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Abstract: In this paper, an attempt is made to graphically distinguish the normal and pathological 
cases of speech disabled children. The digitized acoustic signal from children of age range 5 to 8 years 
are captured and subjected to Linear Predictive Coding (LPC), FFT and CEPSTRUM processes. The 
output data obtained from LPC, FFT and CEPSTRUM are analyzed for four cases viz, one normal and 
three pathological cases of varying degrees of severity. The usefulness of the proposed technique is 
further illustrated as the locations of poles are found to have shifted within the unit circle. The results 
are summarized in the form of three indices namely co-relation index of FFT signal, co-relation index 
of CEPSTRUM and the order of prediction in LPC for severity threshold determination. The results 
from FFT and CEPSTRUM are found to match with that of the LPC technique favorably.  
Copyright © 2009 IFSA. 
 
Keywords: CEPSTRUM, Correlation, FFT, Linear predictive coding and speech disability 
 
 
 
1. Introduction 
 
Speech is the most basic means of adult human communication and also speech is one of the basic 
forms of communication used in any civilized society. Effective determination of quantitative speech 
disability remains one of the challenges in medical profession. However millions of people are 
suffering from disabilities associated with speech. According to an UNICEF estimate as many as  
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150 to 250 million children are disabled world wide [1]. Speech disability is one of the widely 
encountered disabilities among the children [2-8]. The purpose of this paper is to explore how digital 
signal processing techniques can be applied to solve problems related to speech communication i.e. to 
quantitatively measure severity of speech disability among disabled children (Pathological Subjects) in 
comparison with medically fit child, using high level computational language like MATLAB as a 
platform. 
 
Speech reproduction is necessary for applying corrective techniques [4]. Various techniques were 
researched by several researchers over the years like articulation density index [4], hidden Markov 
model (HMM) [9-12], Hidden Bernoulli Model [13], zero crossing referencing [14], and Linear 
Predictive Coding (LPC) techniques [15-16] for speech signal processing. 
 
In this paper, the speech uttered by children was recorded and digitized. The digitized signal was 
further processed in a high level computational platform of MATLAB. These are further explained in 
subsequent Sections. In Section 2, the procedure of speech recording and digitization was explained; 
Section 3 deals with LPC processing technique, and Section 4 the results obtained from LPC technique 
as well as other techniques such as FFT and CEPSTRUM were explained. Finally Conclusions were 
drawn in Section 5. 
 
 
2. Methodology 
 
Acoustic signals or speech signals are continuous signals in time domain. To convert such signals into 
discrete time signals, Analog to Digital converters (A to D Converter) are required. The current state of 
the art recording devices such as IPOD (Intelligent Portable Occular Device) are equipped with 
advanced A to D converters largely due to the technological advancements in VLSI. Built-in A to D 
converters in IPOD system enables the creation of discrete- time signal at discrete intervals of time, 
when speech signal passed through such system. 
 
The study was conducted on children of native speakers of Kannada language (Indian Dravidian 
Language which was recognized as classical language recently [17]). Acoustic speech signals of word 
“Namma” uttered by normal child (normal subject) and pathological subjects (age between  
5 to 8 years) are recorded using IPOD recorder in digital form. 
 
The data was collected at J.S.S. ‘Sahana’ integrated and special school located at Bangalore, India. 
Prior to the data collection, the teachers were requested to train and acclimatize the disabled children 
aged between 5 years to 8 years facing speech disability problem, to read few sentences written in 
kannnada language. The experiment was conducted in a pleasant atmosphere, the children are made to 
read the sentences and the said sentences were recorded. Similarly the normal samples were obtained 
at ‘vinayaka’ school, Bangalore by following same procedure with the normal children in the same age 
group. About 30 samples were taken for normal cases. The averages of these samples were taken and 
the child’s voice which nearly coincides with the average is considered as reference data mentioned as 
‘normal’. 
 
However, the data after conversion should be made easy to use, manipulate, low loss and compatible 
to windows platform. The recorded digitized signal is further subjected to transformation into wav file, 
the most commonly used digitized sound format with the help of downloadable software known as 
“GOLDWAVE” [18]. The transformation procedure used in GOLDWAVE software results in .wav 
file format. 
 
The parameters used while importing the IPOD recorded speech into GOLDWAVE are shown in 
Table 1. The compiled data are marked as ‘normal’, ‘subject1’, ‘subject2’ and ‘subject3’ 
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corresponding to normal case, and pathological cases with increase in severity. 
 
 

Table 1. The parameters used for transformation into wav file. 
 

Rate [kpbs] 512 
Amplitude type [bit] 16 
Sampling Frequency [Hz] 32000 
Channel  Mono 
Modulation  Pulse Coded  

 
 
3. Speech Signal Processing Using LPC 
 
In simple terms, the technique of Linear Prediction Coding (LPC) operates by determining the 
optimum values of filter coefficients required to make the prediction error as small as possible. The 
LPC technique is widely used in Filter design and speech coding. The higher the order of the filter 
used the lower the error between the predicted signal and the actual signal. The order of the filter is 
denoted by the symbol ‘p’ – linear prediction coding coefficient. The values of the various fitted filter 
coefficients determine the strength of the poles. 
 
In the case of linear prediction, the intention is to determine an FIR filter that can optimally predict 
future samples of an autoregressive process based on a linear combination of past samples. The 
difference between the actual autoregressive signal and the predicted signal is called the prediction 
error. Ideally, this error is white noise. The representation of LPC technique used for speech signal 
analysis is illustrated in Fig. 1. 
 
 

 
 

Fig. 1. Illustration of LPC technique used in Speech Signal Analysis. 
 
 
Referring to Fig. 1, the Vocal – Cord excitation for voiced sounds is produced by a known generator 
with adjustable period and amplitude. The noise-like excitation of unvoiced sounds is produced by a 
white-noise source. The linear predictor p, a transversal filter with p delays of one samples interval 
each, forms a weighted sum of the past p Samples at the input of the predictor. The output of the linear 
filter at the nth sampling instant is given by, 
 
 

∑
=

− +=
P
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where the “predictor coefficient” ak account for the filtering action of the vocal tract, the radiation, and 
the glottal flow; and Sn represents the nth sample of the excitation. The transfer function of the linear 
filter of Fig. 1 is given by 
 
 ( ) ( )∑ −−

= k
k Za

ZT
1

1  (2)

 
The poles of T(Z) are the (reciprocal) zeros of the polynomial (in z-1) in the denominator on the right 
side of equation (2). The linear filter thus has a total of p poles, which are either real or occur in 
conjugate pairs. The filter stability condition requires that the poles must reside inside the unit polar 
circle. 
 
The number of coefficient p registered to present any speech segment adequately is determined by the 
number of resonance and anti resonance of the vocal tract in the in the frequency range of interest, the 
nature of the glottal volume flow function, and radiation. Normally two poles are usually adequate to 
represent the influence of the glottal flow and the radiation on the speech wave [15]. In order to 
represent the poles of the vocal tract transfer function adequately, the linear predictor memory must be 
equal to twice the time required for sound waver to travel from the glottis to the lips (nasal opening for 
nasal sound), for example, if the vocal tract is 17 cm in length, the memory of the predictor should be 
roughly 1 ms in order to represent the poles of transfer function of the vocal tract. p is natural function 
of the sampling frequency fs and is roughly proportional to fs. Considering a sampling interval of 0.1 
ms with the sampling frequency of 10000 Hz results in p value of 10, an additional two poles are 
required, one accounting for glottal flow and another for the radiation. Hence the optimum value for p 
for a sampling rate of 0.1 ms is 12. In our analysis, the optimum value of p corresponding to minimum 
error is found to be around 10. Greater distinction between various severities cases are noticed on unit 
polar plot for p value equal to 12. Hence in our study also p value is taken equal to 12. 
 
LPC plot in Fig. 2 shows a unit polar plot for all the cases. The locations of captured 12 poles from 
LPC signal analysis are shown in Fig. 2(a) to Fig. 2(d) for the cases of normal, subject1, subject2 and 
subject3. It can be seen that the real poles did not exist on the real axis of the unit circle in most severe 
case ‘subject3’. Furthermore it was noticed that some poles were moved towards periphery of the unit 
circle, indicating the severity of the disease. 
 
 
4. Discussion 
 
The exact value of frequency at which the abnormality occurs could not be determined from LPC. 
Hence there is a need for the usage of other tools. FFT analysis can be used to study the spectrum 
splitting thus identifying the frequency component. FFT can be used to distinguish various severe 
cases. 
 
The procedure extraction of real and imaginary components of CEPSTRUM is shown in Fig. 3(a) and 
Fig. 3(b), respectively. Real CEPSTRUM can be obtained by computing the inverse discrete Fourier 
transform of the logarithm of magnitude of the discrete Fourier transform of the input speech sequence 
X(n) and Complex CEPSTRUM can be obtained by computing the inverse discrete Fourier transform 
of the Complex logarithm of the discrete Fourier transform of the input speech sequence X(n). 
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Fig. 2. The LPC pole-zero plots for (a). normal (b). Subject1 (c). Subject2 and (d). Subject3. P = 12. 
 
 

 
 

Fig. 3. Procedure for Extraction of CEPSTRUM Components 
(a). Real CEPSTRUM (b). Complex CEPSTRUM. 

 
 
From Fig. 4, the extent of severity can be easily recognized by comparing normal case amplitude in (a) 
and the most severe case in (b). It is seen the net energy is more negative in the case of subject3 
indicating the difficulty in speech transmission and irregularity in gottal flow. 
 
The Fast Fourier Transform (FFT) may also be used to evaluate the frequency response of discrete- 
time systems. The frequency response of discrete- time system is simply the Fourier transform of its 
impulse response. To obtain a smooth frequency response, it is important to take a sufficient number of 
impulse response values and/or to zero-pad the impulse response values before the FFT is taken. Using 
FFT function of MATLAB, frequency response of normal subject1, subject2 and subjects3 are 
obtained and the plots for only the normal case and subject 3 are shown in Fig. 5 (a) and (b) 
respectively. 
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Fig. 4. Plotted Complex component of CEPSTRUM for (a) Normal and (b) subject3. 
 
 

  
 

Fig. 5 Frequency Spectrum for (a) Normal and (b) subject3. 
 
 
The cross-correlation becomes important when the case of two independent and random data 
sequences have to be compared. In this case the sum of the products will tend to vanishingly small 
random number as the number of pairs of points is increased. This is because all numbers, positive and 
negative, are equally likely to occur so that the product pairs tend to be self-canceling on summation. 
The cross- correlation r12 (n) between two data sequences x1(n) and x2(n) each containing N data which 
is written as 
 
 

( ) ( )nxnxr
N

n
2

1

0
112 ∑

−

=
=  (3)

 
In this work, cross- correlation is applied between the speech signal samples of normal child ( x1(n) 
normal) and speech signal samples of Pathological subjects ( (x2(n) pathological subjects). (Three 
respective Pathological subject speech signal samples cross-correlation with normal child speech 
signal the correlation coefficients or the correlation index values obtained.). Similarly, Correlation 
coefficients are obtained between the normal FFT values and subject1, subject2 and subject3 FFT 
values, and are tabulated in Table 2. 
 
 

Table 2. FFT correlation study. 
 

S No. Comparative Study FFT Correlation coefficients 
1 ‘normal’ and ‘subject1’ 0.42 
2 ‘normal’ and ‘subject2’ 0.28 
3 ‘normal’ and ‘subject3’ 0.21 
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Table 3. CEPSTRUM correlation study. 

 
S No. Comparative Study CEPSTRUM correlation 

coefficient 
1 ‘normal’ and ‘subject1’ 0.85 
2 ‘normal’ and ‘subject2’ 0.78 
3 ‘normal’ and ‘subject3’ 0.76 

 
 
It is seen that various data presented can serve as severity indicators. However for the speech therapy 
tools to be in place, the techniques of transformation of speech signal from severe cases to normal 
cases to be explored. The authors believe that this procedure is not only necessary but also will make 
the current topic a complete study. In an attempt to this, the severe case of subject 3 was taken and 
observed by adjusting the value of prediction coefficient and thus making the polar plot nearly 
coinciding to the normal case for the p value equal to 17. 
 
 
5. Conclusions 
 
Together FFT, LPC and CEPSTRUM form a complete tool kit for severity detection and threshold 
determination. More specifically three indices are identified, namely p value, FFT co-relation and 
CEPSTRUM co-relation index for the quantification of speech severity. For the collected sample space 
of four children, the threshold value for p and threshold co–relation indices are found to be 12. The 
threshold values of the correlation index of FFT, CEPSTRUM are 0.4 and 0.8 respectively. Work is 
on-going to make a complete toolkit of identifying the threshold parameters and correction tools. 
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