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Abstract

Yerevan Armenian is a variety of Eastern Armenian with a three-way voicing con-
trast that includes voiced, voiceless unaspirated, and voiceless aspirated stops, but previ-
ous work has not converged on a description of how voice quality is involved in the con-
trast. We demonstrate how voice quality can be assessed in a two-dimensional acoustic
space using a spectral tilt measure in conjunction with a measure of spectral noise. Eight
speakers produced a list of words with prevocalic word-initial and postvocalic word-final
plosives. The results suggest that Yerevan Armenian has breathy-voiced plosives which
are produced with closure voicing and a relatively spread glottis that is maintained into
a following vowel. These qualitatively differ from some Indic ones in that they do not
have an extended interval of voiced aspiration after the closure. For the voiceless unaspi-
rated plosives, most speakers produced acoustically modal voiceless plosives, although two
showed evidence for some glottal constriction and tensing. Many acoustic cues contribute
to overall reliable discriminability of the three-way contrast in both initial and final po-
sition. Nevertheless, closure voicing intensity and aspiration duration together provide a
robust separation of the three categories in both positions. We also find that back vowels
are fronted after the breathy-voiced plosives, which supports a historical analysis in which
early Armenian voiced stops were also breathy, rather than plain voiced.
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1 Introduction

Stop consonants produced at the same place of articulation can be differentiated by a variety
of phonetic parameters (Henton, Ladefoged, & Maddieson, 1992), such as phonation during
the closure, degree and timing of glottal constriction, duration of the closure and of adjacent
vowels (Chen, 1970; Raphael, 1972; Summerfield, 1981), release burst spectrum (Chodroff &
Wilson, 2014), and pitch and formants adjacent to the closure (Hanson, 2009; Hombert, Ohala,
& Ewan, 1979; Liberman, Delattre, & Cooper, 1958; Ohde, 1984). Because of the many-to-many
relationship between articulatory mechanisms and acoustic cues, descriptions of stop contrasts
have relied on aggregate acoustic measures such as voice onset time (Lisker & Abramson, 1964)
to summarize the dynamics of voicing-related events surrounding the stops (Keating, 1984).

One of the earliest uses of voice onset time was to describe the three-way voicing contrast
in Armenian (Adjarian, 1899, cf. Braun, 2013). Armenian historically had a three-way stop
contrast that has developed into a range of systems which now include at least two-way and
three-way contrasts. The standard description of the modern Armenian languages includes
seven different systems derived from Classical Armenian, shown in Table 1 (Gharibian, 1969
cited in Garrett, 1998; Schirru, 2012; Vaux, 1998a; Weitenberg, 2002; see Baronian, 2017 for
a reanalysis). In the table, each system is given a schematic representation following standard
practice (e.g., D, T, T" in Standard Eastern Armenian, a Group 6 dialect), though the contrasts
occur for labial, dental, and velar plosives, as well as dental and postalveolar affricates. Each
system occurs in a diverse group of dialects, but Armenian dialectology is complex beyond the
basic Eastern—Western divide (Adjarian, 1899; Vaux, 1998a; Jahukyan, 1972 cited in Baronian,
2017; Weitenberg, 2002).

While the description in Table 1 includes four realizations—voiceless unaspirated T, voice-
less aspirated TP voiced D, and D, which has been called ‘voiced aspirated’ or ‘murmured —
the correct phonetic description of the stops in each series is not entirely clear (Adjarian, 1899;
Allen, 1950; Fleming, 2000; Hacopian, 2003; Khachaturian, 1984, 1992; Kortlandt, 1998; Lade-
foged & Maddieson, 1996; Pisowicz, 1997, 1998; Schirru, 2012; Vaux, 1998a; Weitenberg, 2002).
In this paper, we investigate the acoustics of plosives in the variety of Eastern Armenian spoken
in Yerevan, one of the central Group 2 dialects. The Group 2 dialects include both D and T
realizations, which have each been claimed to involve a range of non-modal voice qualities and
other phonetic characteristics. Yerevan Armenian thus serves as a case study for understanding

Table 1: Correspondences for seven modern stop systems in dialect groupings derived from
the three-way contrast in Classical Armenian. Each column indicates one group of dialects.
There are two literary standard varieties, Standard Western (Group 5) and Standard Eastern
(Group 6) Armenian. The reconstruction of the voiced stops in Classical Armenian is disputed;
see §5.2.

Classical 1 2 3 4 5 6 7

D Di Df D T T D T
T D T DD D T T
™ T™ T™ T™ T™ T T T®




the dynamics of voicing and voice quality contrasts in different syllabic positions. We demon-
strate how voice quality can be assessed with a combination of two speaker-specific acoustic
measures which index glottal constriction (via the difference in amplitude of the first two har-
monics, H1-H2) and noise (via cepstral peak prominence, CPP). As well as adding to the pho-
netic documentation of the Armenian languages, the results point towards acoustic techniques
for more accurate descriptions of laryngeal contrasts. More broadly, an exact description of
voice quality in Armenian plays an important role in typological questions about the develop-
ment and cross-linguistic comparison of laryngeal articulations in the Indo-European language
family (e.g., Fleming, 2000; Garrett, 1998; Kortlandt, 1985, 1998; Pisowicz, 1997; Schirru, 2012;
Vaux, 1998b; Weitenberg, 2002).

1.1 Existing descriptions of Armenian plosives

1.1.1 Voiced plosives

The D" stops are often referred to as ‘voiced aspirated’ or ‘murmured’ (Adjarian, 1899, dis-
cussed in Pisowicz, 1997; Garrett, 1998; Pisowicz, 1997, 1998; Vaux, 1997; Weitenberg, 2002).
In terms of actual phonation during the closure, the Armenian plosives in this category have
been described as canonically voiceless in at least word-initial position (Allen, 1950; Khacha-
turian, 1984; Pisowicz, 1997, 1998, though see Schirru, 2012), though they may have closure
voicing in some medial and final nasal clusters (Allen, 1950; Khachaturian, 1984). However,
the presence of closure voicing in postvocalic word-final position is disputed (Allen, 1950; con-
tra Pisowicz, 1998; Vaux, 1998a, pp. 16-17, 237; and see also Ladefoged & Maddieson, 1996,
pp- 66—67; Hacopian, 2003; Dum-Tragut, 2009, pp. 24-27 on final voicing in the plain-voiced D
category). Allen (1950) also suggests that initial plosives may be occasionally voiced, and that
in intervocalic position, voicing may carry over from a preceding vowel into the first part of
the closure.

At therelease, it has been claimed that these plosives have a weakly-voiced murmur (Pisow-
icz, 1998) or intermittent voicing (Khachaturian, 1992, cited in Vaux, 1997) that begins near the
closure offset, or else a noisy voiced release (Allen, 1950; Khachaturian, 1992, cited in Garrett,
1998) or brief aspiration (Khachaturian, 1984). In terms of voice quality, they have been de-
scribed as murmured, breathy (Garrett, 1998), breathy in initial position (Khachaturian, 1984),
and as having slack vocal folds during the first few voicing pulses after the release (Schirru,
2012). Additionally, it has been claimed that the Df stops are associated with lower pitch (Allen,
1950; Benveniste, 1958; Khachaturian, 1992 cited in Garrett, 1998; Schirru, 2012), stronger air-
flow (Adjarian, 1899; Allen, 1950), or greater intensity (Adjarian, 1899; Khachaturian, 1984,
Gambkrelidze & Ivanov, 1995, p. 15).

While the appropriate terminology for these stops has been debated (see discussions in Ko-
rtlandt, 1985 and Pisowicz, 1998), much of the variability in describing ‘voiced aspirated’ and
‘murmured’ stops may simply reflect different terminological traditions, and possibly an in-
complete understanding of laryngeal articulations with their associated acoustics. Languages
primarily make contrastive use of up to three broad classes of voice qualities: breathy, modal,
and creaky (Garellek, to appear; Gordon & Ladefoged, 2001). These labels are meaningful only
in comparison with one another, which is likely why many names for voice qualities exist.
Breathy voice (broadly defined) is thus sometimes called ‘lax’, ‘slack’, or ‘murmured’, especially



when the voice quality is not as breathy as some other baseline, which may be based on breathy
voice quality in another language, or on another sound category in the same language (Gordon
& Ladefoged, 2001; Keating, Esposito, Garellek, Khan, & Kuang, 2011).

Though the D! plosives likely do have breathy voice quality, earlier reports may also be
referring to some other voicing dynamic—such as weak or inconsistent voicing perhaps in
conjunction with optional aspiration—and it is uncertain how their realization fits into the
typology of plosive voicing contrasts more generally. Specifically, the term ‘voiced aspirated’
has typically been used as part of the four-way plosive contrast in Hindi-Urdu and other Indic
languages. The Armenian plosives have been claimed to be both acoustically similar (Garrett,
1998; Vaux, 1997) and dissimilar (Khachaturian, 1984; Pisowicz, 1998) to the Indic ones, which
have both voicing during the closure and a release that typically involves an interval of voiced
aspiration followed by a more modal vowel target (Henton et al., 1992; Ladefoged & Maddieson,
1996, pp. 57-60).

1.1.2 Voiceless unaspirated plosives

The voiceless T plosives are usually transcribed as /p, t, k/, but there are many reports that
they are glottalized in Yerevan Armenian and other varieties, especially those in Iran (Allen,
1950; Baronian, 2017; Dum-Tragut, 2009; Fleming, 2000; Gamkrelidze & Ivanov, 1995; Kort-
landt, 1985, 1995, 1998; Ladefoged & Maddieson, 1996; Pisowicz, 1997; Fairbanks & Stevick,
1958 cited in Hacopian, 2003; Job, 1977 cited in Weitenberg, 2002; Kortlandt, 1978 cited in Ba-
ronian, 2017). In this context, glottalization has referred to glottal constriction with a pulmonic
airstream mechanism (Pisowicz, 1997) as well as to an ejective articulation with a glottalic one
(Allen, 1950; Ladefoged & Maddieson, 1996, p. 67; Baronian, 2017; Pisowicz, 1998).

At the same time, it has also been suggested that glottalization may be only weakly percep-
tible (Pisowicz, 1997) or simply absent in the voiceless plosives (Hacopian, 2003; Macak, 2017),
and the reports that these plosives are glottalized have been largely impressionistic, rather than
based on instrumental data. Schirru (2012) provides an acoustic analysis of plosive consonants
in Yerevan Armenian, and finds that vowels adjacent to the voiceless T series likely have more
glottal constriction than those adjacent to the voiced D series, based on a measure of spec-
tral tilt. However, this measure cannot be used to determine the absolute degree of glottal
constriction (see §1.2.1, below). Because the D series is likely breathy and thus has higher
spectral tilt than if it were modal-voiced, the finding that voiceless T has lower spectral tilt is
consistent with both a modal (neither glottalized nor breathy) or a glottalized T series. Indeed,
Schirru (2012) reports observing fewer than five ejectives with a characteristic double release
in a corpus of 225 voiceless T tokens, and Dum-Tragut (2009, p. 18) points out that “normative
grammars” typically do not describe these plosives as glottalized.

1.1.3 Voicing realization in word-final position

A third question about the plosive contrast is whether and how it is maintained in final position.
Hacopian (2003) reports that for Standard Eastern Armenian (Group 6; reported to have plain
voiced stops), the voiced series is always fully voiced in final position in a variety of postvo-
calic phonological environments, and aspiration duration distinguished the other two series in
this position. However, it has also been claimed that for Group 2 varieties like Yerevan Arme-



nian, the D" series actually has a voiceless closure word-finally (Pisowicz, 1998, contra Allen,
1950), and several researchers have suggested that the major cues associated with D' are pitch,
intensity, or a breathy quality on the following vowel (see §1.1.1 above).

If so, this raises the question as to how D' is contrasted with T and T" in final position, where
there is no following vowel which would be affected by a breathy quality. One possibility is
that glottal spreading may occur leading into the closure; another is that different cues, such
as vowel duration, distinguish the contrast in final position (Ladefoged & Maddieson, 1996,
pp. 66-67). For the voiceless unaspirated T series, Allen (1950) reports that ejectives are espe-
cially noticeable in final position, and Ladefoged and Maddieson (1996, p. 67) report that some
speakers may have a glottal closure associated with final T stops, which may distinguish the
voiced and voiceless unaspirated plosives.

Another possibility is that the three-way voicing contrast might be reduced or absent in final
position, which is common cross-linguistically due to the weaker and fewer cues available to
plosives in this context (Henton et al., 1992; Keating, Linker, & Huffman, 1983; Steriade, 1997).
In various dialects of Armenian, the final voicing contrast is reduced adjacent to nasals, sibilants,
and /r/ (Dum-Tragut, 2009; Macak, 2017; Vaux, 1997, 1998a); and even after vowels in final
position there may be across-the-board (Vaux, 1997), idiosyncratic (Dum-Tragut, 2009, pp. 24—
27; Vaux, 1998a, p. 17), or dialect-specific (Pisowicz, 1997, p. 228; Hacopian, 2003) reduction
of the contrast.

1.2 Two acoustic dimensions are necessary to identify voice quality

To assess voice quality using acoustic measures, both spectral tilt and noise measures should be
used together. For the following analysis of Yerevan Armenian plosives, we select H1-H2 (the
difference between the amplitudes of the first two harmonics of the spectrum) as a representa-
tive spectral tilt measure that is known to be correlated with degree of glottal constriction and
contact. For a noise measure, we select cepstral peak prominence (CPP; Hillenbrand, Cleve-
land, & Erickson, 1994), a measure of harmonics-to-noise which is correlated with both aspi-
ration noise and vocal fold irregularity (Blankenship, 2002; Esposito, 2012; Garellek & Keating,
2011; Keating et al., 2011; Misnadin, 2016; Wayland & Jongman, 2003).

1.2.1 Glottal constriction and H1-H2

From an articulatory perspective, differences between breathy, modal, and creaky voice qual-
ities can minimally be described using a one-dimensional model of vocal fold contact (Gordon
& Ladefoged, 2001; Ladefoged, 1971, cf. Edmondson & Esling, 2006). Breathy voice occurs
when there is relatively less contact, and creaky voice occurs when there is relatively more
contact (Gordon & Ladefoged, 2001, cf. other types of creaky voice in Garellek to appear; Keat-
ing, Garellek, and Kreiman 2015). While this description serves for phonated sounds, it can
also capture distinctions among voiceless ones, such as when the transition into a particular
voiceless glottal configuration alters the quality of adjacent voicing.

In the case of stops, the degree of contact during the closure can affect the voice quality
of adjacent vowels (or other voiced sounds). For example, voiceless sounds can be made with
either minimal or maximal vocal fold contact, as in aspirated [t"] or glottalized [?, t'], respec-
tively. Aspirated plosives have a spread-glottis gesture during and after their closure, which



results in a noisy lag (aspiration) between the stop release and onset of voicing (Cooper, 1991;
Davidson, 2017; Lofqvist & McGowan, 1992; Lofqvist & Yoshioka, 1984; Munhall & Lofqvist,
1992). Once the vocal folds begin to vibrate, voicing is initially breathier during the transition
from a spread-glottis position (Garellek, 2012; Lofqvist & McGowan, 1992). Similarly, for glot-
talized plosives, the voice quality of adjacent vowels is creakier when the glottal constriction
gesture associated with the closure overlaps with adjacent sounds, which makes glottal con-
striction perceptible near an otherwise-silent closure (Cho, Jun, & Ladefoged, 2002; Gallagher,
2015; Garellek, 2010, 2012; Garellek & Seyfarth, 2016; Seyfarth & Garellek, 2015; Vicenik,
2010).

The acoustic measure H1-H2 is known to correlate with degree of vocal fold contact, such
that higher values are associated with breathier voice quality and less vocal fold contact (e.g.,
Abramson, Tiede, & Luangthongkum, 2015; Berkson, 2013; Bickley, 1982; Blankenship, 2002;
Cho et al., 2002; DiCanio, 2009, 2014; Esposito, 2012; Garellek & Keating, 2011; Gordon &
Ladefoged, 2001; Khan, 2012; Miller, 2007; Wayland & Jongman, 2003; Yu & Lam, 2014). It
has been proposed that H1-H2 reflects differences in the relative duration of the open part of
the glottal vibratory cycle (Gordon & Ladefoged, 2001; Klatt & Klatt, 1990; though see also
Holmberg, Hillman, Perkell, Guiod, & Goldman, 1995; Kreiman et al., 2012; Samlan & Story,
2011; Samlan, Story, & Bunton, 2013; Swerts & Veldhuis, 2001; Zhang, 2016, 2017). However,
the exact articulatory mechanism is not well-established (cf. Zhang, 2016, 2017), and the re-
lationship between glottal constriction and H1-H2 may not be monotonic (Samlan & Story,
2011; Samlan et al., 2013).

1.2.2 Combining spectral tilt and noise measures

Although H1-H2 correlates with vocal fold contact, voice quality can only be inferred by the re-
lationship among H1-H2 values (Garellek, to appear; Garellek & White, 2015; Simpson, 2012).
For example, a voiced sound with higher H1-H2 than another sound might be breathier (when
the other sound is breathy or modal) or more modal (if the other sound is at all constricted).
There are at least two ways to gain more information about voice quality from a spectral tilt
measure like H1-H2. First, it can be compared to a reference sound with a known voice quality.
This is useful in some cases—for example, if a sound has lower H1-H2 than a known creaky
sound, it must also be creaky—but may be ambiguous, such as if a sound has lower H1-H2 than
a known breathy sound (it could be less breathy, or modal, or creaky). Second, a noise measure
like CPP can be used in combination with spectral tilt to identify voice quality. Both breathy
and creaky voice qualities tend to be noisier than modal voice because of aspiration, in the case
of breathiness, or because of irregular voicing, in the case of creakiness (Blankenship, 2002;
Garellek, 2012; Gordon & Ladefoged, 2001). For the measure CPP, lower values are associated
with more noise (and thus non-modal phonation), while higher values are associated with less
noise and modal phonation. Thus, if a particular sound has a lower H1-H2 and lower CPP
than a reference sound, it is creakier; if it has a lower H1-H2 and higher CPP, it is more modal
(Garellek, to appear).!

!Note that there is still some ambiguity, because breathy and creaky phonation may still be associated with
different ranges of low CPP, due to differences in the relative degree of breathiness and creakiness (as used by a
particular speaker in a particular language). For example, in a language with breathy, modal, and creaky voice
quality, a breathy sound may have relatively higher or lower CPP than a creaky reference sound in the same



1.3 The current study

In the current study, native speakers of Yerevan Armenian produce a large set of words con-
taining the target plosives in word-initial and word-final position. The plosives are elicited
in both positions in order to better understand how a three-way contrast can be maintained
through voice timing and quality. In particular, voice timing cues must be different in final
versus initial position (see Abramson & Whalen, 2017), and any voice quality differences are
less likely to be usefully audible during and after a final stop closure, which suggests that voice
quality might be used differently in the two positions (e.g., Allen, 1950; Khachaturian, 1984).

We measure the acoustics of each production, and map the results in a two-dimensional
space to determine the appropriate description of voice quality for the three-way contrast. The
likely descriptions are schematized in Figure 1. If voiced D involves glottal spreading (breathy
voice), it should have similar H1-H2 values as aspirated T", which must involve a breathy
spread articulation (Cho et al., 2002; Garellek, 2012; Kagaya, 1974; Lofqvist & McGowan, 1992),
and both should have higher H1-H2 than voiceless T. If it does not involve glottal spreading (or
has only slight breathiness), it should have lower H1-H2 and higher CPP than T", indicating a
more modal articulation. If voiceless T involves glottal constriction ([t7]; or as an ejective [t']),
this would be indexed by lower H1-H2 than both Df and T", but with a similarly low CPP
because of irregular voicing.

More noise

l

CPP

—>
More spreading

H1-H2

Figure 1: Expected ranges of H1-H2 and CPP for the possible realizations of the three plosive
series in Armenian.

To characterize the three-way contrast, we evaluate which acoustic variables involved in
voicing best separate the each pair of stop categories, and whether all three categories can be
reliably discriminated in both initial and final position. We compare the acoustics of the Ar-

language. Therefore, the best reference sound is one that is known to be modal, though this will not be possible
for Yerevan Armenian plosives.



menian Df stops with the voiced-aspirated stops in related Indic languages, and finally explore
how the effect of voice quality on adjacent vowel formants follows the same pattern as a his-
torical sound change in earlier Armenian.

2 Methods

2.1 Words

We extracted minimal triplets and pairs from three dictionaries (Decours, Ouzounian, Riccioli,
& Vidal-Gorene, 2014; Nayiri Institute, 2016; Parker, 2008) and the public domain Electronic
Library section of the Eastern Armenian National Corpus (Corpus Technologies, 2009). Triplets
and pairs were selected with prevocalic word-initial plosives or postvocalic word-final plosives
at labial (/p", p, b/), dental (/t", t, d/), and velar (/k", k, g/) places of articulation. For
example, one such word-initial velar triplet is:

gnn lnn pnn
/gor/ /kor/ /kPor/
‘fierce’ ‘forced labor’  ‘blind (informal)’

An example word-final velar triplet is:

pug puy pwp
/thag/ /thak/ /thal/
‘crown’ ‘mallet’ ‘odd’

Although Yerevan Armenian also has the three-way voicing contrast for affricates at two
places of articulation, we did not use minimal affricate sets because voicing and aspiration land-
marks are difficult to measure during affricate releases. To further facilitate identification of
acoustic landmarks and measurement of voice quality, plosives were limited to prevocalic and
postvocalic environments at word edges. Besides this practical consideration, the voicing con-
trast is also more restricted in the few stop consonant clusters that can occur in medial or final
position (see Vaux, 1998a, and §1.1.3).

The EANC Electronic Library includes classical texts which were scanned using optical
character recognition (OCR), and thus many of the words extracted from it may not be used in
modern spoken Yerevan Armenian, or else contain misspellings or OCR errors. For this reason,
a native speaker of Yerevan Armenian verified each word, and excluded minimal sets if any
word was not an existing word that was both familiar to her and that she thought many speakers
from Yerevan would likely know. She also checked each word’s translation, or suggested an
alternate translation; function words and proper names were excluded.

This procedure resulted in 155 words containing the target plosives, comprising 14 minimal
triplets (including 12 prevocalic word-initial, and 2 postvocalic word-final) and 57 minimal
pairs (38 prevocalic word-initial; 19 postvocalic word-final). One word, tnwuth /tap®/ ‘plain’,
occurred in both a word-initial triplet and a word-final pair. Table 2 lists the number of minimal
sets at each place of articulation, and Appendix A provides a complete list of the words used
for the study.



Table 2: Number of minimal sets per position per place of articulation.
Labial Dental Velar

Word-initial Triplets 2 5 5
Pairs 7 14 17
Word-final  Triplets 0 1 1
Pairs 3 5 11

2.2 Speakers

Eight speakers of Eastern Armenian were recruited to record the target words for the study,
including six women and two men. In the following discussion and visualizations, speakers are
assigned a code based on their gender and age: for example, the code F20 is used for a female
speaker, age 20. All eight speakers had grown up in Yerevan, and six had lived there through at
least age 17. One had moved to California at age 14, and one had lived in Washington D.C. at
ages 5—7 but otherwise lived in Yerevan until age 18. Four speakers were no longer residing
primarily in Yerevan when they participated in the study, but all speakers reported that they
continue to use Armenian on a daily basis.

In addition to native fluency in Armenian, all speakers reported at least some knowledge
of both English and Russian. The mean self-reported fluency for English was 4.2 on at scale
ranging from 1 to 5, where 5 indicates native or near-native fluency (reported range 3-5). For
Russian, speakers rated their mean fluency at 3.4, with a reported range of 2-5. Some of the
speakers had also taken classes or self-study beginning at age 12 or later in French, Japanese,
Chinese, Dutch, Spanish, and/or Turkish.

All speakers gave informed consent using protocols approved by the UC San Diego IRB. The
first and last two speakers that were recorded (F20, M25, F21) were paid for their participation;
the others received a small gift. The first speaker was also paid for additional assistance in
selecting the target words, for recording five of the other speakers, and for consulting during the
design of the study. Because the speakers were recruited by referral from the first speaker, they
are less likely to be representative of the general population of Yerevan Armenian speakers, and
any inter-speaker differences should not necessarily be construed as reflecting broader gender
or age differences in the population.

2.3 Recording procedure

Carrier sentences Each speaker first read the 155 words (including 111 with target word-
initial plosives, 43 with target word-final plosives, and 1 with both) in the carrier sentence
wuw «___» pupdp /asa bardzs / ‘say ___aloud’. All speakers were recorded in a quiet
room using a portable Blue Yeti USB microphone with the Praat software (Boersma & Weenink,
2017), with a 44.1 kHz sampling rate. The first and last two speakers (F20, M25, F21) were
recorded by the authors in a sound-attenuated booth at UC San Diego, and the other speakers
were recorded by the first speaker in Yerevan.

The carrier sentence was chosen so that word-initial plosives occurred between vowels,
which makes identifying the closure in a spectrogram straightforward. However, voice onset
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time can be difficult to measure in intervocalic position (cf. Abramson & Whalen, 2017), es-
pecially when voicing may carry into the closure from the previous vowel. Additionally, in
this carrier sentence, the target word-final plosives occurred between voiced sounds, which
is likely to facilitate final voicing, and thus may lead to an inaccurate impression of the voic-
ing contrast in final position. To evaluate the plosive acoustics in an alternative environment,
speakers next read a second list containing only the 44 target words with word-final plosives
in a second carrier sentence, wuw «___» yuwpnnht /asa __ parosin/ ‘say ___ to the dancer’.

Instructions The first speaker was knowledgeable about the study, and read the items in a
random order. The other speakers were naive to the purpose of the study, and read each list
using a pseudorandomized order such that the same voicing category did not occur more than
twice in a row in either word-initial or word-final position (regardless of place of articulation).
Three of the speakers were recorded with reversed versions of the lists in order to help mitigate
fatigue or practice effects on particular words. The two lists were organized into sets of 18
words, and speakers were encouraged to take short breaks between each set. All speakers were
asked to pronounce the words as if they were speaking to a friend, to the extent that it was
possible to do so. If a word was read disfluently, the speaker was asked to repeat it, and the
second recording was used in the analysis.

Prosody The three words in the carrier sentences were typically produced with rising pitch
on the first word, a flat or rising pitch on the second word (most often rising for polysyllabic
words), and almost always a fall on the third word. Speaker F21 generally had rising list intona-
tion on the third word instead. Our judgment was that speakers typically had major prosodic
breaks before and after each target word, suggestive of an accentual phrase or intermediate
phrase. Some sentence productions clearly had a stronger prosodic break before or after the
target initial or final plosive, including most of those by speaker M30. These breaks were an-
notated using the procedure described in §2.4 below.

2.4 Annotation procedure

Each recording was annotated using the waveform and spectrogram editor in Praat. The on-
set and offset of the closure, release burst, and adjacent vowel were annotated for each target
plosive. Additionally, the onset and offset of voicing during the closure were also marked if
present. For word-initial plosives, voicing at the beginning of the closure was ignored if it did
not last longer than five pulses, since this voicing is most likely carried over from the preceding
vowel (Lisker & Abramson, 1964).

Closure The closure was defined as the portion of silence, or silence with voicing only, pre-
ceding the release burst. Because speakers occasionally inserted a pause before the target word,
the location of the closure onset was sometimes unclear. If the closure onset could be identi-
fied by a visible transient in the waveform, the closure was marked beginning at the transient.
If not, the closure interval was always marked as including the full silent portion before the
release burst.
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Release and aspiration The release burst included only the transient(s) immediately following
the closure, including multiple bursts if present. If a release was fricated without well-defined
burst transients, the full fricated portion was included. If aspiration (broadband noise) was
distinguishable from burst transients, it was not included in the burst interval. For word-final
plosives, if there was aspiration that carried beyond the release burst and which was clearly
distinguishable from the burst, the offset of this final aspiration was also marked.

Vowel For word-initial plosives, the vowel onset was defined as either the release burst offset
or the onset of a periodic voicing wave following the release of the closure, whichever occurred
later. The landmarks for the vowel offset varied depending on the following sound. For word-
final plosives, the vowel was the portion between the previous sound and the closure onset.

Besides these intervals, each token was also annotated for the presence of a strong prosodic
break before initial stops or after final stops. Pitch tended to be very similar across words and
speakers (see §2.3), and none of the target words were preceded or followed by an intake of
breath. Thus, a relatively long silence in the spectrogram was used as an approximation of
whether the target word was adjacent to a stronger prosodic break, which indicates that it
might be initial or final in a higher-level prosodic domain. For initial stops, a strong prosodic
break was annotated if there was either at least 100 milliseconds of silence before the plosive
onset transient, or else an apparent closure duration of at least 150 milliseconds in the absence
of an onset transient. For final stops, a strong prosodic break was annotated if there was a
silence of at least 100 milliseconds between the release and the following stop onset transient.
In the absence of a following stop transient, a strong prosodic break was annotated if at least
150 milliseconds elapsed before the following stop release, or else if there was the percept of a
pause in the absence of both a final stop release and a following stop transient.

2.4.1 Example waveforms and spectrograms

Figure 2 shows waveforms and spectrograms for two minimal triplets produced by one speaker.
The word-initial plosives in the upper row are annotated with the closure between colored lines
1-2 in each of the three waveforms, the release burst between lines 2-3, and the vowel between
the last two lines. The aspirated plosive in the upper right also has an additional interval which
marks voiceless aspiration after the burst between lines 3—4. The voiced plosive in the top
left has voicing throughout the oral closure, but this was not always the case (see §2.5), and we
annotated the onset and offset of voicing during the closure separately from the closure interval
itself.

In the lower row, the word-final plosives are annotated with the vowel between lines 1-2,
the oral closure between the lines 2-3, and the release burst between lines 3—4. The voiceless
and aspirated plosives both have two release bursts, which is common for velar plosives, and the
aspirated plosive in the lower right has additional aspiration following the two bursts between
the lines 4-5 in that waveform diagram. The final voiced plosive in the lower left has either
a release that is partially spirantized, or else a short portion of aspiration following the release
(see §3.1.1 on similar patterns in initial plosives). As with the word-initial voiced plosive in
the upper row, this voiced plosive has voicing throughout the oral closure, but we annotated
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Figure 2: Waveforms and spectrograms for a word-initial minimal triplet (upper row) and a
word-final minimal triplet (lower row). Dashed lines show annotation boundaries described in
the text.

the onset and offset of voicing during the closure separately for tokens where this was not the
case.

2.5 Acoustic measurements

Voice quality 'We used VoiceSauce (Shue, Keating, Vicenik, & Yu, 2011) to estimate H1*-H2*
and the noise measure CPP over the vowel interval. The asterisks for H1*-H2* indicate that
the measure has been corrected for the effects of the estimated formant filter on the harmonics’
amplitudes, which facilitates cross-vowel comparisons and provides an approximation of H1-
H2 derived from the voice source before vocal tract filtering. All measurement settings were
configured to the VoiceSauce defaults (version 1.27). Harmonic amplitudes were estimated at
overlapping windows that spanned three pitch periods, with the STRAIGHT algorithm used for
pitch tracking (Kawahara, de Cheveigné, & Patterson, 1998). Corrections to harmonic ampli-
tudes were based on Hanson (1997) and Iseli, Shue, and Alwan (2007), with formants measured
using the Snack toolkit with default settings (Sjolander, 2004). CPP was calculated over win-
dows comprising five pitch periods. Both measures were smoothed using a moving average
over 20 milliseconds.

This procedure produced a series of H1*-H2* and CPP values at 1-millisecond intervals
across the full timecourse of each vowel. As summary values, we also calculated the average
H1*-H2* and CPP values over a portion of the vowel. For plosives in word-initial position,
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we took averages over the first third of the vowel, which is the portion closest to the plosive,
excluding the release burst and any portion of voiceless aspiration. For word-final plosives, the
summary values were averages over the final third of the vowel, adjacent to the plosive onset.

Voice timing Based on the annotations, we also measured VOT, defined as the time from clo-
sure offset to the onset of voicing (Adjarian, 1899; Lisker & Abramson, 1964). Because voicing
during the closure often died before the release (cf. Abramson & Whalen, 2017), it was some-
times difficult to decide whether it was appropriate to mark a plosive as having negative VOT.
We used the following rule: if voicing did not stop prior to the closure offset, or if at least half
of the closure was voiced, it was measured as having negative VOT (though see Davidson, 2016,
2017). In syllable-final position, the equivalent to VOT is voice offset time, which we measured
as the time between the closure offset and the offset of voicing (VOFT; Abramson & Whalen,
2017). However, we note that VOFT has not been consistently defined in the literature (cf.
Singh, Keshet, Gencaga, & Raj, 2016).

Voicing strength and aspiration Because of the challenges in measuring VOT, we also used
VoiceSauce to identify voicing epochs (peak excitation of pulses) and to measure their strength-
of-excitation (SoE; Mittal, Yegnanarayana, & Bhaskararao, 2014; Murty & Yegnanarayana, 2008)
during the closure. These measurements occur at each epoch, with 1-millisecond resolution.
Because SoE is the peak excitation strength of the harmonic component of the signal, SoE thus
serves to measure the intensity of the voicing. As a summary value, we also calculated average
SoE over each closure interval.

Finally, we measured the durations of the closure and vowel, the duration of voicing during
the closure, and the duration of aspiration. For word-initial plosives, aspiration duration was
defined as the time between the closure offset (i.e., the onset of the first burst) and the vowel
onset (i.e., the onset of voicing; see discussion in §3.3). For word-final plosives, it was defined
as the time between the closure offset and either the offset of the burst or the offset of any
aspiration that followed the burst.

2.6 Amount of data

Number of tokens In total, there were 1600 tokens included in the study, including 896 with
word-initial plosives (112 words per speaker; totaling 264 voiced tokens, 400 voiceless, 232 as-
pirated) and 704 with word-final plosives (44 words per speaker, each recorded in two carriers;
totaling 176 voiced tokens, 304 voiceless, 224 aspirated). Of the 1600 tokens, 32 word-final
plosives (2%) were unreleased, making it impossible to annotate the closure interval given the
following plosive, and therefore do not include any measurements relating to the closure or
release.

Exclusions Since accurate H1*-H2* (and f0) measurements depend on accurate pitch tracking,
we used estimated the pitch tracks in two passes, using the following procedure. In the first pass,
we used VoiceSauce to estimate f0 for all vowel tokens, while allowing it to search for fO within
wide limits (the default of 40-500 Hz). We then visually inspected per-speaker histograms
of this set of estimated f0 values, including all windows in each pitch track. Based on this
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inspection, we revised the lower and upper pitch limits for each individual speaker. The limits
for each speaker were chosen so that they would eliminate outliers which fell outside that
speaker’s apparent normal f0 distribution, but otherwise include the full empirical tails of the
distribution. These speaker-specific pitch limits are given in Appendix B.

In the second pass, we used VoiceSauce to re-estimate all acoustic measurements while
constraining the f0 estimates to be within the speaker-specific limits. We then inspected all
pitch tracks where the estimate in any measurement window was more than five semitones
different from the estimate in the preceding window. The majority of these tokens had an
obviously-mistracked pitch doubling or halving which persisted for only a few windows. We
manually excluded the mistracked windows from each token, so that the H1*-H2* summary
values would not include incorrect pitch-doubled or halved estimates. The portion of each
track that did not appear to be mistracked was not excluded, nor were any measurements which
do not depend on f0 (i.e., all other measurements). Additionally, we manually excluded all
measurements from seven tokens (4 voiceless unaspirated, 3 voiced) produced by speaker F21
with substantial phrasal creak, which made pitch measurements unreliable.

In addition, the corrections to H1*-H2* depends on accurate estimation of the formant filter.
We visually inspected two-dimensional distributions of all F1-F2 estimates, for each vowel type
for each speaker. We excluded outlying F1 and F2 values which fell outside ranges that were
chosen based on visual inspection, which are listed in Appendix B. As before, the portion of any
formant track which was not outside these limits was not excluded, nor were any measurements
which do not depend on formant estimates. In total, measurements which depend on pitch
tracking were fully excluded for 29 tokens (1.8%), and measurements which depend on formant
tracking were fully excluded for 48 tokens (3.0%). All acoustic measurements reported in the
following sections are derived from these second pass estimates only, with exclusions.

Prosody 103 initial plosives (11.5% of all initial plosives) and 123 final plosives (17.5% of all
final plosives) were determined to be adjacent to strong prosodic breaks. In particular, speaker
M30 had strong prosodic breaks for the majority of the target words (51.7% of initial and 61.6%
of final plosives produced by M30), and across speakers, half of all tokens with strong prosodic
breaks (50.4%) were produced by speaker M30. Since this may affect certain acoustic measure-
ments, we discuss how the presence of a stronger prosodic break affected each measurement in
the corresponding subsections below. Because the current study was not designed to explore
these effects, this discussion should be taken only as suggestive for future work.

2.7 Analysis procedure

In the following analysis, we first characterize the data descriptively, focusing on each of four
components of plosive realization: voice quality (H1-H2 and CPP), voice timing (VOT and
VOFT), voicing intensity (including the presence and duration of voiceless aspiration), and the
durations of the closure and adjacent vowel. This section (§3) provides information about the
expected values and variability in each acoustic measure for Yerevan Armenian plosives, and
discusses some broader techniques and problems that arise when using each measure.

The next section (§4.1) summarizes and explores our findings on voice quality: we show
that the voiced series is classically breathy, while the voiceless unaspirated series is modal for
six speakers, but may have tense voice quality for two speakers. The last section of the analysis
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(§4.2) addresses two questions about phonetic and phonological contrast: which individual
variables most robustly differentiate the three plosive categories? Can all three categories be
statistically distinguished from one another in both syllabic positions at a rate that is usefully
above chance?

Throughout the analysis, we primarily use descriptive rather than inferential statistics. The
acoustic measurements are drawn from three categorically different sounds, and given a rela-
tively large number of tokens, we expect to find that most acoustic variables will have signifi-
cantly different distributions between the three stop categories. However, small but significant
differences between categories do not imply that an acoustic variable is useful in discriminating
the contrast, nor that it reflects distinct articulatory processes. We instead draw conclusions
mainly based on the magnitude and variability of acoustic differences between the plosive cat-
egories, as well as the relationship of multiple variables in Yerevan Armenian, and supplement
these descriptions with a classification model in §4.2.2.

3 Acoustics of the voicing contrast

3.1 Voice quality

3.1.1 Word-initial plosives

Voiced plosives The top left panel of Figure 3 illustrates the differences in H1*-H2* by posi-
tion and by voicing series. H1*-H2* indexes glottal constriction, and lower values are associated
with greater constriction. In word-initial position, H1*-H2* tends to be higher overall for the
voiced plosives than the voiceless unaspirated ones. This relationship is compatible with two
interpretations. First, the voiced series could be breathy, involving a spread-glottal configura-
tion, while the voiceless unaspirated series could be modal or constricted. Alternatively, the
voiced series could be modal and the voiceless unaspirated series could be constricted. How-
ever, for word-initial position, H1*-H2* has similar values for voiceless aspirated and voiced
plosives. Because aspirated plosives by definition must involve glottal spreading, this implies
that the voiced plosives have a similar degree of glottal spreading, and thus involve a relatively
breathy voice quality.

The left panel of Figure 4 shows the timecourse of H1*~H2* during the vowel for each of the
three voicing categories following word-initial plosives, beginning with the onset of voicing.’
The voiceless aspirated series begins with high H1*-H2*, indexing a spread glottis that begins
during the closure (Kagaya, 1974; Kagaya & Hirose, 1975), but it rapidly drops. At the vowel

2The curves in each panel of Figures 4 and 11 were modeled with a linear mixed-effects regression (Bates,
Maichler, Bolker, & Walker, 2015). The data were the acoustic measurements taken at 1-millisecond intervals
within each token (see §2.5) over the first half of the vowel following word-initial plosives, and over the second
half of the vowel preceding word-final plosives. Predictors were a natural cubic spline function for measurement
time (with time scaled within each vowel token so that 0 is the onset of each vowel, 0.5 is the vowel midpoint, and
1 is the offset) with two internal knots, which interacted with voicing category (voiced, voiceless, or aspirated).
Models also included group-level intercepts for speaker, minimal-pair (or triplet), and token; as well as group-level
slopes for voicing for each speaker, and a group-level cubic spline function for each minimal-pair. The models fit
to individual speakers in Figure 11 do not include group-level predictors for speaker. The standard errors in each
panel do not take into account group-level effects.
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Figure 3: Observed mean values of six acoustic variables, divided by position and voicing series.
Points show the mean for each group of tokens; lines show one standard deviation above and
below the mean. All variables were mean-centered within-speaker before standard deviations
were calculated. Strength of excitation is a proportion from 0O to 1, shown here after natural-
log-transformation.

midpoint (0.5 on the x-axis), it is similar to the voiceless unaspirated series, likely indicating
similar modal voice quality at that point. This can be compared to the voiced series: the voiced
series also begins with high H1*-H2*, but it has a somewhat less rapid drop that does not reach
the same level at the vowel midpoint.

Overall, the voiced series might thus best be characterized as having a breathy voice qual-
ity which likely begins during the closure and extends into the vowel. Visual inspection of the
waveforms suggested that some word-initial voiced plosives had a portion of voiceless aspira-
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Figure 4: H1*-H2* (y-axis) over time during the vowel (x-axis) for the three voicing categories,
estimated by cubic spline regression (see footnote 2 for model details). Lines show estimated
means, and shaded areas show one standard error above and below the estimated means.

tion, but this was primarily restricted to /g/, and therefore might also be velar spirantization
(which is common in many languages), or else a noisy, fricated release. However, most tokens
did not have a distinct portion of voiceless aspiration following the voiced closure.

Voiceless unaspirated plosives For the voiceless series, the acoustics suggest that there is more
constriction than for the breathy-voiced and voiceless aspirated series: in Figure 3, speak-
ers have overall lower H1*-H2* for the voiceless unaspirated series than the other two series.
However, because H1*~H2* is a relative measure, and both of the other two series have less
constriction, the voiceless unaspirated series could have either modal or creaky voice quality
(see Figure 1).

To assess whether the voiceless unaspirated series involves glottal constriction, it is nec-
essary to use two acoustic variables in combination. CPP serves as a measure of noise in the
signal, and thus distinguishes modal phonation (higher CPP) from creaky and breathy phona-
tion (lower CPP). Figure 5 shows the bivariate distribution of H1*-H2* and CPP in the vowel
immediately following the word-initial plosives. In a two-dimensional acoustic space with
H1"-H2* on the x-axis and CPP on the y-axis, the breathiest part of the space is on the right
(where H1*-H2" is highest) at the bottom (where CPP is lowest).

In Figure 5, the relative ordering along the x-axis (H1*-H2*) is similar for all speakers, con-
sistent with the overall means shown in Figure 3. For CPP (on the y-axis), there is variation
among speakers. Speakers F18, F19, F20, F21, F22, and F49 have numerically the highest CPP
values for the voiceless series, which suggests that their voiceless plosives are accompanied by
more modal voicing than either the breathy-voiced or voiceless aspirated series. This is re-
flected to some extent in the H1*-H2* tracks in Figure 4 (left panel). If the voiceless series were
glottalized and followed by a modal vowel target, we would expect to see the following: first, a
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lower H1*-H2* near the vowel onset, reflecting a constricted glottis; and second, a subsequent
rise in H1*-H2" as the vowel transitions from the constricted release of a glottalized plosive
towards the more modal vowel target (e.g., Cho et al., 2002). Instead, H1"-H2"* falls from the
vowel onset and levels off as it reaches the vowel midpoint, where it is roughly similar to the
other two series (see Berkson, 2013, Figure 31 for a similar H1*-H2* trajectory for modally-
voiced plosives in Marathi). In addition, we did not identify any glottalized onsets (defined
as the presence of irregular pitch periods in the waveform) during manual inspection of the
voiceless plosive waveforms.?
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Figure 5: Summary H1*-H2* (x-axis) versus CPP (y-axis) measurements for word-initial plo-
sives. Measurements were calculated by averaging over the first third of the following vowel.
Ellipses are drawn around the center 50% of points for each category.

On the other hand, speakers M25 and M30 have similar CPP values for all three series.
This means that vowels following the voiceless plosive series are as noisy as the ones following
the breathy-voiced or voiceless aspirated series, but with lower H1*-H2*. It is thus possible

3The exception was a small number of creaky tokens which were excluded for speaker F21 (see §2.6). However,
for these few tokens, creak generally extended across the entire carrier sentence, and there were about the same
number of voiced plosives with creak as voiceless ones. This creak is therefore unlikely to be a component of
speaker F21’s voiceless plosive realization. Note that the differences between the voicing categories for both
H1"-H2* and CPP tend to be much smaller for speaker F21, which is probably due to this speaker’s overall more
frequent use of somewhat-creaky phonation.
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that these speakers produce the voiceless plosives with vocal fold constriction, which results in
irregular creaky voicing on the following vowel. Creaky voicing is associated with lower values
of both H1"-H2* (due to the increased vocal fold constriction) and CPP (due to the irregular
voicing). We return to this question in §4.1.2.

3.1.2 Word-final plosives

Overall means for H1*-H2* and CPP adjacent to word-final plosives are shown in the top row
of Figure 3. For all individual speakers, the three voicing categories have almost complete
overlap on both measures in final position. There were no differences in CPP between the three
categories, either overall or for individual speakers. There was a small difference in overall
H1*-H2* (about 1 dB, shown in the top left panel of Figure 3), such that vowels preceding
the voiced and aspirated series had higher H1*-H2" (indicating greater glottal spreading) than
vowels preceding the voiceless series. This effect is about one-quarter of the difference in initial
position, and it is unlikely to meaningfully separate the categories (see §4.2).

The right-hand panel of Figure 4 shows the timecourse of H1*-H2" beginning at the vowel
midpoint and leading into the word-final plosives, for each voicing series. All three trajectories
show a rise into the plosive closure. While there is a small difference in H1*-H2*, it begins at
the vowel midpoint and is constant throughout, which suggests that it is less likely to be due
to a glottal constriction or spreading gesture leading into the plosive closure.

During manual inspection of the plosive waveforms, we identified a small number of ejec-
tives with a characteristic double release, but this might be attributed to hyperarticulation;
ejectives are also attested in English phrase-final stops (Ladefoged, 2006, p. 135; Gordeeva &
Scobbie, 2013). Otherwise, there was no clear effect of voicing category on voice quality mea-
sures in the final third of the vowel adjacent to word-final plosives, and no convincing evidence
for non-pulmonic articulation in this environment.

3.2 Voice timing

3.2.1 Voice onset time for word-initial plosives

Figure 6 shows histograms of voice onset times for the eight speakers. All speakers have three
modes which generally correspond to the three voicing categories, though the correspondence
is not perfect. Six of the eight speakers produced several tokens in the voiced series with zero
or short-lag VOT, while speakers F18 and M25 had no such tokens (mean = 4.9 tokens per
speaker, comprising 14.8% of all voiced tokens). Additionally, five of the eight speakers had
1-3 tokens in the voiceless unaspirated or aspirated series with lead VOT, using the criteria in
§2.4 (2.4% of all voiceless unaspirated and aspirated tokens), though there was only one such
token that was adjacent to a strong prosodic break. For the voiced and voiceless unaspirated
series, VOT was not substantially different for tokens that were produced after a strong versus
weak prosodic break (on average, both were < 2 ms smaller next to a strong prosodic break).
The aspirated series had somewhat longer VOT following a strong prosodic break (difference
of means = 19 ms, 0 = 27 ms).

One notable feature of the distributions is the large gap between the voiced and voiceless
series (also observed by Lisker & Abramson, 1964, p. 407). There is a gap because negative VOTs
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Figure 6: Histograms of voice onset times for each speaker, colored by category of the initial
plosive.

are usually equal to exactly the closure duration, and there are no short (< 20 ms) closures.
There were 896 tokens with word-initial plosives, of which 331 had some amount of voicing
during the closure. 136 of these tokens (41.1%) had voicing for the full duration of the closure.
Of the remaining tokens, there were only 31 (9.4%) in which voicing began after the closure
onset, which may even be an overestimate, since the annotated closure onset was probably later
than the actual closure onset in some cases (see §2.4). Because any closure voicing usually begins
at the closure onset, negative VOT is thus almost always equal to the closure duration. The
voiced histograms, then, actually show the distribution of closure durations, and the voiceless
and aspirated histograms show the distributions of short-lag and long-lag VOTs.

3.2.2 Voice offset time for word-final plosives

Figure 7 shows histograms of voice offset times for the eight speakers. Shaded density estimates
are included in the plots, due to the wide range of observed values for all three voicing series.
The expectation is that VOFT should be closer to zero for voiced tokens, and more negative for
voiceless ones. However, because it does not capture aspiration after the closure, it is not likely
to distinguish stop voicing contrasts in languages with final aspiration. Indeed, while VOFT
was greater for voiced tokens (1 = —21 ms, 0 = 22 ms) compared to voiceless (v = —46 ms,
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o = 29 ms) and aspirated ones (u = —44 ms, 0 = 27 ms), there was little difference between
voiceless and aspirated VOFT. Unlike initial VOT, there was substantial variability and overlap
in VOFT among the three series. Voice offset time was also about 10 ms more negative (i.e.,
earlier voice offset) for all three series when the final plosive preceded a strong prosodic break.
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Figure 7: Histograms of voice offset times with overlaid density estimates for each speaker,
colored by category of the final plosive.

3.3 Voicing strength and aspiration

3.3.1 Word-initial plosives

Voicing during stop closures typically becomes weaker over time due to increasing supraglottal
pressure. When voicing ceases during the stop closure, it is not clear whether it should be
measured as negative VOT (Abramson & Whalen, 2017) or whether it belongs to some other
descriptive category of laryngeal timing (Davidson, 2016). Of the 254 word-initial tokens in
the voiced series with some amount of visible voicing, voicing ceased before the closure release
in 99 (39.0%). For 28 such tokens (11.0%), voicing ceased 50 milliseconds or more before the
closure offset.

Although voicing ceases for many tokens, closure strength-of-excitation (SoE) robustly dis-
tinguishes the voiced series from the other two (see Figure 3, second row left). In conjunction
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Figure 8: Summary log strength-of-excitation (x-axis) versus aspiration duration (y-axis) mea-
surements for word-initial plosives. Measurements were calculated by averaging over the first
third of the following vowel. Ellipses are drawn around the center 50% of points for each cat-
egory. The shape of the points indicates whether or not each token followed a strong prosodic
break.

with the duration of aspiration (Figure 3, second row right), this is sufficient to separate the
three series. Figure 8 shows the averaged SoE during closure on the x-axis plotted against as-
piration duration on the y-axis. While the voiced series occasionally has a portion of voiceless
aspiration (e.g., speaker F22; cf. §3.1.1), the aspirated series has reliably longer aspiration than
the other two series, and the voiced series has reliably stronger voicing than the other two se-
ries.* For all speakers, these two cues in combination provide a clean separation between the
series.

*Plosives following a strong prosodic break had lower mean SoE than those after weaker breaks, but this was
true for all three categories (difference in means for voiced = —1.01; voiceless unaspirated = —0.32; voiceless
aspirated = —0.84), and voiced stops had stronger voicing than the other two categories regardless of the break.
This is reflected in the data for speaker M30 (e.g., in Figure 8), who produced the majority of tokens with a strong
prosodic break (see §2.4). Aspiration duration for the voiced and voiceless unaspirated series was not affected by
following a strong prosodic break (both differences in means < 3 ms), while the aspirated series had somewhat
longer aspiration (17 ms) after a strong prosodic break. See Figure 3 for standard deviations.
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3.3.2 Word-final plosives

Figure 9 shows log-transformed strength-of-excitation (on the x-axis) and aspiration duration
(on the y-axis). As with word-initial plosives, these two dimensions provide good separation
of the word-final voicing contrast (see the second row of Figure 3). The contrast is somewhat
diminished for speaker F21 in word-final position. All three categories had lower SoE before
a strong prosodic break, but even for these, the voiced plosives had greater SoE than the other
two categories in both carrier sentences (smallest difference = 0.47 before voiceless sounds
with a typical weak prosodic break; compare with differences in Figure 3).

Speakers F20 and F22 (and occasionally other speakers) have longer portions of aspiration
for the final voiced plosives, which fall between the voiceless series and the aspirated series in
aspiration duration. Additionally, the voiced and aspirated series both had greater aspiration
before a strong prosodic break (difference in mean aspiration for voiced = 23 ms; aspirated
= 24 ms), while the voiceless unaspirated series did not (difference = 3 ms; see Figure 3 for
standard deviations).
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Figure 9: Summary log strength-of-excitation (x-axis) versus aspiration duration (y-axis) mea-
surements for word-final plosives. Measurements were calculated by averaging over the final
third of the preceding vowel. Ellipses are drawn around the center 50% of points for each cat-
egory. The shape of the points indicates whether or not each token was followed by a voiceless
/p/, a voiced /b/, or a strong prosodic break.
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While initial voiced plosives tended not to have substantial aspiration, in contrast with the
final voiced plosives, this difference might partially be due to differences in how they were an-
notated. In prevocalic initial position, aspiration was considered to be the duration of voiceless
aspiration only, including the release burst. Breathy voicing (sometimes called voiced aspira-
tion; see §5.1 for more discussion) was not included in the measurement of aspiration duration,
though it can be seen clearly at the vowel onset as higher H1*-H2" in Figure 4. In postvo-
calic final position, aspiration was considered to be the full duration of noise after the release
preceding the following plosive consonant in the carrier sentence. This potentially includes
both voiced and voiceless aspiration in final position, but on visual inspection of all tokens, we
found that there were few word-final plosives which had voicing during the release phase. The
few tokens which appeared to have voiced releases all occurred in the first carrier sentence, in
which the following plosive was voiced /b/, and so it may be that this voicing is primarily due
to the surrounding voiced consonants.

3.4 Closure and vowel duration

Besides voice quality, excitation strength, aspiration duration, and voice onset time, we also
examined closure and vowel duration as cues to the voicing contrast, shown in the third row
of Figure 3. The left two panels of Figure 10 shows mean closure durations, divided by stop
place, and the right two panels show mean vowel durations, divided by vowel quality. For
both closure and vowel durations, all speakers have the same pattern as the overall summaries
shown in Figure 10.

For both word-initial and word-final plosives, closure duration is slightly longer in the
voiceless series (initial: ;1 = 123ms, final: 4 = 77ms) compared to the voiced (initial: p =
109ms, final: ;1 = 68ms) and aspirated (initial: ;1 = 97ms, final: ;1 = 68ms) series.” Vowel
durations follow typical cross-linguistic patterns: vowels tend to be longer adjacent to voiced
plosives relative to voiceless ones; and word-initial voiceless aspirated plosives are followed
by shorter vowels, which is likely due to the exclusion of all voiceless aspiration from vowel
duration.

>The aspirated stops were also produced less often with an apparent strong prosodic break, at a rate of 4.5%
in initial position and 10.3% in final position; as compared to 14.8% and 18.9% for initial and final voiced stops
and 17.3% and 32.1% for initial and final voiceless stops (p < 0.001 by Fisher’s exact test with token counts).
Because the criteria for annotating a strong prosodic break were based on silence duration, the presence of an
apparent strong prosodic break is confounded with closure duration. It is likely that strong prosodic breaks were
over-annotated for voiceless unaspirated stops and under-annotated for voiceless aspirated ones. Alternatively, it
is possible that strong prosodic breaks were not produced equally often across the three categories, and closure
durations are more similar across the categories than shown here.
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Figure 10: Mean closure and vowel durations, with closures divided by stop place and vowels
divided by vowel quality. Lines show one standard error above and below the means.

4  Analysis of findings

4.1 Voice quality

4.1.1 Voice quality for voiced plosives

We found good evidence that the D series is classically breathy-voiced in word-initial posi-
tion, with relatively strong closure voicing as well as a spread-glottis configuration that likely
begins during the closure and extends through the transition into the following vowel. In fi-
nal position, there was little evidence for voice quality distinctions, at least as measured in the
vowel preceding the closure. However, we also observed that there tended to be somewhat
longer aspiration for D in final position, intermediate between T and T". This indicates that
D' may nevertheless involve glottal spreading in final position. If the glottal spreading gesture
is timed to begin during the final closure rather than leading into it, it would be unlikely to
manifest in the acoustics of the preceding vowel.

4.1.2 Voice quality for voiceless unaspirated plosives

In §3.1.1, we observed that two speakers had H1*-H2* and CPP values that were consistent
with glottalization for the voiceless unaspirated series. For these speakers, H1*-H2* was lower
for the T plosives compared to the other two series, but CPP was similar across all three series.
If the T plosives were modal, CPP should be higher than the breathy D or T" series, as was
the case for the other six speakers. This result lends limited support to previous claims that
the voiceless unaspirated series in Yerevan Armenian may involve glottal constriction, though
only for some speakers.

We did not find evidence that this series involved an ejective articulation. However, there
is instead evidence that the T series involves tense voice, a specific subtype of creaky voicing
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Figure 11: fO (y-axis) over time during the vowel (x-axis) for the three voicing categories es-
timated by cubic spline regression for each speaker (see footnote 2 for model details). Lines
show estimated means, and shaded areas show one standard error above and below the esti-
mated means.

(see also discussion in Schirru, 2012). In one taxonomy of creaky voice qualities (Garellek, to
appear; Keating et al., 2015), ‘creaky’ voice is a superset of several distinct articulations which
are perceived as sharing a creaky quality, or that can be used to implement a phonological con-
trast. These articulations include prototypical creaky voice, which is low-pitched, constricted,
and irregular; but also voice qualities that do not have all three characteristics. In particular,
tense voice is characterized by its increased vocal fold constriction (like prototypical creaky
voice) but also higher f0.

Figure 11 shows f0 tracks in vowels following word-initial plosives. Most speakers have
relatively lower f0 following voiceless unaspirated plosives. However, the two speakers with
evidence for glottalized plosives (M25 and M30) also produce that series with higher f0 near the
vowel onset following word-initial plosives. Higher fO onsets are more typically associated with
glottal spreading. For instance, vowels following aspirated plosives typically have higher 0
than those following unaspirated plosives due to the aerodynamics associated with the greater
airflow produced during aspiration (Hombert et al., 1979).% In contrast, voiceless unaspirated

®The breathy-voiced plosives, which we argue involve glottal spreading, instead have lower f0 in Figure 11.
However, this is likely the consequence of aerodynamics or laryngeal adjustments associated with voicing and/or
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plosives are expected to raise fO on following vowels only if they are accompanied by increased
vocal fold tension, which would stiffen the folds and cause them to vibrate faster (Hombert et
al., 1979; Kirby & Ladd, 2016; Lofqvist, Baer, McGarr, & Story, 1989).

For six of the eight speakers, the voiceless unaspirated plosives have similar fO onsets as the
breathy-voiced ones. This implies that these are not produced with tense voice, but instead
have modal voicing, which is supported by the H1*~-H2* and CPP measurements. However, for
the two speakers whose voiceless unaspirated plosives are followed by irregular creaky voicing
(as characterized by lower values of both H1*-H2* and CPP), the voiceless unaspirated plosives
are also followed by higher f0 onsets, similar to those found for the aspirated series (see Figure
11). The combination of irregular creaky voicing and higher f0 at vowel onsets lends support
to the interpretation that, for these two speakers, the voiceless unaspirated series involve tense
voice.

4.2 Discriminability of the voicing contrast

4.2.1 Distance between voicing categories along single acoustic dimensions

To evaluate how different the three voicing categories are with respect to each cue, we calcu-
lated the standardized distances (Cohen’s d) between each pair of categories along each acoustic
dimension, for each individual speaker. These distances are calculated for each acoustic vari-
able by taking the absolute difference of the mean values between two categories, and then
dividing it by the pooled standard deviation of that variable. For example, to calculate how
well H1*-H2* separates voiced plosives from aspirated plosives for speaker F18, we took the
absolute difference between the mean H1*-H2* for the voiced plosives and the mean for the
aspirated plosives produced by speaker F18. This value was then divided by the pooled stan-
dard deviation of speaker F18’s H1*-H2* values (i.e., calculated for each of the three categories
separately, and then pooled together) to produce a standardized distance between voiced and
aspirated plosives for H1*-H2", as produced by F18. Because the distances are standardized in
this way, they can be compared across different variables.

breathy phonation during a stop closure (Hombert et al., 1979; Honda, Hirai, Masaki, & Shimada, 1999, though
see Kirby & Ladd, 2016), and breathy voice is often accompanied by lower pitch in languages with mixed tone-
phonation systems (Brunelle, 2012; Brunelle & Kirby, 2016; Gordon & Ladefoged, 2001; Hombert et al., 1979).
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Figure 12 shows the distances between the three categories in word-initial position for each
acoustic variable for each speaker. For example, for speaker F18, voice onset time (lower-left
panel) separates the voiced and voiceless categories with d = 4.4, which is shown as the distance
between the orange (left) and blue (center) dots in the first row of that panel. The distance
between the blue (center) and green (right) dots shows that the distance between the voiceless
and aspirated categories is somewhat smaller (d = 2.7) for this speaker. However, the voiced
and aspirated categories are very well-separated on the dimension of voice onset time, as can
be seen from the total distance between the orange and green dots (d = 7.1).

Across speakers, the lower-left panel shows that speaker F18 uses voice onset time to sep-
arate the three categories to the greatest extent, while speaker F20 uses voice onset time the
least (see also Figure 7). Nevertheless, voice onset time provides good separation of the three
voicing categories for all eight speakers. Since the distances in this figure are all on the same
scale, the distances in the VOT panel can be compared directly to the distances for the other
acoustic variables. Compared to VOT, vowel duration does not distinguish the categories espe-
cially well in prevocalic word-initial position (largest d = 1.1, for speaker F21 between voiced
and aspirated); though we note that different vowels have different intrinsic vowel durations,
which was not necessarily balanced across plosive voicing categories in our study (see Figure
10).

Does voice onset time provide the best separation between categories? In addition to voice
onset time, aspiration duration and strength-of-excitation during the plosive closure together
provide good separation between the categories. Across speakers, aspiration duration separates
the aspirated plosives from each of the other two categories with average d = 5.4; and strength-
of-excitation during closure separates the voiced plosives from each of the other two categories
with average d = 2.6. By comparison, VOT separates the aspirated plosives from the others
with average d = 3.6, and the voiced plosives from the others with average d = 4.2. Thus, VOT
provides roughly the same separation overall as the combination of aspiration and strength-of-
excitation.

There is also some variation between speakers. For example, speaker F20 does not use aspi-
ration duration to distinguish aspirated plosives as strongly as the other speakers, but produces
relatively much noisier aspirated plosives, as measured by CPP. As discussed in §4.1.2, pitch is
used in different ways by different speakers. Five speakers (F18, F19, F20, F22, F49) have rela-
tively higher pitch only for the aspirated plosives, while two speakers (M25, M30) have higher
pitch for both voiceless series. For these two speakers M25 and M30, in fact, the voiced category
is roughly as distinct from the other two categories on pitch as it is on strength-of-excitation.
For the last speaker F21, the three categories have similar pitch.

Figure 13 shows the distances between categories for plosives in postvocalic word-final po-
sition. In this position, it can be seen that the three categories are not separated by voice
quality, as measured by H1*-H2* and CPP (see also Figure 3), at least when measured dur-
ing the vowel. The categories are overall much more similar in final position on most of the
acoustic variables, except for vowel duration, which provides slightly more separation in final
position. The voicing categories are still reasonably well separated by strength-of-excitation
and aspiration duration. In addition, voice offset time separates the voiced plosives from the
other categories almost as well as SoE.

Although the distances in Figure 13 are averaged across both carrier sentences—one with a
following /p/, and one with following /b/—they are generally similar in both phrases. Speak-
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ers F20, F21, and M30 do not voice the word-final voiced plosives as strongly before /p/ as
before /b/ (see also Figure 9), and speaker M25 has more similar voice offset times for all three
categories before /p/, but the voiced plosives are still overall distinct from the others in both
contexts (see §4.2.2 below).

4.2.2 Multivariable discriminability

Although Figures 12-13 show that the three voicing categories are more separated along some
acoustic dimensions than others, they do not show how well a plosive’s voicing category can be
identified on the basis of the overall acoustic contrast. This question is of particular interest for
word-final postvocalic plosives, as it has been suggested that the voiced—voiceless contrast may
be neutralized in this context (see §1.1). Further, they do not show which variables provide
independent information about voicing category. For example, although Figures 3 and 12 show
that initial aspirated plosives have longer aspiration, breathier following vowels, and higher
pitch (for most speakers) than voiceless unaspirated ones, it is likely that these are caused by
the same articulatory mechanism (cf. Gordon & Ladefoged, 2001; Hombert et al., 1979; Klatt &
Klatt, 1990). If they are highly correlated, it may be the case that not all three variables provide
unique information to a potential listener about a plosive’s voicing category. To help answer
questions about the robustness of the contrast and the unique contribution of each variable to
discriminability, we fit a series of multivariable classification models.

Model procedure In the following sections, multinomial logistic regressions are fit to predict
voicing category (voiced, voiceless unaspirated, or voiceless aspirated) as a function of the com-
bined set of acoustic predictors. The models were fit by maximum-likelihood using the nnet R
package (R Core Team, 2017; Venables & Ripley, 2001). A multinomial logistic regression with
a three-way categorical outcome can be written as two binomial logistic regression equations.
Each of the two equations models the relative log-odds of the reference category compared to
one of the other categories, using a set of predictor variables. Here, the reference category is
voiceless unaspirated, and one equation compares it to the voiced series, and the other equation
compares it to the aspirated series. To predict the most likely voicing category for a new ob-
servation, the relative log-odds for the two comparisons (voiceless versus voiced; and voiceless
versus aspirated) are first calculated. Then, these two odds ratios are converted into absolute
probabilities for the three voicing categories which sum to one.

The predictors in the following regression models were H1*-H2*, CPP, log-transformed
SoE, {0, aspiration duration, closure duration, voice onset/offset time (as appropriate), vowel
duration, plus all interactions with word position. The interactions with word position mean
that the model can effectively fit different parameter coefficients for initial and final position.
The H1*-H2*, CPP, SoE, and f0 measurements used in the model were the summary values
averaged over the first third of the nucleus vowel for initial plosives, and over the final third
for final plosives (see §2.5). Because the measures vary between speakers, all measures were
centered within-speaker so that the mean value of each variable was zero for each speaker.

Classification accuracy The full dataset used for the following models included 1527 of 1600
tokens overall (see §2.6), including 426 voiced, 658 voiceless, and 443 aspirated tokens. The
ability of the model to classify each plosive token in our data as voiced, voiceless, or aspirated
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was evaluated using the following procedure. For each token, we predicted its voicing category
using a model fit to a reduced dataset. The token to be classified was first held out from the
full dataset. This was done so that the model which would be used to predict that token’s
voicing was not fit to that token’s own acoustic measurements. Then, a reduced dataset was
sampled so that it had an equal number of voiced, voiceless, and aspirated tokens (i.e., 426
tokens each, or 425 each if the held-out token was voiced). This was done to ensure that the
higher proportion of voiceless tokens in the full dataset did not result in misleadingly higher
accuracy in classifying voiceless tokens. A multinomial regression was then fit to the reduced
dataset, and used to predict the most likely voicing category of the held-out token, following
the procedure described above. This process was repeated to generate a prediction for each
token in the full dataset.

We then calculated the proportion of predictions that were correct, across the full dataset.
The model was generally accurate at discriminating the voicing contrast in both initial and fi-
nal position, with an overall accuracy of 86%. Table 3 shows the percentage of correct model
predictions for each category. Performance was lowest for the voiced series, which was fre-
quently confused with voiceless unaspirated tokens in final position before /p/, though these
were still categorized correctly a majority of the time. Before /b/, voiceless unaspirated tokens
were most often miscategorized as voiced. No other kinds of errors were especially common.
For four words with final plosives (kntq /jeseg/, &hq / tfig/, &hy / tfik/, &hwn / tfit/) and one
word with an initial plosive (4hpp /kirk" /), categorization accuracy was 50% or below, but the
model categorized at least half of the tokens correctly for every other word type.

Table 3: Percentage of plosives that were correctly categorized, with marginal averages.
Dif T T

Word-initial 90% 93 97 |93
Word-final before /p/ 61 76 85|75
Word-final before /b/ 80 73 84 |78

82 85 91|86

Predictor evaluation To evaluate which acoustic variables improved the model, we fit a model
with the same set of predictors to the full dataset. We then fit a series of reduced models using
the same procedure, which each omitted one predictor (including its interaction with word
position). Next, we calculated the Bayesian information criterion (BIC) for the full model,
and for each reduced model. BIC is a measure of the inverse likelihood of the data under the
model, with a penalty for the number of parameters in the model. A lower BIC indicates a
better model. If a reduced model which omits a predictor has a lower BIC than a model which
contains that predictor, that suggests that that predictor does not improve likelihood enough
to justify its inclusion in a parsimonious model.” As the model does not involve any perception

"There is no significance test for BIC, though see Wagenmakers (2007). However, testing for lowered BIC
is generally much more conservative than a likelihood ratio test with o« = 0.05. Appendix C shows BIC values
as well as likelihood ratio test statistics. A significant likelihood ratio test indicates that a model is significantly
improved by the inclusion of a predictor.
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data, the results should not be interpreted as indications about which acoustic cues are used by
listeners (though see McMurray & Jongman, 2011; Toscano & McMurray, 2010).

Of the eight predictors in the multinomial regression, BIC was lowered only when either
CPP or {0 were omitted, suggesting that only these two did not provide a unique contribu-
tion to the model of voicing category. The omission of f0 and CPP can be explained by the
between-speaker differences in these variables in word-initial position, which we have argued
is due to qualitatively different voice-quality patterns between speakers (see §3.1.1 and §4.1.2).
Note that this does not necessarily mean that CPP and f0 are not useful cues to listeners who
encounter such variation, only that they would need to accommodate it in their mental model
of Armenian stop voicing, which we did not attempt to do in this analysis (see Kleinschmidt &
Jaeger, 2015, for a review). A full table of BIC values is provided in Appendix C. The predic-
tors which lowered BIC by the most, and thus improved the model the most, were (in order):
aspiration duration, SoE during the closure, voice onset/offset time, H1*-H2*, vowel duration,
and closure duration.

Next, we evaluated whether it was necessary to fit different parameter values for each acous-
tic predictor in word-initial compared to word-final position. To do so, we fit a series of reduced
models which each omitted the interaction parameter between only one acoustic predictor and
word position, and compared each of them with the full model by BIC. If a model had higher
BIC when it omits the interaction between a given predictor and word position, that suggests
that the values of that variable are associated with different voicing categories in initial versus
final position.

Of the eight interaction parameters, BIC was higher when the interactions between word
position with H1*-H2" or with voice onset/offset time were omitted. This suggests that of all
of the predictors, only H1*-H2* and voice onset/offset time have different relationships with
voicing category in initial versus final position. For voice onset/offset time, this is certainly be-
cause the voiced plosives typically have negative voice onset time in initial position but greater
voice offset time in final position. For H1*-H2*, we observed in §3.1.1 (e.g., Figure 4) that none
of the speakers seemed to have differences in glottal constriction leading into the three series
of word-final plosives, although they did so following word-initial plosives. A full table of BIC
values is provided in Appendix C. It is noteworthy that closure SoE is both the second most
useful predictor in the model overall, and that its association with plosive category varies the
least between positions. This points to the robustness of acoustic voicing as a distinguishing
cue in both word-initial and word-final positions.

5 General discussion

We have argued that the Yerevan Armenian voiced plosives have breathy voicing which be-
gins with the closure and extends beyond the release. In initial position, this can be measured
acoustically from an index of glottal spreading in the following vowel; in final position, this
manifests as short post-aspiration that is typically voiceless. The voiceless unaspirated plosives
were modal for most speakers, but likely tense (a subtype of creaky) for at least two speakers, as
measured through relatively increased noise (lower CPP) and raised f0. Although voice quality
is difficult to perceive or to measure directly during an oral stop closure—and impossible dur-
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ing a voiceless one—future instrumental work might explore the timing and degree of glottal
constriction via articulatory glottography during the closure interval.

The discriminability analyses showed that the three stop categories can be identified at a
rate usefully above chance levels in both prevocalic word-initial and postvocalic word-final
position. Many different variables contribute to identification, but the three-way contrast was
also well separated in both positions by a combination of only voicing strength and aspiration
duration. VOT provides a similar degree of separation in initial position, and voice quality and
{0 of the following vowel are also particularly distinctive in this position.

How do the breathy-voiced Armenian stops fit within the phonological typology and his-
tory of the broader language family? Their similarity to the breathy-voiced or voiced-aspirated
stops found in some related Indic languages is unclear (Garrett, 1998; Khachaturian, 1984;
Pisowicz, 1998; Vaux, 1997), and it is disputed whether breathy-voicing was present in earlier
Armenian—and thus inherited from Indo-European—or whether it represents a recent dialec-
tal innovation (see e.g. Baronian, 2017; Garrett, 1998; Kortlandt, 1985; Vaux, 1998b). Garrett
(1998) has proposed that the acoustic effect of breathy voicing on adjacent vowels might have
been a phonetic precursor for a vocalic sound change in earlier Armenian, which would provide
evidence for early breathy-voicing. Here, we discuss how breathy-voiced plosives in Yerevan
Armenian differ from those in Gujarati and perhaps some other Indic languages, and we present
acoustic evidence which supports the proposal that breathy voicing plausibly conditioned this
historical sound change.

5.1 Comparison with Indic breathy-voiced plosives

The voiced plosives in the Group 1-2 Armenian dialects have been compared to the voiced as-
pirated or breathy-voiced plosives that occur in many Indic languages (Garrett, 1998; Khacha-
turian, 1984; Pisowicz, 1998; Schirru, 2012; Vaux, 1997). In terms of acoustics, H1*~H2* after
prevocalic breathy-voiced plosives follows a similar pattern in Yerevan Armenian as in three
Indic languages (compare Figure 4 of this paper with Marathi in Figure 31 of Berkson, 2013;
Gujarati in Figure 1 of Esposito & Khan, 2012; and Hindi in Figure 6.1 of Dutta, 2007). In each
language, H1"-H2" is at its maximum during the first third of the vowel, and then descends
over time through the vowel midpoint, indicating a spread glottis that is moving towards a rel-
atively more modal configuration. By the vowel midpoint, H1*-H2* is still slightly higher after
breathy/aspirated plosives than after the other plosives in all four languages. However, at the
vowel midpoint, the numerical difference between the voicing categories is smaller in Yerevan
Armenian (about 2 dB; see Figure 4) than in the other languages (about 4-5 dB; see previous
references). Although this may be affected by recording context and inter-speaker differences,
it may also indicate that the glottal spreading gesture in Armenian breathy-voiced plosives is
less extreme, shorter, or begins earlier than in the homologous Indic sounds.

The Indic breathy-voiced plosives are typically described as having a longer portion of very
noisy voiced aspiration after the release of the closure (Ladefoged & Maddieson, 1996, p. 58;
Berkson, 2012). Although we found that prevocalic Yerevan Armenian voiced plosives have
a relatively spread glottis after the closure, they appear to be less noisy, with well-defined
formant structure visible immediately after the closure. This can be seen in the upper panels of
Figure 2: although there is a short noisy interval after the word-initial voiced plosive closure,
it is about the same duration as the release burst after the voiceless unaspirated one. We can
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compare these Yerevan Armenian breathy-voiced plosives with their counterparts in the Indic
language Gujarati based on the recordings in the freely-available Production and Perception of
Linguistic Voice Quality project at UCLA.® This database has recordings from Gujarati (Esposito
& Khan, 2012; Khan, 2012) and several other languages, including three Gujarati words with
word-initial /bf, df/ that were repeated several times each by nine speakers, with 131 tokens
of the relevant Gujarati plosives in total.

Gujarati 3l0\d] /q"o|vii/ “to spill’

5000

4000

3000 3
'

1000 ! AL L |
) nm»m %““W

Figure 14: Waveforms and spectrograms for two tokens of the Gujarati word /d/o|vii/ produced
by the same speaker.

The Gujarati plosives /bfi, df/ involved a wide range of acoustic variation during the release
phase. Figure 14 shows two tokens of the Gujarati word @l0lq /dfo[vi/ ‘to spill’ produced by
the same speaker. In the left panel, the initial stop closure is followed by a long interval of
very noisy frication (about 80 milliseconds). This interval is voiced, as can be seen by the
periodicity in the waveform and the voice bar in the spectrogram, but the formants are poorly
defined or missing (see discussion in Berkson, 2012; Davis, 1994; Mikuteit & Reetz, 2007). We
would therefore characterize this interval as voiced aspiration, rather than as part of a breathy-
voiced vowel. This interval is followed by a vowel with the expected formant structure. In
contrast, the initial stop closure in the right panel is almost immediately followed by a strongly-
voiced vowel, with no such interval of voiced aspiration. Nearly all of the Yerevan Armenian
plosives were similar to this token, as in Figure 2, in that the release was closely followed by a
vowel with well-defined formants that typically began immediately and almost always within
30 milliseconds.” The acoustic analysis of Armenian showed that these vowels are relatively
noisy; however, because of their clear formant structure, we would characterize these kinds of

8 Available online at http://www.phonetics.ucla.edu/voiceproject/voice.html.
°As we noted in §3.1.1, many tokens of Yerevan Armenian /g/ were noisier for a longer duration, but we
attribute this noise to velar spirantization rather than aspiration.
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tokens in Gujarati and in Armenian as being breathy-voiced during the closure and part of the
following vowel, rather than as having post-closure voiced aspiration.

Although a subset of the Gujarati breathy-voiced plosives are thus similar to the Yerevan
Armenian ones, it can be seen that such sounds are not a homogeneous category in terms of la-
ryngeal timing, even within a language. While the transcriptions /d/ and /d/ have both been
used for Armenian breathy-voiced plosives (df: Gamkrelidze & Ivanov, 1995; Vaux, 1998a; d:
Macak, 2017, p. 1048; and also other symbols in Allen, 1950; Kortlandt, 1998; Pisowicz, 1997,
1998), in principle they differ in that [d]] is a more appropriate label for a Gujarati token like
the one in the left panel of Figure 14, which has a voiced-aspirated release with a weaker vowel
formant structure (i.e., [fi]). On the other hand, [d] is more appropriate for a token such as in
the right panel of Figure 14 in Gujarati or the upper-left Armenian plosive in Figure 2, which
probably has breathy voicing during the closure followed immediately by a vowel with very
clear formant structure.

We observed that all eight Yerevan Armenian speakers produced breathy-voiced plosives
that were roughly similar to the one in Figure 2, with none that had an extended interval of
voiced aspiration like the Gujarati token in the left panel of Figure 14. On the other hand,
the nine Gujarati speakers showed substantial variation both within- and between-speakers in
terms of whether a given breathy-voiced plosive was more similar to the left or right panel in
Figure 14. Gujarati, then, differs from Yerevan Armenian in that its breathy-voiced plosives
can be implemented as a wider range of phonetic values, including [d%, d] and in some cases
[t"], while Yerevan Armenian permits only a narrower set of possibilities, comprising mainly
[d]. For future work, /b, d, g/ might thus be appropriate transcriptions for the Armenian
breathy-voiced plosives (as in Macak, 2017, though this may vary by dialect; see Khachaturian,
1984, p. 61).

From an articulatory perspective, this could be implemented as differences in the magni-
tude or in the phasing of glottal spreading. For example, Gujarati might differ from Yerevan
Armenian in that Gujarati speakers allow more variation in glottal width during the production
of breathy-voiced sounds. Tokens produced with greater glottal width might have an interval
of aspiration because of the relatively longer transition needed to reach the modal glottal state
(cf. Kagaya, 1974, pp. 172-173). Alternatively, the difference might be in phasing: Yerevan
Armenian breathy-voiced plosives have the glottal spreading gesture aligned in phase with the
closure, resulting in an acoustically breathy plosive without an interval of voiced aspiration,
whereas their Gujarati homologues might have the glottal spreading gesture variably aligned
in or out of phase with the closure (see Kagaya & Hirose, 1975, on out-of-phase alignment in
Hindji), allowing an interval of voiced aspiration. Future work could quantify the range of vari-
ation allowed in voiced aspirated plosives within different languages, and to evaluate whether
this variation can be ascribed to the magnitude or time-alignment of glottal spreading gestures.

5.2 Reconstruction of voiced plosives in Armenian and Indo-European

5.2.1 Challenges for reconstructing plain-voiced plosives in early Armenian

The phonetic qualities of Armenian voiced stops are significant for the reconstruction of the
historical Armenian languages, and of Indo-European more generally. Classical Armenian is
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usually reconstructed with plain voiced stops, based on the geography of attested plain and
breathy-voiced stops in the modern Armenian languages (Vaux, 1998a, Ch. 7; Kortlandt, 1985;
though see Garrett, 1998). However, the corresponding stops in the standard reconstruction of
Proto-Indo-European are breathy-voiced stops. If Classical Armenian had plain voiced stops,
they would have had to become plain in the earlier Proto-Armenian, and then later revert to
being breathy again in only the Group 1-2 Armenian dialects (which include Yerevan Arme-
nian). This change is shown below, using the dental plosive series as an example.

Proto-1E Proto-Armenian Mod. Arm. (Groups 1-2)
*dh > *d > dfi
*d > *t — t
*th - *th _ th

The loss and subsequent restoration of breathy-voice has been seen as implausible (Garrett,
1998). One proposal which avoids this scenario involves a version of the glottalic theory of
Proto-Indo-European (see Hopper, 1973), in which Indo-European originally had plain voiced
stops and glottalized voiceless ones. Under this theory (as discussed in Garrett, 1998), plain
voiced stops were preserved from Proto-Indo-European in Proto-Armenian and later Classical
Armenian. Breathy-voice is then a later innovation in the Group 1-2 Armenian dialects. The
revised correspondences under this proposal are shown below.

Proto-1E Proto-Armenian Mod. Arm. (Groups 1-2)
*d — *d > df
7 > *t — t
*th _ *th _ th

By reconstructing Proto-Indo-European as having plain voiced stops, the glottalic theory
arguably avoids the loss and restoration of breathy voice in Armenian (see Garrett, 1998), as
well as avoiding a reconstruction in which the Armenian and Germanic language families un-
derwent parallel consonant shifts after they diverged (Hopper, 1973). However, the glottalic
theory has also reconstructed the Proto-Indo-European voiced stops as murmured (Hopper,
1973) or allophonically breathy (Gamkrelidze & Ivanov, 1995, pp. 37-38; Gamkrelidze, 2010),
and thus does not clearly reconcile the need to reconstruct a temporary loss of breathy voice
in Armenian.

5.2.2 Evidence for breathy-voiced plosives in early Armenian

An alternative analysis is that Classical Armenian had breathy-voiced stops preserved from
Proto-Indo-European, which were lost in most modern varieties (Benveniste, 1958; Garrett,
1998; Macak, 2017; see also Gamkrelidze & Ivanov, 1995, pp. 37-38 and Baronian, 2017, p. 15).
This analysis avoids the early loss and subsequent restoration of these stops, it is compatible
with both the standard and glottalic reconstructions of Proto-Indo-European, and it eliminates
the need to reconstruct parallel consonant shifts in Armenian and Germanic, even within the
standard reconstruction (Garrett, 1998). This analysis is shown below, assuming the standard
reconstruction of Proto-Indo-European.
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Proto-1E Proto-Armenian Mod. Arm. (Groups 1-2)

*dﬁ - *dﬁ _ dﬁ
*d > *t — t
*th - *th _ th

This revised reconstruction of breathy-voiced stops in Proto-Armenian is supported by the
distribution of Adjarian’s Law (Garrett, 1998). Adjarian’s Law is a sound change which oc-
curred during the transition between Classical and some modern Armenian dialects, but not
including the Group 1-2 dialects (Adjarian, 1901, cited in Vaux, 1998a; Vaux, 1998a, Ch. 7;
and see Vaux, 1992). It describes the fronting of /a/ and in some dialects /o, u/ following
what were voiced stops in Classical Armenian. Fronting also occurred following post-Classical
/h/ (Weitenberg, 1986, cited in Garrett, 1998), as well as perhaps other voiced consonants, al-
though its application following other consonants is less definitively attested (see Vaux, 1992;
Garrett, 1998, footnote 5).

To explain the conditioning environments for Adjarian’s Law, Garrett (1998) argues that the
most plausible phonetic precursor would have been the voice quality of breathy-voiced stops
and /fi/. Breathy voice quality is claimed to be associated with higher F2 (i.e., vowel fronting).
This would explain why the Group 1-2 dialects, which preserve breathy-voiced stops, did not
undergo Adjarian’s Law (Garrett, 1998): in these dialects, the glottal spreading associated with
breathy voice was retained rather than converted into vowel fronting (see Kirby, 2010; Ohala,
1993). Moreover, the reconstruction of breathy-voiced stops in early Armenian would crucially
simplify the analysis of consonant shifts in Armenian (Garrett, 1998).

At the same time, it has not been shown that breathiness is actually associated with vowel
fronting, especially for the vowels /a, o, u/ which underwent Adjarian’s Law. Garrett (1998)
observes that English vowels tend to be more fronted after /h/ in a report by Lehiste (1964,
p. 148; as reproduced in Garrett, 1998, p. 17). Those data, however, show fronting most strongly
in the front vowels—to which Adjarian’s Law did not apply—and /o, u/ actually show back-
ing after /h/ that is numerically greater than the fronting of /a/. Moreover, voiceless glottal
spreading in /h/ is likely to have different phonetic consequences than glottal spreading which
occurs with voicing (e.g., see footnote 6), although Garrett (1998) does point out that English
/h/ is often realized as voiced /fi/. Besides English, Kuang (2011) reports that the lax (slightly
breathy) vowels in Yi are fronted relative to their tense counterparts, but only for the mid
vowels.

The data from the speakers in this study, however, provide clear evidence that Armenian
breathiness is associated with vowel fronting in Yerevan Armenian, and even that this is limited
to the vowels to which Adjarian’s Law applied in other Armenian dialects. Figure 15 shows the
average F1 and F2 values in Yerevan Armenian vowels following word-initial plosives of all
three voicing categories. For all eight speakers, /a/ is fronted when it occurs after breathy-
voiced plosives relative to when it occurs after voiceless unaspirated plosives. The vowels /o,
u/ also tend to be fronted, though to a lesser extent, with two exceptions (of 16) in the overall
means (/u/ for speakers F18 and F21). There is no general pattern of F2 raising for the front
vowels, and Adjarian’s Law did not apply to the front vowels.

This phonetic evidence provides strong support for Garrett (1998)’s proposal that breath-
iness may have conditioned Adjarian’s Law. One alternative proposal is that voicing, rather
than breathiness, was the conditioning environment for Adjarian’s Law (Vaux, 1992). How-
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Figure 15: Mean formant frequencies vowels following word-initial plosives, for each speaker,
vowel, and voicing category. Measurements were calculated by averaging over the first third
of the following vowel, as described in §2.5. Note that there were only four words with /o/, so
its mean values are more variable across speakers than the other vowels.

ever, Figure 15 shows that back vowels after the aspirated plosives also tend to be fronted to a
similar extent relative to the voiceless unaspirated ones. This further supports the claim that
it was breathiness, and not voicing, which conditioned Adjarian’s Law. If so, this would imply
that the early Armenian stops were in fact originally breathy-voiced: since Adjarian’s Law did
not occur in dialects with modern breathy voice, it must have occurred prior (or simultaneous)
to the loss of breathy voice in the other dialects.

5.3 Summary and conclusions

We found that the Yerevan Armenian voiced plosives are breathy-voiced, although they dif-
fer from at least Gujarati and perhaps other Indic languages in that they are qualitatively less
variable and do not have an extended interval of noisy voiced aspiration. Nevertheless, in word-
initial prevocalic position, the following vowel is reliably breathy adjacent to the stop closure.
Word-initial voiced plosives were also associated with measurable fronting of the back vowels,
among other acoustic cues, which supports the proposal that breathiness may have conditioned
a historical back-vowel fronting process in other Armenian dialects. In word-final postvocalic
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position, the preceding vowel is longer before voiced plosives, though not measurably breathy.
The voiced plosives in this position are characterized by phonation during closure and by as-
piration that is relatively short, variable, and usually voiceless, which is consistent with glottal
spreading that begins during the closure. There was variation between speakers for the voice-
less unaspirated plosives, such that two of the eight had acoustic measurements consistent with
tense voice (but not ejectives) in word-initial position, while the other six showed no acoustic
evidence of glottal constriction. In both syllable positions, these plosives were more consis-
tently voiceless, unaspirated, and had slightly longer closures than the other two series.

The three-way voicing contrast could be reliably discriminated far above chance in both
syllable positions on the basis of a set of acoustic variables, although discriminability was some-
what worse in word-final position, especially when the following sound did not facilitate phona-
tion for the voiced series. While the three-way contrast was well separated by a combination
of voicing strength and aspiration duration (or by VOT in initial position; though VOT could
not always be straightforwardly measured), nearly all of the acoustic predictors improved the
fit of a classification model, pointing towards the need for a multidimensional understanding of
the contrast. Future work might examine especially the articulatory basis for the qualitatively
different acoustic patterns in spread-glottis plosives across languages, and in particular their
effects on the vowel formants which may have conditioned sound change in Indo-European.
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A List of words

Table 4: Table of minimal sets containing word-initial plosives.

Voiced Voiceless Aspirated
Labial  pnl /bok/ ‘barefoot (informal)’ wnl /pok/ ‘reed (music)’ thnyy /p"ok/ ‘band, strap’
poiwn /but/ ‘nourishment’ wnuwn /put/ ‘spot, a bit (informal)’ thnuwn /ptut/ ‘rotten’
pwh /bah/ ‘spade, hoe’ wuwh /pah/ ‘moment, guard’
puir) /bas/ ‘garden (informal)’ wur /pag/ ‘cold’
pwilt /ban/ ‘thing, affair’ wuwl /pan/ ‘round loaf, guardian’
pupmpmd  /bacurum/  ‘swaddling  wwpmpmd /pacucum/  ‘wrapping,
clothes, cradle’ enclosing’
wuwywn /pajt/ horse shoe’ thuyun /pajt/ ‘wood’
wnltp /poker/ ‘to tear apart’ thnytp /pPoker/ ‘seal (animal)
wnn /pos/ ‘fire’ thnn /phoH/ ‘tube’
Dental nunp /daro/ ‘pungent’ wnwnp /taro/ ‘letter’ pwnp /thars/ ‘perch’
nuup /dase/ ‘lesson’ wnwupn /tase/ ‘ten’ pwup /t"ass/ ‘cup’
nuth /dap®/ ‘tambour, drum’ wnwth /tap®/ ‘plain’ puwth /tPap"/ ‘power, wave’
ntnh /desi/ ‘medicine’ wbnh /tesi/ ‘place’ ptnh /thesi/ ‘elm tree’
nnn /dos/ ‘tremor’ winn /tos/ ‘line’ pnn /thon/ ‘to let, allow’
nudwtwghtt  /daganagin/  ‘cruel, wwdwtwght /tazanagin/ ‘rigorous,
harsh’ arduous’
nuuwlub /dasakan/ ‘classical’ nwuwlui /tasakan/ ‘decimal’
nuwn /dat/ ‘trial, litigation’ i /tat/ ‘grandmother’
nupuwl /daran/ ‘closet’ wnwpwl /taran/ ‘to take away’
nuph /dari/ ‘century’ wwph /tari/ ‘a year’
ntnuh /depni/ ‘yellow’ wbntp /tepni/ ‘suitable, appropriate’
ntp /dec/ ‘role’ wkp /tec/ ‘owner’
nmu /dum/ ‘flw’ wnmd /tum/ ‘ginger bread tree’
wnwn /tas/ ‘song’ puwr /t"as/ ‘neighborhood (informal)’
b /tan/ ‘home, house’ pwl /tPan/ ‘skimmed milk’
bl /tank/ ‘tank’ pully /tPank/ ‘expensive’
whgq /tiz/ ‘tick’ phq /t"iz/ ‘span, hand’
wnny /tuf/ ‘Indian ink (makeup)’ pnip /thuf/ ‘cheek (informaly
wnnith /tup?/ ‘box’ pnith /tPup®/ ‘shrub’
Velar  quph /gari/ ‘barley’ Yuph /kari/ ‘stitch’ puph /k"ari/ ‘stone’

qlipky /gecel/ ‘to attract, captivate’
qnn) /Goe/ ‘gun’

gnsnr) /got[Mor/ ‘crier

qnn /gor/ ‘fierce’

quh /gah/ ‘throne, crown’

gbw /get/ ‘river

qhp /gec/ ‘fat’

qhi /jin/ ‘price’

ghpp /gick"/ ‘book’

gnpny /gorov/ ‘tender, emotion’
guin /gur/ ‘bathtub, puddle’
gl /gotan/ ‘to find’

qnky /gorel/ ‘to write’

Ytpty /kecel/ ‘ate’

Unn /kos/ ‘side’

Ynsnn / kot["om/ ‘caller
Ynn /kor/ “forced or unpleasant work’
Jwh /kah/ ‘furniture’

Yt /ket/ ‘point’

Ytn /ker/ ‘to eat’

Yyht /kin/ ‘woman’

Yhpp /kick"/ ‘passion’
Ynpny /korov/ ‘vehemence’
Ynin /kur/ ‘compact, solid’
Juwl /ketan/ ‘to give’
Ypty /keorel/ ‘to wear’
Junty /kasel/ limp’
Julnt /kanon/ ‘rule, regulation’
Juioh /kafi/ ‘leather’

Iny /kov/ ‘cow’

Unp /kor/ ‘curved’

Unpky /korel/ ‘to get lost’
Yniy /kus/ ‘fold’

Ynyp /kuje/ ‘blind’

phipky /kMerel/ ‘to scratch, scrape’
pnn /kPor/ ‘screen’

pnsny /k"ot/"or/ ‘nomad’

pnn /k"r/ ‘blind (informal)’

punt] /kPawel/ ‘to pick, to harvest’
pwlint /kPanon/ ‘ruler, guide’
pwigh /kMafi/ ‘weight’

pny /kPov/ ‘side’

pnp /kPor/ ‘itch’

pnpky /k"rel/ ‘to scratch’

pnin /k"us/ ‘thread’

pnip /kMuje/ ‘sister’




Table 5: Table of minimal sets containing word-final plosives.

Voiced Voiceless Aspirated
Labial  pwwp /[tab/ ‘headquarters’ owwwuy /[tap/ ‘urgent’
Juy /kap/ knot’ Ywth /kap®/ knocker’
wnwy /tap/ ‘sultry’ wnwth /t(lph / ‘plain’
Dental Ung /kod/ ‘code’ Ynwu1 /kot/ ‘dry measures’ ynp /kot®/ ‘handle’
hnn /hod/ oint’ hnw /hot/ ‘smell’
1 /jod/ ‘iodine’ mp /joth/ ‘seven’
wlnn /anot/ ‘smth that doesn’t havea wlnp /anot®/ ‘vessel’
leg’
&hwn / tfit/ ‘neck’ &hre / t/it"/ ‘bunch of grapes’
dwitn /mat/ ‘finger’ dwp / mat®/ ‘molasses’
Velar  pwgq /t"ag/ ‘crown’ pwl /thak/ ‘mallet’ pup /thak"/ ‘odd’
tnkq /jeseg/ ‘cane’ tntp /jesek?/ be’
swgq /tsay/ ‘apex’ swly /tsak/ ‘hole’
&hg /tfi§j/ ‘effort, endeavour’ &hYy Jtfik/ ‘cry, scream’
uUkq /meg/ ‘mist’ Ukl /mek/ ‘one’
uwgq /sag/ ‘goose’ uwly /sak/ ‘price’
uliq /seg/ ‘majestic’ ukly /sek/ ‘leather’
putly /bak/ ‘park’ puip /hak®/ ‘vessel
tpkYy /jerek/ ‘yesterday’ kpkp /jecek/ ‘three’
hwuwly /hasak/ ‘height’ hwuwp /hasak?/ ‘to get somewhere,
to come, to reach’
wnwl /tak/ ‘bottom’ wnup /tak/ ‘hot’
wnbuwly /tesak/ ‘type’ wkuwp /tesak?/ ‘you saw’

Slashes indicate a transcription based on the orthography. Some words are inflected or otherwise morpho-
logically complex, which is not indicated in the English glosses. The word-initial minimal sets do not include
voiced/aspirated minimal pairs because the word-initial sets were originally collected for another experimental
protocol which did not require voiced/aspirated pairs.



B Frequency limits for pitch measurements and formant exclusions

Table 6: Speaker-specific VoiceSauce settings for pitch analysis floor and ceiling

Speaker Lower bound (Hz) Upper bound (Hz)
F18, F20, F22 125 300
F19, F49 115 300
F21 100 300
M25, M30 60 175

Table 7: Formant value exclusions. Formant frequency values and H1*-H2* values were excluded if formant fre-
quencies were measured in these ranges.

Speaker gender Vowel quality Excluded F1 (Hz) Excluded F2 (Hz)

All i > 500 < 1750
All u > 500 > 1750
All € > 700 < 1250
Female ) > 700 > 1750
Male o) > 700 > 1500
All 2) > 700 —
Female a > 1200 > 2000
Male a — > 1500




C Model comparisons

Table 8: Model comparison statistics for models with omitted predictors. Positive ABIC (left column) and/or p <
0.05 by likelihood ratio test (right column) suggests that an acoustic predictor sufficiently improves model fit to
justify its inclusion in a parsimonious model of the voicing categories.

Omitted predictor ABIC BIC ADev p(x?(4))
Aspiration duration 492.8 18319 522.15 < 0.001
Log SoE during closure 134.1 14732 163.45 < 0.001
Voice onset/offset time 60.3 1399.4 89.65 < 0.001
H1*-H2* 272 1366.3 56.56 < 0.001
Vowel duration 23.3 13624  52.67 < 0.001
Closure duration 157 1354.8 45.03 < 0.001
Cepstral peak prominence —16.2 1322.9 13.16 0.010
0 —-16.9 13222 1241 0.015

Table 9: Model comparison statistics for models with omitted interactions. Positive ABIC (left column) and/or
p < 0.05 by likelihood ratio test (right column) suggests that the different ranges of a predictor are associated with
the voicing categories in word-initial versus word-final position.

Omitted interaction ABIC BIC ADev p(x?(2))
Voice onset/offset time x Position 38.8 13779 5346 < 0.001
H1*-H2* x Position 1.2 1340.3 1582 < 0.001
Aspiration duration x Position —-0.3 1338.8 14.36 0.001
Closure duration x Position —-3.8 13353 1091 0.004
Vowel duration x Position —5.0 1334.1  9.68 0.008
Cepstral peak prominence x Position —6.9 1332.1  7.72 0.021
f0 x Position —11.1 13279  3.52 0.172

Log SoE during closure x Position —12.3 1326.7 2.32 0.313
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