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In this study, we investigated whether the amount of voicing, and the sound
quality (expressed in HNR) of /h/ in syllable onset are affected by intervocalic
context (vs. post-pausal context), by backness and openness of the flanking vowels,
and by a phonological conditioner, pitch-accent. We showed that both measures
were similarly high in all intervocalic positions (irrespective of the presence of
word-boundary and pitch-accent), while after a pause they were substantially
lower, meaning that /h/ was voiced, and more modally voiced intervocalically, than
after a pause. Further, interaction of this effect with that of vowel features led us

to conclude that open, close, back, and front vowel groups should be considered
internally heterogeneous with respect to their effect on /h/ voicing.
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1. Introduction

In the Hungarian consonant inventory, all but one of the obstruents occur in voiced
and voiceless pairs. The only exceptional obstruent is the laryngeal fricative /h/,
which has no voiced counterpart in the system, but may be phonetically realized as
a non-contrastive voiced [f] segment (Siptdr 2001; Siptar & Torkenczy 2007).! In
our research, we aim to examine this allophonic alternation of the laryngeal frica-
tive from a phonetic point of view, in an attempt to shed more light on the pho-
netic and phonological factors that may facilitate or restrain the occurrence of [h]

1. Note that while the phoneme corresponding to the segment(s) at hand is referred to as
a voiceless velar fricative /x/ in current phonological descriptions (see Siptar & Torkenczy
2007), it is described as a laryngeal fricative /h/ in the phonetic literature (see Bolla 1995;
Gosy 2004; Kassai 2005). Merely for the sake of simplicity and since the authors of the present
paper come from the field of phonetics, the latter practice is adhered to in the present paper.
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in Hungarian, and thus to test previous claims made both in the field of phonology
and phonetics on this issue. As a first step in this process, the present study investi-
gates the effect of intervocalic context (vs. post-pausal word-initial position), two
vowel quality features, viz. vowel backness and openness, and a phonological con-
ditioner, pitch-accent, on the ratio of voicing that occurs in /h/ in syllable-onset
in laboratory speech. As a second aim, we also investigate the general sound (but
not necessarily voice) quality of /h/ tokens with respect to their periodicity, and as
a function of the openness and backness of the context vowels. For this purpose,
we analyze an additional acoustic parameter, harmonics-to-noise ratio (HNR),
which is traditionally assumed to reliably and informatively quantify the amount
of voicing and turbulent noise in fricatives, and can account for subtle differences
of modally voiced, breathy voiced, and voiceless realizations on a continuous scale.

11 Background

To Hungarian phonology, the asymmetric behavior of /h/ in voicing assimila-
tion seems to be of the greatest concern, as /h/ triggers regressive devoicing, but
does not undergo voicing before voiced obstruents (see e.g., Siptar 2001; Siptar &
Torkenczy 2007). Its allophonic voiceless—voiced alternation, on the other hand,
is assumed to be clear-cut: /h/ is taken to occur (almost) invariably as [A] in inter-
vocalic positions (Siptar 2001; Siptar & Torkenczy 2007) (hereafter, in VhV) as
well as in sonorant-h-vowel positions (hereafter, son/V) (Siptar 1994/2016) due to
what is often considered a purely phonetic process (Szigetvari 1998). Despite the
prevalent view that emphasizes the phonetic nature of the intervocalic voicing of
/h/, in some sources we also find suggestions that the occurrence of [A] is to some
extent also conditioned phonologically. According to Siptar (1994/2016), in for-
mal or slower speech styles /h/ may be realized as [A] only in intervocalic contexts
where /h/ is followed by an unaccented vowel, as in tehén [tehemn] ‘cow’. In these
cases, additionally to voicing, /h/ may also be phonetically unrealized, resulting in
such surface forms as [teem]. If, however, /h/ is followed by an accented vowel,
as in a hir [v'hiir] ‘the news, /h/ may not be voiced and cannot be deleted either
(i.e., no *[v'iir] may occur), or at least not in the speech style mentioned above.
By contrast, as Siptar (1994/2016: 265) claims, in fast/casual speech, /h/ may be
realized as voiced also in the a hir [v'hiir] context, as in this speech style the rule
governing the voicing of /h/ does not block voicing in the onset /h/ of an accented
syllable.

To summarize the above phonological description of the behavior of Hungar-
ian /h/ in syllable onset, we highlight three major claims: the realization of /h/ as
a voiced [h] segment is facilitated by (i) intervocalic context, (ii) sonorant-vowel
context, and (iii) the absence of prominence on the syllable starting with /h/. Such
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claims could easily be supported or falsified by objective empirical data, and thus
one might expect that we find such data in the literature. However, as our review
of empirical phonetic research will show, this is not the case. The effect of the first
two factors, i.e., intervocalic and sonorant-vowel contexts, has not yet been tested
under strictly controlled experimental conditions, while the effect of the third one,
namely the effect of prominence, has not yet been addressed in any kind of struc-
tured empirical studies at all.

Before we review the moderate amount of empirical evidence on the voicing
of /h/ in Hungarian, we make a brief note here on how the very same phenomenon
is treated in other languages. Voicing of /h/-like segments in intervocalic position,
or in a voiced environment in general is claimed to be present in many languages:
British English (Ladefoged & Johnson 2011: 157), Ambharic (IPA Handbook
1999: 48), Czech (IPA Handbook 1999: 70), Hebrew (IPA Handbook 1999: 98),
and Korean (IPA Handbook 1999: 112), to name a few. However, to the authors’
knowledge, to date there are only two studies by Mitterer (2018) and by Teras
(2018) which provided some quantitative data on the amount of voicing found
in intervocalic /h/ or on the ratio of voiced variants among intervocalic tokens.
However, these studies provide no data on /h/ tokens in other than intervocalic
(e.g., post-pausal) positions, or on the acoustic characteristics of breathy voice in
/h/ tokens, which could have served as reference for our present analysis.

While investigating acoustic correlates of the singleton—-geminate opposition
in Maltese, Mitterer (2018) incidentally found that intervocalically, more than
80% of the analyzed Maltese singleton /h/ tokens were “fully voiced” (i.e., voiced
throughout the whole segment), while the remaining 20% showed “a relatively
uniform distribution of voicing leaks from 10% to 80%” (2018: 35). From the data
presented on figures we can also infer that while the average duration of single-
ton /h/ tokens was 150 ms, the average duration of voice leak was approximately
70 ms, resulting in a ratio of 47% of voicing in intervocalic /h/ on average. Teras
(2018) studied pronunciation variants of the short intervocalic /h/ in Estonian, and
labelled /h/ tokens manually in a binary manner (voiced vs. voiceless). She found
that 70% of the intervocalically positioned /h/ tokens were realized as voiced, while
an additional 6% percent labelled as unvoiced were also “partly voiced” (2018: 84).
Although these results do not lend themselves to direct comparison with ours,
since Mitterer presents only absolute voicing durations (besides the gross ratios of
“voiced” tokens presented by both Mitterer and Teras), both studies are important
for our present analysis, mainly for two reasons. First, these data provide evidence
that intervocalic /h/-voicing occurs in several languages. Second, they also further
establish the relevance of our present analysis by showing how limited the amount
of available data is on the extent of voicing observable in the laryngeal fricative,
not to mention the quality of voicing it exhibits.
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In Hungarian phonetics, the status, place of articulation, and voicing char-
acteristics of /h/ have long been a matter of debate. By now, the status of /h/ as
a consonant has been clearly established in Hungarian phonetics (see Laziczius
1937, 1963/1979; Bolla 1995; Gdsy 2004; Kassai 2005). As far as the allophones
of /h/ are concerned, more specifically the place of articulation of these, and the
contexts that facilitate the occurrence of each allophone, the phonetic handbooks
of Hungarian show a diverse picture. Since the present study focuses on the voic-
ing characteristics of /h/ in Hungarian, we do not detail the various allophones
enumerated in these handbooks, rather we focus on the relevant ones: [h] and
[A]. All of the recent phonetic textbook authors (Bolla 1995; Gdsy 2004; Kassai
2005) link voiced fricative [A] to intervocalic contexts. Bolla (1995), on the basis of
X-ray images taken from one male and one female speaker, considers these speech
sounds pharyngeal, even though he uses the IPA symbols of voiceless and voiced
laryngeal fricatives. With the exception of Bolla, [h] is undisputedly assumed to
bear a glottal place of articulation by all of the cited sources. (Note, however, that
due to strong coarticulation expected between /h/ and the neighboring vowels, the
accompanying secondary oral gestures in /h/ warrant further discussion, see Sec-
tion 1.3.) To summarize these views on the voicing feature of the above mentioned
allophones, (i) /h/ is unanimously claimed to be voiceless in post-pausal syllable
onset, and (ii) it is unanimously claimed to be voiced in syllable onset intervocali-
cally. These observations lead us to the last but, with respect to the present study,
most important point in our summary, the issue of voicing in Hungarian /h/.

In the first empirical studies which dealt with /h/ in Hungarian, with regard to
its voicing, two important questions were formulated: (i) if the laryngeal fricative
sounds may be voiced, and (ii) how one should interpret their uncommon voicing
patterns, which combine two articulatory gestures: the incomplete adduction and
the clearly observable undulation of the vocal folds. As Laziczius (1937) points
out citing Meyer and Gombocz (1909), voiced [f] was observed instrumentally
already in the early 1900’s between vowels (or between voiced sounds in general,
as first formulated by Meyer, according to Laziczius) in 20 tokens using a kymo-
graph (Meyer and Gombocz 1909, see Laziczius 1937). That is, there was evidence
available to formulate the tentative conclusion that a voiced laryngeal fricative
exists and occurs allophonically in intervocalic positions in Hungarian. Along
with this finding, according to Laziczius (1937), the most intriguing questions the
existence of this voiced allophone raised were (i) if [A] should really be considered
an allophone of the laryngeal voiceless fricative, as the constriction and frication
produced in [A] is fundamentally different from that observable in its voiceless
counterpart [h], and (ii) if [A] should be simply considered “voiced”, as its voicing
without complete vocal fold contact is clearly different from the voicing of vowels
or other obstruents. Regarding the first question, Laziczius (1937) implicitly seems
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to suggest that despite the apparent differences between the fricative gestures in
[h] and [h], these sounds are not to be distinguished more than as allophonic vari-
ants, as they do not reflect a linguistically relevant opposition in Hungarian.? As
one might expect, today’s mainstream phonetic and phonological description of
Hungarian follows this tradition. As to the latter question, he suggests that instead
of voicing, the term (glottal) murmur should be used which encompasses both the
fricative gesture and the voicing gesture in the glottis, and distinguishes the voic-
ing of [f] from the full voice observable in voiced obstruents and vowels (Laziczius
1937). Nowadays, additionally to glottal murmur, the term breathy voice (see also
e.g., Maddieson 1984; Stevens 1999) and whispery voice (Laver 1994) are also used
for the unique voicing patterns /h/ sounds exhibit. However, not only the termi-
nology but also the articulatory and acoustic parameters assigned to these terms
may also vary with authors.® (For an illustration of differences in the articulation
of [h] and [f], see Esling 2005.)

In sum, studies in Hungarian phonetics from the first half of the 20th century
already claimed that there is evidence to assume the existence of a voiced laryngeal
fricative in Hungarian, and they also realized the peculiarity of the voice quality it
displays. However, the systematic exposure of the factors that facilitates the occur-
rence of [f], and the acoustic description of its voicing characteristics were at that
time, and as we will see below, are still, missing from the literature.

As we already briefly discussed, in the phonetic textbooks published in the
last decades, a very strong agreement is reached with respect to the occurrence
of breathy voiced /h/, irrespective of its place of articulation. According to this
consensus, and in line with phonology, Hungarian /h/ is (breathy) voiced in all
VhV contexts (Laziczius 1963/1979; Bolla 1995; Kassai 2005), as well as in all
SonhV contexts (Laziczius 1963/1979; Kassai 2005). But interestingly, these preva-
lent assumptions are treated as trivial, despite the fact that ever since the study of
Meyer and Gombocz (1909) who observed the breathy voiced [f] in only 20 inter-
vocalic tokens of /h/ in unsystematically varying contexts, there has been only one
experimental attempt to gather some more evidence for it, by the use of modern,
and (at least in some sense) more reliable techniques, in more speakers, and via
the analysis of more than 20 data points (Gdsy 2005, see below). Moreover, the

2. Actually, the phonemic distinction between [h] and [h] is generally very rare, as it is at-
tested only in two of the 317 languages included in the UCLA Phonological Segment Inven-
tory Database (Maddieson 1984).

3. Breathy voice and whispery voice are compound phonatory modes involving two particular
types of voiceless airflow, whisper and breath, and a voicing gesture (for further discussion see
Laver 1994; Gobl & Ni Chasaide 1995).
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hypothesis that Son/hV contexts also facilitate the voicing of /h/ to the same extent
as VIV contexts, has never been addressed and corroborated experimentally. The
same also applies to Siptar’s (1994/2016) suggestion that prominence may play a
role as a governing factor in the [A] ~ [h] alternation.

As the first, and to date the only follower of the path Meyer and Gombocz had
set for research, Gdsy (2005) analyzed 50 intervocalic realizations of /h/, by the
use of visual inspection of the spectrogram and the oscillogram, and a categorical
analysis that differentiated only between voiced and voiceless realizations (the crite-
rion for /h/ to be classified as voiced was whether it showed low-frequency period-
icity for minimally two thirds of its length). The material consisted of a number of
different Hungarian vowel qualities serving as VAV contexts in Hungarian words.
As the aim of the study was an initial exploration of the occurrence of the voiced
allophone of /h/, these VAV contexts varied unsystematically: some contexts were
symmetrical, some asymmetrical, some occurred word-medially, while others at
word boundaries. The vowel opening and backness features were also not system-
atically controlled factors, or at least their variation did not result in a numerically
well-balanced design, and neither were these features tested in otherwise com-
pletely well-matched comparisons (e.g., vowels were not matched for the backness
feature, when the effect of openness was evaluated). In the final analysis, Gosy
(2005) concluded that /h/ is likely to undergo voicing (i) if the speech rate is fast,*
and the duration of the consonant is reduced accordingly, and (ii) if the /h/ sound
is produced in the symmetric context of front vowels (as opposed to back vowels).
More specifically, among all front contexts approx. 75% of /h/ tokens were realized
with 100% voicing, while among back contexts, only approx. 38-39% (Gdsy 2005:
Figure 13).

Even though it may be claimed that due to the unbalanced speech material,
the cited conclusions should be regarded as only tentative, they point to a very
important question, namely, if the features of the vowels that serve as context for
/h/ may play a role in facilitating the intervocalic voicing of /h/. More specifically,
on the basis of the results of Gésy (2005), we may propose that both backness and
openness should be tested as potential factors affecting the voicing of intervocalic
/h/. The reason to include also openness in the analysis is basically the same as the
rationale behind measuring the effect of backness, i.e., the interaction between the
tongue position and the laryngeal settings that is exerted via a complex system
of physiological and aerodynamical linkages between the tongue and the larynx
structures.

4. Gésy (2005) provides no specific measure of ‘fast’ speech.
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As articulatory studies tend to suggest, front close unrounded vowels (e.g., /i/
/el) (and according to some sources, even the open front /a/, see Demolin et al.
2002) have a higher larynx position than back close, close-mid or open rounded
vowels (as e.g., /u/ /o/) (Painter 1976; Hess 1998; Hoole & Kroos 1998; Demo-
lin et al. 2002).> Although the results are somewhat inconclusive for the effect of
the backness feature alone (while Painter 1976 found implications of the backness
effect via electromyography, Hoole and Kroos (1998) showed no clear support for
it but found high interspeaker variability via digital video filming of the thyroid
prominence), and are not really explicit about the effect of vowel openness alone
(see e.g., Demolin et al. 2002), we may tentatively claim that front vowels display
a higher position of the larynx than back vowels, while to a smaller extent, close
vowels are also differentiated by higher positions of the larynx from low vowels.
Moreover, larynx position also affects the production of voicing, since lower posi-
tions of the larynx induce a greater abduction of the vocal folds (Zenker & Zenker
1960; Pabst & Sundberg 1992), while higher positions increase adduction, and
thus tension in the vocal folds (Sundberg & Askenfeld 1981; Honda et al. 1999). As
a result, a higher position of the larynx also decreases the possibility of creating a
glottal chink needed for the production of breathy voice or voicelessness.

Now, as a result of such governing forces of articulation as ‘articulatory econ-
omy, i.e., the (maximal) reduction of metabolic costs of speech production (see
e.g., Lindblom 1990 for further details), we may assume that the vertical position
of the larynx may be lower in /h/ if it is flanked by back/open vowels symmetri-
cally (rather than by front/close vowels), since back/open vowels also induce lower
position of the larynx. This interrelation may be regarded as ‘secondary’ coarticu-
lation, as coarticulation in this case affects articulatory gestures which are not tra-
ditionally considered to be primary gestures in the production of speech sounds,
such as vertical larynx position. Consequently, we may also expect that the main-
tenance and/or the quality of voicing in /h/ varies as a function of vowel quality,
especially vowel backness and openness. On this basis, we argue that the vocalic
features openness and backness, affecting the vertical position of the larynx both
in the vowel and possibly in the enclosed consonant due to coarticulation, should
both be tested as potential factors that may also affect the control and the quality
of voicing in the enclosed laryngeal fricative.

5. Actually, this interrelation is only true for languages that do not use the advanced tongue
root [ATR] feature, since in the [ATR] languages the opposite relationship was observed em-
pirically between vowel openness and larynx height, as reviewed and pointed out by Hess
(1998).
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1.2 Aims

Before discussing the aims of the present study, let us briefly recapitulate the claims
made in the literature whose validity is at issue. First, it is claimed without firm
empirical evidence that Hungarian /h/ in syllable onset is (breathy) voiced in all
VhV contexts (Laziczius 1963/1979; Bolla 1995; Siptar 2001; Siptar & Torkenczy
2007; Kassai 2005), as well as in all SonhV contexts (Laziczius 1963/1979; Siptar
1994/2016; Kassai 2005). The most reliable experimental attempt addressing the
effect of VAV context so far concluded that /h/ is likely to undergo voicing if it
is produced in the symmetric context of front vowels (rather than back vowels)
(Gdsy 2005). However, the evidence supporting this conclusion was obtained in
a study where the analyzed contexts were most probably not well-controlled for
all features of interest, and thus the conclusions need further support and clari-
fication. Moreover, on the basis of the findings of Gdsy (2005), and the complex
interlinks between lingual and glottal articulatory structures, we also propose that
the effect of vowel openness should also be tested as a potential conditioner of /h/
voicing. Second, it is also claimed without objectively gathered empirical data that
/h/ may be realized as [A] only in intervocalic contexts where /h/ is followed by an
unaccented vowel (Siptar 1994/2016). For this claim we find no objective evidence
in the literature.

In the present study, we aim at gathering empirical evidence for all but one of
these claims and proposals. Our primary goal is to test four effects that may poten-
tially affect the voicing characteristics of intervocalic /h/: (i) intervocalic context
(vs. post-pausal word-initial position), two vowel quality features of the flank-
ing vowels, (ii) backness, and (iii) openness, and (iv) a phonological conditioner,
prominence.® In the present study we test these effects in syllable-onset (i.e., the
position of /h/ in the syllable is a controlled factor in the analysis), since in this
position, the place of articulation of /h/ is undisputedly laryngeal (with accompa-
nying secondary oral gestures due to lingual coarticulation; for more details, see
Section 1.3).

On the basis of the findings of Meyer and Gombocz (1909), and Gésy (2005),
and the previous professional experience of the authors with the segment at hand,

6. Note that due to reasons of space, this study is only concerned with intervocalic context,
and symmetrical vowel contexts specifically. The latter decision is further motivated by the
fact that the predictions are much clearer for symmetric contexts than for asymmetric con-
texts (see Gosy 2005), where further movements of the larynx are also expected during the
production of /h/, i.e., a dynamic instead of a static production is expected, with less clearly
predictable effects on phonation. However, we already started to gather and analyze data on
the effect of the sonhV context, on which preliminary results were already presented else-
where (Deme et al. 2018).
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we hypothesized that intervocalic contexts invariantly elicit the voicing of /h/ in
syllable onset, irrespective of the presence or absence of a word boundary and a
corresponding sentence level prominence. However, in accordance with the find-
ings of Gosy (2005), the phonetic characteristics of breathy voice, and the above
outlined interaction of articulatory structures, we also expected that front and
close vowels facilitate the maintenance of voicing in /h/ more (i.e., throughout the
whole segment).

As a second aim, we also intended to give an initial, exploratory description of
the quality of breathy voice Hungarian /h/ is claimed to exhibit, or to put it more
precisely, to describe the quality of the sound (but not necessarily just the quality
of the voice or voiced fraction of the sound) produced during the production of
/h/ in intervocalic positions as opposed to the sound quality (may it be voiced,
unvoiced, or partially voiced) it exhibits in a baseline post-pausal position. To
grasp this general “sound quality” or signal characteristic difference between real-
izations, we measured and analyzed harmonics to noise ratio (HNR) as a function
of the quality of the flanking vowels, with special attention paid to backness and
openness. This acoustic parameter is briefly introduced in the next section, along
with the acoustics of breathy voice known from the literature. As far as the qual-
ity of the produced sound, i.e., signal noisiness/periodicity of /h/ is concerned,
we predict that higher and more fronted positions of the tongue (and the larynx)
facilitate the increased adduction of the vocal folds, and thus reduce the breathi-
ness, i.e., the amount of noise in /h/.

We find it important to emphasize here that to reliably test our hypotheses,
the most fruitful approach is to use a phonetically well-controlled and numerically
also well-balanced speech material, and a fine-grained phonetic analysis, which
could account for voicing (and the quality of the signal in /h/ tokens in general)
in a gradual way by quantifying these features on a continuous scale. In order to
fulfill these expectations, in our experiment we used read laboratory speech, and
measured the ratio of the voiced part (RVP) to express the amount of voicing, and
harmonics-to-noise ratio (HNR) to express the quality of voicing in the segment
at hand. Our approach in all of these respects constitutes novelty both in the topics
of fricative voicing (especially in the laryngeal fricative) and the quality of breathy
voice in general.

1.3 The acoustics of breathy voice, and acoustic parameters that quantify
voice quality in fricatives

As discussed in the previous sections, the intervocalic allophone of Hungarian
/h/ in syllable onset is claimed to be a voiced laryngeal fricative [fA]; however,
as we have also seen in detailed phonetic argumentations, the voicing of /h/ is
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a very special type of phonation, namely breathy voice. Therefore, to reveal if
intervocalic /h/ is really “voiced”, we must somehow grasp the (subtle) acoustic
difference between the voiceless (or, applying Laver 1994’s terms, the breath pho-
nated) [h] and the breathy voiced [f] variant of the laryngeal fricative. Based on
the acoustic and articulatory features associated with breathy voice (and summa-
rized briefly below), we opted for the harmonics to noise ratio (HNR) parameter
to operationalize this difference, which expresses the harmonicity/noisiness of
the voice source.

In the production of breathy voice, the vocal folds vibrate very inefficiently,
and they never come fully together during the “closed” phase. As a result, a sub-
stantial amount of air is constantly escaping through the glottis during the whole
phonatory cycle in the form of a turbulent air stream, causing a clearly audi-
ble frication noise characterizing this special voice quality (see e.g., Laver 1994;
Gobl & Ni Chasaide 1995; Stevens 1999). In accordance with this, and according
to Gobl and Ni Chasaide (1995), an important acoustic cue that differentiates
breathy voice from other “noisier” types of phonation, including voicelessness, is
a dominant periodic component relative to the noise component. Consequently,
we propose that HNR, a measure of signal harmonicity is appropriate to quantify
the fine-grained phonetic difference between breathy voiced and voiceless real-
izations of /h/, and it may also reliably reflect the dominance of noise/periodic
components within the groups of phonated variants. As its name suggests, HNR
expresses the relation between periodicity and noise in a signal, and so it can be a
measure of both degree of voicing and “noisiness”, i.e., how periodic (as opposed
to aperiodic) a sound is (Gradoville 2011; G. Kiss 2013). A HNR of 20 dB means
that 99% of the energy of the signal is in the periodic part, and 1% is noise; in
other words, HNR approximating to 20 dB indicates a modally voiced (e.g., a
vowel) segment, while a HNR of 0 dB means that there is equal energy in the
harmonics and in the noise (see the Praat manual) (for details of calculation, see
Boersma 1993). We argue that for the purposes of the present study, HNR is the
most suitable parameter, since unlike other source parameters (e.g., spectral tilt
or formant bandwidth based parameters, see Garellek to appear), it can be mea-
sured both in (partially) voiced and voiceless realizations, and can thus quantify
the differences between these qualities on one single dimension. We must also
emphasize here again, however, that there are no formerly established HNR val-
ues for the possible realization of the laryngeal fricative which could be used as a
reference in the present analysis.

As a second important feature of the laryngeal fricative, we must also briefly
mention here its susceptibility to coarticulation, which is also a reason why
e.g., measures of spectral balance (e.g., center of gravity, COG) were not used
here as a measure of voicing, despite its widely accepted use for this purpose in
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fricatives (see e.g., Gradoville 2011; G. Kiss 2013). Since the laryngeal fricative
is specified only for a constriction in the glottis and is underspecified for oral
configuration (see Keating 1988: 282-283; Beckman 1995: 212), it can essen-
tially be produced with any kind of anticipating or perseverating supraglottal
(co)articulatory maneuvers that the economical production of the following
or the preceding vowels may demand. Therefore, even in cases where the main
place of articulation of /h/ is in the larynx (as is expected in the case of /h/ in
syllable onset in Hungarian), there is most probably a secondary constriction
also in the oral cavity when /h/ is preceded, followed, or enclosed by vowels.
And this constriction inevitably shifts the center of gravity of the spectrum to
a certain extent.

2. Methods

2.1 Participants

We recorded 19 speakers (11 male, 8 female) aged between 22 and 38 (average:
30). The speakers were monolingual native speakers of Hungarian with no speech
or hearing disorders reported. Informed consents were collected from each par-
ticipant before the recordings.

2.2 Material

We analyzed /h/ realizations in syllable onsets of Hungarian words embedded in
meaningful sentences which we recorded as part of a bigger set of linguistic mate-
rial. Tokens of /h/ were recorded in three conditions which varied in vowels as
contexts, in the position of /h/ in the word, and in the syllable having or not having
pitch-accent.” The three conditions were the following. (i) Word-medial /h/ as the
onset of an unaccented syllable (referred to as VAV in the analysis), e.g., Teher /
teher/ nyomta a valldt, nem a semittevés konnyiisége ‘it was burden that she carried
on her shoulders, not the unbearable lightness of doing nothing’ (ii) Word-initial
/h/ in a pitch-accented word (the pitch-accent was elicited by pre-verbal focus
position) as the onset of the accented syllable (referred to as V#hV in the analysis),
e.g., Keze hevesen [keze#heve[en/ kutatott a né utdn a sététben ‘his hands searched

7. In Siptar (1994/2016) it is not specified if the effect of ‘prominence’ should be regarded as
an effect of lexical stress or sentential prominence, i.e., pitch-accent. Therefore, in the present
study we opted for testing the stronger prosodic phrase boundary marker, pitch-accent, which
thus should also exert the strongest effect (if prominence does play a role in the issue at hand).
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for her vehemently in the dark’ (iii) Word-initial utterance-initial (post-pausal)
/h/ as the onset of the pitch-accented syllable (referred to as #hV in the analy-
sis), e.g., Herendi /herendi/ ‘from Herend (name of a city)’ (Note that items in the
#hV condition were one-word sentences, and while reading these sentences, par-
ticipants were repeatedly reminded to read each item as an individual sentence.)
Target items were collected by means of the ‘szdszablya webcorpus (Halacsy et al.
2003). In this setting, condition (iii) served as a baseline, since in this condition
/h/ is predicted to exhibit no voicing both by phonetic and phonological studies.
As mentioned above, to reduce the number of variables, but still provide a rep-
resentative and well-balanced set of vowels for the investigation of the effect of
backness and openness, in the present study, we limited the analysis to symmetric
V-contexts, where we used /u v i &/ in all conditions systematically. In other words,
we compared /h/ realizations in /uhu/, /vhv/, /ihi/ and /ehe/ sequences, to test the
effect of vowel backness (back /uhu/ and /vhv/ vs. front /ihi/ and /ehe/) and vowel
openness (close /uhu/ and /ihi/ vs. open /vhv/ and /ehe/). Note that the feature of
lip rounding covaried with backness (front vowels were both unrounded, while
back vowels were both rounded), and showed a 50-50% distribution both in the
open and the close groups (one rounded and one unrounded in each group). Since
there is no open rounded front vowel in the Hungarian vowel inventory, this solu-
tion was the only one that could efliciently control for the effect of lip rounding
(or at least balance it among the conditions). However, we are also aware that it
potentially also exaggerated the effect that vowel backness may have exhibited, as
lip rounding further lowers the position of the larynx (see Hoole & Kroos 1998).
To reduce the overall duration of recording sessions, we recorded 3 repeti-
tions from each stimulus. Recordings were made in a sound-attenuated room with
an omnidirectional microphone and an external sound card. The items were pre-
sented on a computer screen in a randomized order; the recording sessions were
administered by the SpeechRecorder software (Draxler & Jansch, 2004). After the
exclusion of mispronounced tokens, a total of 1446 stimuli were analyzed.

2.3 Measurements

2.3.1 Estimation of the voiced part

As already mentioned, to quantify the extent to which /h/ was realized as voiced on
a ratio scale (instead of using the categorical ‘voiced’ vs. ‘voiceless labels), we used
the ratio of the voiced part to the total duration measure (RVP). For this purpose,
we measured the total segment duration and the duration of voicing (more spe-
cifically, the fraction of locally unvoiced frames) in it. To find the optimal way for
the detection of voicing, and thus the estimation of RVP in the target segments, we
ran a pre-test on three speakers’ data, i.e., on 450 stimuli. First, two authors of the
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study segmented and labelled the target VCV and target CV segments, and they also
annotated the voiced fraction of the /h/ realizations manually by the use of acous-
tic cues in the low-pass filtered acoustic signal (upper limit of the filter: 500 Hz).
After the extraction of RVP in both annotations, we compared the data from the
two annotators, and found close agreement between them (p = 0.9, p < 0.001). Then,
we also extracted the RVP by the use of the voice report function in Praat (Boersma
& Weenink 2017) using the settings suggested by Eager (2015): we used gender-
specific f-ranges of 70-250 Hz for males and 100-300 Hz for females. Finally, we
compared the data of the second annotator and the RVP extracted by Praat. The
comparison showed a very close agreement between the data extracted manually
and automatically (p = 0.7, p < 0.001). On this basis, and based upon other inde-
pendent sources which concluded that the voice report function in Praat may be
regarded as statistically equivalent to manual annotation (see Eager 2015), we finally
opted for manual annotation of the target segments but the use of automatic voice
detection (i.e., Praat’s voice report) for the estimation of RVP in all participants. Typ-
ical examples of /h/ tokens in #hV, V#hV, and VAV conditions, and one atypical (i.e.,
almost voiceless) example of /h/ in VAV condition are illustrated in Figure 1 by the
recorded audio waveform, spectrogram, and their corresponding manual segmenta-
tion. RVP data were also analyzed in interrelation with total token duration.

Ly ’ i
S —— ‘HJ{;“ ) —— "““;“:‘m‘“u‘ [TaNe—— “»“,‘ i
N 5000 L N 5000 il
T 4000 - < 4000 | At
> >
g 3000 - g 3000 g
g 2000 - g 2000 | e H il
$ 1000 - o L g 1000 i
< <
w o} w o} . .
h D D h D
o 0.3028 o 0.2913
Time (s) Time (s)
“"“3*5\"!‘""‘}\‘“"”f’“"“*‘"‘*‘\’Ff'M‘y(rr‘W}L"fr“““ﬂ"' e
E 5000 %‘ 5000 AL S
= 4000 = 4000 - ) bk ki
> 4 > 4 " W\ 't {
g 3000 - i } : g 3000 | ' a‘n : j
'
§_ 2000 - i %_ 2000 - \
w o 9 e o Ll
D h D i h i
o 0.3795 o 0.4177
Time (s) Time (s)

Figure 1. Upper row: typical examples of /h/ tokens in the #1V (left, voiced in 18%), and
V#hV (right, voiced in 100%) conditions; bottom row: typical (left, voiced in 100%) and atypi-
cal (right, voiced in 25%) examples of /h/ tokens in the VAV condition
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2.3.2  Acoustic measure of signal characteristics

Our second aim was to also investigate how intervocalic (vs. post-pausal) posi-
tion affects the sound quality, or more specifically, the periodicity/noisiness of /h/.
Moreover, we also intended to test if this feature of the /h/ realizations is also
affected by the backness and openness of the neighboring vowels. For this pur-
pose, we measured HNR, an acoustic parameter (which we also briefly introduced
in Section 1.3) in Praat: we measured the mean HNR within the whole /h/ segment
(HNR averaged over all frames, may it be voiced or voiceless), with the minimum
pitch set to 100 Hz for women and 70 Hz for men (on the basis of Eager 2015),
and the values of silence threshold, time step, and periods per second set to Praat’s
standard values. Note that HNR averaged for the whole segment is affected both
by the amount of voicing present in the segment, and the intensity of the noise
components. Therefore, this method has the advantage of encompassing both fea-
tures of interest in one simple dimension, while it also has the disadvantage that
it puts limits to the interpretation of the parameter at hand, as it does not simply
reflect the quality of voicing in the voiced fraction of the sound, but rather an
overall quality of the whole segment.

2.3.3 Statistical analyses

We used the Ime4 package (Bates et al. 2015) in R (R Core Team 2017) to per-
form a linear mixed effects analysis of the effect of vowel backness, vowel open-
ness and condition (as fixed effects) on RVP and HNR values. In these models, we
also included random intercepts for subjects, and random slopes by subject for
all fixed effects. Assumptions of homoscedasticity and normality were tested by
visual inspection of residual plots. P-values were obtained via the Satterthwaite
approximation available in the ImerTest package (Kuznetsova et al. 2017). Pair-
wise comparisons were carried out with Tukey’s post hoc tests available in the
Ismeans package (Russell 2016). For graphical representation, we summarized the
data with adjustment of the confidence intervals by removing inter-subject vari-
ability using the method proposed by Morey (2008). Correlation analyses were
performed by Spearman’s test.

3. Results

In general, 32% of /h/ tokens were realized with 100% RVP in all conditions, among
which 97% were found in the two types of intervocalic conditions. Among tokens
of intervocalic positions, 81% were realized as fully voiced. Among all /h/ tokens
between front vowels 87% were realized as fully voiced (i.e., RVP = 100%), while
among all tokens between back vowels, 75%. Overall RVP data (Figure 2, upper
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left) shows that all the intervocalic conditions pattern together and are clearly
distinguished from the baseline condition with a relatively high ratio of voicing.
The group means and their standard deviations were as follows: #1V: 35 + 21%,
V#hV: 88 + 23%, VAV: 96 + 13%. Figure 2 also shows the data broken down by
vowel quality (upper right panel). Generally speaking, the tendencies in terms of
all vowel qualities are highly similar to what is observable in the pooled data, that
is, on this basis no notable vowel quality effect may be suspected. However, we also
see that in the word-initial pitch-accented (V#hV) condition, the extent of voicing
in the back /v/ (78 £ 27%) and /u/ contexts (87 + 24%) is slightly lower than in
the front vowel contexts (94 + 18% for both /¢/ and /i/), while in the post-pausal
syllable onset (#hV), the front /i/ (29 + 19%) and /e/ (34 £ 20%) elicited a lower
ratio of voicing in /h/ as opposed to the back /u/ (37 £ 22%) and /v/ (39 + 20%).
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Figure 2. RVP in all /h/ segments pooled (upper left), and as a function of the right vowel’s
quality (upper right; /v/: black solid line; /¢/: black dotted-dashed line, /i/: grey dashed line,
/u/: gray dotted line), vowel backness (bottom left), and vowel openness (bottom right) (mean
+95% confidence interval, adjusted for inter-speaker variability)
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The above observations were partially corroborated by statistical analysis:
according to a linear mixed model including the fixed factors openness, back-
ness, and condition, and speaker as random effect, there was a significant inter-
action effect between backness and condition (F (2, 1042.50) = 18.13, p < 0.001)
(Figure 2, bottom left), between openness and condition (F (2, 1041.47) = 3.92, p
= 0.02), and between openness and backness (F (1, 1113.64) = 8.79, p = 0.03) on
RVP (Figure 3).
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Figure 3. RVP as a function of vowel openness, backness, and condition (mean + 95% confi-
dence interval, adjusted for inter-speaker variability) comparing RVP in the three conditions
within vowel groups

The first interaction is due to a difference between the front and back vowel groups
in the V#hV context (where back vowels exhibited a slightly lower ratio of voicing
in /h/, RVP = 94 + 18% for front, and 83 + 26% for back vowels), and a somewhat
smaller difference observable in the #4V context in the opposite direction (where
back vowels exhibited a slightly higher ratio of voicing, RVP = 38 + 21% for back
and 32 + 20% for front vowels). The interactions show that the clearly visible effect
of condition is to some extent different in the front and back vowel groups (as con-
texts), while the effect of backness is also to some extent different in the open and
close vowels, i.e., neither the back and front vowels, nor the open and close vowels
behave as homogenous groups (as contexts) with respect to the RVP in /h/. Despite
the interactions, Tukey’s post hoc test revealed that all tokens differed in the #hV
vs. V#hV (p < 0.0001 in all pairs), and in the #41V vs. VAV (p < 0.0001 in all pairs)
comparisons, but not in the V#hV vs. VAV comparisons, where vocalic features
were held constant.
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We also analyzed the duration of /h/ as a function of conditions (fixed factor:
condition) to see if token durations varied systematically in the three conditions.
The model revealed that the absolute duration of /h/ is indeed affected by the
condition (F(2, 18.76) = 11.86, p < 0.001), but according to pairwise comparisons,
only the #hV condition (M = 79.89 ms, SD = 25.46) differs from VAV (M = 67.78
ms, SD = 18.37) significantly (p = 0.006), while V#hV (M = 75.70 ms, SD = 28.20)
does not differ from any of the conditions. Correlation analysis of token durations
and RVP additionally showed that the difference between conditions also lies in
the interrelation between /h/ duration and the amount of voicing: while /h/ dura-
tion was in strong negative correlation with RVP in both types of intervocalic
positions (V#hV: p = —0.57, p < 0.0001; VAEV: p = —-0.41, p < 0.0001), it showed
only a very weak significant negative correlation in #4V (p = —0.09, p = 0.02). This
result suggests that the duration of the voice leak in /h/ from the right vowel is
almost independent of the total duration of the segment post-pausally, but longer
segments tend to have less voicing intervocalically (Figure 4).
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Figure 4. Correlations of segment duration and ratio of voiced part

Lastly, we turn to the measure of harmonicity. Visual observation of the overall
HNR data reveal a very similar trend to what we observed in the RVP data, namely
that the intervocalic and post-pausal onset conditions differ remarkably, while the
two intervocalic conditions pattern together (this observation is also supported by
post hoc tests of the linear mixed effects model: for #hV vs. V#hV p < 0.029; for #hV
vs. VAV p <0.0001). /h/ realizations in #hV showed dominance of aperiodic (noise)
components over periodic components (lower HNR values), while /h/ tokens in
V#hV and VhV appeared to be more periodic (higher HNR values) (Figure 5,
upper left). According to the data sorted by the vowel quality feature (Figure 5,
upper right), /h/ tokens were the least periodic in /v/ context in all but the #hV
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condition, while tokens in /i/ context and in V#hV condition were the most peri-
odic. On the basis of HNR values, the following harmonicity order of /h/ realiza-
tions emerged in the two intervocalic contexts, in terms of the context vowel: /v/ <
/el < Ju/ < /i/, and the following grouping was established in VAV context: /v/ vs. /¢
u i/ (where the latter group displayed less noisy /h/ tokens) (Figure 5, upper right).
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Figure 5. HNR in all /h/ segments pooled (upper left), and as a function of the right vowel’s
quality (upper right; /v/: black solid line; /e/: black dotted-dashed line, /i/: grey dashed line,
/u/: gray dotted line), vowel backness (bottom left), and vowel openness (bottom right) (mean
+ 95% confidence interval, adjusted for inter-speaker variability)

On the HNR data, a linear mixed model revealed a significant 3-way interaction
effect of backness, openness and condition (F (2, 995.74) = 13.3670, p < 0.001),
which is to be interpreted as a condition by openness, or a condition by backness
interaction, that varies across the levels of the third variable. Therefore, in the pres-
ent design this result is basically equivalent to a condition by vowel quality interac-
tion, which reflects again that the open, close, back, and front vowel groups do not
behave as homogenous groups with respect to their role in facilitating /h/ voicing.
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According to Tukey’s post hoc tests, #1V vs. V#hV, and #hV vs. VAV contexts dif-
fer in all vowel groups significantly (p < 0.05), but the two intervocalic conditions
do not. The differences of group means show that the acoustic signal exhibited
more dominant periodic components in all conditions in close vowels context
(Figure 5, bottom right), and that a similar trend was true for /h/ tokens in back
vowels’ context in all but the #hV condition (Figure 5, bottom left).

We also tested if signal harmonicity in /h/ is correlated with RVP, to see to
what extent the value of HNR was affected by the length of the periodic signal
fragment. We found a strong/moderate positive correlation in both intervocalic
contexts (V#hV: p = 0.59, p < 0.001; VAV: p = 0.32, p < 0.001), but no correlation
in #hV (Figure 6).
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Figure 6. Correlations of HNR and ratio of voiced part

This reflects that the differences we found in HNR values between the intervo-
calic and post-pausal conditions are linked to the amount of voicing: although
an increase in overall signal periodicity is indeed in correspondence with an
increased ratio of voiced frames intervocalically, it is not so if the segment is
uttered after a pause. In other words, the noisy quality of /h/ tokens in post-pausal
position cannot simply be interpreted as a result of shorter relative durations of
the voice leak from the neighboring vowel; rather, it is a generally noisier sound
quality.

4. Discussion and conclusions
The acoustic analysis of the Hungarian /h/ has shown that the main factor trig-

gering its voicing in syllable onset is the intervocalic position: if the /h/ occurs
between two vowels, it is realized as voiced (in roughly 80% of its total duration),
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irrespective of the word boundary in the sequence or the presence of pitch-accent
on the containing syllable, while in a post-pausal context (regarded as a baseline in
the analysis) a very low amount (approx. 30%) of voicing is found. However, vowel
backness also has an effect in interaction with this condition. Thus, although in a
binary categorization we are safe to categorize /h/ as voiced intervocalically, the
exact amount of its voicing is to some extent dependent on the horizontal tongue
position of the flanking vowel(s). On a word boundary, and between front vowels,
/h/ appears to contain more voicing than between back vowels, but the tendency is
reversed when the onset /h/ is uttered after a pause.

The ratio of fully voiced tokens we found in intervocalic positions was highly
in line with Mitterer (2018), and roughly in line with the results of Teras (2018).
Similarly to Mitterer, we found that 81% of tokens were realized with 100% voic-
ing, while Teras had found this ratio to be 70%. As far as the ratio of voiced vari-
ants in intervocalic front and back contexts is concerned, to some extent, our
results are close to Gosy (2005), since both studies conclude that front vowels
tavor /h/ voicing. However, there is a striking difference with regard to the dis-
favored back vowel context. To recall, Gdsy (2005) put the ratio of voiced vari-
ants at 75% between front vowels, and 38-39% between back vowels, compared
to the present study’s findings of 87% between front vowels and 75% between
back vowels. We are tempted to put down this divergence in the results to major
differences in methodology and speech material applied in the two studies, and
conclude that by and large, our results are in accord with Gésy (2005) as well. On
the basis of the above, we claim that our first hypothesis is partially corroborated,
as the position of the /h/ and the presence of pitch-accent did not show an effect
on the amount of voicing in /h/, but the effect of openness is more complex than
hypothesized. This effect of vowel quality will receive further comment as we
discuss our findings on HNR.

The durational analysis revealed that there are further differences between
/h/ variants and the phonetic processes that are responsible for /h/ voicing in the
intervocalic and post-pausal positions. The results show that /h/ tokens are the
longest if they are produced word-initially and after a pause, and that duration
and amount of voicing are in closer correspondence if /h/ is positioned intervo-
calically rather than post-pausally. While /h/ tends to have less voicing if its total
duration increases intervocalically, the amount of voice leak from the neighbor-
ing vowel is much more independent of the total duration of the token if it is
preceded by a pause.

Our results suggest that the voiced realization of /h/, i.e., [f], is voiced in
approximately 80% of its total duration, while its voiceless counterpart [h] con-
tains vocal fold vibration in about one third (approx. 30%) of its total duration.
As these values were established on the basis of a great number of observations,
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they may be also treated as gross reference values in future binary-classification-
based analyses.

We also intended to give an initial, exploratory description of the qual-
ity of breathy voice Hungarian /h/ is claimed to exhibit. To put it more pre-
cisely, we aimed to describe the quality of the sound (but not necessarily just
the quality of voice or the voiced fraction) produced during the production of
/h/ in intervocalic positions as opposed to the sound quality (may it be voiced,
unvoiced, or partially voiced) it exhibits in a baseline post-pausal position. To
grasp this general “sound quality” or signal characteristic difference between
realizations, we measured and analyzed the harmonics-to-noise ratio as a func-
tion of the quality of the flanking vowels, with special attention paid to backness
and openness again. We predicted that higher and more fronted positions of
the tongue (and the larynx) facilitate the increased adduction of the vocal folds,
and thus reduce breathiness, i.e., the amount of noise in /h/. This hypothesis
was again partially corroborated by our results, as we found that front vowels
and close vowels did indeed facilitate more periodic (less breathy/less noisy)
/h/ realizations, but these tendencies were found so clearly only in intervocalic
contexts. After a pause, /h/ variants were not distinguished by HNR along the
neighboring vowels’ backness feature, while the distinction was still present,
only at a generally lower mean value along the openness dimension. HNR data
were also in line with RVP (which we used to quantify the amount of voicing),
as both of these measures reflected that /h/ tokens are more likely to be voiced
(or they contain more prominent periodic components) intervocalically than
after a pause. Furthermore, we also showed that the difference we found between
the two positions reflected actual dissimilarities of the laryngeal settings the /h/
tokens were produced with, and not only the fact that post-pausal /h/ tokens
generally contained a lower ratio of voiced part. In the statistical analysis, how-
ever, we found a three-way interaction of the factors, indicating that the vowel
quality features openness and backness, which are claimed to distinguish and
cluster the tested vowels, do not seem to be relevant, or homogenous categories
with respect to their behavior as facilitating contexts for intervocalic /h/ voic-
ing. That is, in this respect, /e/ differs from /v/ in other aspects than /i/ differs
from /u/. We can further note that on the basis of the HNR values measured in
intervocalic /h/ realizations, two (more or less distinct) vowel groups seemed to
emerge: /v/ vs. /i u ¢/. Before turning to the explanation of this result, we take a
short detour into the underlying articulatory mechanisms of these vowels and
their traditional featural description (that we also applied in the present study).

Traditionally, vowel qualities are defined and described on the basis of artic-
ulatory and perceptual-acoustic features in a mixed manner as follows (see IPA
Handbook 1999). The first feature is jaw opening and/or tongue height, i.e., the
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vertical position of the highest point of the tongue or the position of the tongue
body as a whole. In this dimension we distinguish ‘close, and ‘open’ vowels, and
two in-between categories defined on a perceptual basis: ‘close-mid, and ‘open-
mid’. The second feature is tongue backness, i.e., the horizontal position of the
highest point of the tongue or the position of the tongue body as a whole. In this
dimension we define ‘front, ‘back, and ‘central’ vowels. The third feature is lip
rounding. In this dimension we have ‘rounded; and ‘unrounded’ vowels. (To these
features, the additional feature of phonological length is also added, if relevant.)
Although these features seem to be rather straightforward, and are thus widely
used, if we take into account the actual articulatory maneuvers the vowels are pro-
duced by, this ‘lingual oral model’ of classification (Esling 2005: 15) seems to be
highly oversimplifying.

In a series of studies done by electromyography and via the computational
modelling of the tongue muscles, Honda (1996) analyzed the coordination of the
lingual muscles, with special attention paid to vowel articulation. Based on his
findings, Honda (1996) proposed that the main four muscles of the tongue are
assigned to the production of the anchor vowels of the cardinal vowel system in
pairs, as follows: the genioglossus posterior and genioglossus anterior are involved
in the production of /i/, the genioglossus anterior and the hyoglossus are employed
in the production of /«/, the genioglossus posterior and the styloglossus are pat-
terning together in the production of /u/, and the hyoglossus and the styloglossus
are engaged in the production of /a/. That is, from an articulatory perspective,
the difference between “openness” categories is indeed fundamentally different in
“front” and in “back” vowels: in “front” vowels (/i/ vs. /a/) it is indeed the differ-
ence in jaw opening, while in “back” vowels (/u/ vs. /a/) it is raising, and retraction
of the tongue in the case of “close” and “open” vowels, respectively (see Esling 2005:
23). What is more, due to the connections of these muscles to other speech organs,
these findings also imply that it is the “back open” /v/-like vowels which exhibit
the strongest connection to (and the greatest effect on) the laryngeal settings via
the direct link of the hyoid bone. In conclusion, it may as well be argued that the
coarticulatory effects of /v/-like sounds on the vertical position of the larynx in
the flanking speech sounds and thus on the quality of voicing may also be funda-
mentally different from that of the rest of the “vowel regions” in the vowel space.
Therefore, we may now draw the conclusion that our results, which show the two
“natural classes” of vowels /v/ vs. /i u ¢/ emerging as separate categories, are well-
established in the articulatory implementation of the studied vowel categories.

To conclude, the present study has contributed to the observation that the
intervocalic voicing of /h/ is a phonetic process that generalizes across languages.
It has also shown that such phonological conditioners as pitch-accent do not play
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a role in this process, but the openness of the flanking vowels as a vocalic fea-
ture does, via coarticulation. Our fine-grained phonetic analysis has further dem-
onstrated that the sound quality of the fricative is also affected by the openness
and backness of the flanking vowels. Our proposed explanation for this finding is
informed by a less simplified explanation of vowel articulation, and the complex
interactions between the tongue and the larynx structures.
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