Objective assessment of cleft lip and palate speech intelligibility
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1. Introduction

Cleft lip and palate (CLP) is one of the most common congen-
ital disorders of the craniofacial region. Children with CLP re-
quire surgical intervention to establish the appropriate oral mo-
tor skills; however, the speech disorders persist due to velopha-
ryngeal dysfunction (VPD) even after the surgical repair of the
cleft [1]. The primary speech-related disorders CLP individuals
exhibit are (i) hypernasality, (ii) articulation errors, (iii) nasal
air emission, and (iv) voice disorders, all of which affect the
overall intelligibility of the speech [1, 2, 3]. Improving the in-
telligibility is the primary concern in clinical care. A means of
assessing speech intelligibility is required to determine (i) over-
all articulation capability, (ii) the improvement in speech due to
therapy, and (iii) the outcomes of other interventions [9].

1.1. Clinical intelligibility assessment and need for objec-
tive measure

In the clinical environment, speech-language pathologists
(SLP) perceptually assessed the intelligibility using (i) various
rating scales, (ii) through the transcription, and (iii) different
protocols [2, 10, 4]. By its nature, perceptual evaluation is sub-
jective and can lead to inaccurate and biased decisions, but it is
considered nevertheless to be the gold standard [12, 5]. Even
so, there is always some extent of intra-rater and inter-rater dis-
agreement in perceptual evaluation [8]. Therefore, an objec-
tive method for assessing speech intelligibility is urgently re-
quired to assist SLPs with their therapeutic and other rehabilita-
tion processes [5, 23]. The application of these approaches may
significantly contribute to the assessment process in terms of
(i) consistent objective results, (ii) remote monitoring of speech
disorders, and (iii) reduction in the cost of care [9]. Since ob-
jective measures only rely on the acoustic characteristics, bias
due to the contextual information may not be present in these
methods [5].

1.2. Previous works

Currently, researchers have shown the significance of automatic
speech recognition (ASR) techniques to quantify the intelligi-
bility of CLP speech [5, 11, 12, 23]. In these approaches, word
error rate (WER) is considered to quantify the speech intelli-
gibility, and a significant correlation is observed with respect
to SLPs perceptual scores. Although ASR based systems pro-
vide a high degree of correlation with perceptual ratings, a large
amount of annotated data is needed to build the acoustic and
language models. This is relatively difficult for a low resource
scenario like CLP speech analysis [8]. To overcome the re-
quirement of a large amount of annotated data in the ASR-based
system, supervectors generated from speaker-specific Gaussian
mixture models (GMMs) are used as the input for support vec-
tor regression (SVR), and the SVR output is used to quantify
the speech intelligibility [8].

1.3. Motivations

In the ASR based system, WER gives a global view of the in-
telligibility for each CLP individual. However, a sentence-level
intelligibility score is difficult to obtain from the WER. More-
over, the WER does not provide the information about how dif-
ferent speech disorders are impacting the speech intelligibility.
The relative impact of each speech disorder on the CLP speech
intelligibility is essential for the SLPs. Furthermore, in the pre-
vious works, ASR is built on adult data and adapted for chil-
dren’s data to determine the word accuracy for intelligibility
evaluation. Most of the ASR systems use MFCCs to model
the vocal tract characteristics, which requires a smooth vocal
tract spectrum. However, in the case of high pitch, particularly
for children’s speech, harmonics are widely spaced which re-
sults in inadequate smoothing of the spectral envelope [14, 15].
The inadequate smoothing of the spectral envelope may lead
to the improper representation of the sound units [14]. Also,
the acoustic mismatch between adults’ and children’s speech
is a great challenge for the children’s ASR trained on adults’
data [16]. Hence, assessment of intelligibility using these ap-
proaches may not be very reliable. Conventional MFCCs and
their derivatives do not explicitly model the dynamic character-
istics present in the transition region between two sounds [17].
Since the important perceptual cues of intelligibility are embed-
ded in the transition region, proper modeling of this region is
essential [18, 19]. In CLP speech, the intelligibility mainly de-
grades due to the deviations in the place of articulations (PoA)
and the manner of articulations (MoA). Acoustic cues related to
PoA [20] and MoA [21, 22] are predominantly preserved in the
transition regions. Hence, acoustic features which give the ex-
plicit representation of temporal dynamics between two sounds
are required.

2. Database

Since there is no publicly available database to experiment, I
have developed a database for CLP speech. Speech samples
were collected in collaboration with the All Indian Institute of
Speech and Hearing (AIISH), Mysuru, India. All the children
with cleft have undergone primary surgery and do not have other
congenital disorders and developmental problems. Only CLP
children with adequate language abilities were considered for
the study. Before the recording, consent was obtained from the
children’s parents.

Fifteen phonetically balanced sentences and fifty meaning-
ful words in the Kannada language, rich in obstruent conso-
nants, were used as the speech stimuli. These stimuli were de-
signed by SLPs of AIISH, Mysuru for intelligibility assessment
of Kannada CLP individuals. Speech samples were recorded in
a sound-proof room using a directional microphone (Bruel &
Kjaer) with a sampling frequency of 44 kHz and 16—bit reso-
lution on a mono channel.

Three SLPs of AIISH, Mysuru with around five years of ex-



perience in the field of CLP speech evaluation assessed the in-
telligibility by a perceptual evaluation method. The SLPs pro-
vided sentence-level and word-level intelligibility scores on a
scale from O to 3, where, 0 = near to normal, 1 = mild, 2 =
moderate, and 3 = severe. Apart from the sentence-level and
word-level intelligibility score, SLPs also provided a global in-
telligibility score of each CLP individual in the same scale. We
computed Spearman’s rank correlation coefficient (p) and Co-
hen’s kappa (k) between the score of an individual rater and the
mean of the other two raters and found the intelligibility ratings
sufficiently reliable. Hence, the median value of the three raters
scores was considered as the ground truth for the current work.

3. Methods and Results

3.1. Analysis of the relative contribution of speech disorder
on intelligibility
The relative contribution of different speech disorders, such as
hypernasality, articulation errors, nasal air emission, and voice
disorders on the CLP speech intelligibility is studied. Also, it is
evaluated whether all the speech disorders influence the assess-
ment of CLP speech intelligibility. To investigate this, the per-
ceptual ratings of these speech disorders are used to build a re-
gression model. Using this model, we show that the CLP speech
intelligibility can be expressed as the weighted linear combi-
nation of the aforementioned speech disorders. The weights
provide the relative impact of individual speech disorders on
overall speech intelligibility. The articulation error shows the
highest impact on the intelligibility, while the voice disorder
has significantly less or no contribution on the intelligibility.
Further, the above knowledge is used to develop an objec-
tive measure. Here, separate acoustic models are developed for
nasality, articulation, nasal air emission, and voice quality. The
combined decision from the models is explored as the objective
measure of speech intelligibility. The weights derived from the
perceptual analysis are used to rank the scores derived from the
models. Results show a significant correlation between the pro-
posed objective measure and the perceptual intelligibility rat-
ings.
3.2. Exploration of pitch-normalized joint spectro-
temporal feature based Gaussian posteriograms for
intelligibility assessment

This work studies the role of spectral smoothing and explores
the pitch-normalized features in intelligibility assessment of
CLP children’s speech. Motivated by the perceptual impor-
tance of the transition region, we computed the joint spectro-
temporal based features from the overlapping patches of time-
frequency representation for better characterization of spectral
and temporal modulations [17, 20]. Since speaker indepen-
dent acoustic segment representation is very essential, derived
joint spectro-temporal features are mapped into Gaussian pos-
teriograms (GPs). The GP for an utterance is derived from a
sentence specific GMM which is built on normal data, and it
provides a speaker independent representation of the underlying
acoustic segments present in the respective utterance. GP repre-
sentation of the distorted unintelligible speech of CLP children
will be distinctly different from the normal children’s speech.
Two comparison based frameworks using dynamic time
warping (DTW) and matching of self-similarity matrices
(SSMs) are applied to compute the deviation of the GP repre-
sentation of the test CLP speech from that of the normal tem-
plate. The relative deviation from the normal speaker’s tem-
plate is considered as the representation of intelligibility. In
case of the DTW based method, DTW distance between the

GP representation of test CLP speech and the normal speech
template is considered the sentence-level intelligibility score.
Unlike DTW, the SSM based comparison method can encode
high information variability among compared patterns by cap-
turing the interaction between all parts of the utterance [24, 25]
and it is robust against the speaker variabilities. SSM of a fea-
ture sequence is a square matrix, which encodes the acoustic-
phonetic composition of the underlying speech signal. Devia-
tions in the acoustic characteristics of underlying sound units
due to the degradation of intelligibility will deviate from the
CLP speech’s SSM structure from that of normal speech. This
degree of deviations in CLP speech’s SSM from the correspond-
ing normal speech’s SSM may provide information about the
severity profile of speech intelligibility. The degree of devia-
tions is quantified using the structural similarity (SSIM) index,
which is considered as the representative of the objective intel-
ligibility score. Compared to the DTW based system, the SSM
based method shows better performance for all the explored fea-
tures.

4. Conclusion and Future work

In my PhD work, the primary goal is to develop an objective
measure for CLP speech intelligibility. Initially, we have an-
alyzed the relative impact of different speech disorders on the
CLP speech intelligibility and used this knowledge to derive
an objective measure using the combined evidence of different
speech disorders. The importance of pitch-normalized and joint
spectro-temporal feature is shown for intelligibility assessment
of CLP children. Such features are used in two comparison
based frameworks to derive the objective intelligibility scores.
The future work is motivated by the current results that have
been discussed. Some of our plans are listed below.

¢ In CLP speech, articulation error has the highest impact
on the speech intelligibility, and articulation problems
mostly occur due to the improver production of the ob-
struents. This deviant characteristic results in the distor-
tion of spectro-temporal dynamics at the transition re-
gion from obstruent to vowel, and vice-versa. Most of
the abrupt landmarks are associated with such vocalic
transitions, where important perceptual cues are embed-
ded [26]. The objectives to investigate are (i) how land-
mark expression is distorted in CLP speech, and (ii)
whether an acoustic correlate of CLP speech intelligi-
bility can be derived by analyzing the speech anchored
around the abrupt consonant landmarks.

* We are planning to derive the global intelligibility score
for each CLP individual using two approaches: (i) the
combined decision of sentence-level intelligibility scores
from the previous studies, and (ii) the i-vector modeling
of the CLP individuals’ speech.
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