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to ask questions.
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package and plots were made in R using the PhonTools (Barreda 2015) and PhonR
(McCloy 2016) packages.
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Abstract

The acoustic cues used to distinguish different vowel categories from each other differ
from language to language. While native speakers of a language are well attuned to the
important cues needed to identify different sounds with a high degree of accuracy,
language specific cues and cue weightings can cause potential problems for second
language learners because of the learned L1 contrasts. German is a language that
shows quantity in its vowel system with every long vowel having a corresponding short
vowel. It is unclear, however, whether spectral information or duration is used as the
primary cue by German listeners to disambiguate whether a vowel is short or long.
Additionally, the quantity-quality debate suggests that only one of the two features is
distinctive while the other one is redundant, ignoring the potential use of secondary
cues. This dissertation seeks to provide a clear answer to whether quality or quantity is
used as a primary cue in vowel perception in German as well as the potential use of
secondary in the disambiguation of long short vowel pairs.

Results show that American English listeners perceived all German vowel pairs
as different native categories, with the exception of /e:/-/e/ and /u:/-/v/, largely relying on
spectral features when identifying non-native vowel sounds. Therefore German vowels
show substantial spectral differences in production that are salient enough for
non-native listeners to exploit. In native speech perception, results show that while
duration is used as a primary cue, spectral information was used as a secondary cue to
disambiguate whether a vowel was long or short. While listeners identified tokens as
long less often as tokens approached short durations, they still identified those tokens
containing originally long spectral information as long more often than those containing
short spectral information. The same patterns were found in the second experiment,
with duration being used as the primary cue in disambiguating whether a vowel was
long or short. Tokens containing originally short durations were selected as long less
than 50% of the time, regardless of spectral manipulation step. Additionally, German
listeners used spectral movement at least partially. Results from experiment four show
that while identification accuracy stayed high overall, results indicate that German
listeners rely on dynamic information, with silent-onset-offset tokens having lower
identification accuracies than the silent-middle tokens. This is further evidence for
spectral information being used as a secondary cue in the disambiguation of German
long and short vowel pairs.

Vi



Chapter 1

1.1 Introduction

An acoustic cue can be broadly described as “information in the acoustic signal
that allows the listener to apprehend the existence of a phonological contrast.” (Wright
2004:36). Vowels differ on multiple phonetic dimensions and languages differ in which
cues are used in speech perception and in the relevance of the individual cues. Vowel
quality has been strongly linked to the first two formant frequencies and it is used to
describe a simple target model of perception in which the first two formants (F1 and F2)
constitute the primary source of acoustic information needed in successful vowel
discrimination (c.f., Peterson 1961, Nearey 1978, Peterson and Barney 1952). Some
languages additionally rely on duration, such as German (c.f. Tomaschek 2011, 2013,
2014, Bennett 1968, Bohn and Polka 2001) and Swedish (c.f. Behne et al. 1996, Behne
et al. 1997, Elert 1964, Hadding-Koch and Abramson 1964), to disambiguate vowels.
For example, the German words Kamm /kam/ (English comb) and kahm /ka:m/ (English
came) use vowel length to distinguish two different lexical meanings. There are few
studies looking into the combination of how duration and spectral information are used
in the perception of German long-short vowel pairs. Instead, studies have focused on
either the importance of duration (c.f. von Essen 1979, Heike 1969, 1970, 1972, Lindner
1976, Weiss 1976, Sendimeier 1981) or spectral information (c.f. Bennett 1968,
Ungeheuer 1969, Strange and Bohn 1998) as a primary cue and do not discuss how

spectral information and duration are used in combination.



Additionally, some studies have shown F3 and fO to be important in vowel
classification, at least indirectly (c.f. Nearey 1989, Slawson 1968, Hillenbrand and
Gayvert 1993, Glidden and Assmann 2004, Assmann and Nearey 2007), so relying
solely on either F1 and F2 from the midpoints or duration values of the vowels seems to
be insufficient when describing the reality of vowel production and perception. The work
of Peterson and Barney (1952) has shown substantial variance and overlap of vowel
categories in the target frequencies of F1 and F2 in the speech of men, women,
children, and even speakers of the same age and gender.

In this dissertation, a total of four experiments looked into different aspects of
German vowel production and perception in order to investigate the role of duration and
the first three formant frequencies in the contrasts of German long-short vowel pairs.
Specifically, the focus was on vowels as acoustic rather than articulatory events. How
do listeners use the acoustic cues present in the signal to recover the speaker’s
intended phoneme? A series of four experiments was conducted to answer this
question.

The first experiment set out to investigate the production of German vowels and
English vowels, and the perception of German vowels by English listeners. The
identification of non-native sounds depends on the phonetic fit and phonological
closeness to the L1 phonemes (Flege 1995). The experiment establishes the acoustic
qualities present in the production of German vowels and the saliency of these cues in
perception by naive listeners. This is an important step to establish the saliency of
acoustic cues present in German long short vowels. English is a closely related

language to German but has lost the quantity contrasts present in German over time.



Additionally, the vowel system is also smaller and shows less overlap spectrally, which
is why American English listeners are likely to pick up on spectral differences between
German long short vowel pairs. If these vowels differ mainly based on duration, naive
listeners might collapse them into the same native English category. However, if spectral
differences are salient, listeners are more likely to exploit these differences and perceive
the long and short vowels as distinct and therefore map them to different American
English vowels. The data from experiment one, therefore, provides insight into both the
contrastive phonetic properties of both American English and German and how much
speech perception is constrained by the acoustic patterns of the L1.

One way to examine perceptual cues is to manipulate one acoustic cue at a time
to see what listeners are most sensitive to (Cooper, Liberman, Borst 1951). This method
is used for experiments two and three to investigate whether spectral cues or duration is
the primary cue used in the disambiguation of long-short vowel pairs in German. The
second experiment investigates the role of temporal information in the perception of
German long-short vowels more closely. In experiment two a five-step continuum of
durations was created, going from formant durations of originally long vowels to
durations of originally short vowels. Two sets of these duration continua were
synthesized, with one set keeping the formant frequencies of the originally long vowel,
and one set keeping the formant frequencies of the originally short vowel intact. If
German listeners rely mainly on duration, they should perceive tokens as long as they
approach the long duration, regardless of original formant information. The third
experiment investigates the role of spectral information in speech perception more

closely. German listeners were presented with a five-step continuum of manipulated



F1/F2/F3 values going from formant frequencies of originally long vowels to formant
frequencies of originally short vowels. Two sets of these formant continua were
synthesized with one set keeping the duration of the original long vowel and one set
keeping the duration of the originally short vowel intact. If German listeners rely mainly
on spectral information, they should perceive tokens as long as they approach the long
spectrum, regardless of original duration information.

A fourth experiment was conducted to investigate the importance of formant
movement. Listeners were presented with silent center/silent onset-offset resynthesized
vowels to test the importance of vowel inherent spectral change (VISC). Traditionally
German is thought to rely less on dynamic and more on static cues as it is said to not
diphthongize monophthongs in comparison to American English (Strange and Bohn
1998, Strange et al. 2004). However, German has a large vowel system and shows
spectral overlap between vowel categories. Using information from spectral trajectories
might be a way of further disambiguating vowel categories. If German listeners rely
mainly on static spectral information, the silent-center tokens should have lower
identification accuracies than the silent-onset-offset tokens. However, if German
listeners rely on dynamic information, the identification accuracies should be lower in
the silent-onset-offset tokens.

Furthering the understanding of cue usage in speech perception not only aids the
application of appropriate teaching materials in second language acquisition classes but
also allows for the development of algorithms and methods for automatic speech
recognition modeling more closely what human listeners are doing in a specific

language. Modifying existing algorithms to more accurately classify unfamiliar speech



sounds can be aided by a better understanding of both native and cross-language
human perception. Additionally, incorporating information from fine-grained acoustic
studies can lead not only to greater accessibility of speech technologies for dialects of
one language and accented speech, such as in second language speakers, it could also
lead to the development of other more inclusive technologies, for example, the
availability of speech recognition technology for speech impaired speakers and the

development of hearing aids that pick up on the right cues.

1.2 Literature review

In the following sections, a short overview of the literature on German vowel
characteristics and American English vowel characteristics, as well as speech
perception will be given. This section will be the theoretical basis on which the
experiments are built. The information in this chapter will be important for
experiments one through four, which will investigate the use of durational and
spectral information in German vowel production and perception using manipulated
synthetic vowels.

After establishing the acoustic principles of vowel production, a short overview
of speech perception and vowel normalization will be given. Understanding how
non-native speakers use acoustic cues to categorize unfamiliar sounds can give
insight into the distribution of acoustic properties in the native language and how

categories are established based on the properties of the signal.
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1.2.1 A short history of German

“Germania tot habet dialectos, ut in triginta miliaribus homines se mutuo non intelligant.
Austri et Bavari nullas servant diphthongos, dicunt enim e ur, fe ur, bro edt pro feuer,
euer, brodt. Ita Francones unisona et crassa voce loquuntur, quod Saxones praeqipue
Antverpiensium linguam non intelligunt [...] die Oberlendische sprache ist nicht die
rechte Teutzsche sprache, habet enim maximos hiatus et sonitus, sed Saxonica lingua
est facillima, fere pressis labiis pronunciatur.”

Germany has so many dialects that people living 30 miles from each other can not understand each other. The
Austrians and Bavarians do not have diphthongs, because they say e-ur, fe-ur, bro-edt for feuer, euer, brodt. The
Franks speak so monotonous and thick, that the Saxons do not understand them, especially in Antwerp [...]
Oberlendisch language is not the right German language, because it has very open and strong sounds, but the
Saxon language is very light, it is pronounced with almost closed lips.

(from Luther’s “Tischreden”, Lauterbachs Sammlung B, Nr. 6146, in: Stedje 2007:146.)

While English and German both descended from West-Germanic, they went through a
series of different processes of sound change, which is also reflected in the current
vowel systems of both; while German has 23 monophthongs and 8 diphthongs, English
has only 12 monophthongs and 8 diphthongs (Calvo Fernandez 2018). The smaller
vowel system of English shows less overlap in the F1/F2 plane than German does,
which could explain why German went through sound change processes that preserved
duration as a strong perceptual cue (D’Alquen 1979). Comparing the vowel systems of
American English and German allows insight into the acoustic cues present in vowel
production and the active phonological contrasts in perception in both languages. With
English having a smaller vowel inventory and less overlap spectrally, the attention to

spectral form versus duration might be inverse, with English speakers relying more on



spectral form and German speakers relying more on duration in the perception of vowel
sounds.

In this dissertation, the focus of study will be on the vowels of one German
dialect, Westphalian. The reason for focusing on a specific dialect is that Modern High
German or Modern Standard German (MSG) as such is a construct (c.f. Lenz 2001,
Milroy 2007), as German has many dialects and MSG is not actually spoken in
everyday practice (c.f. Barbour and Stevenson 1990). While in written language,
uniformity can be closely approximated, spoken language is never completely invariant
and absolute unity is never achieved in practice (Milroy 2007:134). The standard of a
language is not a specific or clear-cut language but rather “an idea in the mind rather
than a reality — a set of abstract norms to which actual usage may conform to a great or
lesser extent” (Milroy and Milroy 1991:22-23) and the more prestigious dialects of a
language often rise to be the standard. Unlike French or English, MSG cannot be traced
back to one specific dialect, mainly due to the political fragmentation of Germany
between the 16th century and the second half of the 19th century (Barbour & Stevenson
1990, Clyne 1995, Zsiga 2013), which prevented any one region from becoming
prestigious enough to be considered to become the standard (c.f. Barbour & Stevenson
1990, Clyne 1995, Zsiga 2013). Because of Germany’s history of scattered regionalism
and the lack of a language authority or institution deciding on a norm, the disunity of
spoken German is still present today and a phonetic norm was only established in the
19th century (Hochlautung) (Keller 1978). The Hochlautung is not spoken in everyday
life in Germany as regional dialects have persisted and while a single speaker’s speech

may conform to a certain extent to the idealized standard of a language, variation in the



acoustic realizations will still be present (c.f. Lippi-Green 1997:25, Stevenson 2002,
Kennetz 2010).

There are multiple problems caused by the fact that MSG is an amalgamation of
dialects when it comes to phonetics and the decisions made when it comes to including
or excluding sounds in the phonemic inventory. MSG pronunciation did not arise
naturally but is a synthetic construct, largely based on Biihnendeutsch, a concept
established in the 19th century (c.f. Elmiger 2019, Tkaczyk 2017) and the 1962
Aussprachewérterbuch by the Duden Verlag still stuck closely to the pronunciation
norms described in Bihnendeutsch (Elekfi 1972). While the 2015 version of the Duden
still references Sieb, the pronunciation norms suggested are based on the work of
Mangold (2015) and the Institut fiir Deutsche Sprache Mannheim (Institute for the
German language Mannheim) (Dudenredaktion 2015). This development is discussed
in more detail below. Therefore the decision of which phonemes to include or exclude
from the inventory of German is not straightforward. For now, | will give a brief overview
of the vowel development in the history of the German language and show how this
results in a synthetic concept of Standard German and why in conclusion this
dissertation will only focus on one dialect of German, namely Westphalian.

MSG is a written language, which when spoken, is still colored by the speaker’s
own dialect pronunciation and even dialect-specific lexemes. Modern German dialects
can be grouped into three broader areas: Low, Central, and Upper. The Upper dialects
are considered those who have fully completed the second sound shift while Central
and Low German dialects have only partially completed this sound shift. Within these

three broader categories we find a variety of more finely grained subgroups. The dialect



observed in this dissertation is a Low German dialect, Westphalian, and can be seen in

dark green in Figure 1 below.
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Fig. 1: Dialect groups in North Rhine-Westphalia (Et Mikkel,
https://en.wikipedia.org/wiki/File:Dialekte in Nordrhein-Westfalen.PNG)

Historically, German can be split into the periods of Old High German (OHG)

(750-1050), Middle High German (MHG) (1050-1350), Early New High German (ENHG)
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(1350-1700), New High German (1700-now), or Modern Standard German (MSG), all
marked by sound changes of both consonants and vowels.

Splitting off from Indo-European, Old High German was marked by some
simplifications in both phonetics and morphology, such as a reduction in declension and
conjugation and the first and second sound-shifts in consonants as well as vowel
changes, such as unaccented vowels, modified vowels (e.g. umlaut, a sound change in
which a vowel is produced more like a following vowel) and vowel mergers (c.f.
Chamber and Wilkie 2014, Rauch 2017, King 1965). When attempting to understand
the German vowel system today, it is important to have an understanding of how vowels
gradually changed over time. Looking at the vowel changes mentioned in the following
from a phonological perspective, allows us to understand the differences and similarities
present in modern German.

Vowel length, or duration, can be traced all the way back to Germanic, the stage
that preceded OHG. When Germanic split off from Indo-European, the original set of
long and short <a> and <o> underwent a vowel merger. Examples for this merger are

shown in Table 1 and already show vowel length.

Table 1: Examples of vowel <a> <o0> vowel merger (Salmons 2012:57)

Merger pattern Indo-European Germanic MSG
*a="a ghans gans Gans
*o > *a orbho arbi Erbe
a>*0 bhratér bropar Bruder
*0="0 plo flodus Flut
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The short vowel <o> merged into short <a> in Germanic, and the long vowel <a>
merged into the long vowel <6> . This left a gap in the vowel system since no long <a>
was present in Germanic.

The shift from Germanic to OHG filled this gap with long <a> occurring in
environments with following *-xt (Salmons 2012), showing early attempts to keep the
vowel system balanced with long-short pairs for each vowel. Additionally, for OHG, we
see two main dialectal areas: High German (HG), as spoken in the South, and Low
German (LG), as spoken in the North. Gloning and Young (2003) illustrate the
differences in Old High German dialects with examples taken from The Lord’s Prayer
and claim that vowel differences were one major dialect marker between HG, and LG.
These differences can still be observed in MSG, which is why this dissertation only
focuses on one dialectal area of Germany as mentioned above. The vowel shifts
occurring from Indo-European to OHG were monophthongization and diphthongization.
While the PG diphthong <ai> becomes <ei> or <e> in LG, it becomes <e> or <a> in HG
and the diphthong <au> becomes <ou> or <o0> in HG but <ea> or <o0> in LG. As for
monophthongization, PG <e> stays <e> in LG but changes to either <ia> or <ie> in HG
and PG <o> does not change in LG but changes to either <uo> or <ua> in HG.

Examples to illustrate these changes are presented in Table 2 below.

Table 2: <ai> - <e> shift HG/LG (Szulc 1987)

Indo-European OHG English
laizjan leren teach
saiwaz seo see
dailiz Teil part

11



Table 2: <au> - <o> shift LG

Indo-European OHG English
raudaz rot red
kaus kos choose
Skaunaz skon beautiful

These first two examples are examples of monophthongization in OHG, in which <ai>

and <au> were replaced with either <e> or <0>, depending on the dialect area.

Table 3: <o0> - <uo> shift HG
Indo-European | OHG English

moder muoter mother
fot fuoz foot
stol stuol chair

This is an example of diphthongization in OHG, in which <o> shifts to <uo>. All
examples show dialect dependent vowel shifts, whose effects can still be observed in
MSG. The phrase “liebe gute Briider” is an example of how LG and HG still differ in
MSG based on these earlier occurring vowel changes. While in LG the phrase includes
only monophthongs, in HG the phrase includes only diphthongs, which is preserved
respectively in Westphalian and Bavarian German today.

Willmanns (1911:265) writes about the OHG vowel shifts:

“In demselben Mal} als ai sich dem e, au sich dem o naherte, entfernten sich die alten e
und o von ihrer ursprunglichen Form; ai und au wurden zunachst zu ae und ao, e und o
umgekehrt zu ea und oa. Ein bewultes Streben, die verschiedenen Laute auseinander
zu halten, das sich in den Konsonantenverschiebungen bekundete, dulRert sich auch
hier.” [In the same way that ai became e and au became o, the former versions of e and
o changed as well; ai and au became ae and ao, e and o became ea and oa. We can
see the same conscious aspirations to keep the sounds apart, just like we see with the
consonant shifts.]

12



He parallels the vowel shift to the consonant shift and attributes both to a theory
of maximum dispersion. Maximum dispersion was first introduced by Liljencrants and
Lindblom (1972) and states that vowels in a given system tend to be evenly dispersed
throughout the vowel space, which is theorized to minimize confusion with other
phonetic categories. So German using both duration and spectral cues to disambiguate
vowels could be a strategy to maximally disperse the different categories.

While first mentioned by the name theotisce by papal legate George of Ostia
(Keller 1978), German is first mentioned as a language by a German when
Charlemagne decides that Latin literature should be translated into the language of the
people (tam latine quam diutiske = in Latin as in German) (c.f. Chambers and Wilkie
2014, Horan, Langer, Watts 2009, McDonald 1972). This is important because the
extant texts allow us to investigate the phonology of Old High German (OHG) and its
dialectal differences with diachronic methods (Penzl 1971). The oldest known record of
written OHG is Der Abrogans, a Latin to German dictionary (Baesecke 1930). Even in
OHG, significant differences in the vowel systems of major dialect areas can be traced
based on textual evidence. Some of these dialects are Franconian, Alemannic, and
Bavarian and texts date back to the time from 750 to 1050 (Wiese 1987, Keller 1978).
This fragmentation is largely due to the tribal nature of the Germanic peoples and
Modern Standard German (MSG) still preserves these older forms of tribal languages to
some extent in the form of the various dialects, Bavarian for example preserves some
older diphthongs or monophthongs as is shown in the table 4 below and mentioned

above in the discussion of LG and HG:
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Table 4: Example of Bavarian diphthongs and monophthongs (Schirmunski 1962)

MSG Bavarian
ein oan
Hauser Haiza
Bdume Bam
lieb liab
gut guat

Penzl (1971) examines five different OHG works (Exhortatio ad plebemn
christianam, lIsidor, Otfrid, Notkers, Otlohs Gebet) and notes that vowel quantity is
present in all of these and expressed through different graphemic representations. Even
in OHG, quantity is an important distinction in the vowel system.

In a recent history of the German language, Salmons (2012) mentions three
major sound changes happening between OHG and Middle High German (MHG):
weakening of vowels in unstressed syllables, umlaut, and a consonant change. While
umlaut first occurred around 750 in the Rheinisch Franconian dialect (c.f. Iverson et al.
1994, Kyles 1967, Voyles 2011), it spread to other dialects of German as well. In
Rheinisch Franconian umlaut first only affected <a>, but by the eleventh century umlaut
had spread to <o> and <u> as well as <ou> and <uo>. Umlaut caused what were likely
back vowels to become fronted and was not evenly spread throughout all dialects (c.f.
Voyles 1976, Penzl 1949, Twaddell 1938). Additionally, weakening of unstressed vowels
can be traced by comparing OHG forms to MHG forms, such as OHG suntia vs MHG
stinde, in which the word-final <ia> turns into schwa (Salmons 2012). This important
sound change process created a series of new phonemes, which are still present in

Modern Standard German (Penzl 1949). Another modern distinction that we can
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observe in older stages of the language is the quantity distinction in vowels. MHG had
23 stressed vowels (Szulc 1987), which show the long-short distinction we still see in
Modern German today: the short vowels <i, e, &, &, a, U, 6>, the long vowels <i, e, &, a,
iu, 6, u, 0> and the diphthongs <ie, ei, Ue, 06U, uo, ou>.

The sound changes occurring from MHG vowels to Early New High German
(ENHG) vowels are monophthongization, diphthongization, open syllable lengthening,
and closed syllable shortening (Salmons 2012). The old diphthongs turn into long
monophthongs in (E)]NHG and we still see them as long vowels in MSG today. Table 5

shows vowel length in MHG and (E)NHG and word examples.

Table 5: Examples of length in MHG and (E)NHG (Salmons 2012:232)

MHG (E)NHG Word examples
ie i liep > [li:p]

uo u: bruoder > bruder
te a: [y:] miede > muide

Additionally, there was lowering of the short vowels and raising of the long vowels
(Salmons 20212), which is likely why the tense/lax distinction was raised for MSG.
Having described some important sound changes in the phonological features of
OHG and MHG, the literature cited above has effectively set up the context of looking at
MSG in terms of its development and evolution of the language, especially with regard

to duration.
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1.2.2 Quantity in German - tense/lax or long/short?

Quantity in German vowels has been described along two dimensions, either as
tense/lax or as long/short. The following section will give an overview of the literature on
the German length distinction in vowels and why there was disagreement about which
individual phonemes to include in the vowel system of Modern Standard German based
on whether the phonological distinction between long and short vowels was based on
tenseness or duration.

The development of both a graphemic and phonological union of German was
mostly driven by the reformation, grammarians, teachers and writers, and the
Sprachgesellschaften of the 19th century (c.f. Russ 2002, Berns 1988, Keller 1978).
With the foundation of the German Empire in 1871, a norming of the language became
more important to form a national consciousness, and the abolishment of serfdom at the
beginning of the 19th century and the industrial revolution in the 1830s caused more
people to move to the cities. This pushed the development of supra-regional
vernaculars (Stedje 2007:172ff). The efforts of grammarians and writers were targeted
toward uniformity, regularity, and clarity of the language (Keller 1978).

At the end of the 19th century, a conference in Berlin held by phoneticians
reached some consensus about a standardized pronunciation of German. One of the
participants was Theodor Siebs, a professor of linguistics (Waterman 1966:174, Keller
1978). His work is widely regarded as a base for Modern German standard
pronunciation (c.f. Moulton 1962, Elmiger 2019, Tkaczyk 2017, Elekfi 1972). In Siebs’

Beratungen zur ausgleichenden Regelung der Biihnenaussprache (1898) 22 vowel
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phonemes are suggested, 19 monophthongs and three diphthongs: <I, ¢€,Y, 0, a, U, 9,
i, e, a., vy, @, a:, u, o;, ae, 9@, ao>. This phoneme system is based on the opposition
of tense and lax; generally tense vowels are produced with greater muscle tension than
lax vowels (Delahunty and Garvey 2004). The tense lax distinction is often based on
phonotactics and in languages like English and German, tense vowels can occur freely
at the end of monosyllabic words while lax vowels mostly occur in monosyllabic words
only if they end in a consonant. The duration patterns of tense and lax vowels are seen
as secondary, but tense vowels are overall longer than the lax vowels of the same
height (Nearey 2006). While the feature has been described as a degree of muscular
tension (Jones 1918, 1964), Jakobson, Fant, and Halle (1952) define the tense-lax
distinction as follows:

“In contradistinction, to the lax phonemes, the corresponding tense phonemes display a
longer sound interval and larger energy (defined as the area under the envelope of the
sound intensity curve) [...] In a tense vowel the sum of the deviation of its formants from
the neutral position is greater than that of the corresponding lax vowel. (1952: 36)
Production. Tense phonemes are articulated with greater distinctiveness and pressure
than the corresponding lax phonemes. The muscular strain affects the tongue, the walls
of the vocal tract, and the glottis. The higher tension is associated with greater
deformation of the entire vocal tract from its neutral position. This is in agreement with
the fact that tense phonemes have a longer duration than their lax counterparts. The
acoustic effects due to the greater and less rigidity of the walls remain open to

question.” (1952: 38)
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While Siebs made an effort to promote a standardized German pronunciation,
spoken German shows substantial variation and therefore several different phoneme
inventories have been suggested for MSG in the literature. It is important to note that
Blihnenaussprache was mostly intended to be used as a normalizing force used in
educational contexts as well as on the stage, on radio, or television (Siebs 1969, 2020).
Spoken German will always show traces of regional dialects, even if a speaker attempts
to speak MSG.

Similar to Siebs, Szulc (1987) also suggests a vowel inventory largely based on
the tense lax distinction, his phoneme inventory consists of the tense vowels: <i;, i, u:, u,
Y.,y €, e, 0,0, d:;, g, a:;, a>and the lax vowels: <I, U, Y, g, 9, 0, 0, a>.

The debate whether the distinction in the German vowel system is one of
tense-lax or long-short influences the suggested vowel inventories. While Keller
(1978:554) describes the German vowels along the dimension of tense and lax, he
mentions that scholars are “not in agreement about the primary opposition: is it short -
long or lax - tense?”.

Using the long-short distinction, Werner (1972) lists 15 monophthongs and three
diphthongs. He suggests the eight long monophthongs /i:, y:, e:, @:, a:, u:, o:, e&:/, and
the seven short monophthongs /1, v, @, a, o, u, €, a, &/, as well as the three diphthongs
/ai, oi, au/. While using the long-short distinction for monophthongs, he writes that it is
unclear whether the difference is quantitative or qualitative and it is also unclear
whether the diphthongs are indeed independent phonemes or merely a combination of
two isolated monophthongs. Similarly, Wiese (2000:11) lists the following phonemes as

vowels of German: /i;, 1, y:, v, €, €, €, @:, &, a, a, 0;, 9, U, U, 9, B, al, av, oY/. However,
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instead of listing short vowels as phonemes, he lists long vowels as phonemes and their
short counterparts as allophones (2000:18), which implies that instead of being different
phonemes they are instead in complementary distribution. He suggests that for /e:/ vs
/el and /a:/ vs /al duration is the only contrastive feature and that they do not show
differences in quality (2000:22).

Vowel length has been discussed as having three levels in Menzerath (1939),
Martens (1955), and Mdller (1956, 1958), who suggest that in addition to the distinction
between long and short vowels (iberlang (overlong) should be added as a third duration
step. They try to illustrate these with minimal pairs as in reil3t - reist, fliel3t - fliehst, Rute
- ruhte. This suggestion has been rejected by later research (c.f. Hanhardt et al. 1965,
Delack 1972, Newton 2019).

According to Handke (Campus, T.V.L. 2012), German has 16 monophthongs and
8 diphthongs. The seven long monophthongs are /i, y:, e:, @:, a:, u:, 0:/, he adds that
/e:/ is often merged with /e:/. The nine short monophthongs are /i, v, €, ce, a, 9, U, 9, €/
and the eight diphthongs are /ie, ve, ee, ai, ui, oe, Jv, av/.

While there is a debate on the tense-lax versus long-short distinction, this
dissertation will use the terms long-short as referring to quantity for several reasons. For
one, the tense and lax features are not present in the IPA notation (Durand 2005).
Jones writes that “it is extremely difficult to determine in the case of the opener vowels
whether the sensation of ‘tenseness’ is present or not” (1964: 39-40) and Lass has
described the distinction as a “contentless dichotomizing operator’ (Lass 1976: 9-10).
Additionally, tense-lax and duration correlate with each other in that “lax vowels tend to

be short whereas tense counterparts are long.” (Kwon 2011:606).
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While the literature referenced above is making the decision of whether German
long and short vowels differ in tenseness or duration based on theory, it is important to
look at the evidence from production and perception to define what duration looks like
acoustically and how spectral information ties into the distinction of German long and
short vowels. The next chapter will give an overview of acoustic and perceptual

evidence for quantity in German.

1.2.2.2 Using acoustic evidence to investigate quantity and quality

Evidence from studies using non-native vowels suggests that native German speakers
are indeed sensitive to both quality and quantity (temporal and spectral information)
(Bohn and Flege 1990, Escudero et al. 2009). But which cue is used primarily in the
disambiguation of native German long-short vowel pairs and what are the defining
acoustic features of quality and quantity in German? Recall that the focus of this
dissertation is on vowels as acoustic events. Therefore, it is necessary to first establish
the specific acoustic features that define quality and quantity.

Spectral information refers to the specific formant frequencies associated with a
vowel. The different lip shapes used in the production of different vowels filter the
frequency generated by the source, which causes the output waveform to have varying
combinations of component frequencies and amplitudes, or a different spectrum,
depending on the shape a speaker needs to make to produce a target sound. By

reshaping the vocal tract, certain frequencies are amplified and others dampened out,

20



these amplified resonance frequencies are called formants. Different formants create
different qualities of sound. For vowels, the resulting complex waveform is the sum of a
set of sinusoid waves with different frequencies and when visualized, the frequency and
amplitude result in a spectrum (Zsiga 2013:116). In vowel production, formants also
correspond to the position of the tongue. The first formant (F1) corresponds to the
degree of tongue height and the second formant (F2) refers to tongue frontness. The
importance of the first two formants has been well studied (c.f. Peterson and Barney
1952, Fant 1959, Hillenbrand, Getty, Clark and Wheeler 1995) and therefore F1 and F2
have been said to provide sufficient acoustic information to identify a vowel (e.g.
Delattre et al. 1952, Dunn 1950, Peterson and Barney 1952). By representing vowels in
this two-dimensional space, a language-specific vowel system can be mapped and
compared to other languages with different configurations in the F1/F2 plane. Plotted in
the two-dimensional F1/F2 space, the German vowel system appears as shown in the

Figure 2 below:
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Figure 7:

German vowels produced m /hVU syllables, presented in an F,/F; space.
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Fig. 2: German vowels produced in /hVt/ syllables (Steinlen 2005:79)

Especially for languages like German with large vowel systems as shown in figure
GERSPA1, using only the first two formants is an insufficient way to characterize vowel
categories and mark the contrast between categories which overlap in their formant
frequencies (Fant 1960; Maurer et al. 1992). Other acoustic cues, such as duration (c.f.
von Essen 1979, Heike 1969, 1970, 1972, Lindner 1976, Weiss 1976, Sendlmeier
1981), are used by listeners to disambiguate vowels. Duration corresponds to the
quantity of the vowel or the length of a vowel.

Several studies have investigated whether quality or quantity is the primary cue
in distinguishing between long and short vowels in German." While some studies show

that spectral characteristics are weighted heavier when identifying German long-short

' Depending on whether a cue is primary or secondary in a language, listeners assign different degrees of
perceptual attention to an acoustic cue (c.f. Scobbie 1998, Escudero 2000, Nittrouer 2000).
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vowels (c.f. Bennett 1968, Ungeheuer 1969, Strange and Bohn 1998), other studies
show the opposite and claim that temporal information, specifically vowel duration, is
the main cue in distinguishing between the long-short vowel pairs (c.f. von Essen 1979,
Heike 1969, 1970, 1972, Lindner 1976, Weiss 1976, Sendlmeier 1981, Bennett 1968).
There is no clear consensus in the literature, and most studies do not investigate the
role of secondary cues. For example, Riad (1995), Wiese (1996), and Lahiri and
Dresher (1999) all treat vowel length in German as a purely prosodic phenomenon and
therefore argue that German does not show vowel quantity as a discriminative feature
at all, while on the other hand, several studies (c.f. von Essen 1979, Heike 1969, 1970,
1972, Lindner 1976, Weiss 1976, Sendimeier 1981, Bennett 1968) have shown that
duration alone was a sufficient cue to distinguish between vowel categories for German
listeners.

Investigating the role of these cues acoustically is important to gain a detailed
picture of the interplay between quality and quantity in German. Several studies have
focused specifically on the acoustic cues corresponding to quality and quantity to tease
apart cue usage in German. For example, Strange and Bohn (1998) used manipulated
tokens, showing that when duration information was removed from the vowels,
identification errors increased significantly. Similarly, Tomaschek et al. (2014) have
found duration to be the main cue when discriminating between long and short /u/-/o/
vowel pairs, and Tomaschek et al. (2011) have shown that vowel length in German even
matches the criteria for categorical perception.? While duration was found to be the
primary cue to distinguish between long and short vowels, Tomaschek (2013) has also

found that quality serves as a secondary cue.

2 Even though this has been shown mainly for consonant perception.
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In contrast to the studies mentioned above, the use of spectral information in the
perception of German long-short vowels has been extensively shown as well (c.f.
Bennett 1968, Ungeheuer 1969, Strange and Bohn 1998). Using acoustically
manipulated tokens, Heike (1969) showed that when manipulated only for duration, only
the /a:/-/al distinction showed a clear boundary shift between the long and the short
vowel.? Her results show vowel-specific patterns for other German vowels with /o:/ being
identified as /v/, and /e:/ as /i/, when duration was manipulated. If duration was the only
cue used in the disambiguation of German long and short vowel pairs, these vowels
should have been identified as their short counterpart. Heike’s findings, therefore, show
that there is a complex relationship between duration and spectral cues. Similar
complex patterns have been found by Bennett (1968), who compared the use of
duration in the perception of both English and German vowels using synthetic vowels
manipulated for both duration and spectral information by combining 4 spectral values
with 4 durations. The results show that for both languages spectral cues were used
primarily and duration was used secondarily. However, for German, the results showed
vowel-specific patterns: For example, duration had a greater effect in the /v/-/o:/ pair,
while spectral information was used primarily in the /o/-/o:/ pair. Weiss (1976) also found
vowel-specific patterns. His results show that the importance of spectral information
versus duration information was a function of vowel height with listeners relying more on
duration to identify low vowels, but using spectral information to identify high vowels.

These results have been replicated by Sendimeier (1981) as well.

3 The /al-/a:/ distinction seems to be a special case in the German vowel system and studies have shown
them to be identical in quality (Duden 1990, Siebs 1969, Ungeheuer 1969, Kohler 1990, Martens and
Martens 1961, Hoffmann 2011, Sendimeier & Seebode 2006).
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Taken together, this shows that German listeners use a combination of quality
and quantity when disambiguation between long and short vowels.* Production studies
also show long and short vowels differing along multiple acoustics dimensions. Patzold
and Simpson (1997) worked with a corpus of 22 speakers (11 male, 11 female) from the
North of Germany. The data came from the Phon-Dat90 corpus (Thon and Dommelen
1992) collected and labeled at the IPDS Kiel (IPDS 1994) containing all vowels of MSG,
in which two sets of 100 sentences were read. The sentences contain an average of
five words per sentence. The sixteen monophthongs and three diphthongs were
analyzed using the first three formants. They found that the short vowels are all more
central than their long counterparts in the F1/F2 space and that only /a/ and /a:/ are
similar in spectral quality, using duration as the main cue for distinction, whereas the
other long-short vowel pairs show clear spectral differences. These findings have been
replicated by Steinlen (2005) and Jgrgensen (1969) who show that all tense and lax
vowel pairs show significant spectral differences and that the lax vowels are located
more centrally in the F1/F2 plane. Heid, Wesenick, and Draxler (1995) found similar
patterns when looking at the overall duration of long and short vowels in German. They
found that while phonologically long vowels are on average longer than the short vowels
(97ms long vowels, 64ms short vowels), the vowels show systematic spectral
differences depending on whether they are long or short: “although the overall
distribution is fairly similar, it appears [...] that long vowels concentrate mainly in three

regions: back/round/high, front/high, central/low. The short vowels [...] are distributed

4 However, the long-short vowel pairs he used for the German listeners were chosen based on the
author's personal judgment of which vowels sound similar and not determined based on the actual
spectral qualities of the vowels as observed in production.
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more regularly with a higher concentration in the center of the vowel space.” (Heid et al.
1995:4).

Taken together, the question of whether German listeners rely primarily on quality
or quantity differences is unclear with studies finding conflicting evidence. This
dissertation seeks to provide a clear answer to whether quality or quantity is used as a
primary cue in vowel perception as well as the interaction of these cues with secondary
cues. The following section will provide an overview of the quality-quantity debate in the

perception of German vowels.

1.2.3 The quantity-quality debate

As discussed above, German listeners seem to use both quality and quantity
differences in the perception of long-short vowel pairs. However, there is little
consensus on which cue is used primarily as shown in the discussion of the literature
above and research stating that either only quality or only quantity is distinctive while
the other one is redundant, ignoring the use of secondary cues (c.f. Riad 1995, Wiese
1996, Lahiri and Dresher 1999, Vennemann 2000, Mangold 1990, Delattre 1969,
Vernon 1976, Maack 1951, 1954, Jessen 1993, Weiss 1977).

What defines a primary feature? The functional-structural framework (Jakobson,
Fant & Halle 1952, Jakobson & Halle 1968) states that a primary or distinctive feature is
invariant across contextual variation. If quality is the non-redundant feature in German,

it should stay invariant across different contexts, such as stressed vs unstressed

26



positions. Ramers (1988) hypothesizes that there are two different ways in which quality
and quantity can be distinguished in terms of primary and secondary cues. The first
hypothesis states that vowels that aren’t stressed tend to reduce differences in quantity
more readily than in quality. This would mean that quality differences are more robust
and stable. In unstressed syllables, vowels would only be distinguished in quality and
not in quantity making quality the invariant and primary cue. Using this framework, it
could be determined from production alone whether quantity or quality is the primary
feature in the distinction of German vowel pairs. Mangold (1990) has shown
neutralization of quantity differences in long-short vowel pairs in positions before main
stress. Similar results have been shown by Delattre (1969) and Vernon (1976). These
studies support the use of quality as a primary cue. However, results showing no
significant reduction of quantity differences in stressed vs unstressed positions can be
found in Maack (1951, 1954), which supports the use of quantity as a primary cue. The
existence of minimal pairs for long and short vowels is another indicator of contrastive
quantity in German, as minimal pairs are traditionally used to establish phonemic status
in a language (c.f. Brown 1995, Levis and Cortes 2008, Maye and Gerken 2000). Figure

3 shows minimal pairs for all German long-short vowel pairs:
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Minimal pairs involving vowel quantity (Wiese 1996: 11)

bieten ‘offer’ ~ bitten ‘request’ [i:] ~ [1]
Hiite ‘hats’ ~ Hiitte ‘hut’ [v:] ~ [¥]
Beeten ‘(flower) bed’ ~ Bett ‘bed’ [e:] ~ [€]
sehen ‘see’ ~ sden ‘sow’ [e:] ~ [e]
ife ‘eat (1sg.subj.)’ ~ esse (1sg.ind.) [e:] ~ [€]
Hohle ‘cave’ ~ Holle ‘hell’ [@:] ~ [ce]
Schal ‘scarf’ ~ Schall ‘sound’ [az] ~ [4]
Ofen ‘oven’ ~ offen ‘open’ [oz] ~ [9]
spuken ‘spook’ ~ spucken ‘spit’ [uz] ~ [u]

Fig. 3: German minimal pairs for long-short vowels taken from Wiese (1996)

Keller (1978:554) suggests that vowel duration is a prominent phonetic feature of
German and advises against relegating vowel length to a subsidiary position.

A third approach could be seen as an alternative hypothesis to the use of either
quality or quantity as a primary cue and instead suggests that both quality and quantity
are reduced to the same degree in unstressed syllables and therefore no vowel is
categorized solely by one or the other. Rather, both are equally important in the
perception of long and short vowels. For example, Jessen (1993) has shown both
quality and quantity to be invariant in his experiments and argues that neither quality nor
quantity can be the sole primary cue. Furthermore, his results show vowel-specific
patterns: quality is invariant in different stress positions for all but non-low vowels. He
argues that quality is the primary cue for non-low vowels in distinguishing between long
and short, while quantity is distinctive for low vowels. This vowel-pattern-specific

approach has also been suggested by Weiss (1977), who states that high vowels are
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distinguished primarily by quality, low vowels by quantity, and mid vowels by a
combination of both.

While some of the literature above suggests a complex relationship between
quantity and quality in the perception of German long-short vowels, the exact nature of
this relationship is still unclear, as well as whether quantity or quality is the primary cue
used in the distinction. The experimental evidence cited in this dissertation provides
evidence for both theories, therefore still leaving the question of which cue is used
primarily unanswered. This dissertation investigates the use of duration and spectral
cues, as well as the use of VISC in the classification of long-short vowel pairs by native
German speakers. The aim of the experiments conducted is to achieve a better
understanding of the relationship between quantity and quality in German vowels.

Revisiting claims made about the production and perception of vowel quantity
and quality in German, previous literature has stated that either duration or spectral
cues are the sole perceptual cue used by listeners to differentiate between minimal
pairs such as Kamm and kam. In the first experiment, a production study will answer the
question of how German vowels are produced with respect to acoustic cues, such as
spectral features, vowel duration, fundamental frequency, and F1, F2, and F3 at onset,
midpoint, and offset of the vowel and whether there are significant differences in these
properties between long and short vowels. Additionally, this study will investigate
cross-language vowel perception to test whether the German quantity/quality
differences are perceptually salient enough to elicit a phonemic contrast in non-native
speakers, that is to not be collapsed into the same vowel category in English. Listeners

should be more sensitive to the cue that is more salient and use it to disambiguate
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vowel instances, so if quantity is the more salient cue German /a:/ and /a/ should not be
collapsed into the same English category. Of course, cue weighting from English could
obscure the salience of German cues.

Experiments two and three will investigate which acoustic cues listeners utilize in
the perception of long-short vowels. Experiment two uses a synthetic 5-step continuum
of manipulated vowel durations, while experiment three uses a synthetic 5-step
continuum of manipulated vowel formants (F1-F3). Taken together, the experiments will
address the question of whether duration or spectral information is the only perceptual
cue used by listeners, or if both cues are used in conjunction and how they are
weighted.

Lastly, experiment 4 will investigate the use of spectral information in more detail
by looking at the importance of VISC by German listeners using resynthesized
silent-center and silent-onset/-offset vowels. If German listeners rely mostly on spectral
cues from the center of the vowel, the silent-center vowels should be identified with
lower accuracies than the silent-onset/-offset vowels.

In order to investigate the importance of different acoustic cues in speech
perception, a theoretical basis of perception must be established first. The next section
will give an overview of different theories of speech perception. The question of how
listeners perceive speech and which elements of the signal listeners are sensitive to
when the signal itself is variable is a longstanding debate in linguistics. The next section

describes five major theories of speech perception and the shortcomings of each.
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1.3 Theories of Speech Perception

How do listeners extract spectral and temporal information from the speech signal? This
is a complex question when considering that there is substantial inter- and intra-speaker
variability and the fact that the speech signal is continuous, even though the individual
units are discrete. Cues are therefore transmitted quickly and simultaneously. There has
been a focus on the mappings between properties found in the speech signal and units
such as phonemes. However, these mappings are complex and there is still no
complete explanation of how humans recognize vowel and consonant sounds. In the
following section, an overview of the major theories of speech perception is given.
Phonetic segments often display different acoustic information, like varying
formant frequencies and durations, and researchers have been trying to explain how
humans are able to deal with this lack of invariance while still mapping acoustic inputs
to phonemic targets. The invariance problem is concerned with the fact that listeners
have to deal with variable input to a constant feature or phonetic category (c.f.
Appelbaum 1996, Fowler and Magnuson 2012, Blumstein 2021). There is no one-to-one
mapping between linguistic units and the physical objects, which show extensive
variation. Nonetheless, listeners have no problem decoding the speech signal. Variation
is present within speakers and between speakers, based on different contexts and
styles. Speakers have accents and speak a dialect and they can also hyper- or
hypoarticulate, or coarticulate. Additionally, speech can be influenced by other
conditions like lack of sleep, injuries of the tongue, height, gender, age, speech

impairments, and environmental conditions like noise, social setting, or register.
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The different theories in speech perception use different approaches to answer
the questions of which units are perceived and which processes are utilized in the
process of perceiving speech. McQueen (2005:265) summarizes:

“‘One recurring issue in this debate has been whether the objects of speech
perception are fundamentally acoustic in nature (Kluender, 1994), or are gestural in
nature (Fowler, 1986, 1996; Liberman & Mattingly, 1985), or are the product of
pattern-recognition processes (Massaro, 1987; Nearey, 1997). Another related issue
has been whether speech perception calls on special processes (Liberman & Mattingly,
1985), or depends on general auditory processes that are also used in the perception of
other complex sounds (Pastore, 1981; see, e.g. the debate between Fowler, Brown, &
Mann, 2000, and Lotto & Kluender, 1998, and Lotto, Kluender, & Holt, 1997).”

There are five major theories of speech perception trying to answer these
questions: articulatory phonetic theories, gestural theories, segmental theories,
auditory/acoustic theories, and probabilistic models. Articulatory phonetic theories are
production-based while auditory phonetic theories are perception-based. Motor theories
state that perception is mainly related to production and the discrete units are gestures
and that speech perception is special and unique from other perceptions. Segmental
theories like the LAFS or TRACE state that a sequence of transformations from sounds
to objects governs speech perception. Auditory theories posit that speech perception is
derived from general properties of the auditory system and is not operating with a
specific speech perception module. Probabilistic theories are non-analytic and state that
information about individual instances of speech is stored as episodic information. The

following will give a brief description of the different models in the five categories.
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1.3.1 Gestural theories

In 1950, Alvin Liberman, Franklin Cooper, and Pierre Delattre developed the motor
theory of speech (Delattre et al. 1951, 1952, 1955, 1964; Liberman 1957; Liberman et
al. 1952, 1954, 1956), which states that speech is perceived by the listener based on
identifying vocal tract gestures instead of invariant acoustic patterns. The theory
originally included a specific decoder or speech module, which maps gestural patterns
as the objects of perception. Speech perception is based on speech production and
listeners use their own knowledge of how to produce a sound as the template to decode
the speech signal. While this theory has undergone significant changes since its earliest
version, at its core it still claims that articulatory events are the base of speech
perception (Diehl, Lotto, and Holt 2003). This also solves the invariance problem, as the
neuromotor commands to the articulators, or intended gestures, are relatively invariant
(Liberman et al. 1967). Some evidence in support of this theory can be observed in the
McGurk effect, in which listeners are presented with an audio stimulus, presenting the
acoustic information, and a visual stimulus, showing the speech gesture. Experiments
with conflicting stimuli have shown that speech perception relies on an audio-visual
integration effect, which causes listeners to mishear speech if the shown gesture and
the acoustic cues presented are different (McGurk and McDonald 1976). When
presented with conflicting audio and visual stimuli, the speech perception is influenced
by the shown production gesture. Another effect that has been used to support the
gestural claim is the complications that can arise when listeners are presented with

acoustic stimuli only and no supporting visual clues are presented to them, as in
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telephone conversations. Some brain studies have also shown that when being
presented with acoustic stimuli, vocal tract muscles, the motor cortex, and the premotor
cortex are activated as well as mirror neurons® (Lotto et al. 2009, Hickok 2010, Rogalski
et al. 2011). However, the motor theory of speech ignores the acoustics and just looks
at gestures, which are described to be invariants, and therefore the problem of acoustic
variance needs not to be dealt with. However, gestures are subject to variation as well,
based on coarticulation and speaking style (Mattingly 2019). The motor theory does not
address this. While listeners are able to identify sounds in isolation fairly well, speech
perception is also affected by contextual clues. Multiple stimulus sources are involved in
perceptual processes. Another factor arguing against the motor theory is that listeners
are able to identify sounds that they are not able to produce, such as infants that
perceive the sounds of their language well before they can produce them (Bruderer et
al. 2015). Infant studies with pacifier sucking rates have shown that arousal goes up
when presented with phonemes of their L1 versus unfamiliar sounds (Bruner 1973,
Jusczyk et al. 1990, Barca 2019). Additionally, acoustic perception extends beyond
human speech perception, with studies showing that animal sounds and even ambient
sounds like door slams are just as readily perceived and humans are able to tell the size
of an object from their resonances, e.g., how big an object is (c.f. Carello et al. 2005,
Bleak and O’Meara 2013, Zsiga 2013).

Another gestural theory is Fowler's direct realist approach (Fowler 1981, 1984,
1986, 1989, 1994, 1996) which states that perception recovers the sound objects

directly and without any form of mediation. Like in motor theory, listeners perceive

5 Whose effects and existence are still controversial in psychology.
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gestures, not phonemes, based on the acoustic information. Fowler compares speech
perception to general perception, such as visual perception, and argues:

“Perceptual systems have a universal function. They constitute the sole means
by which animals can know their niches. Moreover, they appear to serve this function in
one way: They use structure in the media that has been lawfully caused by events in the
environment as information for the events. Even though it is the structure in media (light
for vision, skin for touch, air for hearing) that sense organs transduce, it is not the
structure in those media that animals perceive. Rather, essentially for their survival, they
perceive the components of their niche that caused the structure.” (Fowler 1996:1732)
Thus, the listener is able to recover the physical properties of the gesture through the
rich acoustic signal and no symbolic representation in the mind is needed. Similarly,
indirect realism states that human perception does not correspond to the reality of
objects, but is mediated by human concepts and mental representations (Perkins 1983).
It is suggested that perception is not governed by information processing and data flow,
but by concepts that restructure data and map it to abstract units in the brain. This
means that no matter what the physical stimulus is, when the same neural path is
activated, the same perceptual experience will arise. In this way, acoustic variance is
dealt with since the object of perception is not the actual physical stimulus but the
concept, or underlying form, that is triggered by it. Allophones are merely physical
objects mediated by a concept in the mind and then mapped to an abstract unit of

perception, effectively by-passing the invariance problem.
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1.3.2 Segmental theories

In comparison, segmental theories like TRACE (McClelland and Elman 1986)
and LAFS (Klatt 1979) suggest that a strong link between production and perception, as
suggested in motor theory, is unnecessary. Coding of the acoustic signal is based on
auditory processes that use a form of intermediate representation and an information
processing framework. In 1979 Klatt suggested the LAFS (lexical access from spectra)
model, which combined phonological and acoustic properties into a spectral sequence
decoding network structure. The LAFS was one of the first automatic speech perception
models. His model is not a model of single phoneme recognition, but a model of word
recognition based on sequences of spectral templates. These templates are
context-sensitive, since they categorize the acoustics of phonemes in different phonetic
environments by encoding spectral characteristics of individual segments and their
transitions from one segment to the next, almost like an n-gram model. The spectra are
computed every 10ms and then compared to the spectral templates stored in the
network. Klatt's model is auditory based, using acoustic cues from the input signal to
decode the speech stream in real time. His network is a finite-state machine, one
specific path can only result in one specific output. Phonetic perception is mediated by
the lexical network. Similarly, the TRACE model uses three levels representing features,
phonemes, and words. Each level is interconnected and connections can be excitatory
when levels share common properties, or inhibitory when one feature is activated and
other features are therefore inhibited based on the phonotactic constraints of a

language (Wright et al. 1999). One problem with these models mentioned by Wright et.
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al (1999) is that they are unable to account for lawful acoustic variation due to prosody,
rate, or speaker differences. Another issue that has been brought up is that it is neurally
and cognitively implausible to have network access to multiple instantiations at the

same time (Cutler 1995, McClelland & Elman, 1986).

1.3.3 Auditory/acoustic theories

Auditory, or acoustic, theories such as Nearey’s pattern recognition model (1995)
suggest that speech recognition is essentially acoustic pattern recognition. In his model,
the real-time objects of perception are well defined auditory patterns that listeners use
to decode the speech signal. He calls his theory a double-weak approach: speech cues
are directly mapped onto phonological units no bigger than phoneme size. Gestures
and sounds are linked only indirectly through separate links to shared symbols. There is
no simple relation of either articulation or acoustics to the phoneme. Perception and
production are distinct but cooperative systems and listeners integrate context sensitive
information. Listeners are responding to the distinct patterns of the speech wave and
match the incoming auditory patterns to their stored patterns to identify sounds.
Phonetic constancy is reached by processes of normalization. Nearey developed a
sliding template model to handle non-invariance found in the acoustic signal, where

formants are normalized in a log-space with constant ratios (Nearey 1989).
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1.3.4 Exemplar theories

Probabilistic models like exemplar models (Pierrehumbert 1998, Hintzman 1986, Hay,
Warren, and Drager 2006) are non-analytic and state that information about individual
instances of speech are stored as episodic information. Mental representations are not
highly abstract or redundant. The episodic traces are linked on multiple levels and form
multi-dimensional representation clouds, with clouds being constantly updated and even
reshaped based on new examples. Categorization depends on the denseness of the
cloud and a cloud having a center of density. New stimuli are compared to the clouds
and the more similar they are to the center of the cloud, the faster and more accurate
the categorization will be (Zsiga 2013:194). So, when listeners hear a token of a
phoneme, for example /a/, exemplars are stored in detailed memory instead of an
abstract generalization. These detailed traces are used for future judgments using a
similarity function to measure the distance between the observed token and the stored
tokens. Those models can be interpreted as a form of Monte Carlo approximation since
they approximate an expectation of which category an exemplar belongs to. Monte
Carlo methods work by repeated random sampling to estimate a probability distribution
on the base of which the function expectation is calculated (c.f. Karp et al. 1989, Dagum
et al. 2000, Shi et al. 2008, Giles et al. 2015). More sophisticated and refined versions
of this theory have used Bayesian inference and can account for human performance
even with only a few exemplars available. Studies (Shi et al. 2008, Shi et al. 2010) using

simulations have shown that exemplar models, when implemented with Bayesian
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inference®, are able to provide a mechanism of perception that is flexible and does not

rely on any abstract representations of real-world data.

1.4 Normalization and the invariance problem

Acoustic theories have long tried to account for the invariance problem as acoustic cues
are so vastly different between and even within speakers. Processes of normalization
have tried to account for how listeners are able to map acoustic variants to one
phonemic category, despite the ambiguity in the signal. Barreda (2020:2) defines vowel
normalization as “the perceptual process that determines vowel quality from speech
acoustics, including the ability to associate acoustically dissimilar vowels with a similar
perceived vowel quality.” Ladefoged and Broadbent (1957) have argued that three
different types of information are conveyed when speakers produce vowel sounds:
phonemic information (vowel identity), anatomical information (vocal tract information),
and sociolinguistic information. All of these characteristics can influence the acoustics of
a vowel, such as formant frequencies (Peterson and Barney 1952, Labov 2001).” The
different theories of normalization have focused either on vocal tract normalization
(Nearey 1978) focusing on steady-state vowels only and therefore not accounting for
how different talkers use different cues or cue combinations, or how coarticulation

influences acoustics (Dorman, Studdert-Kennedy, & Raphael, 1977) and how listeners

& Which refers to using Bayes theorem to deduce properties about a probability distribution from the
data.(see Dempster 1968, Box and Tiao 2011)

" Both anatomical information and sociolinguistic information have been treated as noise in the past and
therefore as information that should be removed (Adank et al. 2004).
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compensate for that (Johnson, 1991; Nusbaum & Morin, 1992), or talker normalization
(Lobanov 1971), using various sources of information about the given acoustics and
talker which can be derived either from context or from the utterance itself (Ainsworth,
1975). Normalization methods deal either with phoneme extrinsic information or with
phoneme intrinsic information.? Intrinsic methods use nonlinear transformations of the
frequency scale (log, mel, bark) and transformations based on a combination of formant
frequencies (Adank et al. 2004). These methods usually preserve more information and
are trying to model human speech perception since listeners are flexible in their
perception and use many context clues, like vocal tract estimation, to account for variant
inputs (Nusbaum and Magnuson 1997). Extrinsic methods on the other hand employ
formant information from the point vowels of a talker and remove more talker
information. These methods are often employed in automatic speech recognition, as
they yield more correct identification rates for between-talker scenarios (Adank et al.

2004). More detail on the different methods will be given in the following section.

1.4.1 Extrinsic theories

Typically, extrinsic theories posit that in order to normalize, or know that different
formants are still mapped to the same vowel category, a listener needs acoustic
information that consists of more than one phoneme token of a talker. Based on multiple

phoneme tokens, listeners develop a talker-specific coordinate system in order to

8 They can be further categorized into active (open-loop) or passive (closed-loop) theories (Barreda
2020). While the passive theories suggest a static relationship between acoustic cues and perceptual
interpretation, active theories state that inputs are monitored and modified according to the context.
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normalize and account for speaker-specific vocal tract information. These theories often
also address issues of speech perception on a broader scale. Utilizing contextual
information like speaker size or gender to establish a reference system and know what
kind of formant changes should not change vowel quality was proposed in Nearey’s
uniform scaling method. Uniform scaling uses a speaker-dependent scaling term
(Nearey 1978). By accounting for vocal tract differences, talker differences can be
removed, and the listener parses the signal after removing variation. Similarly, Nearey's
log-mean normalization (1978) removes anatomical differences in human speakers but
preserves phonemic and sociolinguistic information. The procedure is using information
across different vowels and therefore formants. Typically, the frequencies of the first
three formants can be used to remove anatomical differences in speakers. The left-over
variation is either phonemic or sociolinguistic. Nearey (1989) also suggested that
extrinsic factors, like vocal tract size information (corresponding to F3), are considered
in conjunction with intrinsic vowel information cues like FO and formant ratios. Speakers
must not only adapt to the changes in acoustic information, which is dependent on the
speaker, but also on factors like dialectal variation (Clopper and Tamati 2010, Llompart
and Simonet 2017), non-native accents (Bradlow and Bent 2008, Clarke and Garrett
2004), and other idiosyncratic speaker characteristics (Kraljic, Brennan, and Samuel
2008).

While the previous approaches deal specifically with how a human listener could
normalize variant inputs, Lobanov (1971) developed a method to improve automatic
classification of vowel sounds with the aim to obtain higher correct machine

classifications of different natural speech tokens. His method uses a z-score, for this the
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mean and standard deviation of a given formant of a given speaker is needed as
estimated from several vowel tokens. New information is then categorized by
subtracting the formant value in question from the mean formant value and then dividing
this result by the standard deviation of the mean (Escudero and Bion 2007).

Disner (1980) compared different normalization methods (Gerstman (1969),
Lobanov (1971), Nearey (1978), and Harshman (1970)) using vowel data from different
languages (English, Norwegian, Swedish, German, Danish, and Dutch). Her results
show that Nearey’s method was the most effective method of scatter reduction for all
languages with Lobanov and Gerstman being slightly less effective.

Talkers choose different styles of speaking as markers (e.g., of social, gender,
dialectal information) and a normalization method that accounts mainly for vocal tract
differences cannot account for within-speaker variance. Magnuson and Nusbaum
(2007) developed a theory of normalization that uses an active cognitive mechanism to
decode the speech signal in real-time. The system monitors and modifies the output
depending on the contextual information available (e.g., coarticulation, indexical
speaker characteristics, etc.). /if might have the same formant pattern for one speaker
that /e/ has in a different speaker. Their model reflects the many-to-many mapping
between acoustics and phonetics. To test their theory, they looked at mixed-talker and
blocked-talker conditions and found that the advantage of the blocked-talker condition
disappeared, when subjects were not aware of the different fundamental frequencies of
the voices, showing that talker normalization is an active open-loop process, that is
multimodal and multidimensional. Similarly, Johnson (1990) presented listeners with a

hood-hud continuum with two different FO contexts. Listeners judged stimuli differently
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based on the FO context, showing that perceived speaker identity is triggering

normalization processes.

1.4.2 Vowel normalization as perceptual constancy

A more recent approach suggests that vowel normalization is similar to other areas of
perceptual constancy and that social, indexical, and linguistic information all play a role
in arriving at a speech signal interpretation. Barreda (2020) suggests that vowel
normalization is similar to size constancy in visual perception. Starting from the constant
ratio hypothesis, which suggests that listeners can perceive vowels when they vary
according to a single proportional parameter for all formants, differences in phonemes
can be interpreted according to contextual factors. While objects in the visual domain
are scaled according to distance, spectra are scaled according to vocal tract length.
Subphomemic variation is not removed as it is used for indexical and sociolinguistic
information. Studies (c.f. Charlton et al. 2007, Charlton et al. 2009, Charlton et al. 2012)
have shown that associations between size and acoustics might be fundamental in
auditory perception in mammals. Different formant patterns are not analyzed as different
qualities of sound but attributed to different sizes in speakers, translating to speaker
size and vowel quality being orthogonal. Uniform-scaling is phone preserving as the
acoustic variability is mapped to change in speaker size and not change in linguistic

interpretation.
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This theory is an elaboration of Nearey's uniform scaling model, showing that
perceived vowel quality is based on the perceived location of the vowel within a
speaker's vowel system. Talker characteristics have an indirect effect on the perceived
vowel quality and removing all this information as Lobanov suggests, removes more
within and between speaker information than human listeners do. While this works well
for machine perception, it does not reflect what humans are doing. Barreda's perceptual
constancy account suggests that indexical speaker information is not just noise and
instead aids listeners in making sense of the non-invariance present in the speech
signal. Between-speaker variation is interpreted as variation in the vocal tract, based on
uniform scaling. Vocal tract characteristics then inform the interpretation of indexical
information about the speaker.

Listeners use context cues to arrive at an interpretation of speech sounds,
removing all variance in the signal is unlikely to be what humans are doing. Information
like height, gender, and age can help a listener to set up a reference system of sounds
for an individual speaker and therefore deal with the variability present in the acoustic
signal. It does not make sense to suppose that listeners want to normalize for indexical
features, male and female formant patterns differ and this difference in gender helps the
listener interpret the acoustic signal accordingly. The same goes for within-speaker
differences. Contextual cues can help recalibrate and deal with a different input signal

that can nonetheless be mapped onto one interpretation of a phoneme.
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1.5 Approach used for this dissertation

This dissertation will adopt a mix of Nearey’s pattern recognition approach and
probabilistic models, assuming that listeners are sensitive to acoustic patterns
associated with vowel identity but can adapt to variant inputs by comparing the similarity
of a novel input to the multi-dimensional representations of phonemes in memory and
make a decision based on similarity. Therefore, while German and English vowels show
different acoustic patterns, English listeners can categorize novel German inputs based
on the similarity to the English acoustic patterns stored, showing which acoustic cues in
the signal are important to determine similarity.

In the production part of this dissertation, the vowels will be normalized using the
Nearey 2-formant extrinsic method. The formula for this is:

F oy = anti-log(1og(F ) - MEANjg)
Where F',; is the normalized value for F,,;, formant n of vowel V, and MEAN,, is the
log-mean of all F;s and F,s®. This method performs well when the whole vowel system
is included, which is the case in this dissertation. The resulting representations of the
vowel systems will allow comparisons along the F1/F2 plane and predictions for
resulting confusion in the perception of German vowels by English listeners will be
made based on the vowel spaces.

Assuming that listeners are sensitive to acoustic patterns and are able to handle
variable inputs by comparing their patterns to existing phonemic categories, the first
experiment will establish the acoustic patterns of German and American English vowels

and their respective language-specific cues used in perception by using statistical

9 See http://lingtools.uoregon.edu/norm/norm1_methods.php, last accessed 11/04/2021.
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modeling and an identification and rating task of German vowel sounds by naive English
listeners to test whether the statistical predictions hold up in human perception of

foreign speech sounds.

46



Chapter 2

In order to look at the role of quantity and quality in German long-short vowels it is
important to first establish the acoustic features present in production. The first
experiment establishes the acoustic qualities present in the production of German
vowels and the saliency of these cues in perception by naive listeners. This is an
important first step to establishing the saliency of acoustic cues present in German long
short vowels. English is a closely related language to German but has lost the quantity
contrasts present in German over time. Additionally, the vowel system is also smaller
and shows less overlap spectrally, which is why American English listeners are likely to
pick up on spectral differences between German long short vowel pairs. If these vowels
differ mainly based on duration, naive listeners might collapse them into the same
native English category. However, if spectral differences are salient, listeners are more
likely to exploit these differences and perceive the long and short vowels as distinct and

therefore map them to different American English vowels.

2.1 Experiment one

The first experiment investigates the production of German vowels by native German
speakers and the perception of these vowels by American English-speaking listeners
with no prior experience with German. In order to assess the relative importance of

spectral form and quantity in the discrimination of vowels in both German and American
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English, a production study was conducted in which native speakers of German
produced the 16 German monophthongs /i:/ Iy:./ lu:l hl IxI ol le:] lel la:] lo:] [el [€:] Icel o]
/al /a:/ and native speakers of American English (referred to as AE in the following)
produced the English monophthongs /e/ /ae/ lel fil ul [al Il I3/ [ol IN lol. Productions
were used to establish vowel spaces for both German and American English and the
relevance of acoustic features (F1, F2, F3 at midpoint and duration) was assessed
using linear discriminant analyses. In a second step, a perception study was carried out
in which American English listeners were presented with the German monophthongs in
an identification and rating study. Based on these results, vowel-specific Bayesian
logistic regression models were run for each German long-short vowel pair that was not
perceived as the same American English vowel to determine which acoustic features
listeners used in their decision making, to further confirm the importance of quality
versus quantity. Specifically, the acoustic similarities and dissimilarities between
German and English vowels should predict the perceptual patterns, especially with
regard to the different combinations of acoustic features used in vowel disambiguation;
because German vowels differ in quantity and quality, it is assumed they can be
disambiguated by a different set of acoustic cues than English vowels. American
English listeners may rely mainly on F1 and F2 based on their learned L1 contrasts. If
this is the case, and German long-short vowel pairs are spectrally different in a salient
way, listeners might not collapse the long-short vowel pairs into a single category and

instead interpret them as different categories.
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Additionally, the data can give some insight into the presence of duration as a
cue in the production of German vowels: even though quantity is not an active
phonological contrast in American English (c.f. Lindsey 1990, Nishi et al. 2008,
McAllister et al. 2002), duration is a salient contrast in the production of long/short
German vowel pairs, therefore listeners are predicted to use duration as a secondary
cue and less likely merge the long-short pairs into the same AE category perceptually.
Duration could act as an enhancing predictor besides formant frequencies (referred to
as FFS in the following), even when the competing AE categories are not varying in
duration. Therefore, while duration will likely be an important cue for the perception of
long-short German vowels, even in non-native listeners. If, however, English listeners
will not include duration in their assessment of German vowels, we can expect that the
long-short German vowel pairs will be collapsed into one single vowel category in
English listeners for German vowel pairs that do not show significant spectral

differences.

2.1.1 Background

In the first experiment acoustic features of German vowels and their usage in speech
perception are explored. This is one of the first studies systematically exploring the role
of both duration and spectral cues in German L1 perception. In line with the speech
perception theories presented in section 1.3 in chapter one, statistical models are used

to build models of cross-linguistic vowel perception. Since spectral and durational cues
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might not be used in the same way by German and English speakers, cue weighting
and resulting identification patterns of German vowels should show different outcomes
for the L1-English and L1-German speakers, resulting in a confusion matrix based on
acoustic cues from production. To understand the results of non-native vowel
perception, a good understanding of the L1 vowel space is necessary. Therefore data
on the production of American English vowels by monolingual speakers is also
collected. The aim is to establish the patterns of non-native and native perception,
which can serve as a basis for improved L2 acquisition theories as well as feature
engineering for ASR (automatic speech recognition) algorithms.

The data from Experiment 1 provides insight into both the contrastive phonetic
properties of English and how much speech perception is constrained by the acoustic
patterns of the L1. In addition, information obtained about the degree to which certain
acoustic cues are used by listeners could inform both automatic speech recognition and
speech synthesis, improving classification accuracy for accents and dialects using
patterns from production in conjunction with confusion matrices obtained from human
perception and perceptual distance. Furthermore, perceptual data can be used in
speech synthesis to improve the quality of the output by including cues that human
listeners utilize.

In the experiment, German listeners produced non-words in a /bVt/ structure.
From these tokens, the German vowel space was established. Adult L1 English
listeners with no previous experience with German were presented with the German

tokens in an identification and rating task. Additionally, the same listeners also produced
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non-words in order to establish the American English vowel space. This will be
described in more detail in the Methods section below.

In trying to understand how non-native speakers perceive foreign sounds, it is
important to review the different theories of Second Language Acquisition. In the
following, a short review of SLA theories and models as well as an overview of the
acoustic properties of California vowels will be given. On this basis, predictions about

the German vowel classifications by L1 English speakers will be made.

2.1.2 Second Language Acquisition Theories and models

Second language learning is a very well-researched field in linguistics and over the
years many different theories have been explored in an attempt to explain the
underlying processes of language learning. The discussion below is an overview of the
most influential theories and models, which are relevant here to relate the categorization
of unfamiliar speech sounds in perception to the distribution of acoustic properties from
speech production in the L1. This section is not intended to be a general review of SLA
theories, but a short overview of the origins of SLA theories and those most relevant to
this dissertation, specifically the Speech Learning Model (SLM) and the Perceptual
Assimilation Model (PAM).

One of the earliest attempts at explaining how speakers learn a language has
been made with a theory borrowed from the field of psychology, Behaviorism, which

influenced many other disciplines in the 1950s and 1960s. In the tradition of Skinner
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and Bloomfield language learning is nothing but another learning process. Within this
framework stimuli and responses are the main motors for learning, humans react to
given stimuli and experience reinforcement if the reaction is fit for the situation. By
constant reinforcement, habits are formed, which is essentially the basis for the learning
process of a new skill. If this concept is applied to second language learning, a learner
will eventually learn how to produce and perceive L2 sounds if the conversational
partner understands and responds. Therefore, producing and perceiving sounds
unsuccessfully leads to failed communication or misunderstandings and will not be
reinforced. However, successful production and perception of non-native sounds will
successfully communicate a speaker’s goal and therefore be reinforced and eventually
become a habit (c.f. Bloomfield 1933, Skinner 1957, Mitchell et al. 2013, Menezes
2013).

Of particular interest for this dissertation are two models concerned with the
acquisition of phonology and phonetics, Flege's (1995) Speech Learning Model (SLM)
and Best's (1995) Perceptual Assimilation Model (PAM). Both models address the
question of how learners in different stages categorize novel L2 sounds based on their
existing phonological system in the L1. Flege's (1995) speech learning model (SLM)
proposes that it is easier to perceive L2 sounds that are dissimilar from any existing L1
categories. In the SLM sounds can be identical, similar or new (as front rounded vowels
would be for L1 English speakers). A new category only emerges for those tokens that
are most dissimilar and do not fit into the L1 system. For both the identical or similar
tokens learners would not establish a new category, which could make the perception

and production of these sounds in an L2 harder. However, research has shown that the
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category transfer from the L1 is not direct, instead sounds that have correlates in the L1
may be even harder to produce in a nativelike manner than those sounds that do not
have any correlates and require a new category (Bohn and Flege 1992, Flege 1992,
1995). The influence of the first language on the second language can manifest itself as
an accent because of subtle phonetic differences in the production of L2 vowels
(O’Brian and Smith 20210). Some experimental evidence comparing English and
German comes from O’Brian and Smith (2010), who show that while English learners of
German produced German /u:/ with higher F2 values than they did the North American
English /u/, they retained formant patterns that were close to their native variety of
English. It is notable that German /u:/ has lower F2 values than the English /u/, so
producing it with higher F2 values might be a case of overcorrection or hyperproduction.
An important difference between the two vowel systems is that German has front
rounded vowels /y:/, /Y], /@:/, and /ce/, which English lacks. In their study all subjects
produced German /y:/ differently from /u:/, indicating a separate category for this vowel
despite its lack in their native vowel systems. Polka (1995) looked at English listeners'
perception of the German front rounded vowel contrasts /y/ and /u/ and /y:/ and /u:/ in a
discrimination task and found that the English listeners mapped those four vowels to
high back rounded L1 vowel categories. She also found that subjects had more trouble
categorizing the short vowels since English does not have a phonological long-short
distinction. Similarly, Bohn and Flege (2004) have shown that German learners'
perception of English /ae/ only improved with prolonged exposure to the target language

and merged with the closest native category /e/, whereas the perception of the contrast
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/il and /Il was not affected by this learning curve, as this contrast exists in German as
well.

The PAM is based on the direct realist approach of speech perception mentioned
earlier and assumes that listeners directly perceive articulatory gestures from the
speech signal. It describes naive listeners' perceptions of foreign phonemes based on
five different categories: two category, category goodness, single category,
uncategorizable-categorizable, both uncategorizable. In the two-category case, a new
L2 sound assimilates to an existing L1 category that is different. In the category
goodness case two L2 sounds assimilate to one L1 sound category, for example, both
German /u:/ and /o/ assimilate to English /u/ with one being accepted as a better fit
whereas the other is just an acceptable fit. In the single category case, the same thing
happens, except now both L2 sounds are not a good fit. In the
uncategorizable-categorizable case, only one L2 sound assimilates to an L1 category
and the other one does not. In the both uncategorizable case, no L2 sound will merge
into any existing L1 category. Similar to the SLM, the PAM also concludes that sounds
will be easier to perceive when they are least similar to existing L1 categories.

As both models deal with the question of similarity in speech sounds, it is
important to first establish an acoustic space for perceptual similarity of German and
English based on which possible confusion patterns can be predicted. Strange et al.
(2004) looked at the spectral similarities between German and English and predicted
listener behavior based on their findings. The German long vowels posed a problem for
English listeners in perception and were instead mapped to English diphthongs. In the

same study listeners also had to give goodness ratings for each vowel, and the German
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front rounded vowels received poor ratings overall. In a follow-up study, Strange et al.
(2005) presented English listeners with only front rounded German vowels and found
that they were consistently mapped onto English back vowels with a medium goodness
of fit rating.

Perception and production are highly correlated. The patterns of production in
English vowels can be used to predict the assimilation patterns of perception for the L2
German vowels. An illustration of the naive state of cross-linguistic vowel perception is
given in Figure 4, in which an L1-English listener categorizes each German vowel

based on their L1-English system.

)
et iel | Dol

German speaker English listener

Fig. 4: Possible perceptual patterns for German /¢:/, /e/, and /e:/ in native American

English listeners

While the three German vowels differ in quantity and quality in the German phonological
system, they might be perceived as the same vowel to a naive AE listener based on the

phonological system and contrasts of their L1.
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2.1.3 California English vowels

Even though there is substantial variation in American English vowels just like with
German vowels, the literature largely agrees that the vowel system consists of the

monophthongs /i,e, u, 0, 9, q, I, €, U, A, &, a/ and the diphthongs /ai, au, 21/."°

Tense (Long) Lax (Short) Diphthongs
i meat [mit] 1 mitt [mit] aj ice [ajs]
e mate [met] £ met [met] aw louse [laws]
u food [fud] U good [gud] 0j voice [vojs]
0 moat [mot] A mutt [mat] ju puce [pjus]
d caught  [kot] @® cat [keet]
a balm [bam] a bomb  [bam]

Fig. 5: American English vowels (Putnam and Page 2020:111)

In terms of quantity, the vowel system is simply described as tense vowels always being
long and lax vowels always being short and there is much disagreement about vowel
quantity existing in American English. Examples for this distinction are given in Figure 5
above. While Chomsky and Halle (1968) treat the contrast as tense/lax spectrally, with
lax vowels being produced more central and tense vowels more peripheral in the F1/F2
plane, Halle (1977) later treated it as a long/short distinction instead. In support of
quantity as duration, House (1961) collected speech data of three male speakers,

whose vowel productions seemed to be contrastive long-short pairs for a subset of

1 The German vowel system has been discussed in depth in chapter one. Please refer to chapter one for
an in depth overview of the MSG vowel system and its contrasts.

56



vowels (/il-l, Ilul-lol, lel-gl, [al-In/). In contrast, Lehiste (1970) classified American
English as having only secondary quantity, meaning that spectral information is used as
the primary cue.

While previous research has described the vowel system to be largely
homogenous in the Western United States based on the bot-bought merger (Labov
1991), recent research has shown California English to show distinct features. The
California vowel shift has been shown in both Northern and Southern California. Hinton
et al. (1987) documented the fronting of /u/ and /ov/. An example of the California vowel

space is given in Figure 6.

California Vowel Space

vowel
DRESS
FACE
FLEECE
FOOT
GOAT
GOOSE
KIT
LOT
STRUT
o2 TRAP

400+

600 -

f1

800 -

>S0HCOC—0DM

1000+

3000 2500 2000 1500 1000

Fig 6: California vowel space (Holland 2014:58)
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While Holland (2014) also found /o/ and /i/ to be fronting, he additionally showed that /u/
and /a/ are moving upward in the vowel space. He judges the /u/ fronting as stable, and
the /o/ and /i/ fronting as still in progress. Another shift Holland shows is rounding, with
/ul being rounded but /// not showing rounding, which could make rounding a distinctive
feature between the two vowels. In addition to fronting, Hickey (2018) also found
lowering of the short front vowels causing the vowel in DRESS to be realized as /z/, the
vowel in KIT as /e/, and the vowel in TRAP as /a/. He mentions the exception of /z/ in
pre-nasal context, where the vowel is raised instead of lowered.

In comparison to the German vowel space, /u/, /v/, and /o/ inhabit the space that
the German front rounded vowels (/y:/, Y/, I@:/, /cel) take up, so L1 English listeners
might categorize these sounds based on the distribution of native sounds inhabiting this

area in the vowel space.

2.2 Materials and Methods

2.2.1 Participants

2.2.1.1 German

21 native speakers of German were recruited via Facebook for this study (m = 10, f =
11, mean age = 49.9, age 0 = 10.9) and completed the experiment on Qualtrics. All
participants reported German as their native language and all but three reported not

having any experience with any other language. None reported any problems with the
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experiment platform. All participants except 3 reside in North Rhine-Westphalia. A table

showing detailed demographic information can be found in the appendix.

2.2.1.2 English

All participants were L1 English speakers with no experience in German. All participants
were undergraduate students of the University of California and were recruited from the
psychology undergraduate research pool through SONA. Participants completed the
entire experiment from their own homes on Qualtrics. Those who did not report English
as their dominant language or did not complete the recording part correctly were
excluded. After this, a total of 11 speakers were left (f = 6, m = 4, non-binary = 1, mean
age = 26, age o = 8.94). All but two speakers had experience with other languages than
English. All participants reside in California. A table showing detailed demographic

information can be found in the appendix.

2.2.2 Production stimuli

2.2.2.1 German

Participants recorded 16 target items. All items had either a /bVtt/ structure, to indicate a
short vowel, or a /bVht/ structure, to indicate a long vowel. The target words included
the closed vowels /i:/ Iy:/ lu:/ Il Iyl ol, the mid vowels /e:/ /el la:/ lo:/ [el [l [cel /o] and

the open vowels /a/ /a:/. The reason for including /e:/ in this study, even though some
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researchers like Moulton (1962), Sanders (1972), and Reis (1974) have not accepted its
existence, is that Frank (2021) has shown /e/ and /e:/ to be only partially merged in the
region the speakers for this experiment were recruited from. Furthermore, Predeck et al.
(2021) have shown productions for the two vowels to be significantly different in F1 for
speakers from the same region. Thus, it appears that at least some varieties of German
have a clear and stable contrast between the two. Therefore in the following, the added

distinctions of /e:/-/e/ and /e/-/e:/ in the German vowel system will be used.

2.2.2.2 English

Participants recorded 11 target items. All items had a /bVd/ structure. The target words
included the closed vowels /I/, /i/, o/, and /u/, the mid vowel /¢/, /e/, and /o/ and the

open vowels /a/, /n/, lal, and the r-colored vowel /3/.

2.2.3 Procedure
2.2.3.1 Production

2.2.3.1.1 German

The experiment was conducted fully online, using the Qualtrics survey platform.
Participants were instructed to sit in a quiet room and use a computer to complete the

experiment. Before starting their recordings, participants were asked to record a test
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sentence to ensure that their microphone worked and sound was picked up and saved
to the AWS cloud. After the test recording, participants were instructed to read a list of
31 sentences, containing the 16 target items as well as distractor items. The target
items were presented in a carrier phrase: “___ | ich sage das Wort ___ zu dir.” (“_, |
say the word ___ to you.”), to ensure natural prosody. After finishing the recording
portion of the experiment, participants were asked to fill out a background
questionnaire.

The sentences were written in Modern Standard German using German spelling
conventions to indicate long or short vowels. A short vowel preceded a double
consonant and a long vowel preceded an /hC/ cluster, so target words were presented
in /bVht/ and /bVtt/ frames. The following example shows the first four sentences,

including two target items and two distractor items.

1. Tos, ich sage das Wort tos zu dir.
2. Bétt, ich sage das Wort boétt zu dir.
3. Buht, ich sage das Wort buht zu dir.
4. Kieb, ich sage das Wort kieb zu dir.

2.2.3.1.2 English

The full experiment was hosted on the Qualtrics online survey platform. Prior to the
production part of Experiment 1, participants were given instructions and then they
completed a practice recording with two sentences to ensure that their microphones
worked. After completing this, participants were asked to produce 11 non-words with a
/bVY/ structure in a carrier phrase (“___, the word is ___”). For each non-word, a real

English rhyme word was presented to the speakers as well to ensure that the correct
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target vowel would be produced (“target word” rhymes with “rhyme word”). Participants
were instructed to not read the sentences in parentheses out loud as this only served as
a guide to the target vowel production. Participants only read the list once, producing
two tokens of the target word. These tokens were used to establish the features of the
English vowel space in order to compare these to the German tokens. The prompts

looked like this:

1. (Food rhymes with bood.) Bood, the word is bood.
2. (Bud rhymes with gud.) Gud, the word is gud.
3. (Sad rhymes with gad.) Gad, the word is gad.
4. (Bird rhymes with gird.) Gird, the word is gird.

2.2.3.2 Perception

After completing the recording procedure, participants were presented with two
perception tasks, a forced-choice word selection and a goodness of fit rating task. In
total, participants completed 144 trials (16 vowels, 9 German speakers, m =4, f=5). In
a given trial, participants heard one of the German stimulus words. First, they completed
the categorization where they were presented with word options in a /bVt/ structure, as
all German words were recorded in this structure, on the screen and prompted to click
the one that they thought to be most similar to the stimulus.

Second, they were asked to determine the goodness of fit on a slider bar
underneath the word option buttons, with the slider on a scale, starting from 'best’ to
'‘worst’ in 7 steps. Hearing the stimulus more than once was not an option. All individual
vowel trials were repeated only once per participant. The experiment took an average of
30 minutes to complete and stimuli were presented in randomized order. Figure 7
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shows the word choice and rating task participants completed in the perception part of

the experiment.
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UCDAVIS

UNIVERSITY OF CALIFORNIA

What did this word sound like most?

Bood (rhymes with food)

Bud (rhymes with mud)

Bad (rhymes with sad)

Bird {thymes with third)

Bod (rhymes with cod)

Bed (rhymes with red)

Bade (rhymes with fade)

Bead (rhymes with saed)

Bid {rhymes with kid)

Bould {rhymes with good)

Bode (rhymes with code)

How much like the word you chose did the word sound? From 1 (not at all like it) to 7
(perfectly like it).

e B

[,

Fig 7: Example of Perception Experiment Template
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Listeners saw the same template as shown in Figure 7 for all trials and had to make a
word and rating selection before they could move on to the next trial. After completing

the perception task participants filled out a demographic questionnaire.

2.2.4 Acoustic measures

Target words were forced aligned using an online version of MAUS" to generate Praat
TextGrids. The TextGrids were hand-corrected for the start and the end portions of the
target vowels.

An adapted Praat script (Lennes 2003) was used to measure F1, F2, F3, f0,
intensity at 20%, 50%, and 80%, and duration of the vowels. Formant measures were
normalized using the normalize function with the neareyE parameter in phonTools
(Barreda 2015). Vowels were plotted using the phonR package (McCloy 2016) and

normalized and plotted using NORM v.1.1.2

2.2.5 Statistical Analysis

To investigate the relevance of the acoustic features measured, two linear discriminant

analysis (LDA) models were run on a subset of English vowels (/a/, /i/, and /a/) and a

" https://clarin.phonetik.uni-muenchen.de/BASWebServices/interface/WebMAUSBasic
12 http://lingtools.uoregon.edu/norm/norm.php
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subset of German vowels (/a:/, /i:/, and /o0:/).”® Predictors included F1, F2, and F3 at
onset, midpoint, offset (normalized using the neareyE method in phonTools), and
duration. Because features were on very different scales, all features were scaled using
the sklearn StandardScaler (Pedregosa et al. 2011), which normalizes each feature
column, resulting in each column having p = 0 and o = 1. Both models were
cross-validated using the sklearn cross _val _score (Pedregosa et al. 2011) method and
an L2 penalty term was added to the model to avoid overfitting.

To analyze the importance of duration and spectral information in the perception
of non-native vowels, vowel-specific models were run for each long/short German vowel
pair that was not perceived as the same AE vowel in R using the brms package
(Burkner, 2016). German spectral measures at the midpoint (normalized) and duration
were included as predictors. Responses were coded as binary (which AE was
perceived). The data were analyzed using Bayesian binary logistic regression models in
R with the brms package. Main effects included spectral measures and duration.
Random effects included by-German Speaker random intercepts and by-AE Listener
random intercepts. The priors used were a student’s t-distribution (v =3, y =0, o = 3)
for the regression coefficients, and a student’s t-distribution (v = 3, p =0, o = 2.5) for
standard deviations of random effects. All models converged (Rhat = 1.0). (brm syntax:

F1_50 + F2_50 + F3_50 + duration + (1/ID_GER) + (1|ID_AE), family = bernoulli(logit))

' These subsets were used because both datasets contained a high number of categories but relatively
little data points so running the classification models on all classes would lead to low accuracies.
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2.2.6 Results
2.2.6.1 Production

2.2.6.1.1 German

To investigate the relevance of the acoustic features measured, a linear discriminant
analysis (LDA) model was run on a subset of German vowels (/a:/, /i:/, and /o:/).
Predictors included F1, F2, and F3 at onset, midpoint, offset (normalized), and duration.
Mean prediction accuracy of the LDA over 10 folds reached 92%.

Figure 8 shows the resulting normalized vowels for F1 and F2 in Hertz as taken
from vowel midpoints at 50%. The figure shows that most long and short vowel pairs are
spectrally different and inhabit different areas of the vowel space. This has been verified
by separate linear mixed-effects models run on F1 and F2 for each vowel pair."
Exceptions to this are /u:/-/o/ and /e:/-/e/, which are spectrally closer together in the
F1/F2 plane. In the case of /e:/-/e/, only F2 was significantly different (p<0.001). This
could be due to the fact that /e:/ is undergoing a merger with /e:/ and speakers from the
area observed in this dissertation are in an area where this merger is still incomplete
(Frank 2021). In the case of /u:/-/o/, only F1 was significantly different (p<0.001). The
minimal differences seen in this vowel pair are likely due to a flaw in the experimental
design. The nonwords shown to participants for this pair were buht and but. The lack of
a double consonant at the end of but (instead of butt) could have caused German
speakers to interpret the vowel as somewhere between long and short as spelling

convention indicates a short vowel when a double consonant follows.

'* The model outputs are fully reported in the appendix.
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It is noteworthy that /a:/-/a/ are spectrally different in both F1 (p<0.001) and F2
(P<0.001): this is in contrast to most of the literature reviewed earlier in this dissertation

that states that /a:/-/a/ differ durationally but not spectrally.

German Vowels at Midpoint (Nearey normalized)

F2
0.8 0.6 0.4 0.2 0.0 -0.2 -04 -0.6 -0.8 -1.0

— -0.2

Fig. 8: Normalized German vowels for 21 speakers from experiment one

In addition, all vowels show differences in duration with the short vowels being between

35 and 25 percent shorter than the long vowels as depicted in Figure 9. The exceptions
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are /Y/ and ly:/, in which the shorter vowel is only 15 percent shorter than the long
vowel, and /u:/ and /o/, in which the shorter vowel is only 8% shorter.” A linear
mixed-effects model'® confirmed that there is a significant difference in duration between

long and short vowels (p < 0.001).

04 4

O™ Jal Ta:l fel Je:l Tel Te:l I il fol fo:i fcel ol Ivl Iyl Iol fuz]

vowel

Fig. 9: Vowel duration (in seconds) for German

Additionally there is a pattern for German vowels to not simply show overall longer
durations for the long vowels, but rather vowel specific duration patterns as shown in
Figure 10. This indicates that long vowels are not simply about the same length but that

there are different individual durations of long vowels.

'® As mentioned above, the minimal differences seen in /u:/ and /uv/ are attributed to a flaw in the
experimental design where the nonwords shown to participants for this pair were buht and but. The lack
of a double consonant at the end of but (instead of butt) could have caused German speakers to interpret
the vowel as somewhere between long and short as spelling convention indicates a short vowel when a
double consonant follows.

16 mer syntax: duration ~ Length + (1| ID_GER) where Length was coded as binary (0 =short, 1 = long)
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Fig. 10: Quantity (in seconds) of German long-short vowels

2.2.6.1.2 English

To investigate the relevance of the acoustic features measured, a linear discriminant

analysis (LDA) model was run on a subset of English vowels (/ae/, /i/, and /a/).
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Predictors included F1, F2, and F3 at onset, midpoint, offset (normalized), and duration.
Mean prediction accuracy of the LDA over 10 folds reached 95%.

Figure 11 shows the resulting normalized vowels for F1 and F2 in Hertz as taken
from vowel midpoints at 50%. The figure shows that all vowels are spectrally different

and inhabit different areas of the vowel space.

AE Vowels at Midpoint (Nearey normalized

F2

1.0 0.8 0.6 0.4 0.2 00 -02 -04 06 08 -1.0

| | | | | | | | | | 1.8
- -16
— -1.4

— 0.2

Fig. 11: Normalized English vowels for 11 speakers from experiment one
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All English vowels are on average longer in duration (between 411 ms and 570ms) than
the German vowels (between 263ms and 410 ms), especially the German short vowels
(between 263ms and 314ms). This could influence the perception of the German
long-short vowel pairs by English listeners in such a way that duration might be ignored
completely, or only used as a cue when spectral cues alone are not sufficient. Average

durations for English vowels are shown in Figure 12 below.

01 A

00 -

~ feel lel lel il W I3/ lal lof ul IN ol

Fig. 12: Vowel durations (in seconds) for English

2.2.6.2 Perception

2.2.6.2.1 Human Listener Perception

The results show that in the perception task most German vowels were mapped to two

potential English vowels and most were not rated as perfect fits. Table 6 shows only the
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highest percentage for each American English classification, additionally average rating

and closest AE based on Euclidean distance is given.

Table 6: Classifications of German vowels as English vowels, rows in gray show that AE
listeners selected the closest AE vowel

German Word Context | English Word | Average Rating | Nearest AE vowel based on
and Vowel Context and | (1 worst, 7 best) | Euclidean distance (F1, F2,
Perceived Vowel (% F3)
of classification)
Baeht /e:/ Bed /e/ (61.6%) 7 lel
Baett /e/ Bed /e/ (62.6%) 5 lel
Baht /a:/ Bad /ae/ (59.6%) 7 lal
Batt /a/ Bud /N (39.4%) 5 ol
Bad /ae/ (36.4%)
5
Beht /e:/ Beed /i/ (53.5%) 7 fel
Bett /e/ Bed /e/ (69.7%) 5 lel
Bieht /i:/ Beed /i/ (82.7%) 5 fif
Bitt /1/ Bid /I/ (55.4%) 5 fel
Boeht /g:/ Bood /u/ (43.6%) 4 ol
Boett /ce/ Bud /A (57.3%) 5 ol
Boht /o:/ Bode /o/ (36.4%) 6 fo/
Bott /o/ Bod /a/ (48.2%) 5 IN
Bueht /y:/ Bood /u/ (67.3%) 5 lel
Buett /v/ Bould /o/ (38.2%) 5 ol
Buht /u:/ Bood /u/ (61.8%) 4 o/
But /o/ Bood /u/ (45.5%) 6 lo/
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While /u:/ and /o/ and /e and /e/ have been collapsed into the same English
categories, most other long-short vowel pairs were classified as different English
vowels. If German long/short vowel pairs differ mainly in duration and not spectral
patterns, these results can not be explained since all AE vowels were on average longer
than the German vowels and there are no comparable length patterns. Instead, the
confusion patterns show that each long/short German vowel pair differs not only
durationally but also differs enough spectrally to be perceived as different AE vowels,
instead of a long/short pair being collapsed into the same category. Table 7 gives an

overview of the different confusion patterns for all vowels.
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Table 7: Vowel confusion matrix from human perception, rows in blue were perceived as
the same AE vowel, cells in green show the majorly perceived AE vowel

/el | leel lel fil fu/ /a/ /1/ 3/ ol /N /ol Total
Bade | Bad | Bed Beed | Bood | Bod Bid Bird | Bould | Bud | Bode
le:] 6 25 61 1 0 0 1 3 1 1 0 99
Baeht
el 2 19 62 3 3 1 2 4 1 2 0 99
Baett
la:/ 0 59 1 0 4 22 0 0 0 12 1 99
Baht
lal 0 36 10 1 2 9 0 0 1 39 1 99
Batt
le:/ 6 2 12 56 3 0 21 2 0 0 0 99
Beht
lel 0 2 69 2 1 0 11 8 0 5 1 99
Bett
fi:/ 1 0 1 91 1 0 13 2 0 1 0 99
Bieht
n 0 0 9 7 4 2 61 7 10 9 1 99
Bitt
1o/ 1 0 2 0 48 0 0 11 37 9 2 99
Boeht
lcel/ 0 4 11 0 6 3 2 7 13 63 1 99
Boett
lo:/ 0 0 0 1 33 8 0 1 23 4 40 99
Boht
o/ 0 1 0 0 2 58 0 2 2 44 6 99
Bott
ly:/ 1 0 1 3 74 0 1 4 20 3 3 99
Bueht
Ix/ 1 0 0 0 28 5 3 4 42 27 0 99
Buett
fu:/ 0 0 0 1 68 4 0 0 26 3 8 99
Buht
ol 1 0 0 0 45 6 0 3 31 11 8 99
But
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2.2.6.2.2 Vowel Specific Models

To further investigate the importance of each predictor in the perception of non-native
vowels, vowel specific analyses were performed for each German long/short pair that
was not perceived as the same AE vowel. For each vowel pair, Bayesian binary logistic
regression models were run using the German acoustic measurements. The dependent
variable was the English vowel response given by human listeners for each German
vowel within the pair, for example AE /i/ or /i/ for the German /i:/-/i/ pair. For each model
posterior predictive checks were performed to check model fit visually using the
pp_check function from the bayesplot R package (Gabry and Mahr 2022). All models
were good fits for the observed data. Vowel specific models are reported in the
following.

For /a:/-/al, the effect of F1 at midpoint was -5.61 (95% credible interval [-7.23,
-4.12]), the effect of F2 at midpoint was -1.86 (95% credible interval [-3.75, -0.11]), the
effect of duration was -6.77 (95% credible interval [-12.28, -1.58]). Table 8 shows all

effects.

Table 8: Brm Output for German /a:/-/a/, perceived as AE /ae/ or /Al (regression
reference group AE /ae/)

Estimate Est.Error 1-95% CI u-95% ClI

Intercept -0.77 1.64 -4.54 1.80
F1_50 -5.61 0.79 -7.23 -4.12
F2_50 -1.86 0.93 -3.75 -0.11
F3 50 0.30 1.28 -2.22 2.81
duration -6.77 2.72 -12.28 -1.58
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For /e:/-lel, the effect of F1 at midpoint was -3.49 (95% credible interval [-4.48,

-2.58]), the effect of F2 at midpoint was 12.67 (95% credible interval [9.41, 16.27]), the

effect of F3 at midpoint was 7.42 (95% credible interval [2.84, 12.52]). Table 9 shows all

effects.

Table 9: Brm Output for German /e:/-/e/, perceived as AE /e/ or /i/ (regression reference

group AE /e/)
Estimate
Intercept  -15.46
F1_50 -3.49
F2_50 12.67
F3_50 7.42

duration -2.13

Est.Error

2.31
0.49
1.77
2.50
1.98

1-95% CI

-20.33
-4.48
9.41
2.84
-6.18

u-95% CI

-11.31
-2.58
16.27
12.52
1.54

For /i:/-I/, the effect of F2 at midpoint was -5.72 (95% credible interval [-8.98,

-2.82)), the effect of duration was -6.69 (95% credible interval [-11.76, -2.14]). Table 10

shows all effects.

Table 10: Brm Output for German /i:/-/i/, perceived as AE /il or /1/ (regression reference

group AE /i/)
Estimate

Intercept 7.45

F1_50 0.35
F2_50 -5.72
F3 50 -2.64

duration -6.69

Est.Error

1.62
0.44
1.55
1.63
2.46

1-95% CI

4.49
-0.54
-8.98
-5.99
-11.76

u-95% CI

10.69
1.18
-2.82
0.35
-2.14
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For /o:/-/2/, the effect of F1 at midpoint was -3.72 (95% credible interval [-5.33,
-2.24]), the effect of duration was 8.51 (95% credible interval 1.10, 16.94]). Table 11

shows all effects.

Table 11: Brm Output for German /o:/-/2/, perceived as AE /a/ or /o/ (regression
reference group AE /a/)

Estimate Est.Error 1-95% CI u-95% ClI

Intercept  -8.51 1.86 -12.40 -5.15
F1_50 -3.72 0.79 -5.33 -2.24
F2 50 0.37 0.67 -0.92 1.68
F3_50 2.28 1.28 -0.13 4.96
duration 8.51 412 1.10 16.94

For /@:/-/cel, the effect of F1 at midpoint was 3.65 (95% credible interval [2.87,
4.47]), the effect of F3 at midpoint was -6.22 (95% credible interval [-8.04, -4.58]), the
effect of duration was -8.52 (95% credible interval -12.22, -5.01]). Table 12 shows all

effects.

Table 12: Brm Output for German /@:/-/ce/, perceived as AE /u/ or /a/ (regression
reference group AE /u/)

Estimate Est.Error 1-95% CI u-95% CI

Intercept 10.65 1.12 8.56 12.88
F1_50 3.65 0.41 2.87 4.47
F2_50 0.33 0.37 -0.39 1.09
F3_50 -6.22 0.90 -8.04 -4.58
duration -8.52 1.84 -12.22 -5.01

For /y:/-/v/, FFS at midpoint did not show an effect. Instead, listeners seemed to
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instead use information from the start point of the vowel: the effect of F1 at onset was

1.07 (95% credible interval [0.38, 1.77]). Table 13 shows all effects.

Table 13: Brm Output for German /y:/-/y/, perceived as AE /u/ or /v/ (regression
reference group AE /ul/)

Estimate Est.Error 1-95% CI u-95% CI

Intercept 1.60 0.87 -0.06 3.33
F1_20 1.07 0.35 0.38 1.77
F2 20 0.33 0.28 -0.23 0.87
F3_20 -0.46 0.66 -1.73 0.83
duration -1.05 1.35 -3.70 1.61

These results show that while naive American English listeners largely rely on spectral
features when identifying non-native vowel sounds, they also used duration in half of the
vowel pairs.

Additionally, vowel height seems to act as an important factor for listeners with
almost all German vowels being mapped onto an English vowel with the same height.
Figure 13 shows a comparison between German vowels’ and American English vowels’
height and frontness. The way that the naive AE listeners used spectral cues is in line
with the differences observed in production. For example, German /a:/-/a/ differ a lot in
F1, the two AE vowel categories that listeners perceived the German vowel pair as, /ae/
and /a/, also show large differences in F1. In the model, F1 at the midpoint had an effect
of -5.61 (95% credible interval [-7.23, -4.12]). So naive listeners are exploiting the cues
present in German which are also used in their L1 system to distinguish between two
vowels. F1 has been shown to have a larger effect on vowel discrimination (Di

Benedetto 1989) and German has more height contrasts, than it has backness
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contrasts, as shown in figure 13.

Q
~
> <

)

Fig. 13: German vowels (red) and American English vowels (blue)

As mentioned previously, /u/, /o/, and /o/ are fronted in California vowels, which causes
them to move into the space of the German front rounded vowels (/y:/, /Y], @/, [cel).
This is reflected in the results, with German /y:/ and /@:/ being perceived as American

English /u/, and German /Y/ being perceived as American English /o/.
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2.2.7 Discussion

The results from experiment one show that while AE listeners relied mainly on spectral
cues when confronted with novel sounds, they also utilize duration in some cases.
Additionally, they also show flexibility in adapting their cue weighting to account for
unknown sounds, such as the German short front rounded /v/, ly:/, and /@:/. One
prediction for the English listeners was that duration as a cue would not be used and
listeners would instead rely mainly on spectral features. This prediction was only true for
some vowel pairs. However, duration was never used alone but rather in conjunction
with spectral information as shown in the vowel-specific models. This indicates that AE
listeners use duration only as a secondary cue. Figure 14 shows the mean values
calculated from F1 and F2 midpoints of English and German vowels on the F1/F2 plane.
German has more peripheral vowels than English, most likely due to the higher number

of vowels in the vowel inventory.
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Fig. 14: F1/F2 means at midpoints for (a) German and (b) American English vowels

When comparing vowel locations at the midpoint in the F1/F2 plane, we can see that
listeners relied on F1 at midpoint heavily, for example, German /i:/ and /e:/ were both
perceived as AE /i/, and German /¢:/, /e/, and /e/ were perceived as AE /e/. Additionally,
listeners seem to be relying on vowel height and frontness/backness of the vowels.
German front high /e:/ and /i:/ for example were mapped to the AE front high /i/ with a

goodness of fit rating of 7.
Another factor could be rounding, with the German high front rounded /y:/ and
/@:/ being mapped to English high back rounded /u/. The goodness of fit rating was 5

and 4 respectively, which is likely due to the fact that AE does not have high front
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rounded vowels. These findings also support the predictions based on the PAM model.
The /y:/-l@:/ — /u/ case is an example of the single category case, where two L2
sounds assimilate into the same L1 category but neither are rated as a good fit. The
SLM model assumes vowels deemed most dissimilar to native categories will
eventually emerge as a new category instead of merging with an L1 category. The front
rounded vowels also received lower goodness of fit ratings, which means listeners
perceived them as less similar to their native vowel categories. Based on the goodness
of fit ratings, listeners most likely recognized that these vowels were different and
therefore used a different set of cues when trying to categorize the “worse” vowels.
Interestingly, almost all long German vowels’ goodness of fit ratings were higher
than those of their short counterparts (with the exception of the long front rounded
vowels /y:/, /o:/, and /u:/). This could be triggered by AE vowels' longer average

duration (between 411ms and 570ms) in comparison with the short durations of German
short vowels (between 263ms and 314ms), as shown in Figure 15. The long vowels
were perceived as better fits and therefore might have been easier to perceive and
categorize for AE listeners, since they fall into the duration range of AE vowels, while
the short vowels differed on both spectral and durational dimensions. Taken together,
these findings suggest that AE listeners do rely on spectral features as primary cues
and duration only as a secondary cue, and not in all cases. Additionally, it seems that
the goodness of fit judgments reflect knowledge about finely-grained phonetic details in
the L1. Ratings of category goodness could also point to listeners’ awareness of

variation in the acoustic target realization of vowels and what would be appropriate
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allophonic variation in comparison to what examples of the non-native vowels would be

inappropriate allophonic variations.

German Duration English Duration

short long lax tense
Vowel Type Vowel Type

Duration

Fig. 15: Duration b(;)vowel type. (a) Durations for German s(r?grt and long vowels; (b)
Durations for English lax and tense vowels

The findings from experiment one additionally provide evidence for language-specific
speech perception processes that rely on a specific set of cues used to disambiguate
vowels. Speech that deviates substantially from the patterns in the native language
along multiple acoustic-phonetic dimensions seems to be recognized as “weird” and
speakers adapt which cues they use to categorize these vowels in terms of their L1
vowel categories, even when the fit is rated not good. While AE listeners relied on
spectral cues for identifying most categories, the “weird” vowels are of particular interest
because they show that when confronted with novel sounds listeners adapt their cue
weighting to identify these sounds.

Furthermore, the results from experiment one provide information about the
acoustic realizations of the long-short distinction in German vowel pairs. While duration

was significantly different between German long and short vowels, AE listeners were
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able to pick up on spectral differences as well and exploit them in the identification and
rating task. This means that while German vowels differ in quantity, they also differ in
quality.

Whether native German listeners rely mainly on duration or on spectral
information will be further investigated in experiments two and three. Additionally, the
LDA run on corner vowels reached a higher accuracy when VISC information was
excluded. Experiment four tests whether German listeners use VISC information in the

perception of long/short vowels.
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Chapter 3

3.1 Experiments two and three

The aim of experiments two and three is to examine the use of spectral and durational
cues in the perception of German long/short vowels. Experiment two was designed to
investigate the importance of duration in the discrimination of long and short vowel pairs
using duration continua. Experiment three was designed to investigate the importance
of spectral information in the discrimination of long and short vowel pairs using spectral

continua.

3.2 Experiment two - Duration Continua

3.2.1 Introduction

Some of the literature on the perception of long versus short vowels in German claims
that duration is the main cue for discriminating between the long and short pairs (c.f.
von Essen 1979, Heike 1969, 1970, 1972, Lindner 1976, Weiss 1976, Sendlmeier 1981,
Bennett 1968). To test this hypothesis, native German listeners were presented with
vowel continua consisting of five different duration steps for every vowel. Both long and
short vowels were manipulated in five steps using the original duration as measured in

the data from experiment 1 as start (originally long duration) and end (originally short
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duration) points. Formant frequencies were kept constant to either long formant
frequencies (FFS) or short FFS in the five continua, resulting in 10 continua per
long/short vowel pair. Listeners had to identify vowels as either long or short, using
minimal pairs on the screen to decide whether a token was long or short.

If German listeners use duration as the primary cue in vowel identification, it
should not matter whether a token contains originally long or short spectral information,
and listeners will categorize shorter stimuli as short vowels, even if the token is
spectrally based on a long vowel. Reversely, if spectral information is the primary cue,
duration manipulations should not matter and vowels should still be identified as long or

short based on the spectral pattern.

3.2.2 Methods and Materials

3.2.2.1 Listeners

65 native speakers of German were recruited via Linguist List for this study (m = 18, f =
44, non-binary = 3, mean age = 28.5, age 0 = 10.7) and completed the experiment on
Qualtrics. All participants reported German as their native language and all but ten
reported being fluent in one or more other languages. None reported any problems with
the experiment platform. A table with detailed demographic information can be found in

the appendix.
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3.2.2.2 Stimuli

The acoustic data from experiment one was subsetted to only include male
measurements. For each vowel, the mean duration was calculated in Python. The
means for each long and short vowel pair were used as start and end points for the
duration continua. F1 and F2 were set to the average values calculated from the
midpoints of the naturally produced speech in experiment one and kept constant for
either long or short formant values within a duration continuum. The synthesized vowels
were manipulated in five duration steps from start point 1 (long) to end point 5 (short) for
each vowel. By synthesizing vowels and only manipulating the duration, the possibility
of other acoustic cues interfering with identification can be excluded. The vowel pairs
used were [i:/-Nl, Iy:I-Ivl, lu:l-lol, l@:/-Icel, lo:/-1al, le:l-Iel, al-la:l, [€:/-Iel. This resulted in a

total of 80 stimuli (8 vowels x 5 duration steps x two original FFS conditions).

3.2.2.3 Procedure

The experiment was conducted fully online, using the Qualtrics survey platform.
Participants were instructed to sit in a quiet room and use a computer to complete the
experiment. Before starting the trials, participants were able to play a test sentence and
asked to set the volume to a comfortable level to ensure that their sound output worked
and the sound was loud enough. Stimuli were presented in randomized order. In the

experiment, subjects were presented with minimal pairs of real words on the screen and
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had to choose between a long or short vowel response for each token. Listeners could
not progress to the next trial if they had not chosen a response. Figure 16 shows an

example screen.

UNIVERSITY OF CALIFORNIA

Was haben Sie gehort?

Hohle

Holle

Fig. 16: Trial screen for /@:/-/ce/ with minimal pair Hohle - Holle (cave - hell)

After completing the listening trials, participants were asked to fill out a demographic

questionnaire. The experiment took an average of 10 minutes to complete.
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3.2.3 Analysis

Responses were coded for whether the response was long (=1) or short (=0). The data
were analyzed using a generalized mixed-effects logistic regression (Ime4 R package;
Bates et al., 2015). Main effects included manipulation step (1, 2, 3 4, 5), formant
frequency (manually coded to long = 1, short = 0), and their interaction. Random effects
included by-Listener random intercepts and by-Vowel random intercepts (g/mer syntax:
LongShortResponse ~ ManipulationStep * FFSLength + (1 | Vowel) + (1 | Listener_ID)).
To investigate whether these patterns hold true for all long/short vowel pairs, separate
regression models were run for each pair using the same glmer syntax but only

including by-Listener random intercepts.

3.2.4 Results

The output of the logistic regression model run on all vowels is provided in Table 14.
Manipulation step and original FFS were significant main effects. The negative
estimated coefficient for manipulation step indicates that listeners were less likely to
select a token as long with rising manipulation step, Figure 17 shows this with listeners
selecting tokens more frequently as short in the shorter continua steps.

In addition, there was an effect of FFS: while identifications for long tokens

dropped overall as duration continua got shorter, tokens with originally long FFS were
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still selected as long more often than those with originally short FFS. No other effects or

interactions were observed.

Overall Proportion of Long Responses
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Fig. 17: Percentage of Responses selected as long for each manipulation step from 1
(originally long duration) to 5 (originally short duration) by formant frequencies with 95%
confidence intervals

Table 14: Regression output for general duration manipulation model

Est Std. Err. z p
(Intercept) 1.74 0.35 494 <0.001**
ManipulationStep -0.50 0.03 -14.96 <0.001**
FFSLength 0.59 0.16 3.63 0.001 ***
ManipulationStep:FFSLength 0.001 0.04 0.033 0.97
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To investigate whether this pattern held true for all vowels, vowel specific analyses were
run.

For /a:/-lal the same main effects were significant, but additionally, there was a
significant interaction between manipulation step and original FFS length. Table 15
shows the regression output. The interaction was more closely examined with Tukey’s
HSD pairwise comparisons within the model using the emmeans() function in the
emmeans R package (Lenth et al., 2021). This revealed that listeners selected tokens
with originally short FFS significantly less as long for the third manipulation step than
tokens that contained originally long FFS (p <.0001). Figure 18 shows the percentage of

long responses selected for /a:/-/al.

Table 15: Regression output for /a:/-/a/

Est Std. Err. z p
(Intercept) 2.31 0.34 6.73 <0.001**
ManipulationStep -0.75 0.10 -7.38 <0.001**
FFSLength 3.67 0.77 4.72 <0.001*
ManipulationStep:FFSLength -0.48 0.19 -2.51 0.012*
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Prop. of Long Responses /a:/-/a/
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Fig. 18: Percentage of Responses selected as long for each manipulation step from 1
(originally long duration) to 5 (originally short duration) by formant frequencies for /a:/-/a/
with 95% confidence intervals

For /e:/-/e/ only manipulation step was a significant main effects. No other
significant effects were observed. Table 16 shows the regression output. Figure 19
shows the percentage of long responses selected for /e/-/e:/. While manipulation step
was a significant predictors of whether the vowels were perceived as long or short,
le:l-lel was perceived as long the majority of the time with over 70% long responses
even as continua approached the short durations. This shows a listeners bias towards

le:].
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Table 16: Regression output for /e:/-/e/

Est Std. Err. z p
(Intercept) 3.46 0.51 6.81 <0.001**
ManipulationStep -0.44 0.12 -3.48 <0.001**
FFSLength 0.007 0.68 0.01 0.99
ManipulationStep:FFSLength 0.03 0.18 0.17 0.86
Prop. of Long Responses /g:/-//
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Fig. 19: Percentage of Responses selected as long for each manipulation step from 1
(originally long duration) to 5 (originally short duration) by formant frequencies for /e/-/e:/
with 95% confidence intervals

For /e:/-/le/ manipulation step and original FFS were significant main effects,

additionally there was a significant interaction between manipulation step and original

FFS length. Table 17 shows the regression output. The interaction was more closely
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examined with Tukey’s HSD pairwise comparisons within the model using the
emmeans() function in the emmeans R package (Lenth et al., 2021). This revealed that
listeners selected tokens with originally short FFS significantly less as long for the third
manipulation step than tokens that contained originally long FFS (p <.0001). Figure 20

shows the percentage of long responses selected for /e:/-/el.

Table 17: Regression output for /e:/-/e/

Est Std. Err. z p
(Intercept) 272 0.39 6.83 <0.001**
ManipulationStep -0.57 0.10 -5.53 <0.001**
FFSLength 3.87 0.95 4.05 <0.001*
ManipulationStep:FFSLength -0.59 0.22 -2.62 0.008*
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Fig. 20: Percentage of Responses selected as long for each manipulation step from 1
(originally long duration) to 5 (originally short duration) by formant frequencies for /e:/-/e/
with 95% confidence intervals

For /i:/-h/ manipulation step and original FFS were significant main effects. No
other significant effects were observed. Table 18 shows the regression output. Figure 21
shows the percentage of long responses selected for /i:/-/I/, in which tokens containing
originally long FFS were selected as long less frequently overall than those containing
originally short FFS. This is also reflected in the negative estimated coefficient for FFS
length. This could be due to the synthesized vowels not sounding natural for this vowel
pair, as /i:/ has a very high F2 and is the most peripheral vowel in the German vowel

space on the F2 scale.
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Table 18: Regression output for /i:/-//

Est Std. Err. z p
(Intercept) 1.67 0.31 5.32 <0.001**
ManipulationStep -0.51 0.09 -5.66 <0.001**
FFSLength -2.12 0.43 -4.91 <0.001*
ManipulationStep:FFSLength 0.22 0.13 1.70 0.08
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Fig. 21: Percentage of Responses selected as long for each manipulation step from 1
(originally long duration) to 5 (originally short duration) by formant frequencies for /i:/-//
with 95% confidence intervals
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For /o:/-/o/ manipulation step and original FFS were significant main effects. No
other significant effects were observed. Table 19 shows the regression output. Figure 22

shows the percentage of long responses selected for /o:/-/2].

Table 19: Regression output for /o:/-/a/

Est Std. Err. z p
(Intercept) 3.32 0.43 7.68 <0.001**
ManipulationStep -0.74 0.11 -6.67 <0.001**
FFSLength 0.59 0.57 1.02 0.30
ManipulationStep:FFSLength -0.17 0.15 -1.09 0.27
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Fig. 22: Percentage of Responses selected as long (blue) or short (orange) for each
manipulation step from 1 (originally long duration) to 5 (originally short duration) by
formant frequencies for /o:/-/o/ with 95% confidence intervals

For /@:/-lce/ manipulation step and original FFS were significant main effects. No

other significant effects were observed. Table 20 shows the regression output. Figure 23

shows the percentage of long responses selected for /@:/-/cel.

Table 20: Regression output for /@:/-/ce/

Est Std. Err. z p
(Intercept) 1.03 0.29 3.44 <0.001**
ManipulationStep -0.71 0.11 -6.58 <0.001**
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FFSLength 2.99 0.56 5.34 <0.001*

ManipulationStep:FFSLength -0.16 0.16 -1.04 0.29
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Fig. 23: Percentage of Responses selected as long (blue) or short (orange) for each
manipulation step from 1 (originally long duration) to 5 (originally short duration) by
formant frequencies for /@:/-/oe/ with 95% confidence intervals
For /y:/-/v/ manipulation step and original FFS were significant main effects. No

other significant effects were observed. Table 21 shows the regression output. Figure 24

shows the percentage of long responses selected for /y:/-/vl.
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Table 21: Regression output for /y:/-/y/

Est Std. Err. z p
(Intercept) 0.86 0.31 2.81 0.004*
ManipulationStep -0.44 0.09 -4.80 <0.001**
FFSLength 1.82 0.46 3.88 <0.001*
ManipulationStep:FFSLength -0.07 0.13 -0.56 0.57
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Fig. 24: Percentage of Responses selected as long (blue) or short (orange) for each
manipulation step from 1 (originally long duration) to 5 (originally short duration) by
formant frequencies for /y:/-/y/ with 95% confidence intervals

In the case of /u:/-/v/ no significant main effects were found. As mentioned in
section 2.2.6.1.1 in chapter two, this is likely due to a flaw in the experimental design

where the spellings to record these two vowels were not clearly indicating a short vowel
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(But instead of Butt). The synthesized vowels were based on the natural recordings
from experiment one, which caused this flaw to translate into the second and third

experiments.

3.2.5 Interim Discussion

The results from experiment two provide evidence for both quantity and quality being
important cues in distinguishing between long and short vowel pairs in native German
speakers. With continua approaching the short durations, listeners were less likely to
select them as long. This pattern is repeated in the vowel-specific analyses, which show
a negative estimated coefficient for manipulation step for all vowels. However, instead of
observing a steep categorical boundary, the overall pattern shown in figure
MAINEFFECSDUR is gradual. This is no surprise because native listeners also utilized
FFS as a cue, in all cases but /o:/-/o/ and /e:/-/e/, which was kept steady within the
continua to be either originally long or originally short. Native listeners seem to exploit
these differences when quantity alone is not sufficient to make the distinction between a
long or a short vowel. This listener behavior points to FFS being used as a secondary
cue in identifying whether a vowel is long or short in German. Experiment three will

investigate the role of spectral information more closely.
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3.3 Experiment three - Spectral Continua

Some of the literature on the perception of long versus short vowels in German claims
that quality is the main cue for discriminating between the long and short pairs (c.f.
Bennett 1968, Ungeheuer 1969, Strange and Bohn 1998). Experiment three was
designed to test this hypothesis. Native German listeners were presented with vowel
continua consisting of five different quality steps for every vowel pair. Both long and
short vowels were manipulated in five steps using the original FFS as measured in the
data from experiment 1 as start (originally short FFS) and end (originally long FFS)
points. Duration was kept constant to either long duration or short duration in the five
continua, resulting in 10 continua per long/short vowel pair. Listeners had to identify
vowels as either long or short, using minimal pairs on the screen to decide whether a
token was long or short.

If German listeners use quality as the primary cue in vowel identification, it
should not matter whether a token contains an originally long or short duration and
listeners will categorize stimuli containing short FFS as short vowels, even if the token
has an originally long duration. Reversely, if duration is the primary cue, FFS
manipulations should not matter and vowels should still be identified as long or short

based on the duration pattern.
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3.3.1 Methods and Materials

3.3.1.1 Listeners

57 native speakers of German were recruited via Linguist List for this study (m =19, f =
36, non-binary = 2, mean age = 36.3, age 0 = 14.6) and completed the experiment on
Qualtrics. All participants reported German as their native language and all but sixteen
reported being fluent in one or more other languages. None reported any problems with
the experiment platform. A table with detailed demographic information can be found in

the appendix.

3.3.1.2 Stimuli

The acoustic data from experiment one was subsetted to only include male
measurements. The reason for this is that a male voice sounds more natural when
synthesizing individual vowels with phonTools (Barreda 2015) in R. For each vowel, the
means for F1, F2, and F3 were calculated in Python. The means for each long and
short vowel pair were used as start and end points for the spectral continua. Duration
was set to the average values calculated from the midpoints of the naturally produced
speech in experiment one and kept constant for either long or short duration values
within a spectral continuum. The synthesized vowels were manipulated in five spectral
steps from start point 1 (short) to end point 5 (long) for each vowel. By synthesizing

vowels and only manipulating the spectral information, the possibility of other acoustic
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cues interfering with identification can be excluded. The vowel pairs used were /i:/-//,
Iy:I-Ivl, lu:l-Iol, l@:/-Icel, lo:l-Ial, le:l-lel, lal-la:l, [e:l -Iel. This resulted in a total of 80

stimuli.

3.3.1.3 Procedure

The experiment was conducted fully online, using the Qualtrics survey platform.
Participants were instructed to sit in a quiet room and use a computer to complete the
experiment. Before starting the trials, participants were able to play a test sentence and
asked to set the volume to a comfortable level to ensure that their sound output worked
and the sound was loud enough. Stimuli were presented in randomized order. In the
experiment, subjects were presented with minimal pairs of real words on the screen and
had to choose between a long or short vowel response for each token. Listeners could
not progress to the next trial if they had not chosen a response. Figure 25 shows an

example screen.
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UNIVERSITY OF CALIFORNIA
Was haben Sie gehort?

Hohle

Holle

Fig. 25: Trial screen for /@:/-/ce/ with minimal pair Hohle - Holle (cave - hell)

After completing the listening trials, participants were asked to fill out a demographic

questionnaire. The experiment took an average of 10 minutes to complete.

3.3.2 Analysis

Responses were coded for whether the response was long (=1) or short (=0). The data
were analyzed using a generalized mixed-effects logistic regression (Ime4 R package;
Bates et al.,, 2015). Main effects included manipulation step (1, 2, 3, 4, 5), duration
(manually coded as long = 1, short = 0), and their interaction. Random effects included
by-Listener random intercepts and by-Vowel random intercepts (/mer syntax:

LongShortResponse ~ ManipulationStep * DurLength + (1 | Vowel) + (1 | Listener_ID)).
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To investigate whether these patterns hold true for all long/short vowel pairs, separate
regression models were run for each pair using the same glmer syntax but only

including by-Listener random intercepts.

3.3.3 Results

The output of the logistic regression model is provided in Table REGSPEC. As
expected, original duration length was a significant main effect: as seen in Figure 26,
listeners selected the originally durationally short tokens as short and the originally
durationally long tokens as long regardless of the spectral manipulation step.
Additionally, there was a significant interaction between manipulation step and original
duration length. Table 22 shows the regression output.

The interaction was more closely examined with Tukey’s HSD pairwise
comparisons within the model using the emmeans() function in the emmeans R
package (Lenth et al., 2021). This revealed that listeners selected tokens with an
originally short duration significantly less as long for the third manipulation step than
tokens that contained an originally long duration (p <.0001). Figure 26 shows the
percentage of long responses selected for each manipulation step. No other effects

were observed.
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Fig. 26: Percentage of Responses selected as long each manipulation step from 1
(originally short FFS) to 5 (originally long FFS) by duration with 95% confidence interval

Table 22: Regression output for general spectral manipulation model

Est Std. Err. z p
(Intercept) -0.51 0.31 -1.61 0.10
ManipulationStep 0.03 0.03 0.90 0.36
DurLength 1.58 0.16 9.48 <0.001 ***
ManipulationStep:DurLength 0.11 0.05 2.28 0.02*

To investigate whether this pattern held true for all vowels, vowel specific analyses were

run. With the exception of /ce/-/@:/, [o/-/u:/, and /y/-ly:/ the same pattern of main effects

were observed in all vowel specific analyses.
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For /cel-/@:/, manipulation step was a significant main effect. Additionally, a

significant interaction between manipulation step and original duration was observed, as

shown in Table 23 and figure 27. As formant manipulations approached the originally

long FFS listeners were more likely to select the token as long in both original duration

conditions. The interaction was more closely examined with Tukey’s HSD pairwise

comparisons within the model using the emmeans() function in the emmeans R

package (Lenth et al., 2021). This revealed that listeners selected tokens with an

originally short duration significantly less as long for the third manipulation step than

tokens that contained originally long duration (p <.0001).

percentage of long responses selected for each manipulation

were observed.

Table 23: Regression output for /ce/-/a:/

Figure 27 shows the

step. No other effects

Est Std. Err. z p
(Intercept) -0.007 0.31 -0.02 0.97
ManipulationStep -0.29 0.09 -3.04 0.002**
DurLength -0.53 0.45 -1.17 0.23
ManipulationStep:DurLength 1.00 0.16 6.21 <0.001**
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Fig. 27: Percentage of Responses selected as long for each manipulation step from 1
(originally short FFS) to 5 (originally long FFS) by duration for /ce/-/@:/

For /u:/-/v/ only manipulation step was a significant main effect, as shown in
Table 24 and Figure 28. No other effects or interactions were observed. With
manipulation steps approaching the originally long FFS listeners were less likely to
select the token as long, regardless of original duration. It should be noted that overall,
listeners were below chance for all conditions, except the second manipulation step for
originally long /u:/. As mentioned previously, this is likely due to a design flaw in the
recordings of /u:/-/v/, with short /o/ being produced between /u:/ and a true production of

/ol. For more information on this see section 2.2.6.1.1 in chapter two.
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Table 24: Regression output for /u:/-/o/

Est Std. Err. z p
(Intercept) -0.31 0.40 -0.78 0.43
ManipulationStep -0.22 0.10 -2.11 0.03*
DurLength -0.17 0.47 -0.36 0.71
ManipulationStep:DurLength 0.18 0.14 1.3 0.19

Prop. of Long Responses /u:/-fo/

0.60-

0.50 -

Duration Length

Short

0.40- — Long

Proportion Long Response

0.30- ‘

0.20-

1 2 3 4 5
Manipulation Step

Fig. 28: Proportion of Responses selected as long for each manipulation step from 1
(originally short FFS) to 5 (originally long FFS) by duration for /u:/-/o/
For /y:/-Iv/ original duration and manipulation step were significant, as shown in
Table 25 and Figure 29. No other significant interactions were observed. With
manipulation steps approaching originally long FFS listeners were more likely to select

them as long even when the token contained an originally short duration.
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Table 25: Regression output for /y:/-/v/

Est Std. Err. z p
(Intercept) -1.009 0.33 -2.99 0.002**
ManipulationStep 0.24 0.09 2.63 0.008**
DurLength 1.18 0.46 2.54 0.01*
ManipulationStep:DurLength 0.22 0.14 1.5 0.13

Prop. of Long Responses /y:/-/v/
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Fig. 29: Proportion of Responses selected as long for each manipulation step from 1
(originally short FFS) to 5 (originally long FFS) by duration for /y:/-/v/
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3.3.4 Interim Discussion

The results from experiment three confirm the results from experiment two in that
quantity is used as the primary cue in distinguishing between long and short vowel pairs
in German overall. However, we also see more vowel-specific patterns in experiment
three. Recall that Weiss (1976) suggested that the importance of spectral information
versus duration information was a function of vowel height with listeners relying more on
duration to identify low vowels, but using spectral information to identify high vowels. In
the third experiment, this pattern explains the results seen for /y:/-/y/ and /@:/-/ce/, for
both pairs formant manipulation step was a significant predictor of whether a vowel was
perceived as long or short. Therefore, experiment three provides more evidence for
vowel-specific perception patterns. The vowel specific patterns also provide more
information about how sensitive listeners are to changes in FFS. The FFS
manipulations show some confusion for the front rounded vowels, instead of steadily
selecting vowels as long more often as continua approached the long FFS, listeners
selected manipulation step 2 as long more often than manipulation step 3 in the /y:/-/v/
continua when the original duration was long, and step 4 as long more often than step
5, when the original duration was short. For /@:/-/ce/, continua made with long and short
durations were perceived as long approximately 60% of the time in the first manipulation
step and only started to diverge after the first step. Conclusively, German listeners might
rely on spectral targets being articulated with a high degree of precision to differentiate
them from back rounded vowels. Harrington et al. (2011) found that languages that

contrast high front rounded and high back rounded vowels, such as German, show a
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greater magnitude and velocity of tongue dorsum retraction in order to ensure that the
high back rounded vowel it is produced acoustically distinct from the high front rounded
vowel.

Overall, the perception data point to FFS being used as a secondary cue in
identifying whether a vowel is long or short in German when quantity alone is not
sufficient. Additionally, while there was an effect for /u:/-/v/, it was not in the expected
direction with listeners selecting token as long less frequently as continua approached
originally long FFS regardless of original duration. Recall that in experiment two there
were no observed main effects for /u:/-/u/. The observed pattern could be due to a flaw
in the experimental design from experiment one, where the orthographic representation
of the target word did not clearly indicate a short vowel (But instead of Butt), as
mentioned above. This could have resulted in the short vowel /o/ being acoustically
realized somewhere between the true short vowel and the long vowel. Additionally, in
the production data, both /u:/ and /o/ showed more variation in F2 (o = 0.58 and ¢ =
0.27 respectively) than the other vowels. This could lead to listeners deeming F2 to be
an unreliable cue and less salient than duration and FFS continua being interpreted in
an unreliable way. However, since there was also no observed effect for duration in
either experiment, the stimuli might not have been informative because of the synthesis
method. Additionally, the pattern seen for the /u:/-/o/ pair could be due to high back
rounded vowels being unstable in the production of FFS and often moving into the
space of the high front rounded vowels (Hoole and Kihnert 1995, Harrington et al.

2011), therefore rendering spectral cues unreliable as well. Similarly, Tomaschek et al.
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(2015) have shown that listeners were insensitive to spectral changes in the /u:/-/o/

space.

3.4 General Discussion

The aim of experiments two and three was to investigate the relative perceptual
importance of quantity and quality cues in the distinction of long and short vowels in
German. Cue weighting was explored by using duration continua where FFS were kept
constant, and spectral continua where duration was kept constant.

Results show that German listeners rely mainly on duration in the perception of
long versus short vowels. While listeners did use FFS as a secondary cue in experiment
two, in that tokens containing originally long FFS were more often selected as long than
those containing short FFS, the proportion of tokens selected as long dropped overall
as continua approached the short duration. Experiment three confirmed this result with
tokens containing originally short durations being selected as long significantly less
often over all FFS manipulation steps. While German long-short vowel pairs differ both
spectrally and durationally in production, German listeners seem to rely mainly on
duration differences to make the distinction between whether a vowel was long or short.

However, there was a clear effect of FFS being used as a secondary cue. If
listeners used only quantity and ignored quality, the expected behavior for the continua
would show no difference based on whether the FFS were long or short. Instead, the

data show a clear difference between the originally long FFS tokens and the originally
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short FFS tokens, in that listeners selected tokens containing originally long FFS more
frequently as long even with decreasing durations.

This held true for all vowel pairs except /o:/-/o/ and /e:/-/e/, in which listeners did
not use original FFS at all. For /e:/-/¢/, this could likely be due to the two vowels not
contrasting as much in F1 as the other vowels pairs. Vowel height, acoustically
represented by F1, has been shown to have a larger impact on vowel identification than
F2 (Di Benedetto 1989). Similarly, the lack of effect for FFS in the perception of /o:/-/o/
could be explained by the backness of the vowel pair. The German vowel space is a lot
more crowded in the front than in the back as shown in figure VOWCHART. The only
other back vowel pair is /u:/-/o/. Additionally, /o:/ and /o/ contrast in height, with /o:/
being a high vowel and /o/ being a mid vowel. This could mean that listeners do not
have to use secondary cues because the spectral separation of the back vowels is
sufficient enough that listeners can rely on quantity to identify whether the vowel they
heard was /o:/ or /ol.

Overall, the results from experiment three suggest a more complex pattern of
perception of length in German, where listeners are integrating both quantity and
quality. Recall that earlier research stated that either only quality or only quantity is
distinctive while the other one is redundant (c.f. Riad 1995, Wiese 1996, Lahiri and
Dresher 1999, Vennemann 2000, Mangold 1990, Delattre 1969, Vernon 1976, Maack
1951, 1954, Jessen 1993, Weiss 1977). The data from experiments two and three show
instead that while German listeners use duration as the primary cue, spectral

information is not ignored and instead used as a secondary cue. Experiment four will
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investigate the role of spectral information more closely by looking at the role of VISC in

identifying whether a vowel is long or short in German.
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Chapter 4

4.1 Introduction

Vowel inherent spectral change (VISC) refers to the change of formants over time or
formant movement from the start point of a vowel to the end point. The term was coined
by Nearey and Assmann (1986) and refers to the spectral changes associated with the
vowel and not with the consonantal context in which a vowel occurs. Following
Nearey’s Compound Target Theory (1989), vowels can be differentiated using two
points: the target and the offglide. This type of information is also referred to as dynamic
in comparison to static, starting with Strange et al. (1976). In two studies, they found
that listeners identified vowel targets more accurately in context (CVC syllables) than in
isolation (V), and even when the middle portion of the vowel was spliced out of the CVC
syllables and only the transitions were left, listeners were still able to identify the vowels.
Later studies have also shown that VISC information leads to greater identification
accuracy in vowel perception studies when compared to steady-state vowels (c.f.
Nearey and Assmann 1986, Hillenbrand et al. 1995, Nearey 1999, Zahorian and
Jagharghi 1993). Listeners likely use all the information present in the signal to
disambiguate vowel identity, especially when the vowel space is crowded and there is a
lot of overlap between categories, as shown in Figure 30 by Peterson and Barney

(1952) for American English below:
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FREQUENCY OF Fy N CYCLES PER SECOND

200 Aol

F1c. 8. Frequency of second formant versus frequency of first
formant for ten vowels by 76 speakers.

Fig. 30: Vowel chart of American English vowels as produced by 76 speakers (Peterson
and Barney (1952:182)

There is substantial overlap between vowel categories on the F1/F2 plane.
However, if vowels move in different directions and have their own unique pattern of
spectral movement, this vowel inherent spectral change (VISC) pattern of movement is
likely information listeners utilize to disambiguate. Hillenbrand et al. (1995) have
measured F1 and F2 at 20% of the vowel and 80% of the vowel for speakers from the
Upper Midwest and have shown spectral change patterns from onset to offset for almost
all vowels, with the exception of /i/ and /u/. This is shown in Figure 31 below. While

VISC has been shown to provide important information in the disambiguation of vowels
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to listeners (c.f. Hillenbrand et al. 1995, Jenkins et al. 1994, Parker and Diehl 1984,

Strange 1989, Verbrugge and Rakerd 1986, Simpson, Kohler, Rettstadt 1997, Morrison

and Assmann 2013), German has been categorized as a language that shows little

VISC and instead rely more on duration when disambiguating long-short vowel pairs

(c.f. Sendlmeier 1981, Strange and Bohn 1998, Morrison and Assmann 2012).
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Fig. 31: Vowel trajectories of H95 data plotted by Matt Winn (2016)""

Hillenbrand et al. (1995) also used a quadratic discriminant analysis to classify

12 vowel types, using fundamental frequency (FO), F1, F2, F3, and VISC features (20,

50 and 80% of vowel duration) as classifiers. The model showed a high degree of

accuracy in identifying the vowel tokens when VISC information and duration

'7 See: http://www.mattwinn.com/tools/HB95_2.html
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information were included in the model. Following up, Hillenbrand and Houde (2003)
trained different models on the H95 vowels using either single slice information (from
15, 30, 45, 60, or 75% of the vowel), two slice information (from 15 and 75% of the
vowel), or three slice information (from 15, 30 and 75% of the vowel). While single slice
information classification accuracy only reached between 75.5 and 80.4%, accuracy
improved substantially with two slice information to 90.6%. Three slice information
increased classification accuracy only a little to 91.6%. This result shows that the
information in the onset and offset of the vowels is critical for identification. VISC
information has in fact been shown to be as important in vowel identification as
information from the midpoint of the vowel is: Jenkins et al. (1983) have shown used
silent-center vowels, showing that classification accuracy was almost as high for those
(92.4%) as for the full information vowels (93.1%) for American English. Therefore, the
importance of VISC cannot be ignored for German, and information from the onset and
offset of the vowels is likely used in vowel perception. The fourth experiment in this
dissertation will investigate the degree to which VISC is used in vowel perception by

native German-speaking listeners.

4.2 Experiment four

Traditionally German is thought to rely less on dynamic and more on static cues as it is
said to not diphthongize monophthongs in comparison to American English and are

pure in quality (Strange and Bohn 1998, Strange et al. 2004). If this is the case, flat
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formant identifications should not differ from dynamic identifications. Traditional theories
of vowel perception in German assume that the main information used to identify vowel
quality is contained in static target formant frequency values for F1 and F2. (Strange
and Bohn 1998, Strange et al. 2004, Schwartz 2021) However, for English, many
studies have shown that time-varying information is used to disambiguate vowels (see
Strange 1987, Nearey and Hillenbrand 1999).

Hillenbrand et al. (1995) trained a quadratic discriminant analysis to look at vowel
identification rates for steady-state formant values and identification rates for 20% and
80% of the vowel. The steady-state accuracy was at 71% whereas the onset-offset
identification rates were at 91%. This falls in line with Nearey's perception model of
pattern recognition and is evidence of the importance of VISCs in vowel perception.

To test the importance of VISCs in German, native German listeners were
presented with silent center and silent onset-offset vowel tokens. If German relies on
static target formants, the silent onset-offset condition should have lower correct

identification rates than the silent center vowel instances.

4.2.1 Methods and Materials

4.2.1.1 Listeners

61 native speakers of German were recruited via Linguist List for this study (m = 21, f =

36, non-binary = 4, mean age = 30.7, age 0 = 13.6) and completed the experiment on
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Qualtrics. All participants reported German as their native language and all but eleven
reported being fluent in one or more other languages. None reported any problems with
the experiment platform. A table with detailed demographic information can be found in

the appendix.

4.2.1.2 Stimuli

4.2.1.2.1 Production

To investigate whether German vowels show formant movement, acoustic measures
from experiment one were taken and plotted in R. The results show clear formant
movement for all vowels. Figure 32 shows the pattern of formant movement for F1 and
F2 at the vowel onset (measured at 20%), the midpoint (measured at 50%), and the
offset (measured at 80%)."® This is in contrast to earlier literature claiming that there is
little formant movement in German vowel productions (Strange and Bohn 1998, Strange
et al. 2004). While all vowels show formant movement, some vowels show more
movement than others. This is in line with previous research, showing that /i:/, for
example, showed relatively little movement, while /u:/ showed more movement (Brandt
et al. 2018).

Additionally, the role of duration could be important as experiments two and three

have shown that German listeners rely on quantity as a primary cue. Therefore, it is

8 While the recorded tokens contained a stop-vowel-stop sequence, and therefore formant transitions,
these are unlikely to affect perception since the stops were kept the same across all vowels.
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assumed that there will be different perception patterns for long vowels and short

vowels.

Formant movement for speaker 21
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Fig. 32: Formant movement for German normalized F1 & F2 values from production
data from experiment one from one female speaker

4.2.1.2.2 Resynthesized Productions

The stimuli for experiment four were re-synthesized using the productions of one male

speaker (speaker 19) from experiment 1. Resynthesis was done in Python 3 using the

pysptk library™.

1% See https://github.com/r9y9/pysptk
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One male speaker was picked based on recording quality for resynthesis, from
these tokens the generalized mel cepstrums were calculated and converted to
MGLSADF (Mel-log spectrum approximation digital filter) coefficients, from which
speech was then resynthesized.

Resynthesized speech was used because using mel cepstrums allows for
describing the “large” structure of the spectrum, focusing on the spectral envelope and
relevant formant information, excluding any noise that is not related to the formant
structure. This will be described in more detail in the following section but is illustrated
below in Figure 33. The coefficients provide information about the formants, therefore
ignoring fine spectral structures, specifically filtering out the source information. The
cepstrum is the sum of the vocal tract frequency response and the glottal pulse:

X(t) = E(t) + H(t)

Vocal tract frequency
response

0 1000 2000 3000 4000 5000 6000 7000 8000

Glottal pulse

H D o
g T

1 1 1 1 | - 1 L ]
0 1000 2000 3000 4000 5000 6000 7000 8000
Hz

Fig. 33: Understanding the cepstrum (Velardo 2020%)

0 Valerio Velardo: Mel-Frequency Cepstral Coefficients Explained Easily.
https://github.com/musikalkemist/AudioSignalProcessingForML/blob/master/19-%20MFCCs%20Explaine
d%20Easily/Mel-Frequency%20Cepstral%20Coefficients%20Explained%20Easily.pdf, last accessed
07/15/2021.
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Using a low pass filter allows to remove the glottal pulse and the resulting
resynthesized speech only contains the cepstral coefficients connected to the spectral
envelope and therefore formant information. Using a Mel Filterbank transforms the
linear representation to a Mel representation, to which a discrete cosine transform is
applied, which is a simplified version of a Fourier transform. The reason for this is to get
real-valued coefficients instead of the complex coefficients from an inverse Fourier
transform, effectively making it simpler to handle. Another advantage is that it allows for
decorrelation of energy in different Mel bands which efficiently reduces the number of
dimensions to represent the spectrum. The first 12-13 coefficients are used to preserve
the most relevant information: formant information from the spectral envelope. Figure 34
shows the spectral envelope for a mel-generalized cepstrum. Looking at Figures 35 and
36 we can see that information about the glottal pulse, or the fast-changing information
in the speech signal, is effectively excluded in the resynthesized waveform, and left is

the relevant formant information.

Spectral envelope estimate from mel-generalized cepstrm
20000 '— 8
15000
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Time

Fig. 34: Spectral envelope from mel-generalized cepstrum for <baht>

127



6000

4000

2000

-2000

-4000

-6000

0.000

4000

2000

-2000

—4000

0.000

Synthesized waveform by MGLSADF

0.050 0.100 0.150 0.200 0.250 0.300 0.350
Time

Fig. 35: Resynthesized waveform for <baht>

Raw waveform of example audio flle
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Fig. 36: Raw waveform for <baht>

All tokens were amplitude normalized to 70dB with a script from Cohn?' and had

a sampling frequency of 48000 Hz. The tokens were manipulated to contain either

silent-center or silent-onset-offset vowels by setting either the middle portion of the

vowel or the onset and offset to zero, as shown in the Figures 37 and 38 below.

21

See:

https://github.com/michellecohn/praat-scripts/blob/master/adjust mean _intensity db/, last

accessed 04/13/2022.
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wUMWMx VFM

Fig. 37: Silent center token for /be:t/

MJ (S 7

Fig. 38: Silent onset-offset token for /be:t/

4.2.2 Procedure

The experiment was conducted fully online, using the Qualtrics survey platform.
Participants were instructed to sit in a quiet room and use a computer to complete the
experiment. Before starting the trials, participants were able to play a test sentence and
asked to set the volume to a comfortable level to ensure that their sound output worked
and the sound was loud enough. The stimuli were presented in randomized order and
each token was played once. In total participants responded to 32 tokens (16 vowels X
2 manipulation steps). Participants were presented with a forced-choice task and asked

to identify whether a vowel was long or short (e.g. Baht vs Batt). They were presented
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with German word options on the screen that corresponded to the non-words from
experiment one. Listeners could not progress to the next trial if they had not chosen a

response. Figure 39 shows an example screen.

UNIVERSITY OF CALIFORNIA

Was haben Sie gehort?

Hohle

Holle

Fig. 39: Trial screen for /@:/-/ce/ with minimal pair Hohle - Holle (cave - hell)

After the perception task participants were asked to fill out a demographic
questionnaire.

If formant movement does not matter and the formant values close to the
midpoint of the vowel are the main cue in identifying whether a vowel is short or long,
the correct identification rates for the silent center tokens should be slightly worse than

those for the silent onset offset tokens. However, if VISC is used in German, the correct
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identification rates for the silent onset offset tokens should be slightly worse than the

silent middle tokens.

4.2.3 Analysis

Responses were coded for accuracy (correct original vowel length chosen = 1, wrong
original vowel length chosen =0). To test the overall importance of VISC, the data were
analyzed using a generalized mixed-effects logistic regression (Ime4 R package; Bates
et al., 2015). Main effects included condition (silent middle, silent onset/offset), and
original length (long = 1, short = 0), and their interaction. Random effects included
by-Listener random intercepts and by-Vowel random intercepts (Imer syntax: Accuracy
~ Condition * orig_length + (1 | vowel) + (1 | ID)). Because there were some vowel
specific patterns in experiments two and three, vowel specific models were run to
investigate the importance of formant movement for each long and short vowel
individually. The data were analyzed using Bayesian binary logistic regression models in
R with the brms package to avoid convergence issues. Main effects included condition
(silent middle, silent onset/offset), and original length (long = 1, short = 0), and their
interaction. Random effects included by-Listener random intercepts. The priors used
were a student’s t-distribution (v = 3, p = 0, o = 3) for the regression coefficients, and a
student’s t-distribution (v = 3, y = 0, o = 2.5) for standard deviations of random effects.
All models converged (Rhat = 1.0). (brm syntax: Accuracy ~ Condition * orig_length + (1

| ID), family = bernoulli(logit))
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4.2.4 Results

The output of the logistic regression model is provided in Table 26. There was a
significant interaction between condition and original vowel length. The significant
interaction was more closely examined with Tukey’s HSD pairwise comparisons within
the model using the emmeans() function in the emmeans R package (Lenth et al.,
2021). This revealed that listeners had significantly lower correct identification accuracy
for long vowels in the silent onset/offset condition than for short vowels (p = 0.007) and

significantly lower correct identification accuracy for long vowels in the silent

onset/offset condition than for long vowels in the silent middle condition (p<0.0001).

No other effects or interactions were observed. As shown in Figure 40, listeners

were highly accurate in choosing whether a vowel was long or short, regardless of

condition.

Table 26: Regression output for general VISC model

Est Std. Err. z p
(Intercept) 274 0.34 8.05 <0.001
Condition 0.40 0.26 1.54 0.12
OriginalLength -0.18 0.46 0.39 0.69
Condition:OriginalLength -1.31 0.33 -3.96 <0.001
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Fig. 40: Listener accuracy by Condition

However, when looking at original vowel length, there was a significant

interaction. Figure 41 shows that there was a vowel specific effect with listeners being

less accurate in identifying long vowels in the silent onset/offset condition.
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Fig. 41: Listener Accuracy by Condition and Original Length

No significant effects were observed in the the vowel specific models, except for
/ol, where the effect of Condition was 1.71 (95% credible interval [.10, 3.64]). Table 27

shows all effects.

Table 27: Brm Output for German [o/

Estimate Est.Error 1-95% CI u-95% ClI

Intercept 3.05 1.08 1.52 5.77
ConditionOO 1.71 0.90 0.10 3.64
OrigLength 0.15 5.49 -9.57 9.63
Condition:OrigLength -0.04 4.82 -9.05 9.33
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Recall that in experiment two there were no observed main effects for /u:/-/o/
and in experiment three the effect was not in the expected direction with listeners
selecting token as long less frequently as continua approached originally long FFS
regardless of original duration. Recall also that high back rounded vowels are unstable
in the production of FFS and often move into the space of the high front rounded vowels
(Hoole and Kuhnert 1995, Harrington et al. 2011), and that listeners were insensitive to
spectral changes in the /u:/-/v/ space at midpoint (Tomaschek et al. 2015). It then
seems that /v/ is a peculiar case and while it might be unstable in the production of FFS,
listeners could latch on to the formant trajectories instead of the location in the F1/F2

plane, using dynamic rather than static information.

4.3 Discussion

The results from experiment four provide evidence for listeners using VISC information
only in the perception of long vowels in German.??> While overall identification accuracy
was still high in both silent center and silent onset/offset conditions, accuracy was
overall lower for the silent onset/offset condition, albeit not significantly. Instead, vowel
length seems to play a role with accuracy being lower for long vowels in the silent
onset/offset condition, as revealed by Tukey’s pairwise comparison. As shown in figure

42, short vowels are produced more centrally than long vowels.

2 1t is also possible that the consonant specific formant transitions could provide additional information
about vowel quality to listeners, however, this was not looked at in this dissertation. Future research could
address this question and investigate the importance of consonant to vowel formant transitions.
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German Vowels at Midpoint (Nearey normalized)
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Fig. 24: German vowels at F1/F2 midpoints

Some research has suggested that in the case of short vowels, there is not enough time
for the tongue to reach its target and therefore short vowels show a higher degree of
undershoot (Diesch et al. 1999, Johnson, Flemming & Wright, 1993) and therefore
might show less reliable formant trajectories than their long counterparts. This could
translate into VISC information being more heavily exploited in long vowels and
therefore the absence of VISC information in long vowels being more detrimental to
their correct identification.

Taken together, the results from experiment four provide initial evidence that

German listeners show a complex pattern of cue usage in the perception of length in
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vowels. It seems that VISC could act as an enhancing cue to further allow listeners to
decide whether a vowel was long or short. German listeners’ accuracy in long/short

identifications dropped significantly for long vowels when VISC information was

obscured in the silent onset/offset condition.
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Chapter 5

5.1 General Conclusion

This dissertation set out to investigate the cues present in the production and perception
of German long and short vowels. In particular, the question of whether spectral
differences were present between long and short vowel pairs in production and whether
they were salient enough to be used in perception by naive listeners as well as by
non-native listeners was explored. In order to test these questions, a production study
and multiple perception studies were set up.

The production study showed that all long-short vowel pairs differed in their
spectral qualities within a F1/F2 plane in addition to their durations.?® In order to assess
whether these spectral differences were salient enough to be used in perception
regardless of the learned perceptual contrasts that are present for L1 German speakers,
the German vowels were presented to naive AE listeners in a forced identification and
rating task. AE listeners rely on spectral features as cues in their L1 perception (c.f.
Joos 1948, Delattre et al. 1952, Peterson 1952, 1961), so the hypothesis for the first
perception experiment was that if the spectral features were salient enough, AE
listeners would perceive the vowels in a long-short pair as different vowels mapped to
their L1. This hypothesis was supported by the data, with AE listeners perceiving all
German long-short pairs as different vowels except for German /e:/-/e/ and /u:/-/ol. For
the /e:/-/el case, this was likely due to the fact that /e:/ is undergoing a merger in process

(c.f. Sendimeier and Seebode 2006, Schoormann et al. 2019, Predeck et al. 2021,

2 See appendix 3 for all regression outputs.
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Frank 2021, in prep.) and the region where the speakers were recruited from is the
region of Germany where this merger is still ongoing. While a previous study has shown
le:l-Iel to differ significantly in F1 (Predeck et al. 2021), it differed significantly in F2 in
this dissertation.?* This difference might have not been enough for the AE listener to
exploit and in this study, and F1 did not differ significantly, which is a cue AE listeners
relied on heavily in the identification of the non-native vowels. In the /u:/-/o/ case, a flaw
in the experimental design was likely the cause for the very small differences seen in
spectral and durational characteristics. The spelling of the short target word But in this
experiment likely caused listeners to produce this vowel as somewhere between the
long Buht and the accurate short spelling of Butt.

In experiments two and three the usage of quantity and quality was further
explored by using five-step duration and spectral continua while keeping the other cue
constant. Experiment two used continua that were manipulated for duration but kept the
original FFS steady, which resulted in two continua per vowel pair having the same
five-step duration differences but either originally long or originally short FFS. The
results from experiment two provide evidence for listeners using duration as a primary
cue and FFS as a secondary cue. While the proportion of long vowel responses
dropped overall as continua were approaching the short duration, listeners were still
more likely to select tokens as long if they contained originally long FFS. Experiment
three used continua that were manipulated for the first three formant frequencies but
kept the original duration steady, which resulted in two continua per vowel pair having

the same five-step FFS differences but containing either the originally long or the

% These differences are likely due to a merger in progress, in which /e:/ is merging into /e:/. Therefore,
acoustic variations in production are expected. For an in-depth discussion of this merger see Frank
(2021).
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originally short durations. The results from experiment three provide strong evidence for
German listeners using duration as a primary cue in the distinction between long and
short vowels with listeners selecting the tokens that contained the long durations almost
always as long, regardless of FFS manipulation. This shows a strong weighting of
quantity. However, there were vowel-specific effects for the front rounded vowel pairs
ly:I-Iyl and /@:/-Ice/, where listeners relied on FFS as well and as FFS approached the
originally long values tokens were perceived as long more even for the tokens
containing originally short durations.

To investigate the role of spectral features more closely, the fourth experiment
was set up to explore the role of VISC in the perception of long and short vowels. There
are not many studies investigating the role of VISC in German (Strange and Bohn 1998,
Strange et al. 2004), and none to my knowledge that investigate the role of VISC
specifically in the distinction between long and short vowels. Exploring the role of VISC
in German further is important to give insight into the weight that FFS have in
perception. If German listeners use formant information as a secondary cue, they might
also rely on dynamic formant information which can provide unique formant trajectories
for each vowel, even if there is substantial overlap in F1 and F2 at the midpoints. The
production study replicated patterns found by Strange et al. (2007), showing that
especially the front vowels, both rounded and unrounded, show substantial overlap in
F1 and F2 at midpoints while the back vowels show less overlap. Figure 43 shows a

comparison of spectral overlap for front vowels and back vowels using ellipses.
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(b)

Fig. 43: Overlap of German front vowels (a) and German back vowels (b)*

The experiment used silent middle and silent onset/offset tokens to investigate whether
German listeners utilized VISC. Results show that listeners were significantly less
accurate in the silent onset/offset condition for long vowels, supporting that VISC is
used in the disambiguation of long vowels. The conclusion that can be drawn from this
is that the spectral features of German vowels are not contained in one single point, and
as shown in figure VISCGER all German vowels show formant movement. These
patterns aid listeners in the separation of German vowels spectrally in a vowel space
that shows a lot of overlap at the midpoint, as shown in figure DENSE. It is not
surprising that German listeners rely on multiple cues in order to disambiguate whether
a vowel is long or short with a relatively dense vowel space. However, short vowels in
German are on average only 0.28 seconds long. Therefore, the tongue might not reach
its target and short vowels are likely to show a higher degree of undershoot (Diesch et
al. 1999, Johnson, Flemming & Wright, 1993). Formant trajectories for short vowels
could be uninformative at best and ambiguous at worst in comparison to long vowels.
Recall that the main goal of this dissertation was to establish whether German
listeners rely on quantity or quality as a primary cue when disambiguation whether a
vowel is long or short within a vowel pair and what the role of secondary cues is. The
quantity-quality debate states that either quality or quantity is distinctive while the other

one is redundant (c.f. Riad 1995, Wiese 1996, Lahiri and Dresher 1999, Vennemann

% Note that values for /u:/-fu/ are not representative due to a flaw in the experimental design, as
mentioned in chapter two.
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2000, Mangold 1990, Delattre 1969, Vernon 1976, Maack 1951, 1954, Jessen 1993,
Weiss 1977) and previous studies have shown evidence for either quality being used in
the perception of long/short vowel pairs (Mangold 1990, Delattre 1969, Vernon 1976), or
quantity (Maack 1951, 1954). The data from these experiments instead show that while
quantity is used as a primary cue, quality is used as a secondary cue. Additionally, there
was also evidence suggesting vowel-specific patterns with the front rounded vowels
providing strong evidence for the use of quality in experiment three. This means that
neither cue is used alone, and instead German listeners seem to employ vowel specific
cue usage patterns. This complex pattern of cue usage is also supported by the data
from experiment four which shows that German listeners use VISC in the identification
of long vowels, but not in the identification of short vowels.

Thus, the final conclusion of this dissertation is that while German listeners use
quantity primarily for all but front-rounded vowels, quality is used as a secondary,
enhancing cue. Additionally, German listeners rely on VISC information in the
perception of long vowels, further supporting the secondary use of spectral information.
Duration, then, is not the sole cue used in the perception of German long/short vowel
pairs. This dissertation provides clear evidence for the use of vowel quality being used

as a secondary cue.
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Appendix

1. Spectral continua

la:/

Step F1 F2

1 575 1286
2 618 1250
3 662 1215
4 706 1180
5 749 1145
le:/

Step F1 F2

1 432 1750
2 417 1822
3 401 1894
4 384 1966
5 369 2039
li:/

Step F1 F2

1 314 1884
2 355 1987
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3 396 2090
4 437 2193
5 480 2298
lo:/

Step F1 F2

1 512 1084
2 483 1076
3 454 1068
4 425 1060
5 396 1052
lo:/

Step F1 F2

1 521 1567
2 481 1552
3 442 1538
4 403 1526
5 364 1513
lu:/

Step F1 F2
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1 343 1197
2 347 1271
3 351 1345
4 355 1419
5 361 1492
ly:l

Step F1 F2

1 372 1576
2 348 1613
3 325 1650
4 302 1687
5 279 1725
le:l

Step F1 F2

1 483 1673
2 482.5 1689
3 482 1705
4 481.5 1721
5 481 1738
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2. Duration Continua

le:l

Step Duration (in ms)
1 437

2 413

3 389

4 365

5 341

la:/

Step Duration (in ms)
1 413

2 381

3 350

4 319

5 288

ly:l

Step Duration (in ms)
1 341

2 324
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3 307

4 290

5 273

lu:/

Step Duration (in ms)
1 291

2 284

3 279

4 274

5 269

lo:/

Step Duration (in ms)
1 409

2 369

3 331

4 293

5 255

fi:/
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Step

Duration (in ms)

1 314

2 294

3 275

4 256

5 237

le:/

Step Duration (in ms)
1 440

2 399

3 357

4 315

5 273

la:/

Step Duration (in ms)
1 405

2 364

3 325

4 286
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) 247

3. Model outputs for linear mixed-effects models run on F1 and F2, and duration

for long/short vowel pairs (Imer syntax: acousticMeasure ~ vowel + (1|participant)

le:l-Iel
Est Std. Err. t p
(Intercept) -0.83 0.06 -12.27 <0.001
F1 0.005 0.01 0.35 0.72
Est Std. Err. t p
(Intercept) 0.37 0.02 13.9 <0.001
F2 0.03 0.005 6.33 <0.001
Est Std. Err. t p
(Intercept) 0.32 0.01 24.56 <0.001
duration 0.07 0.005 13.54 <0.001
la:/-lal
Est Std. Err. t p
(Intercept) -0.60 0.06 -9.66 <0.001
F1 0.17 0.01 13.58 <0.001
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Est Std. Err. t p
(Intercept) 0.05 0.03 1.61 0.14
F2 -0.05 0.007 -8.37 <0.001

Est Std. Err. t p
(Intercept) 0.29 0.01 23.99 <0.001
duration 0.06 0.03 17.48 <0.001

le:l-lel

Est Std. Err. t p
(Intercept) -1.004 0.04 -21.18 <0.001
F1 -0.34 0.01 -30.07 <0.001

Est Std. Err. t p
(Intercept) 0.38 0.04 9.39 <0.001
F2 0.17 0.007 23.64 <0.001

Est Std. Err. t p
(Intercept) 0.28 0.01 17.18 <0.001
duration 0.09 0.008 11.27 <0.001

li:l-hl

Est Std. Err. t p
(Intercept) -1.56 0.04 -34.34 <0.001
F1 0.20 0.01 14.61 <0.001
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Est Std. Err. t p
(Intercept) 0.61 0.03 16.34 <0.001
F2 -0.19 0.004 -43.70 <0.001

Est Std. Err. t p
(Intercept) 0.35 0.01 27.76 <0.001
duration -0.10 0.006 -15.69 <0.001

lo:/-Ial

Est Std. Err. t p
(Intercept) -1.18 0.04 -26.58 <0.001
F1 0.35 0.007 4413 <0.001

Est Std. Err. t p
(Intercept) -0.54 0.02 -19.16 <0.001
F2 0.53 0.01 27.31 <0.001

Est Std. Err. t p
(Intercept) 0.38 0.01 26.37 <0.001
duration -0.10 0.003 -31.21 <0.001
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lu:/-lol

Est Std. Err. t p
(Intercept) -1.11 0.09 -11.48 <0.001
F1 -0.04 0.01 -3.41 <0.001

Est Std. Err. t p
(Intercept) -0.01 0.13 -0.08 0.93
F2 0.004 0.03 0.13 0.88

Est Std. Err. t p
(Intercept) 0.32 0.01 21.67 <0.001
duration -0.02 0.003 -9.33 <0.001

ly:l-Iyl

Est Std. Err. t p
(Intercept) -1.46 0.06 -23.15 <0.001
F1 0.19 0.01 15.32 <0.001

Est Std. Err. t p
(Intercept) 0.33 0.02 11.43 <0.001
F2 -0.06 0.009 -7.47 <0.001

Est Std. Err. t p
(Intercept) 0.34 0.02 14.77 <0.001
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duration -0.06 0.004 -15.36 <0.001
lo:/-lcel
Est Std. Err. t p
(Intercept) -1.26 0.04 -27.57 <0.001
F1 0.38 0.01 26.88 <0.001
Est Std. Err. t p
(Intercept) 0.19 0.03 5.51 <0.001
F2 0.03 0.01 2.55 0.01
Est Std. Err. t p
(Intercept) 0.37 0.01 28.78 <0.001
duration -0.09 0.004 -20.20 <0.001

4. Demographic Tables

Experiment One German: Background information for German speakers

ID Gender Place of Age Other languages
Residence

1 m NRW 56

2 m Swabia 50 English

3 W NRW 44

4 m NRW 59 English, French

5 W NRW 40

6 m NRW 44

7 m Baden-Wiirttemberg (32
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8 m NRW 71
9 m NRW 49
10 W Hesse 56 English
11 W Bremen 55
12 m NRW 56
13 W NRW 58
14 w NRW 64
15 W NRW 30
16 W NRW 55
17 W NRW 55
18 W Saxony-Anhalt 40
19 m NRW 50
20 m NRW 55
21 W NRW 30

Experiment One English: Background information for English speakers

ID Gender Place of | Age Other languages
Residence

84376 f CA 21 Chinese

86043 f CA 20 Cantonese

87839 f CA 20 Cantonese

92084 non-binary CA 19 Telugu

98090 m CA 19 -

98109 m CA 19 Spanish

99974 m CA 20 -

99984 f CA 19 Arabic

100044 m CA 19 Tonga

100142 f CA 43 Gullah

100193 f CA 27 Spanish, French
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Experiment two: Background information for German speakers

ID Gender Age Other languages
R_1prROOHgyHxCrKi m 57 -
R_1cSvKaboYXpkcC9 m 30 English
R_2e4pG6zvC8OMVPd if 30 English
R_3D5g2sIkWduCB3D f 4 -
R_6PuYcnlOxjlliaB m 54 English
R_1Kdy7Yrl9gfFO9r m 23 English, Italian
R_2X0adVvhQXPmcow if 67 English
R_9BK2LRIO8Ig8nC1 if 26 English
R_3njyRvAGWggfAnl if 30 -
R_1kFd7YIlwpyoZwyS if 30 -
R_zZ7UmjdnHQTbwBz if 19 English
R_9EWOrgyAzNnnelV m 39 English
R_uxntH3xYUVQuqZj if 23 English
R_30GuD5Mkmnnqglyq if 21 English
R_2ffJWyZYGeUKLby if 24 English
R_2zwOQOONh5RFS1P if 18 English, Spanish
R_3qgxPpaprVDu3r9e m 25 English
R_PUPZfyMisr3VGYV if 19 English
R_1lo7jucj4TBggY7 if 41 English
R_3HifyJKipRPEdva if 19 English, a little French
R_2UhjakVhBfOp605 f 24 -
R_1i3bCktzekbzizQ f 20 -
R_1dMgYKDIO70y1FA i 27 English
R_3g7V3SL8YH5ZdeY if 23 English, Spanish, Italian
R_sHeN7FJQ84th9ex m 18 English, Russian
R_2atPZo8LVSxrSam if 20 English
R_41b58cvHwWHhYjQZ if 34 English
R_VAnAWKQRXKrHY2) f 20 -
R_11Z8K0OHgy0OgogmT if 29 English
R_2R980cFx7FLiby5 f 22 -
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R_2BA18SkyDQpcTEi f 24 English
R_3NCnlEMYeZYwDAq if 21 Turkish, English
R_100Re0jsouYeaDK non-binary 23 English
R_3nuyxEsnh1DYauf m 20 English
R_1FzE51ktgY9tRZL f 19 English
R_3fiVMFCU2P6RCIH m 21 English
R_OlyGNORy47S6d3P non-binary 28 -
R_310cvQKS7NzmxPE if 45 Turkish
R_e5akOla0OlkOULYd if 18 English
R_1rPrleWxilswMnx if 21 French
R_3DwPDoK185QnwSq if 18 English
R_2e2TALs4XUflimi if 24 English
R_1hHnANti7DRoXWp m 24 Turkish, English
R_2akra7XfUcd98Vs m 28 English
R_1Qc431yo7zboK4u if 35 -
R_3dZbZqOxgcyw9yq if 23 English, Russian
R_1pLNBowTbuNxPZB non-binary 19 English
R_2uBNjRXNpQ9miJm if 25 English, French
R_3ffxZpLw1ECaQ92 m 36 English
R_2geAlHZeyssltn3 if 28 Spanish
R_3gW1ldowZpMayVxu m 40 Italian, English, Spanish
R_2rGvg033x0zLwjn if 23 English
R_089wqBgY3w70YNP m 33 English
R_3J2AVTITCpmwyGau m 24 English
R_3fZY84botY7hviP if 47 English, French
R_Z3rdeOqN4W4Vy93 if 29 English, Russian
R_1eEPEamkKDlawlLw if 19 English, French
R_3fYJSCwXXuJr7HV if 30 English, French
R_exhDDDSCy5MibJf if 35 English, Hungarian
R_1jlbzv4llaAgivZz if 18 English
R_8dE5zakOJhrwTbr if 25 English
R_2400FYacLD5Skfw m 35 English, Japanese
R_2dhVnibDILclyJC m 45 English

R_2zZsk8 0ZHnOw2Ee m 56 English, French, Welsh
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R_1MS9WVqoCLWL6Tq

42

English

Experiment three: Background information for German speakers

ID Gender Age Other languages
R_2BhUS3pyfOIEW3M m 57 -
R_Zb0BanYZZRqlUhj m 54 English
R_w5FUP640Jlglvz m 23 English, Italian
R_3ER3rwvDt45hEGO f 30 -
R_4GhlLbcb5S3UMtX f 19 English
R_etjxjTWE2Rt4WsN if 23 English
R_31FLIAADrmBCJCP if 21 English
R_1r6MvT8EezmjaYY if 41 English
R_2Ei5HcLD3xxZ7EQ if 19 English, French
R_C7hlyB1LQHHy2Qh f 24 -
R_3vYCkyCCFqiFhm1 f 20 -
R_8wBoKWWIIgHXMvn if 27 English
R_2PhCpuEcY7Wk2S) f 24 English
R_Tn2zU38dKrpalEN f 20 -
R_24r6Zu2pgjacROx non-binary 28 -
R_2xVkp6lyPaw6Ebh if 35 -
R_3ISnLdnd8tvC6L4 if 21 English, French
R_1DTCVF73jZiA4rT m 28 English
R_294VDTuGDC1GUOE if 23 English, Russian
R_1E6zalNUfXb8wdb if 28 Spanish
R_2uxRtJQiUUd2QHb if 23 English
R_1IBfscgaHcX8768 m 36 English
R_W226ja9lvn46ovv m 24 English
R_1gC310jV8I16qSR if 47 English, French
R_2YCU5trZ7xIEqiq if 29 English, Russian
R_cBxxtepZuDEsLRv if 19 English
R_10Q2NDKyMIUwzjo if 25 English

English, Greek, French,
R_3PYxlp5Vg7ax2Q8 m 26 Italian
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R_2scdfaeyjduxgdU if 45 -
R_0c5I1U0li0jBhyF f 32 English
R_198QcBDZH34lbtd m 72 English, Dutch
R_2trQot1Yqwps5TF if 33 English, Finnish
R_1kYoXqhSCcs0273 if 54 English
R_2BmMFXrimpx3jmX if 30 English
R_3NMXj65XPn0rG9j f 56 -
R_29fTYBRBnvgTr3P if 31 English
R_2c890Dr4JWEK1QZ f 39 -
R_AKHp5uef80Z15NT m 51 -
R_3JapVeyrvkoAAfr non-binary 37 English, Italian, Swedish
R_33yb3mxXXdJu9o0 m 60 English
R_1EYyBXh6B5kNiyK f 65 English
R_10Jc6aMDfEsmrA9 m 31 English
R_2rpBGKaxkFIIGV3 if 30 English
R_10vODhdot0g41MG m 53 English
R_VI67VFYIV64YVYB f 27 English
R_3gYkDha7nkoHg6j m 57 English
R_21tAm2zGF3Ga08lI m 57 -
R_2b2YUT4g654Tngl if 30 English
R_1AAye4sdvCuQbvn m 58 -
R_1ikTY1HHr1d1932 m 17 English
R_RxhwecwOQfMp9Nn if 53 -
R_2zGgKzNmES1GJ5U f 50 -

English, Swedish,
R_2zGavnMcvCuuidQ if 32 Norwegian, Italian
R_2zYcCarPbJvv5XR m 51 -
R_2wb4k5vhcxYaMvN if 21 English
R_301aEKP5UCINUqQv m 48 Czech
R_XUmRfaljWEROUCd m 55 English

Experiment four: Background information for German speakers
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ID Gender Age Other languages
R_3xehOEyhtRQ8zrX m 57 -
R_2Ylaup6j7RgKqSB m 54 English
R_30dAnKkkyBMjcDA f 30 -
R_WCiDgqwOhZHgRFD3 if 19 English
R_1rAEboyHpz07Bty if 23 English
R_YYp3LXQSWIXcfBf f 41 English
R_UL4RzvQg6QKrxVn f 24 -
R_2WAwqDhPFVRJ7tQ f 20 -
R_306SE2UF8hz5xiN f 33 English
R_3gXwMySg6ewFN6Z m 18 English, Russian
R_XTDJUICsdDBsaD7 non-binary 23 -
R_31LBqVHprrhZWDE non-binary 28 -
R_2uDC7yYFQve3z69 if 21 French, English
R_QbgVO9Av641dssh m 28 English
R_1DP60daUwKqgKoEa m 44 Dutch
R_OHSmwJhciA9nEsN if 28 Spanish
R_3k1DQL54bU1ACPG f 23 English
R_vpKBrvhAa9eYRhv m 24 English
R_2rl1PI2R8nIr2kO if 47 English, French
R_2415eMJwpF1CCf5 f 25 English
R_2qgaPF2y5Qzk9mz9 m 36 English
R_3NQjrvnGCcb7JBG if 19 English
R_2c636bgMgtkt7QW if 32 English
R_1ojsuYbxLDHMaQR if 54 English
R_yVJoj231KCo9jMd m 72 Dutch, English
R_20MAMpjDUtubOdW if 33 English, Finnish
R_1mdQszW5f7JXaQa if 30 English
R_4SFIPMbiTWWKk4sp f 33 -
R_O71CHmCeNpr5uud if 31 English
R_1q9CKIjKmAdYnim if 39 -
R_0JTObgSurT6x9p7 m 51 -
R_0diGcuQTOtQvmLf i 56 -
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R_XyWvDUOQO5HqOBACcx m 60 English
R_vitNzEqSUc7kzU5 if 65 English
R_1MQzmZI04I13Irqi m 30 English
R_274mA7kl4TfUc2G f 19 English
R_SCoS6Uf6t87ajTj m 31 English
R_10Kduo39UFeuxzm m 28 -
R_3PcTyAtdz5iW3Kr if 30 English
R_2VQEdaFHkyGKIgX non-binary 21 English, Russian
R_qPGSc40BcHcvFbX if 19 English
R_SHRbhoJ4JUVKWEp if 21 English
R_cHAjzAf02bRhHK5 f 21 English
R_2wuj3C5wYiyUg2$S if 22 English, Dutch
R_8oblerAtKVxiDTz if 22 English
R_271hO0IWWjuFhyHw m 22 English
R_OlleodoFbsGtWp3 if 19 English
R_22EaSQi3R18B2YT non-binary 19 English, French
R_1FDStPIxgKGwzPm if 42 English, Spanish, Hungarian
R_1loolDawUMutAoel m 23 English
R_1mtmoimHaeAbpwF m 19 English, Dutch
R_3004rfLerL6ZHU2 m 22 English
R_6fG92fjCFfViDTz m 20 English
R_3R9DyrPIAgNOUu2 if 20 English
R_eLOcv92Ny3VsG65 if 16 English
R_RJ1hSUjVaBRvlel if 19 English
R_XvWa9QPyOsasylj if 20 English
R_3rHFtInXuNcZdHn m 20 English
R_2D8km4DKbRf5BmN m 22 English
R_00X3HZgnRG70M9z m 53 English
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