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Abstract
The presence of velopharyngeal dysfunction and abnormal oral
structure in individuals with cleft lip and palate (CLP) will de-
viate the production mechanism of stop consonants from the
normal. The present thesis aims to develop an acoustic anal-
ysis based system for the detection of stop consonant produc-
tion errors in children with CLP. The consonant-vowel (CV)
transitions are considered as the crucial cues for the analysis
of articulation errors. An event-based hierarchical algorithm is
proposed for the detection of CV transitions. To analyze the
epoch-to-epoch variation of spectral characteristics in the CV
transitions, an epoch extraction algorithm is developed. Alter-
native to short-time window based time-frequency representa-
tion, single pole filter (SPF) based approach is used to epoch
synchronous analysis of CV transitions. Further, the thesis aims
to develop an automatic stop consonant error detection system
using segmented CV transitions and SPF based features.
Indexterms: Articulation errors, cleft lip and palate, spectro-
temporal analysis, transition regions.

1. Introduction
Cleft lip and palate (CLP) is a craniofacial anomaly and com-
mon most birth defect [1]. Cleft palate with or without cleft
lip occurs 1 in 781 live births [2]. Individuals with cleft lip
and palate (CLP) exhibit deviant characteristics of stop conso-
nants due to the presence of inadequate functioning of velopha-
ryngeal port, anatomical abnormalities, and mislearned articu-
lation [1, 3]. Weak, nasalized, glottal, palatalized, pharyngeal
stop substitutions, and devoicing errors are the important stop
consonant errors listed in [4]. The type of speech therapy and
surgery required to correct the stop consonant production er-
rors in CLP, require a detailed evaluation of articulation errors.
Acoustic analysis of articulation disorders is considered as a re-
liable, objective, cost-effective technique [5], when compared
to perceptual and instrumental based approaches.
1.1. Related work
Compared to the detection of hypernasality in CLP [6, 7], the
evaluation of articulation errors is very rarely addressed in the
literature. In [5], automatic detection of glottal stops, pharyn-
geal backing, weak stops, and nasalized consonants using hid-
den Markov model (HMM) based segmentation and MFCCs
has been proposed. The for The automatic detection of glottal
stops using MFCCs, gammatone filter bank energies, formants
estimated using linear prediction (LP) analysis, wavelet coeffi-
cient feature, and K-mean cluster classifier is proposed recently
in [8].
1.2. Issues related to analysis of stop consonant errors
In the process of the assessment of articulation errors, response
of the speaker for the word/sentence level stimuli containing
the target phoneme is recorded [4]. Accurate segmentation of
speaker’s response for the target phoneme is a crucial stage in

the automatic detection of articulation errors. In [5], HMM-
based force alignment method is used for the segmentation. Ev-
idence derived from short-time energy and periodicity profile is
used for the segmentation of initial and final consonants in [8].
Stop consonants are very weak energy signals, whose spectro-
temporal characteristics vary dynamically. Therefore, HMM
and energy based methods may not be suitable for the segmen-
tation of stop consonant errors. Segmentation and analysis of
stop consonants involve the identification of closure-burst tran-
sitions [9]. In case of weak or nasalized stops, due to the inad-
equate development of intra-oral pressure, the burst event may
not be evident [10]. In case of glottal stops, devoicing errors and
nasal substitution errors, the manner of stop consonants is com-
pletely deviated due to the abnormal behavior of glottis. Hence,
unlike normal stops, the articulation errors do not possess the
closure-burst transitions. Alternative to burst, formant dynam-
ics of consonant-vowel (CV) transition considered to carry the
information about the place and manner of articulation of con-
sonants [11]. Hence, in this work, CV transitions are used as
appropriate regions for the analysis of articulation errors.

Conventional block processing based features such as
MFCCs, LP based formants, which do not capture spectro-
temporal dynamics associated with the CV transitions [12]. In
CLP speech disorders, the evaluation mainly is focused on the
children speech [1]. Compared to adult speech, the formant
variations are highly dynamic in nature for children case, due
to the rapid movement of articulators. Therefore, the analy-
sis of such short durational CV transitions still poses a chal-
lenge for the evaluation of stop consonant production errors in
CLP speech. Alternative to frame-based approaches, estima-
tion of vocal tract spectrum by positioning the short-time anal-
ysis window around the glottal closure instant or epoch is pro-
posed in [12]. However, estimation of epoch-synchronous vo-
cal tract spectrum requires accurate detection of epochs. Exist-
ing epoch extraction algorithms uses LP analysis for the precise
detection of epochs. Due to the presence of high pitch in chil-
dren speech, LP-based methods may not perform well. Non-LP
methods such as zero-frequency filter, single pole filter based
approaches [13, 14] will not estimate the epochs accurately.
Therefore, an accurate epoch extraction algorithm is required
for the epoch synchronous estimation of the vocal tract spec-
trum for the analysis of CV transitions in children speech.

2. Thesis objectives
By addressing the issues related to the analysis of stop conso-
nant errors in children with CLP, in the present thesis, the fol-
lowing objectives are formulated.

• Development of a knowledge-based hierarchical seg-
mentation algorithm for the segmentation of stop con-
sonant production errors in CLP.

• Analysis of glottal activity features for the detection of
the deviant glottal source mechanism associated with the



stop consonant production errors in CLP.
• To propose an epoch extraction algorithm for the ac-

curate detection of epochs from pathological children
speech.

• To analyze the CV transitions using epoch synchronous
analysis of single pole filter (SPF) based time-frequency
representation (TFR).

• Demonstration of the systems for the classification of
normal stop vs. misarticulated stop, normal voiced stop
vs. nasalized voiced stop, and normal unvoiced stop vs.
glottal stops using knowledge-based segmentation and
features extraction from SPF based TFR.

3. Results from the completed work
The database consists of 31 children with repaired CLP of age
range 6-12 years and 26 controlled normal (CN) children of the
same age range as CLP. Velar (/k/, /g/), dental (/t/, /d/), retroflex
(/T/, /D/), and bilabial (/p/, /b/) stop consonants are considered
for the study. Speech material consists of consonant-vowel-
consonant-vowel (CVCV) words formed by the combination of
stops and vowel /a/ (example: [kaka], [gaga]). In total 1200
words from CLP and 1000 words from CN group are recorded.
The recorded samples are evaluated by three expert SLPs using
consonant error evaluation protocol mentioned in [4].
3.1. Hierarchical CV transition segmentation algorithm
The word stimuli consist of CV syllables containing target stop
consonants. The response of the CLP speaker for the target syl-
lable may include the distortion or substitution error, where the
information about the stop consonant may be completely ab-
sent. However, we found that, within a syllable, the information
about the vowel is still preserved. Using the evidence derived
from glottal activity and band-pass filtered signals (500-4000
Hz), first, the locations of the syllable nuclei in CVCV words
are detected. Further, using periodicity measures and band-pass
filtered signals, the vowel onset points are detected. The anal-
ysis of burst evidence [9] around the vowel onset is carried out
to identify the burst. If the burst is present, then the CV transi-
tion region anchored around burst onset is analyzed; otherwise,
vowel onset is considered for the extraction of CV transition
regions.
3.2. Detection of glottal activity errors
The presence/absence of glottal vibrations during the produc-
tion of unvoiced/voiced stops is referred as the glottal activity
error (GAE). Due to the inadequate development of intra-oral
pressure, speakers with CLP alters the glottal activity mecha-
nism during the production of stop consonants. The acoustic-
phonetic and production based knowledge of stop consonants
are exploited and an algorithm for the automatic detection of
GAE is proposed in [15]. The algorithm uses zero frequency
filtered and band-pass (500-4000 Hz) filtered speech signals to
identify the syllable nuclei positions, followed by the detection
of glottal activity characteristics of consonant present within the
syllable. Based on the identified glottal activity characteristics
of the consonant and a priori voicing information of target stop
consonant, the presence or absence of GAE is detected. The de-
tected GAEs are evaluated against the ground truth derived from
PRAAT-based waveform analysis.
3.3. SPF based time-frequency representation
Single pole filter (SPF) based time-frequency representation is
used for the analysis of CV transitions. SPF is a first order
infinite-impulse-response filter, whose impulse response is ex-
ponentially decaying in nature. Computation of STFT using
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Figure 1: Illustration of STFT and SPF based spectrograms.
(a)-(c) and (d)-(f), represent speech waveform, STFT and SPF
based spectrograms for velar stop and glottal stop, respectively.

SPF is termed as exponentially forgetting transform (EFT) [16].
The sharp leading edge of EFT analysis window allows the ac-
curate detection of signal beginning. SPF has zero phase lag at
the center frequency and causal impulse response. Therefore,
no delay is introduced in the signal analysis. Time-frequency
uncertainty i.e time-bandwidth product for EFT is π

2
, whereas

π for the Gaussian window of same length [16]. Application of
SPF for the extraction of impulse-like events, i.e., glottal clo-
sure instants or epochs is proposed in [14]. Fig. 1(a)-(c) and
(d)-(f) represent the speech waveform, STFT, and SPF-based
spectrograms, respectively, for the CV transitions of normal ve-
lar stop (/k/) and glottal stop, respectively. Formant transitions
are better visualized in SPF-based spectrogram than STFT.
3.4. Epoch extraction from pathological children speech

The vertical striations present in the spectrogram due to the
abrupt glottal closure are highly localized to time in the SPF-
based spectrograms (Fig. 1(c) and(f)). Further, multi-scale
product of each SPF-based filtered envelope is computed to en-
hance the transition present around the epoch. The impulse-like
sequence derived using the SPF based envelopes and the multi-
scale product is used as the pre-processed signal for the epoch
extraction. A short reference interval defined around the posi-
tive zero crossings of ZFFS is used to locate the epoch from the
pre-processed signal. The SPF and ZFFS based epoch extrac-
tion algorithm showed better performance for the pathological
children speech database [17], under clean as well as noisy con-
ditions, when compared to LP-based approaches [18].

4. Conclusion and future directions
Analysis of the various stop consonant production errors re-
vealed that the vowel landmarks are not distorted in CLP. Hence
vowel onset points can be used as anchor points for the segmen-
tation of CV transitions. Alternative to STFT, SPF-based TFR
found to be better for the analysis of CV transitions. To analyze
the epoch-to-epoch variation of vocal tract features of children
speech, an epoch extraction algorithm is proposed. Future work
includes the extraction of features from SPF-based TFR for the
analysis of stop consonant production errors in CLP. Further,
using segmented CV transitions and SPF based features, a sys-
tem for the automatic detection of stop consonant production
errors need to be developed.
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