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Abstract

This paper analyzes the 2D and 3D visual features of Polish
sibilants /s/ and /g/ articulated by 189 children aged 4;11-8;0.
Our goal was to (1) analyze differences in shape image fea-
tures of delineated articulators (lips, tongue, and mouth—Ilips
and space between them) in selected sibilants and (2) investigate
a relationship between visual parameters and sibilance pattern
(the character of a gap between teeth that allows the articula-
tion of sibilant sounds). We employed 2D and 3D shape image
features and linear mixed-effect models. The results proved sig-
nificant differences between sibilants in 2D and 3D visual fea-
tures of lips and mouth. Different sibilance patterns considered
in the study also significantly impacted visual parameters dis-
tribution. Our findings indicate the potential of video data in
computer-aided speech diagnosis.

Index Terms: sibilants, child speech, speech disorders, image
features

1. Introduction

Sibilants appear as one of the last groups of sounds in the ar-
ticulation development process [1]. The tongue muscle coordi-
nation and the aerotactile acuity of the tongue required to ar-
ticulate a sibilant are complex and need time to improve [2, 3].
One of the children’s most common speech disorders is sibilant-
related sigmatism (lisp). The percentage of people with sigma-
tism in the population varies between studies reported in the
literature. However, in various parts of the world, including
Poland, this problem is described as frequent [4, 5, 6].

The number of computer methods for articulation and
speech analysis is increasing. Most works and open-access
databases consider the pronunciation of adult speakers [7, 8],
since obtaining child speech data is difficult. Studies addressing
child pronunciation constitute a smaller but still growing group
[9, 10, 11]. Although some of the literature solutions claim to
be accurate and provide high-quality data, they frequently in-
terfere with the oral cavity of the speaker (e.g., electromagnetic
articulography [12] or electropalatography [13]). Recording de-
vices that require such direct contact with the speaker consti-
tute a barrier in the case of unrestrained child speech analysis.
Thus, researchers began to employ contactless methods, such
as recording acoustic signals (single or multichannel). Sibilants
are often investigated regarding spectral properties [14], which
are also related to frication noise [10, 15].

In addition to acoustic analysis, speech therapists often use
visual investigation of the speaker’s articulators. The positions
of articulators during pronunciation largely shape the spectral
envelope of the acoustic signal. Dysfunctions in speech organ
movement are often associated with articulation problems. We
expect that visual data should reflect speech organ positioning.

Therefore, research on using video or images for speech diagno-
sis and therapy can provide essential information for computer-
based articulation analysis. However, the applicability of visual
data of the oral region in this matter has been investigated to a
small extent thus far. The works reported analysis of various
visual data, including articulatory ultrasound images [16], mag-
netic resonance imaging [17], but also camera videos [18, 19].
Bilkova et al. [18] used camera data for speech therapy pur-
poses with the analysis of articulators’ appearance. Except for
Bilkova’s study, the area of image processing for the diagnosis
of articulation, especially sibilant-related, needs to be explored.
Sage et al. [20] proposed a hybridization of acoustic and 2D
image features based on texture and shape to analyze the place
of articulation in sounds /s/ and /s/, where tongue’s shape fea-
tures proved to differentiate dental and interdental patterns in
speakers significantly. Following these findings, we decided to
conduct further experiments on the usefulness of visual data in
non-contact articulation analysis.

This study addresses the issue of sibilance—a process of
creating an additional gap (in addition to an airflow gap be-
tween active and passive articulators) that allows the production
of sibilant sounds [21]—in sibilants articulation. The normal
sibilance involves a close-up of upper and lower incisors, but
researchers report different distortions. We include two of them
in our analysis: (1) diastemic pattern of sibilance, where the ad-
ditional gap is caused by diastema of the upper incisors, (2) ver-
tically distorted sibilance that occurs when the gap is formed
incorrectly due to the upper and lower incisors overlap exces-
sively or are too far apart [22, 23].

In this paper, we report the analysis of 2D and 3D visual
features of the oral region in Polish sibilants /s/ and /s/ pro-
duced by 189 children aged 4;11-8;0. Our investigation was
performed based on the data collected from speakers with three
sibilance patterns: normal, diastemic, and distorted vertically.
We considered two research objectives: (1) the analysis of dif-
ferences in shape image features of articulators in selected sibi-
lants and (2) the investigation of the possible impact of sibilance
patterns on visual parameters. We employed a set of features
proposed in some previous works [20] and added 3D image pa-
rameters built in time as a stack of following frames covering
the articulation. The statistical inference was performed using
linear mixed-effect models.

2. Materials

The data analyzed in this study was part of a multimodal audio-
visual database of Polish child speech. Our team, composed
of speech therapy experts and biomedical engineers, collected
material in six kindergartens and school facilities. It was col-
lected using a multimodal acquisition device that enables au-

10.21437/Interspeech.2025-979



Table 1: Speech corpus used in the study. Words and logatomes containing /s/ in lines 1-9, while contating /s/ in lines 10-22. Syl.—
syllable count, Prec.—preceding phoneme, Pos.—word position (1—initial, 2—medial, 3—final).

No. Word IPA Translation Stress Syl.  Prec.  Pos. No. Word IPA Translation Stress Syl.  Prec.  Pos.
1 pies Iples/ dog + 1 e 3 12 szafa ’'safa/ wardrobe + 2 - 1
2 strazak  /’strazak/ firefighter - 1 - 3 13 szufelka /su'felka/ dustpan - 3 - 1
3 samolot /sa'molot/ airplane - 3 - 1 14 noz /nug/ knife + 1 u 3
4 salata /sa’'wata/ lettuce - 3 - 1 15 waz /'vows/ snake + 1 w 3
5  parasol /parasol/ umbrella - 3 a 2 16 ksiazka /’keowska/ book + 2 w 2
6 las ['las/ forest + 1 a 3 17 lekarz  /lekas/ physician - 2 a 3
7  ciastka /tastka/ cookies + 2 a 2 18 sznurek /’snurek/ cord + 2 - 1
8  sadzawka /sa’dzafka/ pond - 3 - 1 19  kucharz /kuxas/  cook - 2 a 3
9 =sa /sal — + 1 - 1 20 szalik /’salik/ scarf + 2 - 1
10  koszyk  /’kosik/  basket - 2 o 2 21  kasza /’kaga/ groats - 2 a 2
11 kalosze /ka'lose/  rainboots - 3 o 2 22 sza /sal — + 1 - 1

Table 2: Summary of the dataset used in this study.

/s/ /!
Sibilance pattern Speakers Speakers
F M | Words F M | Words
Normal 66 | 53 861 78 | 59 1419
Diastemic 6 4 73 7 4 121
Vertically distorted | 20 | 25 404 14 | 25 379
Sum 1338 1909

dio data recording with fifteen spatially distributed microphones
and capturing a video stream [24]. The research involves only
video recordings captured at 30 fps. The project was approved
by the local Bioethical Committee.

The recording session for each speaker had three stages:
(1) speech recording while naming pictures visible on the
screen, (2) recording of a set of speech therapy exercises, and
(3) a speech therapy examination performed by the speech and
language pathologist (SLP) according to the dedicated diagnos-
tic protocol for sigmatism-related articulation assessment. The
language material involved over 50 words and phrases with all
12 Polish sibilants. However, in this study, we focused on two
phonemes: /s/ and /s/ (Table 1).

The part of the dataset used in this study included 189
children aged 4;11-8;0 with normal, diastemic, and vertically-
distorted sibilance patterns. There were 100 female speakers
(aged 6;410;9) and 89 male speakers (6;540;8). In some chil-
dren, sibilance patterns differed between phonemes. Table 2
presents the dataset statistics.

3. Methods

3.1. Data preprocessing

The workflow began with extracting sibilants from words spo-
ken by the children. An expert indicated the beginning and
end of phonemes using spectrograms and waveforms of time-
synchronized acoustic data. Then, we applied two-stage image
segmentation to delineate lips, tongue, teeth, and mouth (de-
fined in this study as the area of lips and space between them)
in camera frames [25]. The method applies object detection us-
ing YOLOVG6 to crop images to the mouth area bounding box,
followed by segmentation with the DeepLabv3+ model (Fig. 1).
We reviewed the results and rejected low-quality delineations to
improve the credibility of further steps.
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Figure 1: Sample results of the segmentation method reported
in [25]. The lips are marked in blue, the teeth in green, and the
tongue in red.

3.2. Visual features extraction

Although the delineations included mouth, lips, tongue, and
teeth, we focused on the first three. We proposed a set of shape
image features of two categories: 2D and 3D. The 2D approach
considered the shape parameters of a given articulator in each
frame capturing the sibilant articulation. Our 3D approach in-
volved the volumes structured as stacks of subsequent frames.
In this approach, the third dimension was related to the time of
articulation, and our goal was to reflect changes in the articula-
tors’ movement.

Eight 2D image features were calculated separately for the
lips, mouth, and tongue [26, 27]: surface area (A2"), perime-
ter (P2P), sphericity (S*P), spherical disproportion (SD?*P),
major and minor axis lengths (Axfnlzjor, Az2D ), elonga-
tion (E2P), and maximum Feret diameter (D%[e)ret). The 3D
set comprised 16 features extracted from each 3D volume in-
dividually [26, 27]: voxel volume (V3P), surface area (437),
surface area to volume ratio (SV R3D), sphericity (S 3Dy, spher-
ical disproportion (SD3P), compactness #1 (C;), compact-
ness #2 (C37), major, minor, and least axis lengths (Aw?n%jor,
Az3D AP )y, elongation (E3P), maximum Feret diam-
eter (D32._,), and maximum diameter in the XY, XZ, YZ
planes (D35, D35, D32). Thus, we determined 24 2D pa-
rameters for each frame and 48 3D features for each sibilant.

3.3. Statistical analysis

We used linear mixed-effect (LME) models to perform statisti-
cal analysis. Each sibilant was limited to the middle 50% of its
frames, i.e., we rejected 25% from the beginning and end of the
phoneme segment. We determined the models for each feature
described in the previous section separately and performed sev-
eral experiments with various model structures, including the
following fixed effects:

* Phonemne: /s/, /8/,
¢ Sibilance: normal, diastemic, vertically distorted.



Table 3: The summary of models with at least one statistically significant fixed effect for lips and mouth features (responses). Fixed
effects are denoted as Ph:sz for phoneme /s/, S:dias for diastemic sibilance pattern, and S:ver for vertically disorted sibilance. The
intercept in our study is sibilant /s/ and normal sibilance. Significant findings are bolded.

p Est.  Std. Er. T P Est.  Std. Er. T
Lips

Eap Int <0.001 053  0.01 4205 [ Az3h ., Int <0.001 351  0.01 24134
Phisz  <0.001 005  0.01 3.72 Ph:sz 020 002 00l -1.30

Sidias 040  -0.02 0.3 -0.84 S:idias 007  -0.08  0.04 -1.83

S:ver 0.42 -0.01 0.01 -0.80 S:ver 0.04 -0.02 0.01 -2.03

Esp Int <0.001 057 001 4747 || Az2D ot <0.001 281 0.03  108.22
Phisz  <0.001 004  0.01 3.04 Ph:sz 003 006  0.03 2.22

S:dias 048 002  0.03 -0.71 S:dias  0.01  -0.15  0.06 -2.49

S:ver 0.97 0.00 0.01 -0.04 S:ver 0.02 -0.05 0.02 -2.44

Fsp Int <0.001 028  0.02 1299 [[ Az3D = Int <0001 295 003 11717
Ph:sz 092 000 003 -0.10 Ph:sz 0.04 005  0.02 2.15

S:dias 035 002  0.02 0.93 S:dias  0.02  -0.13  0.06 -2.28

S:ver 0.60 000 0.0l 0.53 S:ver 040 002  0.02 -0.84
Azl Tt <0.001 344 001 23773 || Vap Int <0.001 711 009  75.08
Ph:sz 004 003 0.01 221 Ph:sz 055 007 0.1 0.61

S:dias 005  -0.08  0.04 -1.95 S:dias 002 028  0.12 -2.28

Siver  <0.001  -0.03  0.01 -3.33 S:ver 077 001 004 0.30

Mouth

Eap Int <0.001 050  0.01 4082 [[ Az3D It <0.001 283 0.2  128.12
Ph:isz  <0.001  0.06  0.01 4.67 Phisz  <0.001  0.07  0.02 3.37

S:dias 057 002 0.03 -0.57 S:dias 003  -0.12  0.05 -2.23

S:ver 076  0.00 001 -0.31 S:ver 0.94 0.0  0.02 -0.08

E3p Tnt <0.00I 052 001 4613 || Pap Int <0.00I 425 001  286.14
Phisz  <0.001  0.06  0.01 4.89 Ph:sz 026  -001 001 -1.16

S:dias 066  -0.01  0.03 -0.44 S:dias  0.01  -0.11  0.04 -2.50

S:ver 0.55 0.0l 0.01 0.59 Siver  <0.001  -0.04  0.01 -4.78
A2l Int <0001 340 001 24806 || Asp Int <0.001 643 003  199.93
Phisz  <0.001 -0.04  0.01 -3.60 Ph:sz 031 003 003 1.03

S:dias 006 008  0.04 -1.92 S:dias 001 024  0.09 -2.70

Siver  <0.001  -0.03  0.01 -3.17 Siver  <0.001  -0.09  0.02 -3.97
Az3D - Int <0.001 348 001 25323 || Asp Int <0.001 694 005  137.89
Phisz  <0.001 -0.04 001  -3.50 Ph:sz 0.86  0.01 0.06 0.18

S:dias 007 008  0.04 -1.85 S:dias 001  -021  0.08 -2.76

S:ver 0.11  -001 001 -1.59 S:ver 022  -003  0.02 -1.23

A2 Int <0001 272 002 11629 || V5p Int <0.001 757  0.09 79.80
Phisz  <0.001 007  0.02 3.09 Ph:sz 0.91 0.01 0.12 0.12

S:dias 001  -0.14  0.06 247 S:dias 001  -028  0.11 -2.55

S:ver 006 004 002 -1.91 S:ver 027  -004 004 -1.10

The random structure involved:

Speaker as random intercept,

by-speaker random slopes for Phoneme, WordPosition,
Stress, PrecedingPhoneme, and syllabesCount,

Word as random intercept,

by-word random
Speaker.

slopes for word Sibilance and

We rejected models that did not meet the assumption of the
normality of the residuals. The final model was selected based
on the log-likelihood comparison and included Phoneme and
Sibilance as fixed effects and the following random struc-
ture: (1 + Phoneme + WordPosition + Stress +
SyllableCount + PrecedingPhoneme| Speaker)
+ (1 + Sibilance | Word). We performed the
statistical analysis in R (version 4.2.4) with p = 0.05.

4. Results & discussion

As a result of LME modeling, we obtained a statistically sig-
nificant effect for either Phoneme: [/s/, /s/] or Sibilance:
[normal, diastemic, vertically distorted] in seven features of the

lips and ten of the mouth (Table 3). We also analyzed features
describing tongue shape, but LME models returned only statis-
tically insignificant results.

We considered phonemes that differ in the place of articu-
lation (dental in /s/ and retroflex /s/) and vary in mouth posi-
tioning during articulation. We found differences between their
realization, mainly in lips and mouth elongation and minor axis
lengths (2D and 3D). The higher E3” values in /g/ for lips and
mouth suggest the more rounded shape of the speech organs
during articulation compared to Polish /s/(Fig. 2). A similar re-
lation was observed in Az2Z, . Its values were smaller for
/s/ than /g/, although major axis lengths were greater in the first.
This also indicates that the articulation of the retroflexes is asso-
ciated with a protruded, circular position of the lips, consistent
with linguistic literature on this matter [28, 29].

The different sibilance patterns considered in this study also
significantly impacted visual features’ distribution (Fig. 3). We
found them in both the lips and the mouth and both 2D and
3D extraction approaches. The lengths of the minor and major
axes of the lips (Az20,, .., Axfn%jw) and the mouth perime-
ter (P2P) significantly differentiated all three sibilance patterns
(Fig. 3). The medians of all features are highest in the nor-
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Figure 2: Values predicted by LME model for selected shape features of lips and mouth, each grouped by phonemes and articulators.
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Figure 3: Values predicted by LME model for selected shape features of lips and mouth, each grouped by fixed effects.

mal sibilance gap realization and lowest in the diastema. This
corresponds to creating an airflow gap in diastema, so all these
parameters are expected to be lower than in normal and verti-
cally distorted sibilance patterns. In turn, in a vertically dis-
torted manner, the upper and lower incisors overlap excessively
or are too far apart. As we had no information on the type of
distortion and the range of results was between normal and di-
astemic, we assumed that excessive overlap of the incisors pre-
vailed in children. However, the results suggest that the area
between the lips was still greater than in the case of a diastema.

Our analysis also included shape features of the tongue, as
it plays a key role in articulation. However, we only observed
insignificant results in all parameters, so we presented results
limited to the mouth and lips. Of all articulators subjected to
segmentation, the tongue was the most difficult to delineate ac-
curately. Lips were almost always visible in our video frames,
whereas the tongue was present less frequently. Our experi-
ments suggest a limited usability of the tongue features in the
sibilance analysis.

We investigated an interaction Phoneme * Sibilancein
LME models to examine whether differences in feature distri-
bution between gap creation patterns are phoneme-dependent.
Retroflex phonemes (e.g., /s/) appear late in children [30], and
they are often substituted with sounds with a dental place of
articulation [31]. It is defined as a substitution where the real-
ization of retroflex is identical to the realization of the dental
phoneme (e.g., /s/). However, only two visual features were
statistically significant in the following configurations (both
for mouth) — Ax?,gjw Phoneme: /s/ and Sibilance: di-
astemic (p = 0.04, E'st. = 0.03, Std.Er. = 0.02, T = 2.03)
and SD*P Phoneme: /s/ and Sibilance: vertically dis-
torted (p = 0.05, Est. = 0.01, Std.Er. = 0.01, T = 2.00).
However, as we found no associations between the results and
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phenomena in sibilant production, we focused on the individual
fixed effects in this paper.

Our study has some limitations. We analyzed only two out
of twelve Polish sibilants using restrained language material.
The availability of Polish words that contain given sounds in
uniform acoustic neighborhoods and are present in the active
vocabulary of preschool children is limited. We also consider a
more comprehensive set of visual features in the future as our
segmentation method may extract other articulators. However,
to our knowledge, the group of 189 children (of 201 recorded
by our team) constitutes the largest population of child speak-
ers included in an acoustic analysis of the articulation of Polish
sibilants so far.

5. Conclusions

Our study showed significant visual differences between
phonemes /s/ and /s/ produced by Polish children with normal,
diastemic, and vertically distorted sibilance patterns. An inves-
tigation based on data from 189 speakers proved that both as-
pects could be distinguished by the shape of the lips and the
mouth. The presented experiments demonstrate that visual data
of the oral area contain diagnostic information about speech.
However, speech production is a complex and multilayered pro-
cess, so further development is necessary to encompass differ-
ent aspects of articulation.
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