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Abstract

Subglottal resonances are claimed to divide fraa#bvowels
and low/high vowels in several languages, including
Hungarian. However, some ‘recalcitrant’ vowels app&o
resist this mould. We therefore performed a carafidlysis of
the role coarticulation and speaker-dependent tsffeight
play in the recalcitrance of these vowels in HuiggarThe
present analyzis focused on various stop contextder to
see the place of articulation triggered effectds khown that
the subglottal resonances indeed divide the vopate as
claimed, and that the recalcitrance of certain Iswsdue to
coarticulation with specific consonants. The maggtt of the
coarticulation effect is speaker dependent.

Index Terms: subglottal resonances, coarticulation, vowels,
Hungarian

1. Introduction

Several studies in recent years [1, 2, 3, 4, S5ehexplored the
possible role of subglottal resonances (SGRS) innitef
vowel and consonant categories, as originally Hypsized by
Stevens [6] (we will refer to this as “the subgibtt
hypothesis”). In general, it has been found that thlation
between the first subglottal resonance (Sgl) arel fitst
formant (F1) defines the contrast between [+lowd &how]
vowels, and that the relation between the secordstial
resonance (Sg2) and the second formant (F2) defines
contrast between [+back] and [-back] vowels. Sypeadlf, for
[+low] vowels F1 is at a higher frequency than Sayid for [-
low] vowels F1 is lower. Similarly, for [+back] vaais F2 is at
a lower frequency than Sg2, and for [-back] vowek is
higher.

These relations for [low] and [back] vowels werewh to
hold in general for Hungarian, although the vowels/, /a:/,
and /o/ exhibited some exceptional behavior [4, 5]. (For a
description of the phonological and phonetical gatization
of these vowels, see [4]). Some of this behavics @plained
on the basis of speaker-specific patterns. Foants, some
speakers produced the majority of their [+low]vowels with
F1 higher than Sg1, while others produced the ritgjaf
their /e/ vowels with F1 lower than Sgl. This was also witie
the [+low] vowel/o/. At the same time, the [+back] vowel
was frequently produced with F2 less than Sg2,feausome
speakers there was also a significant number adymtions
with F2 higher than Sg2. The vowels and/a/, which are
phonetically [-back] (althoughvay patterns with [+back]
vowels phonologically [7, 8, 9]) were similarly freently

csapot@tmit.bme.hu,

beke.andras@gmail.com

produced with F2 higher than Sg2, but for some leggrsahere
was a significant number of productions with F2 éowhan
Sg2.

It is possible that “the subglottal hypothesis” giyndoes
not hold categorically for all vowels and all speek at least
in Hungarian. On the other hand, it is possibld tiwarticu-
lation between the vowels and their adjacent cosmstsn
masked the categorical nature of the case. Sincea@¥-VC-
transitions with varying consonants may be moreless
coarticulated and result in variable amounts of elotarget
undershoot (depending on the consonants themsellies,
speaker, and the speaking style, among other thih@}h, we
hypothesized that a detailed examination of consboantext
effects would yield evidence that coarticulationeslandeed
play a significant role in masking the categoritafure of “the
subglottal hypothesis” in Hungarian. This paperestigates
that possibility by examining formant transitionadatheir
extrema for Hungarian vowels in a variety of voicsp
consonant contexts.

2. Methods

Four native speakers of Standard Hungarian (2 rmalesl,
m2 and 2 females = f1, f2; aged 27—29 years) ppsied in
the experiment. None of them reported any speesdrdiers or
hearing problems. (Speaker m2 was also called sp@a in
an earlier study [5].) They were recorded readiogsense
words in a carrier sentence. The nonsense words GeCV
disyllables, where the two vowels in each word walkgays
identical (g, 0, a5, 0/), and the two consonants varied
independently among voiced stop®, {,;, g/). There were
therefore a total of 64 nonsense words. The caseatence
was “Most a CVCV sz6t olvasom.” ['I am reading therdo
CVCV now.’]. The sentences were randomized, and tedea
six times by each speaker. The first vowel in theG8A\Avas
the target vowel for subsequent analysis. Sustained
productions of all four vowels were also recordeaht the
four subjects.

Microphone recordings were made with an Audio-
Technica AT 4040 microphone. Subglottal data weoemed
simultaneously using a K&K HotSpot accelerometersped
against the skin of the neck (by hand) below thgratd
cartilage. Both the microphone and accelerometeatsgvere
recorded using an M-Audio Fast Track Pro extermaing
card in a sound-treated room at 22.1 kHz and X6 bit



Table 1.Mean values and standard deviations (in
parentheses) of the speakers’ SGRs (Hz).

Speaker Sgl Sg2
ml 607 (36) | 1290 (67)
m2 555 (30) | 1348 (56)
fl 624 (73) | 1536 (80)
f2 500 (50) | 1431 (50)

The microphone recordings were automatically segeken
[11], and the target vowel boundaries were manwalyected
by the authors. Formant measurements (F1 and F2) wade
automatically using Praat 5.1 [12], and manuallyrected by
the authors. Formants were measured 21 times im \eagel
(at 0, 5, 10, ... 95, 100% of the vowel duration)ush
reflecting the complete formant trajectories.

The first and second subglottal resonances (Sg2) Sg
were manually measured from the accelerometer detgs
using Wavesurfer [13]. Twenty-five vowel mid-poimgere
selected for measurement from each speaker. Thasnaal
standard deviations were calculated (Table 1),esthe SGRs
are roughly invariant for a given speaker [2].

The relation between the formants and SGRs was zetly
statistically by measuring 1) the difference betw&gl and
the maximum (extremum) value of F1 in a given attee,
and 2) the difference between Sg2 and F2, measatrélde
same time point as the maximum F1 (see Fig. 2, ndefe
panel). We also measured the formants at the voudgoint.
Crosstable analyses with chi-square and Cramer'sats8ts
were run in order to analyze the categorical refetibetween
the formants and the SGRs. Independent samplesst{as
95% confidence level) were carried out in ordeanalyze the
relation of the distributions of the formant exteifseparated
by speaker and consonant context) and the speaR@R’s.
All statistical analyses were carried out with SASS.

3. Results and Discussion

3.1.The Vowel Space

Measurements of F1 and F2 at the vowel midpoinbsacr
speakers have distributions relative to the SGR<chviaire
similar to those seen in previous studies [4,5]tgdnot
shown). F1 for 4] and ] appears on the expected side of Sgl
in over 93% of the tokens, while F1 fas [and p] does so
only in 32.1% and 54.2% of the tokens, respectively
Likewise, F2 for §], [a)] and [g] appears on the expected side
of Sg2 in over 97.6% of the tokens, while F2 fgrdoes so
only in 59.6% of the tokens.

Measurements of F1 and F2 at the time when Flnatai
its maximum value (henceforth referred to as, hd F2)
showed similar overall distributions (see Figure d0d the
point in time (as a percentage of vowel duratiohew these
measurements were made was close to the vowel mtdpo
([a:]: 53%+1.2%; p]: 46%+1.3%; ] and p]: not significantly
different from 50%). These findings pooled acropsakers
are similar to what was previously reported [4,5].

Figure 1 shows the Rlvs. F2, vowel spaces for each
speaker individually. In all four speakers, the ebjw] has an
F2, value less than Sg2 in many cases, and this idynea
categorical for speakers m2 and f1.
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Figure 1.Vowel spaces for Flvs. F2, The vertical
dashed lines indicate the speakers’ mean Sg2 +/k on
standard deviation. The horizontal dashed linesdat® the
mean Sgl +/- one standard deviation.
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Similarly, in all four speakers the vowgl] has an F}
value categorically greater than Sg1l, the vowghas an F}
value less than Sgl, and the vowgls [a:], and[e] have an
F2, value categorically greater than Sg2. For the &\
and [o], the F1, value relative to Sgl is speaker dependent.
For speaker ml, Rlis less than Sgl for both vowels. For
speaker m2, Rlis usually greater than Sg1 fet, and for the
vowel [¢] F1, is sometimes greater than Sgl and sometimes
less than Sgl. For speaker f1,,H4 usually less than Sg1 for
[e] and for[o] it is sometimes less than Sgl and sometimes
greater than Sgl. For speaker 2, both vowels Raye@reater
than Sgl.

3.2.Inter-Speaker Effects

In order to better understand the significanceraadnitude of
interspeaker effects, we performed Chi-square anth€ra V
analyses on the vowels] and[o]. The data were first parceled
into two categories (F > SGR and F < SGR). Fa ¥4 Sgl
there were 5 tokens for which the measureg Wwas equal to
the mean Sgl, and these tokens were thereforerdigst&om
this analysis. Similarly, for FR vs. Sg2, 1 token was
discarded. The results of the statistical analyaes not
significantly affected by discarding these tokegiven their
small number relative to the total.

For F1, vs. Sgl and RRvs. Sg2 there was a clear speaker
dependency (p<0.001 for both vowels using the Chasg
test). The Cramer’s V statistic (an indication o thagnitude
of the intercorrelation effect) ranged between B.26d 0.779
for F1,, and F2, for the two vowels.

3.3. Context Effects

In order to better understand the possible effeofs
coarticulation with the preceding and following sonants,
we performed an analysis on the formant trajectofiégure 2
shows the averaged formant trajectories within tosvel
space for each of the 16 consonantal contextspealser 2.
The vowel [a] always has F{ and F2, in the lower left
quadrant, i.e. Rl greater than Sgl and F@reater than Sg2.
Similarly, the vowelo] always has Fland F2, in the upper
left quadrant, i.e. Flless than Sgl and F3reater than Sg2.
For the vowelda:] and[e], speaker f2 is representative of all
the speakers.



—_— [5] [b...b] b..dl| [ . . [b...j] . . [b...g]
500 [a] |...6- f L ¥4 3 € . 2
------ )| & V i* , \J P l]
N » e » s * . N .
a % * .
750 Lo} .
100 : : : : : :
. [d...b] - [d...d] [d..J] ] . [d...g]
500 S 2y A e
: ..' = ] H :' °
S " L
750 “
~
< 100
o .\'\ b | e, [3--d] rk G- "’K 3]
750
100 : :
o ilg.b] . lo-dl| |z e » o ilodl | [g.-.4]
i L o *
00k bt OY SO UL L I 1) L IRAN . D (.
"t 0“ \j A .: L, ! \/' “‘1
'0.__“‘ “..’
750
(FI%F2)
100Q= ‘ : : : : : : : : : :
250 1750 1250 2250 1750 1250 2250 1750 1250 2250 1750 1250
F2 (Hz)

Figure 2:Average formant trajectories of the target vowel éach consonant context in the F1 vs. F2 vowel esgac
speaker f2. Horizontal lines indicate mean Sgltic@rlines indicate mean Sg2. Black dots show the sf the formant
trajectories. The lower left panel also shows an g{amf the Fl, and F2, measurement point.

For the vowelgs] and[e], F1, is almost always greater
than Sgi, and it is only |n a velar or palatal eahtwhere
F1, is less than (or near) Sgl. This context effestrisngest
when both the preceding and following consonants ar
palatal. However, this context effect varies frone speaker
to the next. For the vowgt], across all speakers, the context
effect is significant according to the chi-squarestt
(p<0.030), and the Cramer’s V values for the effaefcthe
preceding and following consonants are 0.152 ari®4).
respectively. The context effect fp] across speakers is also
significant (p<0.005), and Cramer’s V values are48.and
0.157, respectively.

For the vowels] in Figure 2, Fg is context dependent.
Velars and labials consistently lead to values&f lEss than
Sg2, whereas alveolars and palatals lead to valtid=2,
greater than Sg2. Mixed contexts lead to valueBXfnear
Sg2. The context effect across speakers is signific
(p<0.001), and the Cramer’s V statistics for thecpding
and following consonants are 0.514 and 0.327 reéispdc
Context effects fofo] and[e] are thus of the same order or
smaller than the inter-speaker effects, but (asvehioelow)
they are also more consistent across speakers.

To investigate further the context effects for tlmavels
[0] and[e], we performed independent samples t-tests for each
of the 16 consonant contexts, comparing, With Sg1, and
(for [5] only) F2, with Sg2. The results are shown in Figure
3. Black squares indicate that the formant valuesewe
significantly different from the corresponding sidital

resonance values, but in the direction contrargxgectation
(we expect F3 > Sgl for both vowels, and FX Sg2 for
[0]). White squares indicate that the formant valuesew
significantly different from the corresponding siditgl
resonance values, and in the expected directicay Suares
indicate that the formant values were not signiftta
different from the corresponding subglottal resamawvalues.
The preceding consonant context is given alongvérécal
axis, and the following consonant context is giedong the
horizontal axis

f1l f2
[b] [b] [b] [b]
T [d] [d] [d] [d]
=0 wl W
[9] [9] [9] [g]
IdIG] [l [bI[dICT (] [MI[IGILe)  [b][d] ] [g]
[b] [b] [b] [b]
T [d] [d] [d] [d]
- [g] [g] [g] [g]

[b][d]] (] [bI[d]Dy1Le]  [bI[d]L][e]  [bI[d][y] [g]

[b] [b] [b] [b]
[d] [d] [d] [d]
[

[g] [9] [9] [9]
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Figure 3.Results of the-test analyses. Each column
presents data for a given speaker. The first two rows
show the results for Flvs. Sgl. The bottom row
shows the results for R&ss. Sg2.



For F1, there is a trend across all speakers (although
there is a strong speaker dependence) that thefdrvalues
are more likely to be less than Sgl (i.e. more fyray the
consonant contexts change from labial (upper tefpalatal
and velar (lower right). This can be explained ba basis
that 1) articulations utilizing the tongue body ueg
increased jaw height (which correlates inverselhwil) and
2) palatal articulation requires a relatively loognstriction
which further constrains the jaw height (for Hurigar
palato- and linguographic results see [14]). Thelj@ight in
a vowel with velar and palatal contexts is therefiess likely
to reach a value commensurate with a high F1.

For F2, the patterns are different, but it is still catent
across all speakers. Speakers ml and f2 are the mos
representative cases: contexts involving labiats\aars are
more likely to result in FR values less than Sg2, in
accordance with expectation. Conversely, contextsiing
alveolars and palatals are more likely to resulE2y values
greater than Sg2, contrary to expectation. Mixestexds (in
which one consonant is labial or velar and the rotise
alveolar or palatal) result in the intermediateegaty in
which F2, values are likely to be near Sg2. These results
yield the black/gray cross-shaped pattern with evhirners,
and are consistent with previous studies in Engkstd
Hungarian showing that alveolar and palatal stopgeha
high F2 locus able to exert coarticulatory pressumeF2,
[2,15,16].

Although F1, for speaker ml is usually contrary to
expectation in both vowels in almost all contestsalysis of
his sustained vowels (without any consonantal odnte
showed that F1 was greater than Sgl for both vowels
especially[e], which had a mean F1 value roughly 186 Hz
higher than Sg1 (F1 was roughly 36 Hz higher thgh ®r
[o]).

On the basis of these data, especially the context
dependence of Rland F2, we conclude that the “subglottal
hypothesis” holds true for Hungarian in the abstrhat that
coarticulation, the strength of which is speakepeatelent,
can frequently alter the relations between formants SGRs
for some vowels, particularly the voweig and(e].

4. Conclusion

In this study we investigated the hypothesis that
coarticulation with consonants can prevent somegddtian
vowels from consistently realizing “the subglottal

hypothesis”, depending on the speaker. Although elow
target undershoot may be due to a variety of fadfeee [10]
and [17] for a discussion of such factors), it appethat
articulatory constraints placed on the vowel byaadpt
consonants can account for the majority of tokerth w
formants on the “wrong side” of the correspondin@Rs.
These results therefore strengthen the conclusibpsevious
studies of Hungarian vowels [4, 5], and extend thatk by
demonstrating the effects of consonant context owel
production with respect to subglottal resonances] hy
showing that the context effects are themselvesakgre
dependent. These results are based on only 4 spebaké¢he
future, more speakers are needed to confirm thiedmdgs.

It should be noted that not all of the recalcitrantvel
tokens could be traced to context effects: theiza@bns of
the vowel[g] with F1 > Sg1l are still exceptional. However,
such tokens occur infrequently (2.4% of tokens).

The context effects raise further questions, sush a
whether manner of articulation has a similar effectwhat

the perceptual consequences of context effectstrbighWe
intend to explore such questions in our future work
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