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Abstract: In this study, the relationship between the acoustic and artic-
ulatory kinematic domains of speech was examined among nine neuro-
logically healthy female speakers using two derived relationships
between tongue kinematics and F2 measurements: (1) second formant
frequency (F2) extent to lingual displacement and (2) F2 slope to lingual
speed. Additionally, the relationships between these paired parameters
were examined within conversational, more clear, and less clear speak-
ing modes. In general, the findings of the study support a strong correla-
tion for both sets of paired parameters. In addition, the data showed
significant changes in articulatory behaviors across speaking modes
including the magnitude of tongue motion, but not in the speed-related
measures.
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1. Introduction
Although the complex relationship between speech acoustics and kinematics makes the
mapping between acoustic and articulatory domains difficult, several paired parameters
from each domain have been used to connect the articulatory and acoustic characteris-
tics of speech. These parameters include (1) acoustic and articulatory vowel space area
(VSA),1,2 (2) formant frequencies and their corresponding lingual positions,2–4 and (3)
acoustic and articulatory Euclidean distance between two temporal points.5

Though few in number, studies investigating the relation between acoustics
and articulatory kinematics have been examined in neurologically healthy speakers,2,3,5

and even fewer studies have reported the relationship in disordered speech including
apraxia of speech and dysarthria.6–9 Particularly, initial research on dysarthria, a group
of speech disorders secondary to various neurological conditions, has primarily pur-
sued the following two goals: (1) to identify the overall nature of articulatory deficits
in varying neuropathologies and (2) to examine articulatory modifications according to
several speaking modes (e.g., slow, loud, or clear speech) in an effort to establish an
empirical foundation for frequently used behavioral treatment approaches for dysar-
thria (e.g., LSVT Global10). The latter has been based partly on acoustic findings that
some of those speaking modes yield positive changes in acoustic signals such as
expanded vowel space, which subsequently enhances speech intelligibility.11–14

However, one consistent challenge in this line of research is the complicated and incon-
sistent findings among kinematic-to-acoustic studies at least partly resulting from dif-
ferent methodologies including measurement points, target sounds and units (e.g., seg-
ment vs phrase), the varying neuropathologies under study, and interspeaker
variability.15 For example, Mefferd7 found a strong relationship between acoustic
vowel distance and tongue displacement among healthy speakers and speakers with
Parkinson’s disease (PD), but not among speakers with amyotrophic lateral sclerosis
(ALS) when the speakers voluntarily modified their speaking rate. Conversely, Lee
et al.1 found a strong relationship during conversational speech between acoustic and
kinematic VSA in both healthy speakers and speakers with ALS.

Our interest was focused on the relationship of formant trajectories with kine-
matic parameters especially given our long-term goal of expanding the current
approach to include speakers with movement disorders (i.e., PD and ALS). Only lim-
ited data are available that directly examine articulatory gestures and formant trajec-
tory measures such as transition extent and F2 slope. A study by Rong et al.8 reported
strong correlations between F2 slope and lingual and jaw movement in healthy speak-
ers, but inconsistent correlations for speakers with cerebral palsy (CP). Yunusova
et al.9 found moderately strong associations for F2 slope and lingual speed and much
weaker associations for F2 extent and lingual displacement in speakers with and
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without ALS. Finally, relevant data exist that separately examine acoustic and articu-
latory measures without attempting to connect these measures. Tasko and Greilick16

reported increases in duration and magnitude of acoustic and kinematic measures
when speakers clearly produce a diphthong /AI/ of the word combine. However, no sig-
nificant changes were found for speed-related measurements (i.e., F2 slope or lingual
speed) between conversational and clear productions of the word.

The present study aimed to offer an account of variations in acoustic and
articulatory measures associated with a voluntary change in speech clarity. In recogni-
tion that previous literature has focused on clear speech compared to casual speech, we
added a unique mode, less clear speech, to investigate a full spectrum of speech clarity
and the corresponding articulatory modifications when speakers voluntarily vary the
degree of speech clarity.

Three acoustic parameters related to F2 transition were selected, and their
associations with kinematic parameters were examined: transition duration, transition
extent, and F2 slope. The F2 transition was the focus of this investigation because it is
well-established that speech intelligibility is sensitive to F2 variables, such as extent
and slope. Furthermore, F2 measures may be sensitive to the presence of dysar-
thria.17–19 Two questions were explicitly posed. (1) What is the relationship between
articulatory and acoustic transition measures (i.e., F2 slope vs articulatory speed and
F2 extent vs articulatory displacement)? (2) What is the effect of speaking modes on
acoustic and kinematic measures?

2. Methodology
2.1 Participants, speech tasks, and recording procedure

The participants included nine female speakers ranging in age from 19 to 23
(M¼ 20.78, SD¼ 1.20). All speakers were native speakers of Southern White English
(SWE) and reported no history of communication problems. Speakers were asked to
produce four repetitions of three sentences using three speaking modes: conversational,
more clear, and less clear. The sentences were “Buy Bobby a puppy,” “Tess told Dan
to stay fit,” and “Carl got a croaking frog.” Three words including vocalic nuclei (buy,
stay, Carl) requiring a relatively large change of vocal tract configuration were the
analysis targets.20 A different degree of clarity was elicited using a direct magnitude
method with a modulus of 100.21 For clear speech, speakers were instructed to speak
with a clarity level of 200, as if they were speaking to someone with a hearing loss.
For less clear speech, speakers were instructed to speak with a clarity level of 50, as if
they were telling their friend a comment they did not want other people in the room to
hear. The data for this study were collected as part of a larger study examining seg-
ment specific articulatory markers in speakers with dysarthria.

Acoustic and kinematic data were collected simultaneously in a sound-
attenuating booth, with a sampling rate of 20 kHz and 16-bit resolution. An AKG
C1000S microphone positioned approximately 30 cm from the speaker was used to
record the speech stimuli. Kinematic data were collected using the Wave system (NDI,
Canada) at a sampling rate of 100 Hz and were low-pass filtered at 10 Hz. Only lingual
data from the tongue front (TF) (attached 2 cm from the tongue tip) and tongue blade
(TB) (attached 3 cm from the tongue tip) were reported. Data from three reference sen-
sors (one affixed to the bridge of a pair of glasses and two from a bite plate) were
obtained from each participant to define the maxillary occlusal and midsagittal planes.
Movement data from the jaw (adhered to the labial surface of the lower central inci-
sors) were used to decouple the lingual sensors from the jaw using the estimated rota-
tion method.22

2.2 Acoustic and kinematic analysis

The acoustic data were segmented using the spectrographic view in Time-Frequency
Analysis Software Program for 32-bit Windows (TF32).23 F2 slopes (Hz/ms) were calcu-
lated using the 20/20 rule.24 That is, using the linear predictive coding algorithm of
TF32, the F2 transition onset and offset are identified by a change of at least 20 Hz
during a 20 ms increment. Kinematic data were extracted based on acoustic segmenta-
tion and were used to calculate x- (anteroposterior plane) and xy- (vertical and antero-
posterior plane) displacement (mm) (i.e., straight line Euclidean distance between onset
and offset of movement) and speed (mm/ms) (i.e., displacement/duration) for the two
marker locations (i.e., TF, TB).
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2.3 Statistical analysis

Prior to analysis, measures were normalized using z-scores. Relationships between the
acoustic and kinematic data of four trials from each speaker (n¼ 36 for each word) for
three speaking modes and three words were examined using Pearson’s correlation (r).
Multiple comparisons were accounted for using the Bonferroni method. The acoustic-
to-articulatory relationships were investigated for the following four pairs of parame-
ters for both TF and TB: F2 slope vs x-speed, F2 slope vs xy-speed, F2 extent vs
x-displacement, and F2 extent vs xy-displacement (modified from Yunusova et al.9).
Within the current study, x-movement was separately investigated due to the known
primary effects of tongue advancement on F2. Additionally, a series of repeated mea-
sures analysis of variance (RM-ANOVA) tests were used to assess the effect of speak-
ing mode on each target acoustic and kinematic measure. Measures with significant
speaking mode effects were subjected to post hoc pairwise comparisons to reveal the
significance among speaking modes. Post hoc comparisons were adjusted using the
Bonferroni method to control for multiple comparisons.

3. Results
Table 1 summarizes the correlations between target acoustic and kinematic measures,
among which were several significant relationships. For F2 extent and articulatory dis-
placement, significant relationships were found for all words, with a relatively large
variance (10%–56%) of tongue displacement associated with the variance in F2 extent.
Meanwhile, F2 slope and articulatory speed relationships were significant only for buy,
with 17%–28% of the variance in tongue speed associated with the variance of F2
slope. The correlations between target acoustic and kinematic measures were compara-
ble for x- and xy-movement within stay and Carl. However, the relationship between
target measures was stronger for xy-movement within buy.

Table 2 summarizes the results of the RM-ANOVA indicating the effect of
speaking modes on each measure for each word. Speaking modes elicited significantly
different measures with the exception of TF x-speed for buy, and F2 extent, slope, and
TF and TB xy-speed for Carl.

4. Discussion
The findings of the study support a weak-to-moderate correlation, in general, between
the sets of paired parameters from acoustic and articulatory domains, at least exam-
ined by the selected measures. In addition, speech style from less-to-more clear yielded
significant changes in articulatory behaviors such as the magnitude of tongue motion,
but not in the speed-related measures (i.e., F2 slope or lingual speed).

4.1 Acoustic and articulatory relations

The correlation of two sets of acoustic and articulatory measurements reached signifi-
cance in every context (i.e., across words and measurement points) except for the rela-
tion between F2 slope and lingual speed in stay and Carl. A stronger correlation was
found for F2 extent and lingual displacement compared to F2 slope and articulatory
speed (Fig. 1). Interestingly, Yunusova et al.9 observed the opposite trend (i.e., stron-
ger relations were observed for F2 slope and lingual speed compared to F2 extent and
lingual displacement). This inconsistent finding may be partly due to the different
speaking modes examined (i.e., clarity-related speaking modes vs speaking rate9).

Table 1. Pearson’s correlation (r) for each set of measures across speaking modes. N/S¼ no significance,
TF¼ tongue front, TB¼ tongue back, F2¼ second formant.

Buy Stay Carl

Paired parameters r Sig. r Sig. r Sig.

F2 extent x TF x-displacement 0.37 <0.00625 0.51 <0.00625 0.31 <0.00625
TF xy-displacement 0.75 <0.00625 0.44 <0.00625 0.43 <0.00625
TB x-displacement 0.57 <0.00625 0.51 <0.00625 0.31 <0.00625
TB xy-displacement 0.75 <0.00625 0.52 <0.00625 0.39 <0.00625

F2 Slope x TF x-speed 0.41 <0.00625 0.24 N/S "0.09 N/S
TF xy-speed 0.50 <0.00625 0.10 N/S "0.06 N/S
TB x-speed 0.52 <0.00625 0.25 N/S "0.10 N/S
TB xy-speed 0.42 <0.00625 0.25 N/S 0.03 N/S
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Additionally, the inconsistent finding may be due to the different phonetic contexts
examined (i.e., /aI/, /eI/, and /a!l/ vs /oI/, /jæ/, and /dO/9).

We were also interested in the relationship between acoustic and articulatory
domains within one- and two-dimensional movement planes (x- and xy-planes, respec-
tively). The rationale was to compare the well-established theoretical and empirical
relationship between F2 and anteroposterior movement (e.g., perturbation theory) to
the relatively recent reports of more complicated relations. Our data showed a stronger
relationship between domains with xy-measurements compared to x-measurements,
consistent with Lee et al.2

Although a direct comparison was not conducted, there appears to be a word
effect, consistent with previous articulatory3,9 and acoustic20,25 studies. That is, buy
and Carl demonstrated the strongest and weakest correlations, respectively. This may
align with the speculation that the diphthongs requiring a greater degree of F2 change
and slope show greater correlation to movement measures and may be more sensitive
to the presence and severity of dysarthria.20 In our data, the word buy demonstrated
the greatest acoustic and articulatory magnitude and the highest correlation between
the paired acoustic and articulatory parameters. However, within the current study,
variations in /!/ production (e.g., bunched vs retroflexed) were not controlled for,
which may have confounded the results relating to Carl.

4.2 Effects of speaking mode

In general, across speaking modes, we observed the expected scaling effect on the mea-
sures. That is, while clear speech elicited greater measure values consistent with Tasko
and Greilick,16 less clear speech elicited shorter and smaller measures relative to con-
versational speech. The RM-ANOVA revealed lingual displacement measures were

Table 2. Results of RM-ANOVA for each measure among the speaking modes of each word. N/S ¼ no signifi-
cance; TF¼ tongue front; TB¼ tongue back; df¼ 2.

Buy Stay Carl

Measure SS F p gp2 SS F p gp2 SS F P gp2

Duration (ms) 34.85 31.59 <0.01 0.474 41.59 35.76 <0.01 <0.01 14.05 11.22 <0.01 <0.01
F2 extent (Hz) 48.60 38.60 <0.01 0.524 5.80 9.61 <0.01 <0.01 2.08 3.27 N/S 0.052
F2 slope (Hz/ms) 3.86 6.09 <0.01 0.148 28.15 33.43 <0.01 <0.01 1.25 1.06 N/S 0.344

TF x-displacement (mm) 13.37 8.20 <0.01 0.190 6.74 10.99 <0.01 <0.01 18.39 10.31a <0.01 <0.01
xy-displacement (mm) 46.62 34.74 <0.01 0.498 2.24 4.41 <0.05 0.017 11.27 7.60 <0.01 <0.01
x-speed (mm/ms) 0.03 0.02 N/S 0.001 2.78 4.07 <0.05 0.026 8.77 3.47 <0.05 0.039
xy-speed (mm/ms) 6.39 4.60 <0.05 0.116 2.38 3.54 <0.05 0.038 6.61 2.80 N/S 0.071

TB x-Displacement (mm) 31.55 30.25 <0.01 0.464 2.02 3.75 <0.05 0.035 22.11 13.28 <0.01 <0.01
xy-displacement (mm) 75.99 46.08 <0.01 0.568 3.71 10.04 <0.01 <0.01 7.99 8.55 <0.01 <0.01
x-speed (mm/ms) 4.70 5.42 <0.05 0.134 4.22 5.87a <0.05 0.01 9.60 3.97 <0.05 0.026
xy-speed (mm/ms) 21.09 16.96 <0.01 0.326 5.15 6.50 <0.01 <0.01 6.04 2.69 N/S 0.076

adf¼ 1.

Fig. 1. Scatter plot of acoustic and articulatory measures across speaking modes for buy.
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significantly affected by speaking modes. However, in some cases, measures of rate
(i.e., F2 slope and articulatory speed) were not significantly affected by speaking modes
although speakers successfully modified their duration and lingual displacement (or
extent in the case of F2 slope). This is likely due to duration and displacement mea-
sures being scaled to the same degree. Tasko and Greilick16 also observed statistically
insignificant changes in F2 slope between conversational and more clear speaking
modes. As previously mentioned, F2 slope is a well-established measure reflecting the
degree of speech intelligibility.20 However, within the current study, F2 slope did not
always statistically capture the observed change in speech clarity. This finding may
suggest a possible ceiling effect for F2 slope’s ability to capture speech intelligibility.

Figure 2 displays the post hoc pairwise comparison results for each measure
for the word buy. The measures for buy that did not demonstrate a significant speaking
mode effects (as seen in Table 2) were excluded from Fig. 2. Across words, buy demon-
strated the strongest significant articulatory and acoustic relations (as seen in Table 1)
and the greatest number of significant contrasts within each measure as indicated by
post hoc pairwise comparisons.

In many cases, acoustic and articulatory measures were significantly different
among the three speaking modes. Interestingly, in some instances, there was no signifi-
cant change from conversational to more clear speech, despite significant changes from
conversational to less clear speech (see F2 slope, TF x-displacement, and TB x-speed
in Fig. 2). Mefferd and Green5 describe a hypothetical speech clarity continuum within
the context of phonetic specification and variability. On this continuum, typical (or
conversational) speech is in the center with ideal (or clear) speech at one end, and dys-
arthric (or less clear) speech at the other end. Applying this model to the current find-
ings reveals that conversational speech is located not in the center, but rather closer to
the more clear end of the continuum. For example, F2 slopes for conversational speech
are more like clear speech than less clear speech (as seen in Fig. 2). For speakers with
dysarthria, it is worthy to investigate where conversational speech is located along the
speech clarity continuum in relation to their more clear and less clear speech.

In conclusion, the current study found significant linear articulatory and
acoustic relations. These findings serve as foundational work for future research inves-
tigating articulatory and acoustic relations for clarity-related speaking modifications
within speakers with dysarthria.
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