950 1.803 0.085.
[} Intercept 94.500 8.741 24.464 10.811 <0.001***
Type (Confirm) 33.260 15.416 26.704 2.158 0.040*
Type (Correct) 61.101 22.406 22.180 2.727 0.012*
o Intercept 90.044 6.032 68.751 14.928 <0.001***
Type (Confirm) -27.089 10.435 69.510 -2.569 0.012*
Type (Correct) -55.169 23.193 21.901 -2.379 0.0265*
e Intercept 201.660 19.130 22.570 10.543 <0.001***
Type (Confirm) 179.920 85.970 21.980 2.093 0.048*
Type (Correct) 42.860 18.870 46.130 2.271 0.028*

In addition to testing whether the F1/F2 acoustic distance between long and short vowels

was enhanced in clear speech, it was also investigated how the vowels changed between

initial and correction utterances to induce these larger Euclidean distances. To assess

this, t-tests were done for each vowel to assess whether changes in F1 or F2 between
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initial and correction utterances were significant and the positivity or negativity of the t-
value was used to assess the direction of this change. The t-values and p-values of these
tests can be seen in Table 3.6.

For /i/, there was no significant difference in the F1 of the long vowel between initial
and correction utterances, yet there was a difference in the F2 values between these two
speaking styles. With a higher F2 in correction utterances, this indicates that speakers
produce long /i/ more front, or peripherally, in clear speech than regular speech. For the
short vowel, there was a significant difference in F2, with a lower F2 value, indicating an
articulation that is more back in clear speech than in regular speech. This suggests that
in clear speech, speakers are producing short /i/f more centrally than in regular speech.

For /u/, there was a significant difference in both F1 and F2 for the long vowel: a
lower F1 and lower F2 indicate that long /u/ is produced higher and backer, or more
peripherally, in clear speech than in regular speech. There was no significant difference
in either F1 or F2 for short /u/ between the two speaking styles, indicating short /u/ is
produced with approximately the same quality in these two speaking styles.

For /a/, there was not a significant difference in F1 for long vowels between initial
and correction utterances, but there was for F2; the lower F2 value indicated that long /a/
is produced higher in the vowel space by speakers in clear speech than in regular speech.
For short /@/, there was a similar pattern, where there was not a difference in F1 between
speech styles, but there was for F2. In this case, a higher F2 value indicated that speakers
produce short /@/ lower in the vowel space, or more centrally, in clear speech than in

regular speech.
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Lastly, for /e/, there was a significant difference in the F2 values for long /e/
between initial and correction utterances, with a higher F2 value. This indicates that
speakers produce long /e/ as more front, or peripherally, in the vowel space in clear
speech. No significant difference in F1 tells us that there is not a difference in the vowel’s
height between these speech types. Furthermore, a lack of significant difference in either
F1 or F2 between short /e/ in initial and correction utterances indicates that listeners

produce short /u/ in these speech styles with approximately the same value.

Table 3.6: T-test output for differences in F1 and F2 between initial and correction

utterances by-vowel.

F1 F2
Vowel | Quantity t df p t df p
[ Long 0.249 33.294 0.804 2.077 33.552 0.042*
Short -0.377 32.401 0.707 -2.098 32.188 0.038*
u Long -1.833 32.610 0.049* -2.338 34.104 0.022*
Short 0.903 33.842 0.371 1.384 33.098 0.171
4] Long 1.0816 31.924 0.284 -1.932 32.790 0.044*
Short -0.736 33.472 0.467 2.011 32.682 0.039*
e Long 0.177 32.349 0.860 2.577 33.548 0.012*
Short -1.192 32.949 0.848 0.016 32.582 0.986

Overall, we can see some patterns on the vowel emerge. First, vowel duration is
enhanced in clear speech compared to regular speech. This can be seen in the increased

long-to-short vowel durations (see Table 3.5), where a larger ratio indicates a larger
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relative difference between the long and short vowels. One particularly interesting aspect
of this change is that while previous literature has stated that segments tend to be
universally lengthened in clear speech, short vowels in the data here are actually
shortened instead. This is evidence to support that vowel duration is controlled by the
speaker and vowel duration is enhanced here.

The second cue to consider here is vowel quality; this was evaluated via the
Euclidean distance between long and short vowels. While vowel duration was enhanced
across the vowel subset in a very uniform manner, the enhancement of qualitative
differences was not as simple. Here, we begin to see more vowel-specific patterns
emerge. Four of the six vowels did show enhancement of qualitative differences via larger
Euclidean distances, but two vowels did not. Long and short /a/ did not have any
significant difference between them, indicating that speakers do not enhance their
qualitative difference, even though it does exist (as seen in Experiment 1). Long and short
/ol are a peculiar case where there is a significant difference in the Euclidean distance
between vowels, but the difference is actually smaller rather than larger. This indicates
that qualitative differences, although present in regular speech, are not enhanced here.
Yet, there was not a clear pattern of how this difference was achieved, whether it meant
systematically peripheralizing long vowels, centralizing short vowels, or both. From vowel-
to-vowel, there were slightly different patterns in which vowel carried a significant
qualitative change along the F1/F2 dimensions. Nonetheless, this data suggests more
segment- and even phoneme-targeted enhancement strategies by speakers and sheds

light on the complex nature of phonetic feature enhancement for improved intelligibility.
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4.3 Postvocalic consonant duration

Figure 3.4 shows the average postvocalic consonant durations for each type of trial type.
Here, one should note that “long” does not refer to a long consonant, but rather the
consonant after the long vowel. Table 3.7 provides the average postvocalic consonant
durations by-vowel and by-type as well as the average across vowels. Table 3.8 shows
the statistical output of the model used to assess the significance of durational differences
across trial types.

For this analysis, the duration ratio of consonants after short vowels divided by
consonants after long vowels is calculated. Because we expect that consonants after long
vowels are shorter than consonants after short vowels, the ratio should be above 1.0.
Furthermore, because we would expect that enhancement of postvocalic consonant ratio
would entail longer consonants after short vowels and shorter consonants after long
vowels, a larger relative difference in the consonant durations after each vowel quantity
would lead to a larger ratio. On the other hand, a lack of enhancement and
underrealization of durational differences in the consonants after each vowel quantity
would lead to a smaller relative difference and a smaller ratio.

Rather than running separate models on each vowel as was done for vowel
duration and vowel quality, there was one model run to assess the overall changes in
consonant duration regardless of the preceding vowel. The model showed a significant
main effect for Type for both Confirmation (p<0.001) and Correction (p<0.001) trials,
suggesting that there is a significant difference in the consonant duration ratio between

the initial utterances and the correction and confirmation utterances. We can use the
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estimated coefficients to tell us both the direction and magnitude of the change. For the
confirmation trials, the negative coefficient indicates that compared to initial utterances,
the consonant duration ratio is smaller when participants confirmed a correct
understanding from the interlocutor. As stated above, the smaller coefficient indicates a
smaller difference in the relative durations of consonants after long and short vowels. In
other words, the duration of consonants after long and short vowels is less different in
these conditions, suggesting a hypoarticulation in this regard. On the other hand, for
correction trials, the positive coefficient indicates a larger ratio in correction utterances
compared to initial utterances. This larger coefficient points to a larger relative difference,
in turn meaning consonants after long and short vowels are being produced more
differently than in initial utterances. This suggests that the postvocalic consonant duration
is indeed being enhanced in clear speech to help make the contrast being long and short
vowels more salient in cases of error resolution.

The size of the relative coefficients can give us information about the magnitude
of difference in the ratio. For example, are changes in how different the duration of
consonants after long and short vowels are larger in one trial type versus the other? For
confirmation trials, the absolute value of the estimated coefficient (-0.088) is smaller than
for correction trials (0.134), suggesting that speakers change how differently they produce
consonants after long vs. short vowels more in correction trials, where they are

hyperarticulating, than in confirmation trials, where they are likely hypoarticulating.
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Figure 3.4: Average postvocalic consonant duration (ms) after long (left) and short

(right) vowels across trial types.

Table 3.7: Average durations (ms) for long and short vowels (A), consonants after long

and short vowels (B) and the vowel-to-consonant ratio (C).

Type Vowel A. Vowel B.Cons. | ¢, #W:L’m D. %
Quan.
Initial Long 207.21 146.63 1.43 1.44
Short 73.31 210.55 0.35
Confirmation Long 176.17 145.81 1.24 1.30
Short 76.36 183.56 0.44
Correction Long 236.49 135.22 1.79 1.78
Short 57.95 242.161 0.25
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Table 3.8: Model output for postvocalic consonant.

Est. Std. Error df t p
Intercept 0.717 0.018 23.213 39.310 <0.001***
Type (Confirm) -0.088 0.013 523.653 -6.808 <0.001***
Type (Correct) 0.134 0.012 529.996 11.546 <0.001***

Additionally, the vowel-to-consonant ratio was examined to see if the proportion of the
syllable rhyme that was taken up by each vowel type was changed in clear speech
compared to regular speech. In the initial utterances, the duration of the vowel was 1.43
times that of the consonant in V:C clusters, but this increases to 1.79 in clear speech.
This indicates that in clear speech, the vowel is longer compared to the following vowel
in V:C segments, suggesting that speakers are enhancing the relative length of the vowel
compared to the consonant. In VC: clusters containing a short vowel, the opposite is true.
In initial utterances, the length of the vowel was 0.35 the duration of the consonant, but
this decreased to 0.25 in correction trials. The smaller ratio indicates that in VC: clusters
with a short vowel, the vowel is shorter in relation to the consonant in clear speech,
suggesting that speakers are enhancing the length of the consonant compared to the

vowel in these rhymes.
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Figure 3.5: Average VC duration ratios by-vowel for long and short vowels by trial type.

4.4 Diphthongization (VISC)

Figure 3.6 demonstrates movement of the long and short mid vowels through the vowel
space by trial type. To assess diphthongization of long mid vowels, the Euclidean distance
between the 20% and 80% points of the vowel’s duration was calculated as a measure
of the degree of diphthongization and used in the linear regression model. As with the
previous models assessing cues on the vowel, a separate model was run on each of the
mid vowels. The decision to run vowel-specific models was in order to look at whether
fixed effects (Type and Quantity) were different from zero (if speakers enhanced at all)
rather than the overall average. Unlike the above measures, here we are looking at the

direct degree of spectral movement rather than a ratio of values relating to long and short
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vowels. Therefore, Quantity (long vs. short) is included as a fixed effect in this regression
model as well as the interaction between Quantity and Type.

In the /e/ model, a significant main effect for Type and Quantity was found. Overall,
the amount of spectral movement within the vowel is lower in confirmation trials and
higher in correction trials, indicating that for both long and short vowels, vowels are
produced with more spectral movement in clear speech. Furthermore, the significant
effect of quantity tells us that across trial and speech types, speakers produce long vowels
with more spectral movement than short vowels. The model revealed a significant
interaction between Type and Quantity for confirmation trials: in confirmation trials, the
difference in spectral movement between long and short vowels is smaller than in initial
utterances. In contrast, the model did not compute a significant interaction between Type
and Quantity for correction trials: speakers do not produce long and short vowels with a
larger difference in spectral movement in correction trials, suggesting that
diphthongization of /e:/ is not enhanced in clear speech.

The /o/ model showed a significant main effect of Quantity: across trial types, short
vowels were produced with less spectral movement than long vowels. However, there
was not a main effect of Type, indicating that there is no overall difference across vowel
quantities in the amount of spectral movement based on trial type. Like the model for /e/,
there was a significant interaction between Type and Quantity for confirmation trials,
indicating that speakers produce long and short /o/ with more similar degrees of spectral
movement in these environments. However, the lack of a significant interaction between
Type and Quantity for correction trials indicates that, like with the /e/ model, speakers do

not enhance the diphthongization of /o:/ in correction trials and clear speech.
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The /@/ model revealed a significant main effect for Type and Quantity. For Type,

speakers produce both long and short vowels with an overall smaller degree of spectral

movement in confirmation trials and larger degree of spectral movement in correction

trials. Speakers also produce a larger degree of spectral movement in long vowels than

short, as made evident in the significant main effect of Quantity. The interaction between

Type and Quantity was significant for confirmation trials, indicating that speakers produce

long and short vowels with more similar degrees of movement in confirmation trials, but

the lack of significant interaction for correction trials indicates this is not the case there.

Together, we see a similar pattern for each mid vowel: speakers do not seem to

enhance degree of spectral movement, or diphthongization of long mid vowels, in clear

speech. Recall in 4.2 where the acoustic difference between long and short vowels at

midpoint was discussed.
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Figure 3.6: Movement of mid-vowels through vowel space by trial type.
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Table 3.9: Model outputs for spectral movement.

Vowel Est. Std. df t o]
Error
e Intercept 631.140 | 28.640 | 35.79 | 22.039 | <0.001***
Type (Confirm) -223.830 | 44.510 | 163.710 | -5.029 | <0.001***
Type (Correct) 98.150 | 44.510 | 163.710 | 2.205 0.029*
Quantity (Short) -512.940 | 36.340 | 55.080 | -14.115 | <0.001***

Type (Con) * Quant. (Short) | -206.540 | 62.940 | 163.710 | -3.281 0.001**

Type (Cor) * Quant. (Short) | 116.190 | 62.920 | 163.710 | -1.846 | 0.067.

0 Intercept 166.220 | 12.520 | 27.520 | 13.276 | <0.001***
Type (Confirm) -25.320 | 18.200 | 163.870 | -1.391 0.166
Type (Correct) -10.770 | 18.200 | 163.870 | -0.592 0.555

Quantity (Short) -88.100 | 14.860 | 32.340 | -5.928 | <0.001***

Type (Con) * Quant. (Short) | -20.920 | 25.740 | 163.870 | -0.813 0.417

Type (Cor) * Quant. (Short) | 24.880 | 25.740 | 163.870 | 0.967 0.335

o Intercept 360.433 | 9.517 | 50.220 | 37.871 | <0.001***
Type (Confirm) 115.324 | 16.484 | 163.180 | -6.996 | <0.001***
Type (Correct) 32.813 | 16.848 | 163.180 | 1.991 0.048*
Quantity (Short) -285.924 | 13.459 | 56.640 | -21.243 | <0.001**

Type (Con) * Quant. (Short) | -128.842 | 23.312 | 163.180 | -5.527 | <0.001**

Type (Cor) * Quant. (Short) | -24.747 | 23.423 | 163.180 | -1.062 0.290
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5. INTERIM DISCUSSION

5.1 Temporal cues

In this experiment, the two temporal cues that were examined were vowel and postvocalic
consonant duration. Because vowel duration is the primary cue signaling vowel quantity,
it was expected that long vowels would be produced with a longer duration than short
vowels. This was the case in Experiment 1, where we see long vowels produced with an
average duration 2.87 times as long as short vowels. Given the important nature of this
cue in vowel quantity production, we expected that it would be enhanced in the clear
speech, specifically in the condition where an apparent interlocutor misunderstands the
intended vowel quantity. This is indeed the case. The ratio between long and short vowels
increases from 2.87 in initial utterances to 4.22 in correction trials. Because this ratio was
obtained by dividing the long vowel’s duration over the short vowel’s duration, the larger
ratio confirms that there was a larger relative difference in duration between long and
short vowels in clear speech from correction trials. Furthermore, the degree of
enhancement of durational differences between quantities is relatively stable across
vowels, with long and short /u/ being produced with a slightly smaller increase in
durational difference, going from a ratio of 2.86 in the initial utterance to 3.72 in clear
speech from correction trials. This finding is interesting when we consider the fact that in
clear speech, segments are typically universally lengthened yet in this case, short vowels

in clear speech were produced shorter than in regular speech, as highlighted in Figure
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3.2. This indicates an intentional, controlled alteration of vowel length, confirming the
important role of vowel duration differences in signaling duration.

A difference between initial utterances and confirmation trials, where we might
expect to see more hypoarticulation, is also seen. For all vowels, the long-to-short
duration ratio decreases from initial utterances to confirmation utterances, indicating that
in the speech produced in these trials, long and short vowels are produced with a smaller
relative durational difference. This is in line with many of the acoustic characteristics of
hypospeech outlined by Lindblom’s (1990) H&H Theory.

The second temporal cue of interest was postvocalic consonant closure duration.
As with many other quantitative languages, Norwegian displays a compensatory trade-
off in quantity where consonants after short vowels are produced longer than those after
long vowels. This trend was established in Experiment 1, where consonants after short
vowels were produced 1.44 times longer than those produced after long vowels. In
confirmation trials, we can see that this ratio drops to 1.30, indicating that the consonants
after long and short vowels are being produced with a relatively smaller difference.
Critically, this ratio increases in correction trials to 1.78, meaning that speakers are
producing consonants after long and short vowels with a larger relative difference in clear
speech, indicating that this acoustic cue is enhanced here. Given the informativity of
postvocalic consonant duration as demonstrated in Experiment 1, this enhancement of
the relative durations was expected. However, as evident in Figure 3.3, the difference in
postvocalic consonant duration was carried mostly by consonants following short vowels.

The lack of magnitude of change in consonant following long vowels suggests that short
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vowels could be more specified for postvocalic consonant length than long vowels. This
point would be interesting to address further in future studies.

In addition to examining the durations of vowels and the following consonants, it is
worth examining how durations within syllable rhymes are influenced by speech type and
if the relative amount of a VC cluster taken up by the vowel or consonant is enhanced in
clear speech. First, recall the patterns seen in the initial utterances as described in
Experiment 1: in V:C clusters, the vowel comprised 58.6% of the cluster while in VC:
clusters, the consonant comprised 74.2% of the clusters. If the relative durations of
vowels and the following consonants is used by speakers to make quantity contrasts more
salient, we could expect to see a change in the relative ratio of these durations. In clear
speech elicited in correction trials, the proportion of V:C clusters that the vowel comprised
increases from 58.6% to 63.6% and the proportion of VC: clusters that the consonant
comprised increases from 74.2% to 80.9%. What this tells us is that in clear speech, long
vowels are longer and short vowels are shorter in direct relation to the duration of the
following consonant. This contrasts what we see in the confirmation trials where the
proportion of V:C clusters that vowels comprise decreases to 54.8% and the proportion
of VC: clusters that consonants comprise decreases to 70.6%. In these trials, long vowels
are shorter in relation to the following consonant and short vowels are longer; this
suggests that the mutually enhancing nature is diminished in these trials while it is

enhanced in clear speech from correction trials.
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5.2 Spectral cues

Two main aspects of spectral quality are under investigation in the current study. First,
whether or not differences in spectral characteristic of long-short vowel pairs outlined in
Experiment 1 are enhanced in clear speech, and second, whether diphthongization via
spectral movement in long vowels is enhanced too.

Previous literature has established that differences in spectral quality within long-
short vowel pairs is common cross-linguistically within systems of phonemic quantity
contrast (Maddieson, 1984, p. 129-130). Experiment 1 demonstrated that this is also the
case in Norwegian: every vowel pair is produced with qualitative differences along at least
one formant dimension. In four of the six vowels in this experiment, speakers produce
long-short pairs with a larger acoustic distance between them in clear speech produced
in correction trials. This increased acoustic distance here tells us that when an apparent
interlocutor misunderstands the intended quantity of a vowel as produced by a speaker,
speakers tend to enhance the spectral difference between long and short vowels for /i, u,
@, el. It is worth noting that the enhancement of spectral differences in long-short vowel
pairs was not uniform across the vowels. For both /a/ and /o/ (discussed further below),
speakers do not enhance the acoustic distance between the long and short vowel in clear
speech, despite doing it for the other four vowels in the subset. The particular case of
spectral differences not being enhanced for /a/ might be explained by general cross-
linguistic trends in spectral differences for long-short vowel pairs. As outlined in
Maddieson (1984, p. 129-130), long-short pairs in some areas of the vowel space tend to

be more prone to having spectral differences than others. For example, 42.5% of high
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front long-short pairs and 27% of high back long-short pairs showed spectral differences
while 0% of the low back pairs examined in Maddieson’s (1984, p. 129-130) did. Given
that using spectral differences in distinguishing between long and short low vowels is
already rare cross-linguistically, it may be the case that while it is produced in Norwegian,
it is not yet a part of the phonetic target and, thus, not prone to being enhanced. The
same explanation cannot be applied to /o/; in Maddieson’s (1984, p. 129-130) work, 50%
of mid back long-short pairs were produced with spectral differences.

The second point of investigation looked at the way diphthongization found on long
mid vowels was influenced by speech type. Previous literature stated that mid vowels
tend to diphthongize when they are long and this claim was supported by the data
presented in Experiment 1. Specifically, long vowels were shown to diphthongize with a
centralizing direction (i.e., moving toward the center of the vowel space). Critically, the
amount of spectral movement between long and short mid vowels was shown to be
significantly different, suggesting that this diphthongization is used to signal long mid
vowels in production. In the current study, whether this diphthongization is enhanced in
clear speech, specifically via differences in the spectral movement in long and short
vowels. Of the three models run, one for each vowel, no model had a significant
interaction between Type and Quantity for correction trials, suggesting that the difference
in spectral movement between long and short mid vowels is not increased or decreased
in clear speech. From this, we can make the conclusion that diphthongization is not
enhanced in clear speech.

The changes in temporal cues in consonants and vowels are easily explained by

Lindblom’s (1990) H&H Theory where listeners increase discriminability by exaggerating
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the phonetic differences in a given sound contrast, yet the lack of spectral manipulation
for a number of the vowels is unexpected under this account. The vowel /o/ presents us
with an especially interesting case in terms of clear speech enhancement. In Experiment
1, long and short /o/ were shown to have both an overall difference in spectral quality and
a difference in degree of spectral movement. However, neither of these cues were
enhanced in clear speech; in fact, the overall acoustic difference between long and short
/ol was smaller in correction trials than in initial utterances, implying a degradation of this
cue rather than enhancement. In the case that the overall spectral difference is not
enhanced in clear speech, one might expect that the degree of spectral movement might
be enhanced, but this was also not the case. From this, it would seem that for long and
short /o/, the contrast is enhanced mainly via temporal cues rather than spectral, similar

to /al.

5.3 General remarks

The original goal of this experiment was to establish ow the following cues are enhanced
in clear speech to make the contrast between long and short vowels more salient: (1)
vowel duration, (2) vowel quality, (3) postvocalic consonant duration, and (4)
diphthongization of long mid vowels. From the data here, it is evident that while all four
cues were shown in Experiment 1 to signal vowel quality in production, their enhancement
in clear speech is more nuanced. Both the temporal cues are reliably enhanced in clear
speech, with increasing long-to-short ratios indicating larger relative differences between

long and short vowels and consonants after long and short vowels. Furthermore, the
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relative duration of vowels and consonants within rhymes is enhanced, with long vowels
comprising more of V:C clusters and consonants comprising more of VC: clusters in clear
speech. For vowel quality, we can see that spectral differences are enhanced for some
vowels, but not for all. Specifically, we do not see a difference in the acoustic distance
between long and short /a/ in clear speech and even a reduction in acoustic distance
between long and short /o/. Furthermore, the degree of diphthongization on long mid
vowels is not enhanced in clear speech for any vowels. Therefore, we can conclude that
temporal cues are more uniformly and reliably enhanced than spectral cues, even though

spectral cues are enhanced in a subset of the vowels.
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CHAPTER 4 - PERCEPTION OF VOWEL QUANTITY

1. BACKGROUND

From previous work on speech production, it has been demonstrated that a single
acoustic dimension is rarely sufficient to define phonological category membership. For
example, up to sixteen acoustic dimensions covary with the stop voicing distinction in
English (Lisker, 1986). However, speech production is only one half of communication:
speech is produced to be perceived. Thus, examining how listeners rely on
multidimensional acoustic cues to determine phonemic category membership is helpful
to fully understand how phonological contrasts function in a langue (Casserly & Pisoni,
2010). We know that some cues in production are more strongly correlated with category
membership than others and, as a consequence, listeners rely on some cues more than
others (Abramson & Lisker, 1985; Holt & Lotto, 2006). In one frequently cited example,
the English sounds /b/ and /p/ differ systematically in the voice onset time (VOT), but also,
though less reliably, in other dimensions such as fO and stop closure duration. As a result,
listener categorization of /b/ and /p/ is mainly determined by VOT, with the value of fO
having a weaker, albeit still present, effect (Abramson & Lisker, 1985). This
phenomenon—the ability of listeners to weight information across different acoustic
dimensions—has been referred to as perceptual cue weighting (Holt & Lotto, 2006; Francis
et al., 2008).

One important question within research on cue weighting has been whether we

see a parity between speech production and perception, as in whether the cues that are
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strongly correlated with a contrast as produced by speakers are, in turn, important for
listeners when perceiving it. How listeners weight cues in perception, even for the same
type of contrast, has been shown to vary based on language, context, and individuals
(Holt & Lotto, 2006; Clayards, 2018; Schertz et al., 2020). For example, Schertz et al.
(2020) examined the perception of stop voicing contrast in Spanish and English, testing
monolingual and bilingual speakers’ use of four acoustic dimensions: (1) VOT, (2) fO, (3),
first formant (F1), and (4) stop closure duration. They found that monolingual English
speakers relied more on F1 and less on closure duration than monolingual Spanish
speakers, indicating language-specificity in cue use. The language-specific nature of cue
weighting in perception suggests that cue use must be to at least some extent based on
the distributional properties of cues in production. Neary (1997) demonstrated a way of
analyzing speech perception as simple pattern recognition by systematically analyzing
acoustic cues of vocoid duration and voice bar duration in /hVC/ stimuli and finding that
participants responses mapped with the distributional properties of the input they
received.

An account of production cues leading directly to predictable cue weighting in
perception would assume a close parity in the production and perception systems and a
static relationship between acoustic cues and their respective contrast. What happens,
though, when there is a misalignment between cues in production and perception either
between or within speakers? A difference between how strongly a cue is correlated with
a contrast in production and how heavily it is weighted in perception has been argued by
some point to an ongoing cue shift within the language, where cues and their relative

correlation with a particular contrast change for various reasons (Harrington, 2012; Kuang
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& Cui, 2018). Over time, these cue shifts can have larger impacts on a phonological
system, resulting in possible sound changes. Kuang and Cui (2018) describe three
possibilities for the time course of a cue shift: (1) shifts in production and perception
simultaneously, (2) listeners shift in perception first, then mirror this in production, and (3)
change occurs in production first and listeners subsequently are attuned to it in
perception. They investigate this by looking at an ongoing change in tense vs. lax register
in Southern Yi, in which vowel quality is overtaking phonation as the primary cue. After
comparing how this shift is manifested in production and perception patterns in their
participants, they found that the shift to formant values occurs first in perception, with
production lagging behind, supporting possibility (2) for the time course of cue shifts.
Furthermore, they found this change-in-progress to be more advanced in non-high
vowels, demonstrating that cue shifting does not need to occur uniformly across and
sound system, but can start in a subset of sounds before being initiated in others. This
study highlights how investigating acoustic cues as they are produced and perceived and
the relationship between these two language modalities can provide rich information not
just about how a contrast works in a language but how a language may be changing and
the state of possible cue shifting.

Previous research on perception of vowel quantity has begun to show how cues
are integrated and weighted for this contrast. In one such study, Pind (1996) looked at
Icelandic vowel quantity and found that listeners integrated both vowel duration and
quality when identifying long and short vowels. As both vowel duration and quality are
correlated with quantity in production, this demonstrates an alignment in the two speech

modalities. Behne et al. (1999) found that fO was an important secondary cue for

103



Japanese listeners; as fO differences are prominent in production, this demonstrates
another alignment between production and perception. However, the cues that listeners
use for a specific contrast are not uniform, they are unique to each language system. This
highlights the importance of cross-linguistic studies to understand how a language system
uniquely operates; we cannot take perception findings from one language and assume
they apply to another simply because they have the same kind of phonological contrast.

There is evidence that the use of acoustic cues in the perception of vowel quantity
can be phoneme-specific. Specifically, there is a small body of research looking at the
role of vowel quality in the production and perception of long and short high front vowels.
Podlipsky et al. (2009) investigated the production and perception of /i:/ and /1/ in Czech,
a language with phonological vowel length. They found in production, /i:/ was only 30%
longer than /1/ while /e, a, o:, u:/ were on average 60% longer than /g, a, o, u/. In
perception, they found that listeners relied on vowel quality as much as they did vowel
duration for the /i:/-/1/ distinction, while this was not true for the other vowels. Similar
findings—that long and short high front vowels are produced with less of a durational
difference and listeners use quality more in their perception—is also mirrored in Hungarian
(Mady & Reichel, 2007). Studies such as these demonstrate that the way in which cues
are correlated with quantity in production and used in perception can, and does at times,
vary by vowel within a language.

In the specific case of Norwegian, previous research on how vowel quantity is
perceived have been sparse and our understanding of how Norwegian listeners identify
long and short vowels is still incomplete. However, there are a handful of studies

beginning to form a foundation on which to build ongoing research. It has been shown
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that duration is the main cue used by listeners when identifying long and short Norwegian
vowels (Nylund & Behne, 1996; van Dommelen, 1999; Behne & Nylund, 2003). However,
there is indication that vowel quality is used, though the extent to which is not understood,
and there are some indications of vowel-specific patterns (Behne & Nylund, 2003).
Furthermore, the duration of the postvocalic consonant has been proven to cause a shift
in the perceptual long-short boundary, at least in the case of disyllabic words, as shown
in by van Dommelen (1999). Therefore, the further investigation of what cues are used
by Norwegian listeners and how they are weighted is warranted to further understand this
contrast system.

From here, we can begin to address larger theoretical questions regarding the
relationship between speech production and perception via acoustic cues as they exist in
Norwegian vowel quantity. For example, can we take the cues that are used and
enhanced in production (i.e., Experiment 1 and 2) and predict the cues that are used in
perception? What does this alignment tell us about how listeners prioritize cues in
perception? For example, if perception is indeed driven by production, we might predict
listeners to weight most heavily the cues that are most correlated with category
membership in their productions. However, if we encounter a misalignment, what
implications does this have for our understanding between production and perception as
well as what evidence does this provide to support an ongoing cue re-shifting in

Norwegian?
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2. RESEARCH QUESTIONS

The main goal of Experiments 1 and 2 was to explore the role of acoustic cues to
Norwegian vowel quantity in various types of production. Experiment 1 found that
speakers produce vowel quantity with multiple acoustic cues in production including vowel
duration, vowel quality, postvocalic consonant duration, and diphthongization of long mid-
vowels. In Experiment 2, it was shown that temporal cues are enhanced across all vowels
in clear speech to increase intelligibility and salience of the quantity contrast. Acoustic
distance between long and short vowels was enhanced for this purpose in four of the six
vowels, and long mid vowel diphthongization was not enhanced at all. As it has been
proposed in previous literature that when a cue is reliably and systematically present in
production, it is often used in perception (Diehl et al., 1994), the next step in the
investigation of Norwegian vowel quantity is to see how this principle relates.
Furthermore, it is of interest to see whether there is parity in production and perception
and the implications this has for the status of acoustic cues in Norwegian as well are our
understanding of the production-perception link.

This experiment tests how listeners perceive vowel quantity in Norwegian, and
their use of three main cues: (1) vowel duration, (2) vowel quality, and (3) postvocalic
consonant closure duration. Specifically: (1) do listeners use all three cues in perceiving
vowel quantity, and (2) how are they weighted in relationship to one another. Because all
three cues were shown to be correlated with long and short vowels in production, we
predict that the three cues will be used in some capacity in perception. We can test this

via examining if these variables in the stimuli are significant predictors of participant

106



quantity categorization. While Experiment 1 confirmed that all three cues are present in
the production of vowel quantity, there are patterns in both Experiment 1 and 2 that guide
the predicted outcomes of the current experiment. In both Experiments 1 and 2. It was
clear that the production and enhancement of vowel quality had vowel-specific patterns
and therefore we predict that there might be vowel-specific patterns in perception as well.
For example, for vowels that do no exhibit as large of an acoustic difference in perception,
listeners might not utilize quality as much in perception. Therefore, responses will be

analyzed by-vowel rather than cumulatively.

3. METHODS

3.1 Speaker recordings

The wordlist for the stimuli consisted of six non-word /pVd/ quantitative minimal pairs (see
Column A of Table 4.1). For the purpose of the rhyming task described later on, six pairs
of real /CVd/ words were recorded, provided in Column B of Table 4.1. The word pairs
were produced by a male native speaker of Norwegian in the carrier phrase “jegsa i
gar’ (I said ___ yesterday). The recordings were made using a Shure WH20 XLR head-
mounted microphone in a sound-attenuated booth in the Phonetics Lab at the University

of California-Davis and digitized at a 44,100 Hz sampling frequency.
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Table 4.1: Orthography for word pairs elicited from the speaker.

Vowel (A) Stim. pair (non) (B) Rhyme pair (real)
lil pid-pidd tid (time) - tidd (become quiet)
fu/ pud-pudd bod (shed) — bodd (lived)
lal pad-padd bad (bath) — ladd (loaded, masc.)
lel ped-pedd fred (peace) - ledd (link)
lo/ ped-pedd ngd (emergency) — klgdd (itched)
lo/ pad-padd rad (advice) - radd (rot)

3.2 Stimuli

To generate the continua for the perception experiment, the vowels were first spliced from
the consonant context. Next, they were modified to have a smoothed falling fO contour
beginning at 125 Hz and ending at 100 Hz, decreasing linearly from the start to the end
of the vowel. Long vowels in Norwegian can carry pitch accent in Norwegian
(Kristoffersen, 2000) and, given that pitch and pitch contour are not of interest in the
current study, normalizing the pitch contour eliminates the risk of this biasing listener
responses and becoming a confounding factor.

For each vowel pair, a five-step duration continuum was generated in Praat
(Boersma & Weenink, 2022) from 70 ms to 150 ms in 20 ms increments; the range of

vowel duration is based upon the average durations for long and short vowels as
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produced by the speaker and in line with previous research on Norwegian vowel quantity
perception (e.g., Behne & Nylund, 2003). Next, a five-step quality continuum was created
for each step of the duration continuum using the Praat VocalToolkit (Corretge, 2012)
script for blending two sounds. With the first and last steps of the quality continuum being
100% the long or short vowel, the intermediate three steps were varying ratios of the
original long and short vowel. The steps are ratios were as follows: (1) 100% short, (2)
75% short and 25% long, (3) 50% short and 50% long, (4) 25% short and 75% long, and
(5) 100% long. The two continua created a 5x5 stimulus matrix, similar to designs in
previous literature (e.g., Grenon et al., 2019), with 150 total unique vowel stimuli (six
vowel pairs, five quality steps, and five duration steps). This grid stimulus design can be
seen in Figure 4.1.

In addition to manipulations on the vowel, two postvocalic consonant durations
were used: 100 ms and 140 ms. These durations were based on the average postvocalic
consonant durations produced by the speaker and confirmed by previous descriptions of
vowel quantity production.

Lastly, the isolated vowels were spliced back into their frames, with two versions:
one with the “long” postvocalic consonant (140 ms) and one with the “short” (100 ms). All

stimuli were normalized for intensity (60 dB).
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Figure 4.1: Stimuli matrix design for each vowel pair.

3.3 Participants and procedure

53 participants (32 female, 19 male, 2 non-binary; average age = 29.3 years) participated
in this experiment at the University of Oslo via online recruitment posts and class visits.
All reported being native speakers of Norwegian and all reported speaking at least on
other language besides Norwegian. None of the participants reported having any hearing
or speech impairments. The study was approved by the UC Davis Institutional Review
Board (IRB protocol #1653463-1) and subjects completed informed consent before
participating.

Participants were presented with a trial as seen in Figure 4.2. In the first audio file,
was the experimental stimulus and word A and B were the rhyme pair as seen in Table
4.1. Participants were asked to listen to the experimental stimulus and determine which

of the words (A or B) it rhymed with; this method of categorization was also used by Behne
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and Nylund (2003). Whether A or B contained the rhyme word with the long vowel was
randomized across the experiment. Each participant completed a random set of 150 trials.

Before the experimental block, participants completed a short block of practice
trials containing words not used in the experimental block in order to familiarize them with
the task and establish a baseline measure of their ability to complete the experiment.
Practice trials contained only unmodified utterances. In the event that a participant was
not able to correctly identify the matching pair in the practice trial, their data was not used

in the analysis; data from one participant was excluded for this reason.

> 0:00/0:00 =———— )

Hvilket ord (A eller B) rimer pa:

> 0:00/0:00 =——— )

A:

> 0:00/0:00 =———— )

Figure 4.2: Participant view of trials for perception study.
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3.4 Statistical analysis

Participant responses were coded for whether stimuli were rhymed with words with a
short (=0) or long (=1) vowels and stimuli were coded for Quality (1-5) and Duration (1-5)
steps as well as postvocalic consonant length (long or short). A mixed effects logistic
regression model was run using the gimer() function in the Ime4 package in R (Bates et
al., 2015). Fixed effects of the model included Quality (steps 1-5), Duration (steps 1-5),
and Consonant (Long vs. Short). Random effects included by-Listener random intercepts

and by-Listener random slopes for the main effects (see Equation 1).

Response ~ Quality + Duration + Consonant + (1 + Quality + Duration + Consonant | Subject) (1)

All fixed effects were sum coded. After each model was run, a Wald test was conducted
that tests if differences in the estimated coefficients for cues are statistically significantly
different (i.e., if listeners weight cues differently). For this test, the rule of thumb is that a
value (x) larger than 2 or smaller than -2 indicates the two coefficients are significantly
different at a 95% confidence interval (Wheeler, 2016; Ren, 2018).

Separate mixed effect logistic regression models were run for each vowel
phoneme. The decision to run vowel-specific models was in order to look at whether fixed
effects (Duration, Quality, Consonant duration) were different from zero (e.g., if listeners
used these cues at all) rather than the overall average. From these models we can also

see the relative cue weights based on the values of the estimated coefficients.
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4. RESULTS

4.1 Overall results

Figure 4.3 shows the mean proportion of categorizing the experimental stimulus as long
by each Quality step and Consonant length. Figure 4.4 shows the mean proportion of
categorizing the experimental stimulus as long by each Duration step and Consonant
length. Table 4.2 provides the statistical output from the regression model.

The model showed a significant main effect for all three variables, indicating that
all three are used in the overall perception of vowel quantity. The positive coefficient for
Duration means that as the vowel's duration increases, listeners are more likely to
categorize the vowel as long. For Quality, the positive correlation means that as the
quality steps increase (i.e., 100% short to 100% long), listeners are more likely to hear
the vowel token as long. The estimated coefficients used by the model can be used to
determine relative cue weight (Morrison, 2005; 2007); because both quality and duration
had equal steps, we can directly compare their coefficient values. Here, we can see that
the model has a larger estimated coefficient for Duration (8=1.030) than for Quality
(B=0.814), indicating that overall, listeners weight vowel duration more heavily than vowel
quality. This difference in coefficients was found to be significant (x=4.73). Lastly, for
Consonant, the positive estimated coefficient means that when the consonant duration is
shorter, listeners are more likely to categorize the vowel token as long. As clearly

demonstrated in the figures and relatively large coefficient (8=1.249), differences in
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postvocalic consonant duration leads to a rather large change in the proportion of long

responses, indicating that this is a salient cue for listeners.

c 0.61 ///
S
o T
o » ' Consonant
S 0.4 — _= ) Long
-
- @ Short
Q ;
5 | = O
Q [ =
021 — -
= -
1 2 3 4 5

Quality Step

Figure 4.3: Mean proportion of participant identification as long for each quality step ((1)
100% short, (2) 75% short and 25% long, (3) 50% short and 50% long, (4) 25% short

and 75% long, and (5) 100% long) by postvocalic consonant type (Long or Short).
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Figure 4.4: Mean proportion of participant identification as long for each duration step

(1-5) by postvocalic consonant type (Long or Short).

Table 4.2: Model output for all vowels.

Est. Std. Error z P
Intercept -6.739 0.293 -22.930 <0.001***
Duration 1.030 0.038 26.970 <0.001***
Quality 0.814 0.047 17.110 <0.001***
Cons (Short) 1.249 0.283 8.112 <0.001***
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4.2 Vowel-specific patterns

Figures 4.5-10 show the mean proportion of categorizing the experimental stimulus as
long by each Quality and Duration step and Consonant length for each vowel. Figure 4.11
shows the coefficient for each cue for each vowel. Tables 4.3-8 provides the statistical
output for each model run on individual vowel phonemes, which will be discussed
separately below.

The /il model showed a significant main effect for all three main effects. This
indicates that listeners use vowel duration, vowel quality, and postvocalic consonant
duration when distinguishing between long and short /i/. Because the model showed a
larger coefficient for Quality (8=0.818) than for Duration (8=0.704), this suggests that
listeners weight Quality more heavily for /i/ than Duration. This difference was found to be
signiciant (x=4.31). The positive coefficient for Consonant (8=0.682) indicates that

listeners are more likely to identify a vowel as long when the consonant is shorter.

116



Duration Quality

0.8- +
-+ O

w |
:.. ?
80.6- +
»n @
m T - ——
14 p Consonant
(®)]
o 0.4 T - + Long
|
c ‘ - ‘ . 2 Short
O
B 1
S 0.2-
Q- y
6'? G

i

0.0+
1 2 3 4 5 1 2 3 4 5
Step

Figure 4.5: Mean proportion of participant identification as long for each duration step

(left panel) and quality step (right panel) by postvocalic consonant type (Long or Short)

for /i/.
Table 4.3: Model output for /i/.
Est. Std. Error z P
Intercept -6.439 0.516 -12.459 <0.001***
Duration 0.704 0.082 8.558 <0.001***
Quality 0.818 0.086 9.512 <0.001***
Cons (Short) 0.682 0.205 3.318 <0.001***

The /u/ model showed a significant main effect for both Quality and Duration but not for
Consonant. This suggests that listeners do utilize both vowel quality and duration when
identifying vowel quantity. However, we cannot determine from the model that the effect

of consonant is not zero—in the model we can see that the coefficient is one standard
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error above zero, suggesting a weak effect that is in line with the other vowels.

Furthermore, the larger estimated coefficient for Duration (8=0.916) than Quality

(B=0.788) tell us that listers weight vowel duration more heavily than vowel quality for /u/

and this difference was found to be significant (x=4.04).
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Figure 4.6: Mean proportion of participant identification as long for each duration step

(left panel) and quality step (right panel) by postvocalic consonant type (Long or Short)

for /ul.
Table 4.4: Model output for /u/.
Est. Std. Error z P
Intercept -6.013 0.521 -11.524 <0.001***
Duration 0.916 0.092 9.882 <0.001**
Quality 0.788 0.087 9.028 <0.001***
Cons (Short) 0.267 0.211 1.262 0.207
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The /a/ model showed a significant main effect for Duration and Consonant but not for
Quiality. This means that we cannot say that the effect of quality in the perception of long
and short /a/ is not zero and we cannot say definitively whether listeners use this as a
cue. The positive coefficient for Consonant (8=0.650) indicates that listeners are more

likely to identify a vowel as long when the consonant is shorter.
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Figure 4.7: Mean proportion of participant identification as long for each duration step
(left panel) and quality step (right panel) by postvocalic consonant type (Long or Short)

for /a/.
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Table 4.5: Model output for /a/.

Est. Std. Error z P
Intercept -6.051 0.573 -10.543 <0.001***
Duration 1.323 0.110 11.961 <0.001***
Quality 0.278 0.086 1.342 0.213
Cons (Short) 0.650 0.222 2.922 0.003**

The /e/ model showed a significant main effect for all three variables, indicating that
listeners use vowel quality, vowel duration, and postvocalic consonant duration in
perceiving long and short /e/. Similar to the /i/f model, there was a larger estimated
coefficient for Quality (8=2.204) than Duration (8=0.902) indicates that listeners weight a
vowel’s quality more heavily than a vowel’s duration for this vowel. The difference in
coefficients was found to be significant (19.02). The positive coefficient for Consonant
(B=1.050) tells us that listeners are more likely to identify a vowel as long when the

following consonant is shorter.
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Figure 4.8: Mean proportion of participant identification as long for each duration step

(left panel) and quality step (right panel) by postvocalic consonant type (Long or Short)

for /el.
Table 4.6: Model output for /e/.
Est. Std. Error z P
Intercept -12.627 1177 10.725 <0.001***
Duration 0.902 0.125 7.171 <0.001***
Quality 2.204 0.212 10.383 <0.001**
Cons (Short) 1.050 0.294 3.561 0.003**

The /a/ model revealed a significant main effect for all three variables, indicating that

listeners do use vowel quality, vowel duration, and the duration of the following consonant

in identifying long and short /o/. Furthermore, the larger coefficient for Duration (8=1.661)
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than Quality (8=1.095) tells us that listeners weight vowel duration more heavily than
vowel quality for /@/. The difference in coefficients was found to be significant (x=7.63).
The positive coefficient for Consonant (8=1.932) also indicates that listeners are more

likely to identify a vowel as long when the postvocalic consonant is shorter.
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Figure 4.9: Mean proportion of participant identification as long for each duration step
(left panel) and quality step (right panel) by postvocalic consonant type (Long or Short)

for /al.
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Table 4.7: Model output for /a/.

Est. Std. Error z P
Intercept -10.892 0.972 -11.199 <0.001***
Duration 1.661 0.158 10.462 <0.001***
Quality 1.095 0.128 8.534 <0.001***
Cons (Short) 1.932 0.321 6.027 <0.001***

Lastly, the /o/ model showed a significant main effect for all three variables, suggesting
that listeners use vowel quality, vowel duration, and postvocalic consonant duration in the
perception of long and short /o/. The larger coefficient for Duration (8=1.339) than Quality
(B8=0.829) indicates that listeners weight vowel duration more heavily than vowel quality
and this difference was found to be significant (x=6.74). The positive coefficient for

Consonant (8=1.237) tells us that listeners are more likely to identify a vowel as long

when the postvocalic consonant is shorter.
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Figure 4.10: Mean proportion of participant identification as long for each duration step

(left panel) and quality step (right panel) by postvocalic consonant type (Long or Short)

for /ol.
Table 4.8: Model output for /o/.
Est. Std. Error z P
Intercept -7.170 0.756 -9.889 <0.001***
Duration 1.339 0.129 10.312 <0.001***
Quality 0.829 0.106 7.755 <0.001***
Cons (Short) 1.237 0.250 4.945 <0.001***

Figure 4.11 shows the estimated coefficients for each vowel from each of the models; a

higher coefficient value indicates a heavier weighting of that cue for that vowel.
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Figure 4.11: The estimated coefficients for each cue and each vowel from models.

5. INTERIM DISCUSSION

5.1 Temporal cues

The first goal of Experiment 3 was to explore how listeners use acoustic cues in the
perception of Norwegian vowel quantity. Three acoustic cues were examined: (1) vowel
duration, (2) vowel quality, and (3) postvocalic consonant duration.

Through regression analysis of listener responses, the data indicated that listeners
use vowel duration to identify the quantity distinction in perception for all six vowels.
Furthermore, the positive estimated coefficient calculated by the model indicates that as
the duration of the vowel increases, so does the likelihood of listeners identifying the
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vowel as long. This is consistent with the presence of vowel duration differences in regular
speech and their enhancement in clear speech; as it has been shown that this is an
important cue in production, we expected it would play an important role in perception.
Because vowel duration is the primary, obligatory cue in vowel quantity, this is not a
surprising finding.

The second temporal cue that is investigated is postvocalic consonant duration.
Overall, listeners use this cue in perception for five of the six vowels examined. Theories
of enhancement discuss how redundant, secondary cues are often used to enhance a
primary cue for a contrast and the Duration Ratio Hypothesis specifically describes the
mutually enhancing nature of segment duration for VC codas. Given that differences in
postvocalic consonant duration were both seen in production of regular speech and
enhanced in clear speech, we predicted listeners would use this cue in perception as well.
The use of postvocalic consonant duration in both places points to an alignment in
production and perception, drawing a link between the two speech modes.

The /u/ model did not reveal a significant effect for postvocalic consonant duration.
On the one hand, we can interpret this as listeners not using this cue when perceiving
long and short /u/ as much as for other vowels and speculate possible reasons for this.
For example, it might be that the other two cues of vowel quality and duration are more
prominent for listeners when compared to postvocalic consonant duration, leading them
to not use it in perception. On the other hand, Figure 4.6 clearly illustrates a higher
likelihood of participants categorizing a vowel token as long when it is followed by a
shorter consonant. Thus, it is reasonable to assume that with simply more data points,

this effect would indeed be significant in the model. While it is interesting to speculate
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why listeners would not use postvocalic consonant duration in perceiving long and short

/ul, we will not dismiss the likelihood that this is more or less a random finding.

5.2 Spectral cues

Based upon the stance that when cues are reliably and systematically correlated with a
contrast in production, they will be used in perception (Diehl et al., 2004), we predicted
that vowel quality would be used in perception by listeners. This is motivated from the fact
that in Experiment 1, it was shown that all six vowels had significant differences in vowel
quality between long and short vowels, even though the way in which they differed varied.
Therefore, we predicted that vowel quality would be used in perception for all six vowels.
This was the case for five of the six vowels, but not for /a/. Here, we could not verify that
listeners use vowel quality. Though there are spectral differences between long and short
/al in production, this difference was not enhanced (although still present) in clear speech.
The lack of enhancement raises the possibility that spectral differences are a
consequence of articulation (i.e., longer vowel durations allow more peripheral
articulations) rather than part of the underlying representation. This possibility is further
supported by listeners’ failure to reliably utilize vowel quality in the perception of long and
short /a/. The misalignment between production and perception raises interesting
questions about the nature of quantity for this vowel and the vowel system in general.
Could this be evidence for an incomplete cue shifting in Norwegian? For example, while
the integration of vowel quality differences between long and short vowels is complete in

production, it might not be for perception where vowels for which listeners utilize quality
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more heavily than duration (i.e., /i/ and /e/) have led the cue shift while low vowel /a/ is
lagging behind. Of course, a definite conclusion cannot be made from this experiment
alone, but this point would be an interesting point for future research.

In addition to whether listeners used vowel quality in speech perception, cue
weighting was also a central point of investigation in this study. The estimated coefficient
calculated by each model was used to estimate the relative weight and ordering of vowel
quality and duration; because postvocalic consonant duration had only two levels while
the other two variables had five, we are not able to directly compare its estimated
coefficient in the same way. In the models for /u, o, @/, vowel duration was weighted more
heavily than vowel quality. This is not surprising and falls in line with previous cue
weighting studies which show that the primary cue for a contrast is typically weighted the
heaviest. However, for /i/ and /e/, these models diverged from this pattern in that vowel
quality had a higher estimated coefficient, suggesting that listeners actually weight vowel
quality more heavily than vowel duration for these two vowels. In Experiment 1, the two
vowels /i/ and /e/ were highlighted in Section 5.2 for having exceptionally large acoustic
distances between the long and short vowels. As stated previously, the /i:/-/1/ contrast
(both qualitative and quantitative) has been the topic of much previous research, largely
due to its tendency cross-linguistically to be an especially salient contrast (e.g., Kim et
al., 2020). Consequentially, this pair is often used in studies on acoustic cues and
weighting in both production and perception. In terms of these two vowels in perception,
specifically of vowel quantity, there is cross-linguistic evidence that this pair often includes
differences in vowel quality that are more pronounced than other vowels (for Hungarian:

Mady & Reichel, 2007; for Czech: Podlipsky et al., 2009). The data from these studies is
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presented in the context of cue shifting in these languages, during which the primary cue
for quantity in some parts of the vowel system is becoming vowel quality rather than
duration. Because the importance of vowel quality is in only part of the vowel system, this
supports an argument that this change is in progress.

Returning to the data presented in Experiment 1, these two vowels do have a larger
acoustic difference between long and short vowels than other vowels. Therefore, it is
possible that this heightened distinctiveness in production carries over to perception:
listeners have experience with hearing long and short /i/ and /e/ produced with particularly
large quality differences and have, thus, begun to rely more heavily on vowel quality for

these two vowels because of that.

5.3 General remarks

The original goal of this experiment was to establish how the following cues are used in
the perception of Norwegian vowel quantity: (1) vowel duration, (2) vowel quality, and (3)
postvocalic consonant duration. From the data here, we can see that all three cues play
are used in perception, although there are vowel-specific patterns. Vowel duration is used
by listeners for all six vowels, supporting that it is the primary acoustic cue for this contrast.
Vowel quality is used by listeners for five of the six vowels: the one low vowel /a/ was the
exception, reminiscent of Experiment 2 where speakers did not enhance vowel quality for
this vowel either. When perceiving long and short /i/ and /e/, listeners weight vowel quality
more heavily than vowel duration; this mirrors Experiment 1 where these two vowels had
particularly large acoustic distances between long and short vowels, which may begin to

explain the pattern in perception. The duration of the postvocalic consonant is used by
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listeners for five of the six vowels: listeners do not use this cue for long and short /u/,

although an exact explanation for why this is the case is not clear.
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CHAPTER 5 - GENERAL DISCUSSION

1. RESTATEMENT OF PROBLEM

The goal of this dissertation was to explore the link between phonetic variation and
systems of phonological contrast, focusing on spectral and temporal cues in the
production and perception of Norwegian vowel quantity. It has been well-documented that
phonemic category membership is rarely defined by a single acoustic cue. For example,
the seemingly simple contrast of stop consonant voicing in English is signaled by up to
sixteen different acoustic cues (Lisker, 1986). Despite a number of theories dealing with
the existence of multiple cues in phonological contrast, there are still many
underaddressed questions about how secondary acoustic cues function. Thus, a central
goal of this dissertation was to explore the complexity of deceptively simple-seeming
phonological contrasts via the role of primary and secondary cues. Moreover, this
dissertation aimed to add a meaningful contribution to a growing body of literature aimed
at deepening our understanding of these concepts.

Another goal of this dissertation was to explore the relationship between speech
production and perception, two speech modalities that have traditionally been examined
independently. However, understanding their relationship and where they align or
misalign helps to create a more comprehensive model of representation and linguistic
knowledge (Casserly & Pisoni, 2010). Correlations between production and perception
have been found, for example in studies focusing on contextualizing cues. In one such

study, the degree of coarticulatory vowel nasalization in speech production correlates with
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sensitivity thereto in perception (Zellou, 2017). Yet, this area needs to be investigated
further and this dissertation examined these questions through the lens of acoustic cues
correlating with the Norwegian vowel length distinction. Do we see that acoustic
correlates in production are mirrored in perception? Or, alternatively, if there is a
misalignment the in acoustic correlates found in production and the cues used in
perception, what does that mean? Could this point to an ongoing cue shift in Norwegian?

Prior works that have provided production-based descriptions of vowel quantity in
Norwegian have varied in whether they include the qualitative difference between long
and short vowels. One group of descriptions state that only temporal cues (i.e., vowel and
postvocalic consonant durations) are correlated with quantity in production (Behne et al.,
1996; van Dommelen, 1999) while others describe long vowels as being more peripheral
than short vowels (Kristoffersen, 2000). In perception, the role of primary and secondary
cues has not been clearly defined in Norwegian. Previous studies examining the role of
spectral and temporal information in quantity perception found evidence that quality might
be used by listeners, but only for some vowels within the experimental subset (Nylund &
Behne, 1996; Behne & Nylund, 2003). Van Dommelen demonstrated that the duration of
the postvocalic consonant affected the categorization of long and short vowels via moving
the perceptual boundary between quantities. The precise role of secondary cues in the
production and perception of Norwegian vowel quantity has not been clearly defined or
extensively investigated and there are ambiguities and uncertainties remaining. Thus, this
dissertation had several aims.

With respect to production, this dissertation served two main purposes. First, to be

a comprehensive acoustic description of the acoustic correlates of vowel quantity as they

132



are produced by Norwegian speakers and whether or not there is uniformity across the
vowel system. Second, this dissertation investigated the way in which these acoustic cues
are enhanced in clear speech produced for the clarification of misheard speech; this
dissertation was the first study to examine this specific context. The ways in which speech
is enhanced will be examined within the context of what this can tell us about the nature
of vowel quantity in Norwegian and what speakers deem to be representative of a
phonemic category. With respect to perception this dissertation examined how listeners
utilize both temporal and spectral cues in perceiving long and short vowels and how they
adapt their use of secondary acoustic cues when a primary cue is no longer informative?
This dissertation explored listeners’ weighting of vowel duration, vowel quality, and
postvocalic consonant duration in identifying long and short vowels as well as vowel-
specific perceptual strategies.

The findings of the three experiments in this dissertation are discussed with the
goal of understanding the role of sub-phonemic information in the phonetic grammar of
Norwegian. How the phonetic realization of quantity in production and how its perceived
is also discussed in comparison to cross-linguistic patterns established in previous
literature. Furthermore, the relationship between production and perception in speech
communication is examined via the alignment or misalignment of how the acoustic

correlates of quantity in production are used by listeners in perception.
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2. SUMMARY OF FINDINGS

1.1 Production

In Experiment 1, the goal was to provide an acoustic analysis of the realization of
Norwegian vowel quantity in a set of six long-short vowel pairs for: /i/, /u/, /al, /o, lel, lal.
Specifically, do Norwegian speakers use multiple cues in producing quantity contrasts?
What are these cues and are they uniform across the vowel system? Four acoustic cues
were examined: (1) vowel duration, (2) vowel quality, (3) postvocalic consonant duration,
and (4) degree and direction of spectral movement in diphthongized long vowels.

Of two temporal cues (1) and (3), both were shown to be correlated with quantity
in production. Previous literature described long vowels as being anywhere from 1.4 to
3.3 times as long as short vowels (Fintoft, 1961; Vanvik, 1972; Payne et al., 2017).
Participants in Experiment 1 produced long vowels approximately 2.87 times as long as
short vowels, in line with the range provided by previous literature. There was not a
different by-vowel in durations, even though previous cross-linguistic research has found
that low vowels are often intrinsically longer than high vowels, a consequence of their
articulation requiring the jaw to open further (Solé & Ohala, 2010). For postvocalic
consonant duration, previous literature described consonants after short vowels as being
anywhere from 1.0 to 1.8 times the duration of consonants after long vowels. The
participants in Experiment 1 produced consonants after short vowels 1.4 times as long as
those after long vowels, falling within the previously established range.

Of the two spectral cues (2) and (4), both were also shown to be correlated with

quantity in production. It has been well established in the literature on vowel quantity that
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differences in quality in long-short vowel pairs are common cross-linguistically
(Maddieson, 1984). In the six vowels in the current study, all had a significant acoustic
difference between long and short vowels along at least one formant dimension (F1 or
F2). Of the six vowels, two vowels had an especially large acoustic distance in the long-
short pair: /i/f and /e/. With respect to spectral movement indicating diphthongization of
long mid vowels, long /e, o, @/ were produced with a significantly higher amount of spectral

change, specifically with movement toward the center of the vowel space.

Table 5.1: Summary of Experiment 1 findings (v' = produced differently, x = not produced

differently).
Cue i u a e o o
Vowel Duration v v v v v v
Vowel Quality v v v v v v
Postvocalic Consonant Duration v v v 4 v v
Diphthongization x x x v v v

1.2 Enhancement

Experiment 2 aimed to investigate the way in which speakers adjust their speech,
manipulating acoustic-featural distinctions correlated with the vowel quantity contrast
when trying to clarify misheard speech. For example, if the speaker produces a long vowel
that the interlocutor, in turn, misinterprets as a short vowel, how will the speaker adjust

their speech when correcting them? Previous research provides evidence that speakers
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make local, targeted adjustments in clear speech. For example, when an interlocutor
misunderstands a stop’s voicing (e.g. perceiving /p/ and /b/), speakers hyperarticulate the
VOT on that segment in clarifying (Schertz, 2013). This experiment sought to explore if
this is the case for Norwegian vowel quantity and what sort of targeted adjustments are
made for this contrast.

For vowel duration, the relative durations of long and short vowels were analyzed
through a duration ratio, taken by dividing the duration of the long vowel by the duration
of the short vowel; thus, a larger ratio indicates a larger relative difference. In correction
trials, the duration ratio increased for all vowels, indicating that speakers were enhancing
the durational differences between long and short vowels in clear speech. Furthermore,
the average duration of short vowels decreased. Because overall increased segment
duration is documented as a global feature in clear speech, the shortening of short vowel
durations shows speaker-controlled, contrast-focused adjustments. For postvocalic
consonant duration, a similar ratio was calculated, with consonant durations after short
vowels divided by those after long vowels and a larger ratio was indicative of a larger
relative duration difference. This ratio did increase in clear speech compared to regular
speech, indicating that postvocalic consonant durations are enhanced by speakers in
clear speech as well. Similar to what was observed with vowel duration, the postvocalic
closure duration after long vowels also shortened in correction trials compared to initial
utterances, indicating this is a contrast-focused adjustment.

In addition to temporal cues, both vowel quality and degree of spectral movement
in clear speech were investigated. As a global marker of clear speech is an expanded

vowel space (Bradlow, 2002), enhancement of quality differences between long and short
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vowels was investigated via Euclidean distance within vowel pairs; a larger Euclidean
distance in clear speech indicates that the two vowels are being produced further apart
in the vowel space and, thus, more acoustically differently. It was found that speakers
produced vowel pairs with a larger Euclidean distance for four of the six vowels: there
was not a significant difference in the distance between long and short /a/ across regular
speech (i.e., initial utterances) and clear speech. This indicates that while listeners
enhance quality differences for the other five vowels, they do not for /a/, demonstrating
vowel-specific patterning in contrast enhancement. Additionally, the acoustic distance
between long and short /o/ decreased rather than increased, also indicating that listeners
did not enhance vowel quality differences for this vowel either. Furthermore, for the three
mid vowels, the degree of spectral movement was tested between utterance types to see
if speakers enhanced diphthongization of long mid vowels in clear speech. It was found
that there was no significant difference in degree of movement between regular speech
and clear speech for long mid vowel, indicating that listeners did not enhance this feature

in clarifying vowel quantity.

Table 5.2: Summary of Experiment 2 findings (v' = enhanced, x = not enhanced).

Cue i u a e o o

Vowel Duration

Vowel Quality v v v v v v

Postvocalic Consonant Duration v
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1.3 Perception

The goal of Experiment 3 was to explore how listeners use acoustic correlates of
Norwegian vowel quantity in perception. It was shown in Experiment 1 that all four
acoustic cues investigated were correlated with vowel quantity in production. Therefore,
Experiment 3 sought to investigate whether these cues from production were used by
listeners in perception and how they were weighted. Furthermore, as vowel-specific
patterns were seen in both Experiments 1 and 2, finding whether similar vowel-specific
patterns in perceptual strategies existed was another goal of Experiment 3. The findings
of Experiment 3, along with those from Experiments 1 and 2 also give insight into the link
between speech production and perception.

Regression analysis of listener quantity categorizations showed that listeners use
vowel duration in perceiving long and short vowels for all six vowels in the experiment: as
vowel duration increased, so did the likelihood that a listener would categorize the vowel
as long. Given that vowel duration is the primary cue for vowel quantity, it was expected
that the cue would play an important role in perception. The second temporal cue that
was investigated was postvocalic consonant duration, and listeners reliably used this in
quantity perception for five of the six vowels; they did not use this to the same degree
when distinguishing between long and short /u/. Given the mutually enhancing nature of
vowel and consonant duration in VC sequences (i.e., the Duration Ratio Hypothesis),
listener reliance on postvocalic consonant closure duration was predicted.

Vowel quality was reliably used by listeners for five of the six vowels (all but /a/). It

was predicted that quality would be predictive of listener responses for all six vowels,
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based on the patterns seen in production, where long and short vowels were produced
with distinct spectral qualities for all six vowels; this is a misalignment between production
and perception. However, listeners not reliably using quality in distinguishing between
long and short /a/ patterns with how speakers enhanced vowel quantity: while they
produced long and short vowels with more different qualities for the other vowels, they
did not for /a/.

In addition to whether listeners used cues, we also looked at the relative cue
weights of vowel duration and quality. Of the five vowels where listeners relied on vowel
quality when determining a vowel’s quantity, vowel duration was more heavily weighted
than quality for three vowels /u, o, @/ while quality was more heavily weighted than
duration for two vowels /i, e/. In Experiment 1, it was found that these two vowels were
produced with a larger acoustic distance in the long-short pair than other vowels,

suggesting that this heightened distinctiveness in quality carried over to perception.

Table 5.3: Summary of Experiment 3 findings (v’ = used, x = not used).

Cue i u a e o o

Vowel Duration v v v v v v

Vowel Quality v v x v v v
Postvocalic Consonant Duration v x v 4 v v
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1.4 General remarks

This dissertation investigated the role of four acoustic cues in the production,
enhancement, and perception of Norwegian vowel quantity: (1) vowel duration, (2) vowel
quality, (3) postvocalic consonant duration, and (4) diphthongization of long mid vowels.
In production of regular speech (Experiment 1), it was shown that all four cues under
investigation were correlated with vowel quantity in Norwegian, suggesting they all play
a role in defining this contrast in this language. Their role was further explored in clear
speech (Experiment 2), where the ways in which these cues are enhanced by speakers
was investigated. It was shown that vowel and postvocalic consonant duration was
enhanced across the board while degree of spectral movement in long mid vowels was
not, indicating that not all cues present in production are enhanced in clear speech.
Furthermore, vowel-specific patterns emerged when the difference in vowel quality was
not enhanced for /a/ thought it was for the other five vowels.

In perception (Experiment 3), how these cue (1)-(3) are used by listeners was
investigated. It was found that vowel duration is used across the board by listeners in
perceiving long and short vowels. However, vowel-specific patterns emerged again in
terms of how listeners used vowel quality and postvocalic consonant duration: listeners
do not use vowel quality in perceiving long and short /a/ nor do they use postvocalic
consonant duration in perceiving long and short /u/. Furthermore, in perceiving /i/ and /e/,
they weight vowel quality more heavily than duration. This illustrates that not only vowel-
specific patterning in if listeners utilize cues but also in how much they rely on independent

acoustic cues.
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3. COMPARING NORWEGIAN AND CROSS-LINGUISTIC PATTERNS

3.1 Production

Research looking into the acoustic correlates of vowel quantity in production has
described patterns in a number of languages, displaying common cross-linguistic traits
as well as more language-specific patterns. For example, while vowel quality (for
Swedish, Behne et al., 1997) and postvocalic consonant duration (for Icelandic, Pind,
1996; for Swedish, Behne et al., 1999) are commonly seen cross-linguistically, cues such
as fO (for Japanese, Kinoshita et al., 2012) are not. Thus, considering how the patterns
found in Norwegian fit into established accounts from other languages helps to provide
insight into vowel quantity as a phonological contrast as well as the complexity and
language-specificity of language contrasts in general.

Cross-linguistically, a number of additional cues to vowel duration have been
noted in production. One of the most commonly cited secondary cues is vowel quality in
which long and short vowels are produced with differences in spectral characteristics
measurable in the first two formants. Maddieson (1984, p. 129-130) provides an account
of 331 languages, of which 56 languages had vowel quantity and 17 languages were
shown to have differences in vowel quality between long and short vowels. As shown in
Experiment 1, Norwegian speakers reliably produce long and short vowels with different
qualities too, although the degree and direction of difference varies vowel-to-vowel. In
addition to differences in vowel quality via position in the F1/F2 plane, Norwegian

diphthongize long mid vowels, producing them with increased spectral movement
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compared to long non-mid vowels and short vowels. Specifically, this diphthongization is
done in a centralizing direction. There are descriptions of a similar process,
diphthongizing long vowels, in other languages. One example is the diphthongization of
long /a/ in the variety of the German dialect Kolsch spoken in Dane County, Wisconsin
(Siefert, 1963). Furthermore, the diphthongization of only a subset of the vowels
demonstrates the nuanced nature of vowel quantity in Norwegian.

Acoustic differences realized on adjacent segments via compensatory lengthening
or shortening is another common acoustic cue correlated with vowel quantity. In fact,
mutual enhancement of duration in VC segments is extremely common (Kingston & Diehl,
1994). As such, we see a similar pattern in Norwegian to other languages: consonants
produced after short vowels are reliably and systematically produced with a longer
duration than consonants produced after short vowels. Similar compensatory patterns are
seen in Swedish (Elert, 1964), where listeners also regularly lengthen consonants after
short vowels compared to long.

In sum, the patterns seen in Norwegian both coincide with common cross-linguistic
traits and add something new to the literature on long and short vowels. In addition to the
primary cue of vowel duration, the production of long and short vowels with reliably
different qualities and variation in the postvocalic consonant duration is in line with what
we see in a number of other languages (i.e., Pind, 1996; Behne et al., 1999). Yet, the
diphthongization of specifically long mid vowels is something that has not been, to our
knowledge, attested as a marker of phonological quantity in another language. This adds
to the list of secondary acoustic cues for long and short vowels and demonstrates both

the complexity of this phonological contrast but also the language-specific nature of it.
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3.2 Perception

A body of work has attempted to describe which of the secondary cues found to correlate
with quantity in production are actually used by listeners in perception. Specifically, there
has been a goal of understanding how secondary cues are used by listeners in identifying
the vowel quantity contrast. Cross-linguistically, the importance of secondary cues both
on the vowel and on adjacent segments (i.e., the following consonant) has been
demonstrated. These cues include segmental context (Tranmuller & Krull, 2003), dynamic
fO (Lehiste, 1976; van Dommelen 1993; Lippus et al., 2013), and spectral differences
between long and short vowels (Abramson & Ren, 1990; Sendelmeier, 1981). In addition
to serving as a description of the secondary cues that are used in the perception of vowel
quantity, these accounts also provide evidence of the multidimensional nature of not just
this contrast, but of phonological contrast in general.

The data from Experiment 3 add to these previous findings in showcasing the
complexity of vowel quantity perception and vowel quantity as a multi-dimensional
contrast. Similar to other languages, Norwegian listeners were shown to utilize both
temporal and spectral cues on the vowel and adjacent segments in categorizing long and
short vowels. The use of vowel quality in perception is relatively common in quantitative
contrasts (for Icelandic, see Pind, 1996; for German, Thai, and Japanese, see Lehnert-
LeHouillier 2010). However, there are some vowel-specific patterns that emerge. First,
vowel quality is used by listeners in identifying long and short vowels for all but /a/-such

vowel-specific use of cues is attested (for Swedish, see Behne et al., 1997) but not
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common cross-linguistically. Furthermore, listeners do not appear to utilize postvocalic
consonant duration in the categorization of long and short /u/.

The finding that listeners did not use vowel quality when distinguishing between long and
short /a/ is interesting in light of findings from a very closely related Scandinavian
language: Swedish. Behne et al. (1997) looked at the perceptual weight of vowel duration
and the first two formant frequencies in vowel quantity perception in Swedish. Looking at
/i, o, a/, the researchers found that while listeners, of course, used vowel duration in
determining vowel quantity for all three vowel pairs, the only one they used vowel quality
for was /a/. Norwegian and Swedish are two closely related, mutually intelligible
languages that have a number of similar phonetic and phonological qualities; of these,
one is that both languages have vowel quantity that includes differences in quality in long
and short vowel pairs. Despite how closely related these two languages are, the inverse
relationship between the patterns we see in Swedish (only using quality for /a/) and

Norwegian (using quality for all vowels except /a/) is extremely interesting.

3.3 Vowel height and salience of vowel quality

Between Experiments 1 and 3, vowel quality has been shown to play a stronger role in
the production and perception of long and short /i, e/ than the other vowels in the set.
Specifically, speakers produced long and short /i/ and /e/ further apart in the vowel space
than other vowels, and these were the only two produced with significant differences
along both F1 and F2. In perception, listeners weighted vowel quality more heavily than

vowel duration in the perception of these as well.
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This pattern of listeners using and weighting cues differently in the perception of
high front vowels—specifically in weighting vowel quality more heavily—is attested cross-
linguistically. For example, similarities can be drawn between the data presented here
and other languages such as Czech, where quantity classification of /i:/-/1/ entails listeners
relying more on vowel quality than duration (Podlipsky et al., 2009); for the other vowel
pairs in Czech, duration remains the most heavily weighted cue. The special status of
front high vowels in quantity perception is shown in other languages as well (for example,
Hungarian: Mady & Reichel, 2007). In both Czech and Hungarian, the researchers offer
an acoustic explanation for this pattern, shown in production patterns in their respective
languages. Specifically, in Mady & Reichel (2007) the researchers claim that the duration-
based quantity contrast in Hungarian has “eroded” somewhat, given that speakers
produce long and short /i/ in Hungarian with less distinct differences in duration. Thus, the
researchers explain, duration is less reliable as a cue for this phoneme and listeners
upweight vowel quality to compensate for this. But how does this square with the findings
here on the production of Norwegian vowel quantity? To put it simply, this sort of
explanation cannot generalize to Norwegian. There is no current evidence that either /i/
or /e/ is being produced with a smaller relative duration difference; as seen in Experiment
1, long and short vowels for all six pairs were produced with roughly the same long-to-
short ratio.

Though the patterns look, on the surface, to be similar, there must be another
explanation for listeners weight vowel quality more heavily for some vowels than others.
Given that a lack of reliability of the primary cue, duration, is not to blame, we might turn

our attention to the possibility that this pattern could come from vowel quality being extra

145



salient and reliable. As previously stated, long and short /i/ and /e/ are produced by
speaker with a larger relative acoustic distance between them compared to the other
vowels in the experiment. Furthermore, these two vowel pairs were the only ones to have
differences in both F1 and F2 values. Thus, it is possible that this larger relative qualitative
difference between long and short vowels for these might be more salient for listeners
and through their experience with hearing them produced this way, listeners have learned
that vowel quality is @ more reliable cue here. This could in turn lead to the pattern seen
in the data, where listeners weight quality more heavily than duration. Now, the origin of
this larger difference in production is unclear and would require further research to
uncover.

From the current data, it is not possible to make a definite claim about why listeners
have a different cue ordering for high vowels, further research is required to reach this
point. However, the data can offer some possible starting points for this research and
allow speculation on our part and consideration of how the patterns in Norwegian

compare to others seen cross linguistically.

4. CLEAR SPEECH

Lindblom’s H&H (hypo- and hyperarticulation) Theory introduces an account of variation
that is based upon communicative context, illustrating speech as a dynamic and adaptive
act. In communicative contexts where conditions favor the listener, speakers are said to
produce hypospeech marked by quicker speaking rates and more phonetic reduction.

Contrastively, when communicative contexts do not favor the listener, speakers are said
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to produce hyperarticulation, marked by a number of phonetic adjustments aimed at
maximizing intelligibility.

Hyperarticulation has become an umbrella term for various adaptations in
speaking. A body of literature has observed clear speech as a mode of speaking,
uncovering a handful of global characteristics. Suprasegmental characteristics include
speech that is 5 to 8 dB louder than conversational speech (Picheny et al., 1986), slower
speaking rates as measured in words per minute (Picheny et al., 1986), and a larger
range of fO (Bond et al., 1989; Summers et al., 1988). More segment-focused effects have
also been found in clear speech; for example, vowels in cellar speech are often produced
with an expanded vowels space and increased duration (Chen, 1980; Picheny et al.,
1986; Moon & Lindblom, 1994; Bradlow, 2002; Krause & Braida, 2004).

One important question within research on hyperarticulation and clear speech is
how speakers dynamically adjust their productions to suit specific communicative
challenges. Specifically, do speakers make local adjustments to their articulations that
are specifically targeted at sources of phonological confusion? In the particular
communicative context of misheard speech, targeted adaptation accounts claim that
speakers make segmentally-targeted adaptation specifically to the phonological source
of confusion. For example, Schertz (2013) showed that when an initial stop’s voicing was
misunderstood by an interlocutor, speakers hyperarticulated VOT to minimize perceptual
confusability. In this dissertation, we aimed to explore this in terms of Norwegian vowel
quantity, not only looking at what adjustments speakers made but also whether these
adjustments corroborated claims that adaptations can be segmentally-targeted

specifically to the phonological source of confusion.
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In Experiment 2, three of the four acoustic cues under investigation (i.e., vowel
duration, vowel quality differences, and postvocalic consonant duration) were found to be
enhanced in some way during clear speech productions: (1) vowel duration, (2) vowel
quality, and (3) postvocalic consonant duration. The fourth cue of spectral movement in
long mid vowels was not enhanced. While the temporal cues were enhanced across the
vowel set, the acoustic distances between long and short /a/ were not larger in clear
speech, indicating that speakers do not enhance the quality difference between long and
short /a/. As Adaptive Speaker Frameworks hypothesize that speakers make local,
contrast-driven adjustments to their speech, the lack of enhancement of vowel quality for
/al could raise questions about the status of vowel quality in the contrast for this vowel.
Perhaps, the differences in vowel quality, while present in regular speech, are not as
deeply rooted in the difference between /a/ and /a:/ as for the other vowels. The pattern
found in Experiment 3 where listeners do not use vowel quality in the perception of long
and short /a/ would further support this. If it's the case that vowel quality differences for
long and short /a/ are more a consequence of articulation than part of the contrast, the
lack of enhancement and use in perception would make sense. However, a definitive
explanation for this pattern requires further investigation. The data presented here offers
a starting point for future research.

In addition to whether or not cues were enhanced, it is important to consider how
speakers adjust them to achieve these enhancements. A documented global feature of
clear speech as a stable mode of speaking is overall slower speaking rates and longer
segment durations (Picheny et al., 1986). Thus, in investigating the enhancement of

temporal cues in Experiment 2, the ratio of the long segment to the short segment was
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used to ensure that differences in duration were not simply attributable to this global
lengthening in clear speech. While there was indeed an increase in the long-to-short ratio
of vowel duration, we did not see global lengthening of both long and short vowels in clear
speech. In fact, short vowels were actually produced with a shorter duration in clear
speech than in regular speech. This detail is important for a number of reasons. First, this
goes against the notion that segments are necessarily globally lengthened in clear
speech, as we see a clear example here of a segment being shortened. Second, the
shortening of the short vowel (alongside the lengthening of the long vowel) is an example
of a local and contrast-focused adjustment made on the part of the speaker.

A similar pattern emerges with the postvocalic consonant durations as well-while
consonants after short vowels were produced longer overall, those consonants after long
vowels were in fact produced with a shorter duration in clear speech. As with the pattern
seen with vowel duration, this trend provides another example of speakers’ enhancement
strategies going against what have been deemed global characteristics of clear speech
and aligning with what is proposed by Adaptive Speaker Frameworks.

In sum, this data has shown that speakers consistently perform specific and local
manipulations of both temporal and spectral characteristics on Norwegian long and short
vowels. This supports targeted adaptation accounts (Schertz, 2013; Buz et al., 2016, in
which speakers adapt their productions when feedback from their interlocutors suggests
that previous productions were perceptually confusable. Furthermore, these data support
the claim that hyperarticulation can be a “targeted and flexible adaptation rather than a

generalized and stable mode of speaking” (Stent et al., 2008, p. 163).
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5. CUES IN PERCEPTION

When faced with phonological contrasts that are often signaled by multiple acoustic cues,
it is important that listeners are able to handle these cues in perception to successfully
identify phonemes. The ability of listeners to assess the informativity of an acoustic cue
and adjust how heavily it is relied upon in perception is referred to as perceptual cue
weighting (Holt & Lotto, 2006; Francis et al., 2008). In Experiment 3, how listeners handle
the acoustic correlates of vowel quantity observed and enhanced in production was
tested, specifically looking at which cues they used and how heavily they were weighted.
Furthermore, it was of interest to see whether there would be vowel-specific patterns
similar to what was seen in Experiments 1 and 2.

Two main patterns from the perception data in Experiment 3 are to be discussed
cue weighting and ordering as it pertains to Norwegian. The first pattern is that while
vowel quality was shown to be reliably used by listeners for most vowels, it was not for
low vowel /a/. Differences in whether or not a cue is used for all phonemes in a set for a
contrast is not uncommon. Recall the case of high front vowels in Czech (Podlipsky et al.,
2009) and Hungarian (Mady & Reichel, 2007), where vowel quality was used only for the
perception of long and short high front vowels, but not other vowels in their experimental
set. Variation in patterns seen in other languages supports claims made by previous
literature that cue use and weighting is a process that is language-, dialect-, and perhaps
even individual-specific (Holt & Lotto, 2006; Clayards, 2018).

The second pattern is the fact that of the vowels for which vowel quality was utilized

by listeners in the categorization of long and short vowels, there were two vowels for
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which listeners weighted vowel quality more heavily than vowel duration: /i/ and /e/. This
pattern brings up an important point: not only can we see vowel-specific patterns in
whether or not a listener utilizes a cue, but also in the weighting and relative cue ordering
of the acoustic cues they use. This pattern of cues being more heavily weighted for some
phonemes than for others has been attested in other languages and in other contrasts.
For example, Kapnoula et al., 2017 demonstrated that the use of fO in voicing distinction
might be greater for /p-b/ distinctions than for /d-t/ (but they do not offer a concise
theoretical explanation for this).

This pattern in Norwegian also brings up questions about what causes vowel
quality to be weighted more heavily by listeners for these two. Returning to the
explanations put forward by Holt and Lotto (2006), there might be distributional factors
that cause vowel quality to be more salient than duration for listeners for these two vowels.
Specifically, Holt and Lotto (2006) point to how distinctive two phonemic categories are
along a given acoustic dimension as a factor in whether or not listeners will weight that
cue more heavily. In Experiment 1, we saw that both /i/ and /e/ are produced with a
relatively larger qualitative difference (as evidenced by the Euclidean distance) between
long and short vowels. Thus, if listeners routinely hear these two vowels produced with a
reliably larger qualitative difference than for other vowels, the heightened distinctiveness
of vowel quality for these two vowels could lead to listeners finding this acoustic dimension
more informative and relying on it more than for other vowels. The direct link between
increased distinctiveness as observed in production data and the impact on listener
perceptual strategies needs to be investigated further to come to a definite conclusion,

especially in terms of exploring what came first. Did the increased distinctiveness in
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production precede the heightened sensitivity in perception or vice versa? And what
exactly has lead to speakers producing a larger difference for some vowels but not
others? Nonetheless, the data here provides a suggestion that this connection is there
and a motivation for future investigations.

The data from Experiment 3 are a piece in a growing body of literature aimed at
understanding how listeners handle multiple acoustic cues signally a contrast, and
whether these perceptual patterns are universal or language- and individual-specific. In
sum, the data presented in Experiment 3 supports accounts that perceptual strategies
used by listeners in weighting acoustic cues in the speech signal are highly complex and
can be language, individual, and, in this case, phoneme-specific. It is not necessarily
enough to look at individual languages when examining how phonological contrasts are
perceived, there are often cases where we see phoneme-specific patterns, indicating a

more adaptive and fine-tuned process of perception on the part of listeners.

6. RELATIONSHIP BETWEEN PRODUCTION AND PERCEPTION

While speech production and perception have traditionally been studied independently,
understanding their relationship and where the converge and diverge helps to create a
comprehensive model of representation and linguistic knowledge (Casserly & Pisoni,
2010; Schertz & Clare, 2020). Where these alignments and misalignments occur can
have many implications for various areas of linguistic theory. For example, we can
examine aspects of learning in both L1 and L2, looking at the development of the two

language modalities as speakers acquire languages (Schertz & Clare, 2020). Another
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example, we can look at languages as they are actively evolving, charting sound changes
and cue shifts in real-time (e.g., cue shifting of tenseness marking in Southern Yi, Kuang
& Cui, 2018).

Returning to the case of vowel quality in the perception of long and short /a/, this
is a place in the data where we saw a misalignment between production and perception.
As seen in Experiment 1, long and short /a/ are produced with quality differences that are
significantly different, namely that long /a/ is produced with a lower F2, indicating an
articulation that is higher in the vowel space. Despite this difference in vowel quality in
production, listeners did not use vowel quality when categorizing long and short /a/. A
number of studies have examined misalignments between speech production and
perception, and we can consider what the misalignment shown here could mean within
the context of these previous studies. In one study, Kuang and Cui (2018) examined the
ongoing change in tense vs. lax register in Southern Yi; specifically, how vowel quality is
overtaking phonation as the primary cue. They describe three possibilities for the time
course of a cue shift: (1) shifts in production and perception simultaneously, (2) listeners
shift in perception first, then mirror this in production, and (3) change occurs in production
first and listeners subsequently are attuned to it in perception. Two main findings came
from this study. The first is that this cue shift appeared to be more advanced in perception
than production and the second is that the cue shift appeared to be less advanced in non-
high vowels. This second point demonstrated that cue shifting does not need to occur
uniformly across a sound system but can start in a subset of sounds before being initiated

in others.
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Approaching the current pattern in Norwegian with a similar angle, we can begin
to speculate the reason for both this misalignment and also the fact that the misalignment
is only found in one vowel pair. For example, is it possible that there is an ongoing,
complete cue shifting occurring in Norwegian? Might the integration of vowel quality into
the vowel quantity contrast in Norwegian be incomplete? If we consider the patterns seen
in production and perception, all six vowel pairs are produced with distinct vowel qualities
yet vowel quality is only used in perception for five of the six vowel pairs. This would
suggest that the integration of vowel quality into the quantity contrast is more advanced
in production than in perception, possibility (3) described by Kuang and Cui (2018).
Furthermore, the degree to which listeners utilized vowel quality in their perception of long
and short vowels varied across the vowel space: it would appear that the integration of
vowel quality into the perception of vowel quantity is more advanced in non-low vowels
and especially advanced for /i/ and /e/, where it is weighted more heavily than duration.

Taken together with previous literature, the data from the current dissertation
demonstrates that while there is a relationship between production and perception, this
relationship is complex. Furthermore, the data here show that where production and
perception converge and diverge. From here we can begin to explore the status of this
contrast in Norwegian and whether or not there could be a change occurring, such as
what we saw in Czech (Podlipsky et al., 2009) and Hungarian (Mady & Reichel, 2007). In
these accounts of vowel quantity in Czech and Hungarian, the researchers point to the
heavy use of vowel quality in perception as an initial sign of an incipient change in the
languages, whereby a quantitative distinction between, for example, /i:/-/1/ could become

a qualitative distinction instead. While not showing the degradation of temporal cues in
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production that is described in Czech (Podlipsky et al., 2009), Norwegian listeners are
using vowel quality for most vowel pairs, weighting it more heavily than vowel duration in
some cases. The notion that this could occur in Norwegian is interesting to entertain and

could be a point of further research in the future.

7. LIMITATIONS AND FUTURE DIRECTIONS

As with any study, this dissertation comes with a number of limitations. For example, the
scope of the word types used throughout the experiments was relatively limited: in all
studies, only monosyllabic CVC words were used. To further understand the acoustic
realization of Norwegian vowel quantity in production and how cues are used in
perception, it would be beneficial to investigate a variety of word and syllable types.
Furthermore, the inclusion of polysyllabic words would enable us to look more closely at
how other suprasegmental factors influence the production and perception of long and
short vowels (e.g., stress or tone).

Additionally, the link between production and perception was only able to be
investigated on a group-level because participants were not matched between
Experiments 1, 2, and 3 (i.e., same people in each study). Of course, this group-level
information is useful for understanding the link between production and perception. Yet,
the ability to explore individuals would enable us to look more directly at how one’s
productions line up with their perceptual strategies. We could begin to answer questions
like: do individuals who produce long and short vowels with a larger acoustic distance

between them in the F1/F2 plane weight vowel quality more heavily in production? Data
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such as this would allow us to more deeply explore both the link between production and
perception and individual variation, expanding the existing literature on both of these
topics.

This dissertation also serves as a foundation for future research. For example,
further exploring the degree to which Norwegian listeners dynamically adjust their
perceptual strategies would be an interesting future avenue. The tendency of listeners to
up- or downweight cues based in perception based upon their informativity of category
membership has been shown in pervious literature: Kim et al (2020) demonstrated that
American English listeners will downweight spectral information and upweight vowel
duration when presented with productions of the American English tense-lax distinction
that are not canonical. Taking this study and applying it to Norwegian listeners would be
informative in a few different areas. First, most cue weighting and learning studies relating
to vowel duration and quality have been done contrasts, such as tense-lax in Kim et al.
(2020), where vowel quality is the primary cue. However, such studies relating to
participant reweighting of cues for long-short vowel contrasts, in which vowel duration is
the primary cue, have not yet been done. Exploring this in Norwegian would add another
dimension to our understanding of how these cues interact and are reweighted in a wider
range of contrast types. This research would also give further insight into how Norwegian
listeners handle acoustic cues in the speech signal and how they adapt to noncanonical
productions of long and short vowels. For example, learners of Norwegian might produce
long and short vowels will less distinct durational differences and more distinct quality
differences, especially when they are native speakers of a language like English (a

language without long and short vowels where duration is used a secondary cue for other
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contrasts). In a situation like this, we would predict that listeners would upweight vowel
quality and we would perhaps see perceptual patterns as seen for /i/ and /e/ in Experiment
3, where vowel quality is weighted more heavily than duration.

As another interesting potential avenue, a closer look at Norwegian dialects would
be beneficial. Norwegian is known for having many unique and distinct dialects and the
current work did not address the possibility of dialectal differences. Further investigation
with a much larger participant pool and the intentional collection of data from various
dialects would be beneficial for several reasons. First, it would provide an account of the
acoustic realization of long and short vowels in Norwegian that is more comprehensive
and nuanced. It is already an issue that acoustic-based descriptions of vowel quantity in
the language are few and far between, and this dissertation aimed to begin to fill this
need. However, an acoustic account that also examines the various ways in which long
and short vowels are produced and perceived in Norway’s various dialects would further

enrich our understanding of the phonology of the language.
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