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Abstract

This paper documents the acoustic effects of onset and coda
consonants on the FO trajectory of the preceding vowel in the
Austroasiatic language Eastern Khmu. In addition to an on-
set voicing contrast, Eastern Khmu permits syllables ending in
sonorants, unreleased plosives, a voiceless glottal fricative, and
a glottal stop. While glottal stop and fricative codas are fre-
quently implicated in tonogenesis, their coarticulatory effects
on the pitch of the preceding vowel are reported to vary. Here,
we analyze data from 20 speakers of Eastern Khmu produc-
ing monosyllables in which both onset voicing and coda type
were varied. Growth curve analysis indicates that, relative to
sonorant-final syllables, the presence of a non-sonorant final
raises FO of the preceding vowel for syllables with both voiced
and voiceless onsets. Onset FO effects are also visible in syl-
lables with voiceless onsets, regardless of coda type. Coda-
induced variations in the shape of the FO trajectory are de-
tectable early in the FO excursion, a conclusion validated by
a neural network classifier. We propose that the co-intrinsic ef-
fects of codas can impose a laryngeal setting affecting the FO
trajectory of the entire preceding syllable. We discuss the im-
plications of these findings for classical models of tonogenesis.
Index Terms: microprosody, tonogenesis, coarticulation, la-
ryngeals, coda consonants, co-intrinsic pitch, Khmu

1. Introduction

Tonogenesis, or the emergence of lexical tone, is often assumed
to be the result of the transphonologization of microprosodic
intrinsic or co-intrinsic FO perturbations [1, 2]. While the mi-
croprosodic effects of prevocalic voicing on vowel FO are well-
documented [3, 4, 5, 6], less work has considered the effects
of postvocalic consonants on the FO trajectory of the preced-
ing vowel. Unlike prevocalic voicing contrasts, there are few if
any instances of postvocalic voicing constrast transphonologiz-
ing into FO-based contrasts, and phonetic evidence for a con-
sistent effect of postvocalic obstruent voicing on vowel FO is
minimal at best [4]. Postvocalic /h/ and /?/, on the other hand,
are implicated in the emergence of lexical tone in a typologi-
cally diverse range of languages [7, 8, 9, 10, 11]. For example,
the rising and falling tones of Vietnamese and Chinese are ar-
gued to be related to historical final glottal stops and fricatives,
respectively [7, 12]. [7] sketched phonetic motivations for these
correspondences (translation from [13]):

The final fricative became a laryngeal h pro-
duced by an abrupt slackening of the larynx. The
slackening of the vocal folds produced a drop in
the pitch of the preceding vowel, i.e. a falling
tone...[a] glottal stop following a vowel is pro-
duced by an increase in vocal fold tension (the
opposite of what we have seen for final h)...the
increase in vocal fold tension in anticipation of
the coda glottal stop produces a rising tone.
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This quote suggests that the laryngeal settings accompany-
ing coda /h/ and /?/ may exert predictable effects on the pitch
contours of preceding vowels, much as voicing contrasts in on-
sets affect the pitch height of the following vowel. One study
supporting this model with phonetic data is [4], which presents
data from four speakers of an unspecified variety of Arabic
showing the average FO trajectories over the last 100 msec of
the vowel in a C;VCs syllable spoken in a carrier phrase. FO
preceding /?/ rose between 9 and 48 Hz while FO preceding
/h/ fell by 25 to 50 Hz. A subsequent perception experiment
demonstrated effects of these magnitudes to be perceptible.

However, the correlation between coda type and FO direc-
tion predicted by [7] and reported by [4] does not seem to be
nearly as cross-linguistically robust as the co-intrinsic effects
of onset voicing on the following FO height. For example, in
Lhasa Tibetan, coda /?/ lowers, rather than raises, the FO of the
preceding vowel [14]. Similarly, a study of the effects of final
/h/ and /?/ in six Southeast Asian languages found that while
coda /h/ seemed to induce a falling contour over the preceding
vowel, so too did a final glottal stop [15]. In Itunyoso Trique,
FO falls before final /h/, but is unperturbed before final /?/ [16].
In general, the effect of coda /h/ appears to be more consistent
across studies than the effect of coda /?/, but here too there are
exceptions. In Punjabi, vowels which were followed by /h/ or
by breathy-voiced stops in Middle Indo-Aryan developed high,
not low tones [17], and historical coda /h/ developed into high
tones in Tsat [10] and Ruc [18].

The typological variability reviewed above suggests that the
physiological implementation of laryngeal codas may be con-
siderably more complex than [7] assumed. [19] surmised that
final glottals would raise or lower depending on if they are pro-
duced with abrupt closure (resulting in tense/constricted voice)
or more gradual, incomplete constriction (resulting in creaky
voice), respectively, a prediction also made by [11, 20] and for
which there is now considerable acoustic and articulatory evi-
dence (see e.g. [16, 21, 22]). Similarly, a final glottal fricative
may be realized as either breathy [fi] or non-breathy [h], with
correspondingly different effects on the preceding FO trajectory.
There is also increasing historical evidence that in at least some
tone languages, the effects of final laryngeals was mediated by
onset-conditioned differences in phonation type [23, 24, 18],
but how the articulation of onsets and codas interact in terms of
their co-intrinsic effects on pitch remains poorly understood.

1.1. The present study

The aim of the present study is to contribute new empirical data
on the effects of final laryngeal consonants on preceding vowel
FO, with the goal of better understanding how the articulation
of these segments can influence both the magnitude and tem-
poral extent of the preceding FO trajectory. For this study, we
focus on Khmu [kjg], an Austroasiatic language spoken in
Laos and neighboring regions of China, Thailand, and Viet-
nam. While some varieties of Khmu have transphonologized
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onset voicing into a pitch-based contrast [25, 26, 27], Eastern
Khmu (EK) is a phonologically conservative variety which re-
tains a voicing contrast in both initial obstruents and sonorants
[28, 29]. Like other Khmu varieties, EK permits syllables to
end in a vowel or final sonorant (so-called smooth syllables),
an unreleased obstruent /p t ¢ k/ (so-called checked syllables), a
final glottal fricative /h/, or a final glottal stop /?/. Thus in EK it
is possible to have four-way near-minimal quadruplets contrast-
ing only in coda, e.g. /bui/ ‘pufty, swollen’, /buic/ ‘liquor’, /buh/
‘carry with a tumpline’, /bu?/ ‘breast, milk’. This rich inventory
of finals, together with a voicing contrast in onset position and a
lack of lexical tone, makes EK a natural laboratory in which to
study how the laryngeal properties of onsets and codas interact
in their effects on the FO trajectory of the syllable.

2. Methods and materials
2.1. Speech materials

Our master wordlist of 125 monosyllables included 72 smooth
syllables, 14 checked syllables, 11 syllables with a coda /h/ and
28 syllables with a coda /?/. The range of syllable onsets was
diverse and designed to study several other research questions
not considered here (see [29, 30]). In this work, we set aside
syllables beginning with aspirated or preglottalized onsets and
restrict analysis to the 105 items beginning with either voiced
/bdgmnuylrj/ orvoiceless /ptkmnilrjs/ onsets.

2.2. Participants

20 speakers of EK (12 female and 8 male, 21-69 at time of
recording) were recorded using a headset condenser micro-
phone in a quiet, sound-treated booth in Vientiane, Lao PDR in
January 2020. Each speaker produced each target item twice
in isolation and twice in the carrier phrase /?0? co law __
?an kloh/ (1sg IRR speak _ SBIV clearly) “I will say
clearly”. Participants produced the EK form in response to an
oral prompt of the Lao gloss by an assistant. Recordings were
made direct to laptop using the SpeechRecorder software [31].

2.3. Acoustic analysis and preprocessing

FO was calculated at 5 ms intervals with speaker-specific pitch
floor and ceiling values throughout the sound files using Praat-
Sauce [32], a suite of Praat scripts designed for extracting FO,
formants, and various spectral measures. FO measures were re-
moved if they fell above or below three standard deviations of
the mean within the same vowel category of the same speaker.
Remaining FO measurements were converted to semitones us-
ing the speaker mean as the reference level.

The start and end of the nuclear vowel were segmented
manually in Praat [33], as well as various landmarks relating
to voicing implementation at the syllable onset. We used these
manual annotations to determine vowel onset, but due to the un-
certainty associated with coda boundaries, we estimated vowel
offset automatically using convex hull segmentation, a program-
matically determined intensity cutoff [34, 35].

8Following [34, 35], we first computed the convex hull
function for the window containing the intensity trajectories of
the entire syllable rime. This function exhibits a monotonically
non-decreasing behavior from the beginning of the segment to
its point of maximum intensity, and then becomes monotoni-
cally non-increasing until the end of the window. We searched
for the maximum distance between the intensity trajectories and
the convex hull function. If the maximum distance exceeded a
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threshold of 3 dB, the window was narrowed. The end of the
new window was set to the location of the maximum distance,
and the convex hull was recomputed for this adjusted window.
This iterative process continued until the maximum distance fell
below the threshold of 3 dB. The endpoint of the final window
was selected as the boundary between the vowel nucleus and
the consonantal coda.

The resulting collection of sound files and annotations were
stored as an EMU database [36], and subsequent work with the
database was accomplished using the emuR package in R [37].

2.4. Statistical analysis

The FO trajectory data were statistically analyzed in R [37]. Vi-
sual inspection of the empirical data suggested that the shape
variation in pitch contours can be captured using a third-order
polynomial, so we analyzed the data using growth curve anal-
ysis (GCA) [38]. For the GCA analysis, we further filtered the
wordlist to remove open smooth syllables, resulting in a list of
92 items ending in some type of coda, and considered syllables
produced in carrier phrase context only.

Using the 1me4 library [39], we fitted the FO to a linear
mixed-effects regression using the following predictor variables
(reference levels are in boldface when relevant): CODA CLASS
(sonorant, checked, /h/, or /2/); ONSET CLASS (voiced or voice-
less); REPETITION (first or second); VOWEL HEIGHT (low, mid,
or high); speaker GENDER; and vowel DURATION. DURA-
TION values were standardized. GENDER was sum coded, since
there is no meaningful reference level for this variable. Interac-
tions were further included between CODA CLASS:GENDER and
CODA CLASS:ONSET CLASS; no other interactions were found
to improve the model fit.

The FO trajectory shapes were modeled by including or-
thogonal polynomial functions corresponding to each pitch tra-
jectory as predictor variables, capturing the linear slope as well
as quadratic and cubic curvature; interactions between these
third-order polynomial terms were modeled for each predictor
variable and interaction included in the model. GCA models are
very informative insofar as they estimate effects and summary
statistics separately for each shape parameter captured by the
polynomial functions. This is useful if one wants to determine
whether, for example, syllables with coda /h/ differ from sylla-
bles with sonorant codas in terms of their constant FO level, or
the linear slope of their FO contour, or the quadratic curvature
of their FO contour, etc.

The final model includes by-participant random intercepts,
and by-participant random slopes for the third-order polynomial
functions. It was not possible to fit the model with a more elab-
orate random effects structure.

2.5. Signal chopping neural network analysis

To locate in time information concerning different coda classes,
we supplemented our GCA analyses with a signal chopping
neural network (NN) analysis [40]. With this analysis we pre-
dict EK coda classes (5 classes: no coda, sonorant, checked, /h/,
or /?/) based on FO contours, AF0 contours (i.e., the difference
between adjacent measures), both raw and z-scored by speaker
(4 features X n samples in each trajectory). The contours have
been time-warped to their median to prevent classification based
on durational information. Numerical embeddings for categori-
cal variables “subject” and “elicitation context” were also used
as input features (2 X n). Input features are, thus, 6 X n matrices.

In the signal chopping analysis, we fed the signals matrices
and then “chopped” versions of them (first 100%, then 90%,



80% ... to 10%) to an NN architecture whose task was to pre-
dict coda category. We then determined at what percentage of
the signal the neural network performance exceeded chance ac-
curacy, suggesting that information regarding these categories
is already present at that point in the signal. We trained 10 net-
works for each step, for a total of 10 steps x 10 networks =
100 networks. We thus can have a mean and standard error for
accuracy from 10% to 100% of the signals.

The NNs were trained using a randomly selected 80% of the
data, while 10% was used for validation and hyper parameter
tuning, the final 10% was used as a test set and the accuracy
we report is based on that 10%. During training, the number of
tokens for each coda category was balanced via oversampling
to obtain a data set where above-chance accuracy cannot be due
to differences in the number of sampled tokens by category.

The network architecture we chose is a Bidirectional Long
Short Term Memory (BiLSTM) [41] with self-attention [42].
We used a BILSTM layer with 100 hidden units, followed by
a dropout layer to prevent over-fitting (with dropout probability
= .75), followed by a multi-head self-attention layer (with 12
heads and 24 channels), followed by a fully connected layer,
and finally by a classification layer. Our initial learning rate
was set at 5e — 4 with a drop-factor of .9 every 1 epochs. Other
hyperparameters include: a minibatch size of 128, a validation
patience of 100, and a maximum number of epochs of 1000.

Chance accuracy was calculated based on a binomial for-
mula that takes into account both the number of classes and the
number of samples, following the recommendation of [43]. We
calculated chance level for a p-value < le — 5, 1014 test sam-
ples, and 5 classes.

3. Results

3.1. Growth curve analysis

The GCA model structure summarized in §2.4 expands to more
than 60 fixed effects terms, so for reasons of space, we do not
provide the full model summary here but focus on effects of
particular interest. Each of the categorical predictors mentioned
above as well as DURATION have a significant influence (at the
conventional p < 0.05 level) either on the constant FO level or
on at least one of the shape parameters.

By weighing a third-order polynomial function by the fitted
effects for the polynomial terms, we can recreate the FO trajec-
tories predicted by the model for different levels of categori-
cal variables. Figure 1 shows the predicted level and trajectory
differences for the interaction between CODA CLASS and ON-
SET CLASS faceted by ONSET CLASS; Figure 2 shows the same
data faceted by CODA CLASS. The intercept is estimated at
—1.71 semitones (SFE = 0.14,t = —12.45, p < 0.01), and the
shape parameters predict a negative slope (5 = —2.28, SE =
0.54,¢ —4.23,p < 0.01), negative quadratic curvature
(B = —1.49,SE = 0.16,t = —9.51,p < 0.01), which
can in this case be interpreted as a steeper drop in the final
half of the trajectory than predicted by the slope alone, and a
slight negative cubic curvature (B = —0.24,SE = 0.11,t =
—2.23,p = 0.03); this corresponds to the shape and position
of the black line in the “voiced onset” facet of Figure 1. To
give an example of how the levels are calculated, syllables with
coda /h/ are estimated at a higher level (B = 0.27,SE =
0.02,¢t = 13.17,p < 0.01), with no stable difference in lin-
ear slope (8 = —0.03,SE = 0.11,t = —0.26,p = 0.79),
a less negative quadratic curvature (i.e., less steep trajectory;

B8 =041,SE =0.11,t = 3.6,p < 0.01), and a less negative
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Figure 1: Model-predicted FO trajectories by onset class. Dot-
ted lines indicate standard errors.
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Figure 2: Model-predicted FO trajectories by coda class. Dot-
ted lines indicate standard errors.

cubic curvature (3 = 0.48, SE = 0.11,t = 4.25,p < 0.01);
these values match the level and shape of the red line in the
‘voiced onset’ of Figure 1.

In syllables with voiced onsets (the reference level of the
ONSET CLASS variable), syllables with coda /h/ are predicted as
having a higher FO than the baseline nasal coda throughout the
trajectory, beginning very early in the trajectory. Syllables with
checked codas are also predicted as having higher FO than the
baseline throughout the trajectory, although this difference is
less pronounced. There is no predicted level difference between
/?/ and the baseline, although the model does predict a shape
difference, particularly in cubic curvature.

Voiceless onsets exert an influence on FO that is particularly
prominent early in the trajectory. /h/ and /?/ codas are both es-
timated as having higher FO than the nasal baseline in the early
stages of the trajectory. For /h/, but not for /?/, this effect largely
continues throughout the trajectory. Generally, coda-induced
divergences from the nasal baseline are smaller after voiceless
onsets, perhaps because FO shape variability early in the trajec-
tory is constrained by the onset-induced FO perturbation.

In addition to the coda and onset perturbations, VOWEL
HEIGHT exerts a large influence on FO. High vowels in particu-
lar have a much higher level (estimated at 2.3 semitones higher
than the intercept), and a less negative slope but a steeper fall
towards the end of the trajectory; mid vowels have less promi-
nent effects in the same directions. REPETITION also exerts



an influence on FO, such that the second repetition of an item
has a higher FO level, steeper negative slope, and more nega-
tive quadratic curvature. DURATION does not affect overall FO
level, but affects all shape parameters, such that longer vowels
have a steeper negative slope, more negative quadratic curva-
ture, and less negative cubic curvature. There is no main effect
of GENDER on either the level or shape of FO, but GENDER in-
teracts with CODA CLASS on multiple levels, with particularly
male speakers having a much steeper predicted negative slope
before /h/; we have no explanation for this at present.

3.2. Neural network analysis

As is evident in Figure 3, the NNs achieve a final accuracy of
~ T0% in predicting coda classes based on FO contours (both
raw and z-scored), their first derivative, and subject and elici-
tation information. As expected, the neural network accuracy
gets better and better towards the coda, which is the source of
the FO perturbation. Interestingly, the NN accuracy is almost
%2 chance already at the first time step (10%) of the signals.
This fact suggests that different coda classes can be differen-
tiated based on their FO and FO rate of change very early in
the trajectory; thus, their perturbation, albeit clearly originating
from the coda, seem to be a non-local effect.
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Figure 3: Prediction of coda accuracy for different choppings.

4. Discussion

Our acoustic analysis found that the syllabic FO trajectory in EK
was significantly raised before a coda /h/ and /?/ when com-
pared to syllables ending with sonorant codas (/m n /). The
magnitude of the effect is greatest preceding /h/ and weakest
preceding /?/, with checked syllables having an effect somewhat
in between. This was broadly the case for syllables with both
voiced and voiceless onsets. However, the magnitude of the ef-
fect interacts with onset voicing, being more prominent when
the onset was voiced than when it was voiceless. Checked syl-
lables exert a smaller, but still measurable raising effect when
the onset is voiced, but not when it is voiceless.

Although co-intrinsic effects of onset voicing were also ob-
served, these were limited in magnitude (= 0.5 semitones) and
temporally restricted to the beginning of the trajectory. Con-
versely, the effect of the checked and glottal fricatives of FO
was temporally distributed over the entire preceding vowel, to a
greater or lesser degree. This is less obviously the case for sylla-
bles with coda /?/, where the effect is strongest in the beginning
of the excursion. At least in syllables with voiced onsets, FO
also appears to drop off at the end of syllables with coda /?/,
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suggestive of creak, but we note that FO estimation becomes
difficult in the vicinity of many types of glottals. Overall, how-
ever, our data suggest that both glottal fricative and glottal stop
codas in EK are gradually phased with respect to the preceding
vowel, which would explain their relatively large coarticulatory
effects on the vocalic FO trajectory. This is arguably not espe-
cially surprising; EK is not a tone language, so there is no func-
tional pressure to phase gestures in such a way as to maximize
perceptual recovery of the FO contour (cf. [16, 20]).

It is interesting to note that the FO contour on all syllables
in our study was falling, despite the fact that these were elicited
in a carrier phrase context. We suspect this may simply reflect
global FO declination over the (short) utterance, but we note that
it is consistent across speakers and utterances in our corpus.

These findings do not conform with the predictions of the
classical tonogenetic model [7]; however, this may be due at
least in part to a general failure to systematically distinguish
abrupt from gradually phased /?/ [16] and breathy [fi] from
non-breathy [h] [44]. It may well have been the case that in
the particular instances of pre-tonal Vietnamese and Chinese,
coda /h/ syllables were breathy-voiced [fi] (with an accompa-
nying pitch fall) while coda /?/ syllables were tense/constricted
[?] (with an accompanying pitch rise), and that these effects
transphonologized in a relatively straightforward manner (but
cf. [18, 23, 24]). Our data simply suggest that the articulation
of these segments in EK is rather different than predicted by the
classical account. In particular, coda /h/ appears to be realized
as non-breathy [h], and coda /?/ may be realized as tense ini-
tially but creaky finally, which would explain the raised initial
FO but lowered final FO (cf. [45]).

In this work, we have restricted our focus to FO, because
this is the primary acoustic exponent of lexical tone. However,
this is obviously far from the only acoustic property which can
be affected by coda type. For instance, [46] points out that the
percept of a coda /?/ can be cued by a number of cues including
duration, spectral tilt, and FO. FO differences might therefore
not need to be consistently present as phonetic precursors in
order for tonogenesis to take place. Listeners may thus only
need to learn that FO can serve as a cue in order to select it
as a target for (trans)phonologization. In ongoing work we are
expanding our analysis to consider a broader range of acoustic
cues and their interactions.

5. Conclusions

In this paper, we have presented an acoustic study of coda-
induced FO perturbations in Eastern Khmu. Using growth curve
analysis, we found that both coda /?/ and coda /h/ raise FO com-
pared to other codas in this language. These findings do not
conform to the predictions of the classical tonogenetic model
[7]. Results of a signal chopping neural network analysis fur-
ther indicate that these effects span the entire preceding vowel.
While this type of temporally distributed coarticulatory effect
on FO is precisely the kind of phonetic precursor that seems
likely to transphonologize into lexical tone, the interactions ob-
served between onset voicing and coda type suggest that the
effects of laryngeal codas on the FO and phonation of preced-
ing vowels are more complex and language-specific than often
assumed [18]. Further research on the language-specific imple-
mentation of laryngeal coarticulation and its effects on FO (both
acoustic and perceptual) is needed to better understand the pho-
netic underpinnings of tonogenesis.
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