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Abstract

Velum movement controls airflow through nasal passage
enabling production of nasal sound. The asymmetry in velum
dynamics during velum lowering vs raising is not well under-
stood, although several studies on asymmetry of other articula-
tors exist. In this study of asymmetry in velum dynamics, we
use real-time MRI videos of 68 speakers speaking symmetric
vowel-consonant-vowel (VCV) sequence with V being vowels
(/al, /il, lu/) and C being nasals (/m/, /n/). The asymmetry is ana-
lyzed in terms of the extent and speed of velum movement. The
study reveals that the extent of velum displacement is signifi-
cantly higher (by a factor of ~2) during V-C transition (velum
lowering) compared to that during C-V transition (velum rais-
ing) for all six vowel and nasal combinations chosen. It is also
found that the speed with which velum lowers is higher (~1.5
times) than that of velum raising during production of all VCVs
except /ana/ and /unu/, for which no significant difference is
observed.

Index Terms: nasal consonants, asymmetry, vowel-consonant-
vowel (VCV)

1. Introduction

The velum dynamics play a crucial role in speech production,
linguistic variation, and clinical diagnosis. The velum actively
regulates the balance between oral and nasal airflow, shaping
speech sounds and contributing to phonetic and phonological
contrasts across languages. Velum dynamics are known to
contribute to coarticulation and sound change, such as nasal-
ization’s effect on consonant duration [1, 2]. Understanding
velopharyngeal (VP) variability aids in treatment [3] and helps
distinguish dysfunction from speech rate effects [4]. Velar
movement estimation is also valuable for speech recognition,
enhancement, and speaker identification [5, 6]. In speech syn-
thesis, modeling velar movement enhances articulatory syn-
thesizers and improves voice quality prediction, especially for
contrastive nasalisation [7, 8]. Beyond linguistic and clinical
perspectives, velum dynamics influence sociophonetics, linking
lexical and social factors to phonetic variation [9, 10]. Thus,
studying velum dynamics provides insights across phonetics,
speech pathology, speech technology, and language evolution.
A large number of studies (a few among which are sum-
marised in Table 1) have been carried out in the past on differ-
ent aspects of velum dynamics using data of various modalities
such as real-time magnetic resonance imaging (rtMRI), X-ray,
and electromagnetic articulography (EMA). Works that study
velum dynamics (marked blue in Table 1) address various char-
acteristics of velum, e.g., area, shape, thickness, height and
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Table 1: Summary of different studies on velum dynamics from
the literature. Rows marked red indicate studies related to static
properties of the velum, while those marked blue indicate stud-
ies on velum dynamics (F=Female, M=Male).

Reference(Year) Study Modality Subjects Stimuli
Kotlarek et 8
alll1] (2019) ‘Velum Shape MRI 85 children, 85 adults
Joshua M.
Tnouye et al[3] Ve]opharyngfal (VP) MRI 10M 3D Randf)m
closure force anatomies
(2015)
Tbrahim Korhan - -
etal[12] (2015) Uvula width and length Endoscopy 44M + 36F
Jianwu Dang et .
al[13] (1996) Nasal Coupling MRI 3M Japanese vowels
Sishi Liao et CGVN /(G)an/ and
al[14] (2024) Velum movement rtMRI 3M +4F 1Gyal
Annabelle
Purnomo et Velum Velocity X-Ray 5M +4F 17 sentences.
al[15] (2022)
m‘lrg]“((z’g;l‘) Velum position and duration| ~ rtMRI 5 Korean speakers | (™ ((/;“‘*;/)) (e,
Jianwu Dang et . -
al[17] 2016) Velum thickness rtMRI 3 Japanese speakers /bibi/ and /bobo/
Barlaz et al[18] Velum constriction HMRI IF Consonants /n/ and
(2015)
Jodo Freitas et rtMRI and . .
AA[19) (2014) Velopharyngeal area G 3F EP nasal vowels
Rossato et al[20] .
(2003) Velum height EMA M vCcv
Kuehn et al[21] Velopharyngeal (VP) INCV/, INNV/,
(1998) closure force A TR 71 I/VCNV/, IVNCV/
Da"(gl 3‘93‘)”21 Velum vibration effects X-Ray ™M f and /ol

velocity, while producing nasal sounds through different types
of speech stimuli. Most of these velum dynamics studies use
very few subjects due to potential challenges of recording velum
movement and reliability of annotation.

Although numerous studies have investigated velum dy-
namics in the past, the asymmetry in velum dynamics (over
time) in the VCV (C being nasal sound) production is not well
explored. However, the analysis of asymmetry in movement of
other articulators has been an area of research for many years.
Various studies have examined the asymmetry in different con-
texts, for instance, identifying the asymmetry across tongue-
palate contact, the asymmetry of the tongue on the development
of jaws and the position of teeth, and many more. Asymmetry in
tongue-palate contact was analysed using electropalatography
to measure lateral asymmetry in British English linguopalatal
consonants [23]. Similarly, an analysis of 1,502 palatogram
data confirmed that 83% of speech sounds show asymmetry,
occurring more frequently on the left side (45%) compared to
the right side (38%) [24]. Another study examined the asymme-
try in cases of unilateral tongue enlargement [25]. A study was
conducted to identify whether there is any impact of velopha-
ryngeal closure due to asymmetry in the length and thickness
of the levator veli palatini muscle [26]. The intrinsic veloci-
ties of velum raising and lowering movements were analysed
for five subjects through cyclic transitions between nasals and
fricatives (/s-n-s-n-s-.../). For two male subjects, velum raising
was significantly faster than lowering, exhibiting some degree
of asymmetry [27]. In contrast, in this study, we focus on ex-
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Table 2: Summary of different statistics of number of frames and
duration of V1, C, V2 for each of six VCV stimuli

Stimuli | /ama/ | /ana/ /imi/ /ini/ /umu/ | /unu/
Avg 61.14 62.92 62.32 63.38 62.92 62.44
-3 D) | (206) | 1976) | (21.42) | (21.3) | (21.16) | (21.06)
g E Max 126 116 120 122 116 116
=& Min 26 32) 32) 32 32 32
Total 4158 4278 4238 4310 4278 4246
= Vi 0.26 0.27 0.28 0.29 0.26 0.27
8 ©013) | 012) | 013) | 013) | 012) | (0.12)
=~
bt 2 e 0.14 0.14 0.14 0.14 0.14 0.14
g® 0.05) | (0.04) | 0.05) | (0.04) | (0.05) | (0.05)
"<
g V2 0.3 0.3 0.29 0.29 0.31 0.3
0.12) | 011) | 011) | 0.11) | (0.12) | (0.12)

ploring the asymmetry on different aspects of velum dynamics
using rtMRI recording of VCV production.

Different modalities, apart from rtMRI, have been used in
the past for various studies on velum dynamics, such as X-
ray [22], electromyography (EMG) [19], CT scans [8], ultra-
sound [27] and EMA [20]. There are various pros and cons
for using each of these modalities. X-rays and CT scans emit
harmful radiation on subjects, making them unsuitable for re-
peated recordings [28]. Moreover, these techniques are good
for recording the data of bones but not ideal for soft tissue and
are very difficult to capture real-time data. EMG and EMA re-
quire invasive electrodes/sensors to collect the data. Since the
velum is soft tissue and inside the vocal tract, it is very chal-
lenging and painful for the subject while placing the sensors
[29]. Fiberoscopy is a highly invasive technique and uncom-
fortable for subjects [28]. Additionally, it may alter normal
speech. Ultrasound might capture real-time and noninvasive
data, but it is difficult to effectively capture deep soft tissues like
velum. rtMRI serves as an effective modality that offers nonin-
vasive [28, 29, 30, 31], high-resolution, real-time data without
obstructing speech, making it suitable to capture real-time 2D
MRI video in the mid-sagittal plane to analyse velum move-
ments during the production of nasal sounds within a VCV se-
quence. Hence, we use rtMRI videos for this study.

This study focuses on asymmetry in velum dynamics using
rtMRI video of 68 subjects speaking two nasal sounds, namely
/m/ and /n/ in the context of VCV where three vowels, /a/, /i/,
and /u/ are used. We propose features from rtMRI images cap-
turing the extent of velar displacement and speed and examine
the degree and nature of asymmetry in a symmetric VCV pro-
duction. Our study reveals that the velar movement is signifi-
cantly higher (by a factor of ~2) during velum lowering (V-C
transition) compared to that when velum moves up during C-V
transition. We also observe that the speed with which velum
lowers is significantly higher than that of the speed with which
it makes an upward movement in four out of the six VCV stim-
uli considered in this study.

2. Dataset

A subset of the USC 75-speaker speech rtMRI database [32]
is used in this study. This subset consists of 68 native Amer-
ican English speakers speaking VCV sequences with C being
nasal consonants, namely, /m/ and /n/, and V being the vow-
els, namely /a/, /i/, and /u/, resulting in a total of six VCV se-
quences, namely /ama/, /ana/, /imi/, /ini/, /Jumu/ and /unu/. We
use V1 and V2 to indicate the vowel before and after C, respec-
tively. Among 75 speakers available in the database, only 68
(33M+35F) speakers are used in this study, as the velum was
not clearly visible in the remaining subjects (subO11, sub018,
sub023, sub044, sub049, sub050, sub075). The rtMRI videos
are recorded at a frame rate of 83.277 fps, capturing precise
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(Overlapped Contours)

Figure 1: (a) Region of Interest, (b) manual annotation of velum
boundary, pharyngeal wall, and velum tip & base points, (c)
overlapped velum contours from all six stimuli for an exemplary
subject (sub036), (d) illustration of velar feature calculation.

movement of velum with 84 x84 pixel resolution. Each pixel
has 2.4x2.4 mm? as spatial area. To extract relevant rtMRI im-
age frames from a VCV recording, the beginning and end times-
tamps of the V1, C, V2 segments were identified for each sub-
ject across all six VCV sequences. This segmentation was done
with the help of Praat' by observing the waveform and spectro-
gram of the spoken utterance. The duration of V1, C, V2 along
with different statistics of number of frames in these segments
are summarised in Table 2. From the extracted frames, only
even-numbered frames (i.e., alternate frames) were selected for
manual annotation using MATLAB Graphical User Interface
(GUD)[33]. Thus, a total of 2079, 2139, 2119, 2155, 2139,
and 2123 frames are used for manual annotation in this study
for /ama/, /ana/, /imi/, /ini/, /Jamu/ and /unu/, respectively. The
region of interest (Rol) as shown in Figure 1(a) are used for
manual annotation. A contour marking the boundary between
the velum and the air as well as a contour representing the pha-
ryngeal wall are manually marked (shown in red and green con-
tours in Figure 1(b) respectively) along with two basepoints of
the velum (A and B) and velum tip (T), indicated by yellow
colored dots in the same figure. From the velum boundary an-
notation, we found that the velum exhibits different shapes, as
reported in [11]. For instance, during /a/ production, leaf, crook,
straight, butt and rat trail shapes are observed for 41, §, 9, 6, 4
speakers, respectively. The shape of the velum varies depending
on the subject and the stimuli used.

3. Study details

In order to represent velum movement during VCV production,
a feature related to the image intensity in a ROI centred around
the velum (as shown in Figure 1) is calculated. Given a se-
quence of M rtMRI images from a video recorded during a
VCV production, let f[m], 1 < m < M denotes the velar fea-
ture value calculated from the m-th rtMRI image (an illustrative
plot of f[m] vs m is shown in Figure 2). Below we describe the
steps for calculating f[m].

Let Zi[k,1], 1 < k,I < 84 denotes the pixel value of
the m-th rtMRI image at the pixel location (k,[). From the
manually annotated velum end-point (A) near the velum base,
a horizontal straight line is drawn and the point (P) is identified
where this line intersects the pharyngeal wall contour (as shown
Figure 1(b)). Similarly, point Q is identified starting from the
manually marked velum tip point T. Now, using points, A, P,
and Q, a quadrilateral, named EFGH (as shown Figure 1(d)) is
constructed in the following manner. At first, the mid-point (F)
between points A and P is identified. Then point G is identi-

Ihttps://www.fon.hum.uva.nl/praat



Velar Feature Value

Frame Index

Figure 2: [llustration of the velar feature calculated from velum
dynamics in this study.

fied as the crossover point of the vertical line going through F
and the horizontal line passing through point Q. Point E on the
line joining F and P is identified to ensure that the distance be-
tween G and Q is identical to the distance between P and E.
Finally, point H is identified as the intersection point of the ver-
tical line passing through point E and horizontal line passing
through point Q. Once, the quadrilateral EFGH is determined,
the f[m] is calculated as follows:

>

(k,))eEFGH

flm] Lk, 1]

For calculation of f[m], we do not include part of the velum
lying in the region to the left of the line FG, although velum base
point is A (near the base of the velum) is to the left of FG. This
is because, through intensity based velar feature, we would like
to capture the motion of the velum. However, near the base of
the velum, the velum movement is minimal (as shown in Figure
1(c) for all six VCV sequences together for an exemplary sub-
ject) and most of the intensity change due to velum movement
is contributed by the pixels lying to the right side of the line
FG. Pixel intensity based feature has been used in the past for
representing velum movement. While some of them have used
triangular area of interest [16], some other have used rectangu-
lar area of interest [34] as well similar to the one proposed in
our study.

In order to examine the asymmetry, we investigate how the
velar feature f[m] changes from V1 to C and back to V2. This
is done using the extent and speed with which f[m] changes
from V1 to C, and back to V2.

3.1. Extent of change in f[m]

The extent of velar feature change is calculated by first com-
puting statistics of f[m] in each of the three (V1, C, V2) seg-
ments, denoted by &vi1, £c, and £va, respectively. The ex-
tent of velar feature change is then calculated using dvic
¢vi — &, dvaec = &va — &c These are illustrated in Figure
2 using the velar feature sequence shown there. We carry out
statistical test to examine if the mean values of dv1¢ and dv2c
are individually nonzero. This is done using t-test with null hy-
pothesis being the mean value is equal to zero. We also carry
out statistical test to examine if §v1¢ and dv2¢ are statistically
significantly different between themselves (also show in Figure
2), i.e., dyvive = dvic — dvac # 0. This is done using t-
test with null hypothesis being that the mean value of dy1v2 is
equal to zero. In order to calculate £y 1, £c, and Eva, two dif-
ferent types of statistics are computed from f[m] as described
below

Extreme Value (EV): In this case, we compute the maxi-
mum value of f[m]in V1 and V2 segments, while we compute
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minimum value of f[m] in C segment (shown in Figure 2), i.e.,
Sva = ma, flml. Sva = may Jiml, - €e = miy fiml.

Velum lowers during nasal production causing the intensity
value to decrease in EFGH quadrilateral compared those dur-
ing vowel production before and after nasal.

Average Value (AV): In this case, we compute the average
of f[m] in each of the three segments separately. Thus, using
AV, we obtain

§V1: Z %:?7

meV1

£V2: Z %7

meV?2

Eczz%ﬁ]y

meC

where Nv1, N¢, Ny2 are the number of rtMRI images in V1,
C, V2, respectively.

In the case of AV, an average position of the velum during
each of the V1, C, V2 segments is captured, while in the case of
EV, &v1 and Ev2 is used to capture the position of velum when
nasal passage is closed during vowel production and {¢ is used
to capture the position when velum lowers completely during
nasal production opening, the nasal passage.

3.2. Speed of change in f[m)]

While extent of change in f[m] captures different position of
the velum during VCV production, the speed with which velum
moves from opening to closing position is not represented in
the {vi, o, and &v2. The speed of velar feature change is
calculated by computing the magnitude of velocities [35], 1
and v» at the V1-C and C-V2 transitions separately. This is
done using L velar feature values on either side of the transition
point. Suppose ki1 and ks are the two frame indices indicating
the V1-C and C-V2 transitions, then

| DX L+ 1~ ik — 1)
1 S

Similarly, v is also calculated. In order to examine the asym-
metry in terms of speed of velar feature change, we carry out
statistical test to examine if v is statistically significantly dif-
ferent from 12 using a paired t-test with the null hypothesis that
the mean value of their difference (v1-v2) is equal to zero.

4. Results and Discussion

4.1. Asymmetry in the extent of change in velar feature us-
ing EV statistics

The normalized histograms of dv1c, dvac, and dy1v2 calcu-
lated using EV statistics of velar feature (as explained in Sec-
tion 3) are shown in Figure 3, using blue, green, and red colors,
respectively, for each of the six VCV stimuli. A kernel density
estimate of the probability density function (PDF) is also shown
in the same color (filled density graphs). A vertical dashed line
at zero point on the x-axis is shown to indicate how much the
histograms of dv1c, dvac, and dy1v2 lie on the positive part
of the x-axis. It is clear from Figure 3 that the dvic, dvac,
and dy1v2 are majorly positive valued. In particular, 97.06%,
98.53%, 100%, 97.06%, 98.53%, and 97.06%, of dv1¢c are pos-
itive valued for /ama/, /imi/, /fumu/, /ana/, /ini/, and /unu/, re-
spectively. These percentages are 91.18%, 89.71%, 91.18%,
98.53%, 89.71%, and 83.82% for dv2c and 75.00%, 73.53%,
80.88%, 76.47%, 80.88%, and 79.41% for 6v1v2. The average
(Avg) and standard deviation (SD) are also shown for each of
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Figure 3: Normalized histograms of dvic, dvac, and dyvive
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Figure 4: Normalized histograms of dvic, dvac, and dvive
using AV based statistics of the velar feature

them in the every sub-figure in Figure 3. A star next to the SD
value indicates that the corresponding average value is signifi-
cantly (p <0.01) greater than zero. It is interesting that dv1c,
dvac, and dy1v2 for each of the six VCV stimuli have average
value which is significantly greater than zero. This suggests that
there is a significant drop from £y1 to £ suggesting the lower-
ing of velum from V1 segment to the nasal segment. Similarly,
a significant drop from &y 2 to ¢ indicates the upward move-
ment of the velum from nasal segment to V2 segment. However,
it can be observed that average value of dv 1 ¢ is larger than that
of dy2¢ by a factor of 2.03, 2.13, 1.78, 1.65, 2.19, and 1.88 for
/ama/, /imi/, /Jumu/, /ana/, /ini/, and /unu/, respectively. This, in
turn, suggests that for the production of vowel after the nasal
segment, the velum does move upward but only up to approxi-
mately half way of where it was during the production of vowel
before the nasal segment. This is true for all of the six VCV
stimuli, which is also clear from the significantly (p <0.01)
positive value of dv1v2, as shown by red color in Figure 3, in-
dicating the asymmetry in downward and upward movement of
the velum during VCV production.

4.2. Asymmetry in the extent of change in velar feature us-
ing AV statistics

Similar to Figure 3, the normalized histograms of dv1¢, dvac,
and dy1v2 calculated using AV are shown in Figure 4. We ob-
served a similar pattern in the Avg and SD values as shown in
blue, green and red colored text in Figure 4. The histograms lie
primarily on the positive side of the x-axis as reflected in the
positive average values. However, unlike EV in Figure 3, the
average value of dy2c¢ is no significantly greater than zero in
the case of /imi/, /ini/, and /unu/. This suggests that post nasal
segment, velum does not move upward significantly. However,
for rest of the cases, average value of dvic, dvac, and dvive
are significantly greater than zero. In particularly, considering
significantly positive average value of dy1v2, it can be con-
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Table 3: Avg(SD) values of v1 — v2 and percentage +ve and -ve
values of v1 — va for each VCV stimulus for different L.

L Vi=V2 /ama/ /ana/ /imi/ /ini/ /umu/ /unu/
Avg 0.19 0.02 0.13 0.21 0.18 0.07
L=3 (SD) (0.59) (0.64) (0.52) (0.47) (0.52) (0.56)
) /() | 60.3/39.7 | 485/515 | 54.4/456 | 63.2/368 | 63.2/36.8 | 58.8/41.2
Avg 0.20 0.00 0.13 0.21 0.20 0.08
L=4 (sD) (0.56) (0.52) (0.48) (0.41) (0.49) (0.48)
“+) /() | 647/353 50/50 58.8/41.2 | 67.6/324 | 66.2/33.8 | 57.4/42.6
Avg 0.20 0.01 0.15 0.20 0.19 0.09
L=5 (SsD) (0.54) (0.48) (0.44) (0.38) (0.48) (0.47)
®) /() | 632/368 50/50 61.8/382 | 73.5/265 | 66.2/338 | 60.3/39.7
Avg 0.18 0.01 0.14 0.19 0.17 0.10
L=6 (SD) (0.49) (0.45) (0.39) (0.34) (0.46) (0.45)
#) /) 63.2/36.8 | 51.5/48.5 | 65.2/34.8 | 71.2/279 | 64.7/35.3 | 58.8/41.2

cluded, just like in the case of EV, that the amount of velum
movement is not symmetric during it downward and upward
motion in VCV production. It is important to note that, due
to averaging unlike extreme value, the average values of dv1c,
dvac, and dv1v2 using AV (Figure 4) are less than those using
EV (Figure 3).

4.3. Asymmetry in the speed of change in velar feature

Four different values of L are used for the study of asymmetry
in the speed of change in velar feature, namely, L =3,4,5,6. For
each value of L, v1 — v» (as defined in section 3.2) is calculated
for each VCV stimulus for every speaker. The Avg and SD val-
ues of v/ —v; are shown in Table 3 along with the percentages of
positive and negative values, indicating v1 > 12 and v1 < 12,
respectively. It is found that except for /ana/ and /unu/, the aver-
age value of v — 1 is significantly (p <0.01) greater than zero
for all values of L other than the case of /ama/ for L =3 and
/imi/ for L =3, 4. It is also evident from the percentages of +ve
and -ve values. This suggests that the speed with which velum
lowers is significantly higher than that with which it makes an
upward movement post nasal segment suggesting an asymmetry
in the velar movement speed in VCV production. In particular,
for L=5, the average v is 1.58, 1.0, 1.45, 1.78, 1.5, and 1.23
times higher than average v for /ama/, /ana/, /imi/, /ini/, /Jumu/,
and /unu/, respectively.

5. Conclusions

Using rtMRI video during VCV production from 68 speakers,
this study reveals that the velar displacement and velocity is not
symmetric during velum lowering (V-C transition) and velum
raising (C-V transition). A significant higher velum lowering
happens during V-C transition with relatively higher speed than
those during C-V transition. This suggests a stronger carryover
effect as vowel post nasal segment remains more nasalized com-
pared to the vowel before nasal segment. Although results from
this study does not match with that report by [27] (probably due
to different tasks and less number of subjects used in that study),
they are similar to the findings reported by Rossato et al. [20].
While this study only deals with displacement and velocity of
velar dynamics, higher-order dynamical characteristics remain
to be investigated. Further study needs to be carried out on a
larger pool of subjects to examine whether there is any signif-
icant change in velum shape and size during VCV production
and if any asymmetry is observed in such velar features. The
sensitivity of the findings in this study to the annotation error
and the anatomical variability needs to be investigated as well.
These are the parts of our future work.
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