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Abstract

In this paper, novel Variable length Teager Energy Operator
(VTEO) based Mel frequency cepstral coefficients, namely,
VTMFCC are proposed for automatic classification of normal
vs. pathological voices. Experiments have been carried out using
this proposed feature set, Mel Frequency Cepstral Coefficients
(MFCC), and their score-level fusion. Classification was
primarily performed using a discriminatively-trained 2" order
polynomial classifier on a subset of the MEEI database for a
feature dimension of 12. The equal error rate (EER) on fusion
was reduced by 3.2% than MFCC alone which was used as the
baseline. The classification accuracy was analyzed for different
dimensions of feature vector. Furthermore, results obtained for
the 2" order classifier were compared with the results obtained
from the 3¢ order polynomial classifier for different feature
dimensions. In addition, the effectiveness of dynamic features, in
particular, delta, delta-delta, and shifted delta cepstral features
have been investigated for this particular problem. It has been
observed that the score-level fusion (with equal weights) of
proposed feature set and state-of-the-art MFCC gave better
classification performance than MFCC alone for various
evaluation factors considered in this paper.

Index Terms:-Pathological voice, nonlinearity, VTEO, glottal
closure instant (GCI), VTMFCC, polynomial classifier.

1. Introduction

Exploiting excitation source and vocal tract system information
to develop automated and non-invasive method to classify
normal vs. pathological voice is the objective of this study. It
has been assumed by many studies that the perceived
abnormality in the voice is primarily due to changes at the glottal
excitation source and is not as much due to abnormalities in the
vocal tract configuration. Hence, many of the earlier studies
have concentrated on quantifying the perturbations in
fundamental or pitch frequency (Fo) called as jitter[1], [2] and
pitch amplitude (i.e., shimmer) [1] together called perturbation
factors and quantifying the noise at the glottal source using noise
measures such as harmonics-to- noise ratio (HNR), glottal-to-
noise excitation ratio (GNE), normalized noise energy (NNE),
etc. [3]-[5]. However, the issue with these features is that they
can be applied reliably to only nearly periodic signals or Type 1
voices as described in [6], since they require accurate
determination of pitch period (i.e. To=1/Fo), which is difficult in
case of severely pathological voices. There have been other
studies which have been based on source-filter theory [7], [8]
and nonlinear dynamics [9], [10]. However, these nonlinear
dynamical methods are based on chaos and fractals, which are
computationally complex.

To alleviate these issues, computationally simple nonlinear
feature based on Teager energy operator (TEO) is proposed [11],
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[12], [39]. To the best of author’s knowledge, these are some of
the earliest studies in this area employing the TEO to capture the
nonlinearity in the properties of glottal airflow. For example,
study reported in [12] used the AM autocorrelation envelope of
the first formant (F1) of speech signal. Apart from these
techniques there have been other studies which have attempted
to characterize the non-stationary characteristics of speech using
time-frequency analysis, wavelets, and wavelet packets [13]-
[15]. Another linear and perceptually relevant feature that has
been used is MFCC [16], [17]. Fusion of Modulation Spectral
features (mRMS) with MFCC which are hypothesized to capture
the mucosal wave variation due to increased mass and the noise
introduced due to incomplete closure of vocal folds [17], [18].
Other recent approaches in this problem are reported in [40]-
[42]. Apart from this study, there have been very few studies
which have used fusion of features, especially fusion of both
source and system-related features to characterize the effects due
to pathology in the perceived speech.

In this paper, we exploit excitation source-related nonlinear
variable length Teager energy operator (VTEO)-based Mel
cepstral feature set, i.e., VIMFCC. The key idea behind
VTMFCC is to represent source information in perceptually
meaningful way via Mel warping. This work is an extension of
author’s work reported in [19], where preliminary results were
obtained on fusion of MFCC and VIMFCC which showed a
robust performance even under degraded conditions. In this
paper, a more detailed analysis has been performed where the
effect of feature dimension, order of polynomial classifier as
well as the efficacy of dynamic features has been investigated.

2. VIMFCC Feature Set

For the discrete-time signal, TEO is defined as [20]-[23]:
pix(n)}=x*(n)—x(n-1)x(n+1)= 420>, 1)
for small values of (U, i.e., sin@)za), where A4 and @ are

the amplitude and frequency of a sinusoidal signal. It can be
observed from eq. (1) that TEO represents the running estimate
of signal’s energy by considering the joint contribution of
signal’s amplitude and frequency. This concept of TEO was
further generalized in [24] to use the i past and i future
samples instead of just the two adjacent samples. The location, i
of these two samples from the current sample is called the
dependency index (DI). This generalized version of the TEO

operator is called the VTEO, é {} and is defined as:
fi{x(n)}=x2(n)—x(n—i).x(n+i):i2A2wz. 2)

DI is termed so, because the VTEO operator brings out the
hidden dependencies in the sequence of the samples of speech
signal.

2.1. Evidence of VTEO as Excitation Source Information
Fig. 1(a) and Fig. 1(b) depict the speech signal and
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corresponding differenced electroglottograph (EGG) waveform
taken from the CMU-ARTIC database [25], [38]. Fig. 1(c) and
Fig. 1(d) are the VTEO profiles of speech signal shown in Fig.
1(a) for DI=1 and DI=4, respectively. It can be observed that the
peaks in the VTEO profile are in close proximity of locations
corresponding to the differenced EGG waveform for both DI=1
and DI=4, which corresponds to the glottal closure instants
(GCD), indicating that the VTEO successfully captures the
airflow properties at the glottis (in particular, glottal activity
[26]). Moreover, it can be seen that for DI=4 the peaks are
significantly higher or dominant than the peaks in the VTEO
profile for DI=1.
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Fig. 1. (a) Speech for a male speaker from CMU-ARCTIC Database
[32], (b) Differenced EGG, (c) VTEO profile for DI=1, and (d) VTEO
profile for DI=4.
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Fig. 2. VTEO profile (with DI=4) of sustained phonation of /ah/ taken
from MEEI database for (a) normal speech, (b) paralysis, (c) vocal fold
polyp, and (d) Reinke’s edema.

Fig. 2 depicts the VTEO profile for DI=4 for a normal speaker
and three pathological speakers suffering from paralysis, vocal
fold polyp and Reinke’s edema, respectively. All the samples
were taken from the Massachusetts Eye and Ear Infirmary
(MEEI) database [31]. Details of various pathological diseases
can be found in [27]. These particular voice disorders have been
considered since they represent the three broad categories of the
myriad diseases affecting the vocal folds. As can be seen in Fig
2(a), for a normal speaker, due to complete glottal closure, there
is not much turbulence at the source which is reflected in the
regularity of occurrence of peaks of the VTEO profile. On the
other hand, in the case of all the pathological voice examples
shown in Fig. 2(b)-2(d), due to incomplete closure and/or
asymmetrical vibration of the glottis, there is an increased
turbulence and aperiodicity at the source, which is reflected in

the irregular structure in the running estimate of signal energy
via the VTEO profile. Thus, it is clear that the VTEO profile
successfully characterizes the airflow properties through the
glottis and captures the changes in the air flow properties by
exploiting the dependencies in the sequence of samples brought
about by the various pathologies.
2.2. VTMFCC Feature Extraction

VTMFCC was first proposed in [28] and then applied for
voice pathology detection [19]. Its implementation is shown via
a block diagram in Fig. 3.1t is computed by first preprocessing
(framing, Hamming windowing, pre-emphasizing) the speech

signal x(n) to give x » (n), the pre-processed speech signal.

Next, the VTEO as defined in (2) is taken, followed by Mel
scale warping of the VTEO profile and then the usual log and
DCT computation is carried out to get VTMFCC. In [28]-[30],
this feature set was used for biometric application using the hum
and was shown to give a better classification accuracy using
score-level fusion of VTMFCC and MFCC than MFCC alone
and was shown to provide complementary information to the
MFCC feature set.
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Fig. 3. Block diagram for proposed VTMFCC. After [26], [35].

From the analysis presented in Section II-B and II-C, it is
evident that the proposed VTMFCC feature set represents
perceptually meaningful information (due to Mel scale warping
to mimic human perception process for hearing) of excitation
source characteristics. In our earlier study, we have observed
that DI=4 gives relatively better results for VTMFCC [19] and
hence, this choice of DI is used for the experiments reported in
this paper.

3. Experimental Results

3.1. Experimental Setup
The corpus used for the experiments is the commercially
available MEEI database [31]. For this work, a sustained
phonation /ah/ of a subset of 173 pathological and 53 normal
speakers was used according to [3]. The MEEI database consists
of samples either at 50 kHz or 25 kHz, so all the samples were
down-sampled to 25 kHz sampling frequency. Since the number
of pathological samples is approximately three times the normal
samples, 1 s of pathological data and 3 s of normal data per
person was used for training and testing. A 4-fold cross-
validation scheme repeated 12 times giving a total of 48 trials
was carried out, using 75% samples for training and 25% for
testing, with the training and testing subsets kept independent to
each other. The classification accuracy (% number of correctly
classified samples out of total samples from normal vs.
pathological samples) was calculated as an average for all these
48 trials. This ensures that the results reported in this study are
statistically significance and independent of train and test set.
3.2. The Polynomial Classifier

In this paper, discriminatively-trained polynomial classifier is
used as basis for all the experiments [35]. In this classifier, the

input feature vector x is converted to a polynomial vector p(x) ,

which contains terms till degree d for a d” order polynomial
classifier. The score is produced by taking the inner product of
this class model with the input test feature vector which is
averaged over time to give the final score for that speaker, i.e.,
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1 N
s=ﬁ;w5mp(x[), )

where N is the number of frames, W, _is the model for either

class
the normal or pathological class and p(x,)is the polynomial

expansion for i" testing feature vector. Thus, whichever model
gives the higher score, the test sample is said to belong to that
class. The details of training algorithm are given in [32],[33].For
data fusion, a score-level fusion with f=0.5 was carried out, i.e.,
VTMFCC and MFCC features were fused with equal weights to
give the fused scores as,

Sf = ﬂ'SMFCC +(1- ﬂ)'SVTMFCC ’ (©)

where Sy, Surcc, and Syrmrcc represent scores for fusion, MFCC,
and VTMFCC, respectively. These scores were used to plot the
Detection Error Trade-off (DET) curves and get equal error rate
(EER) (a point where false alarm and miss probability is same)
as the performance measure [34].

TABLE 1 EER (%) nd Classification Accuracy (%) for Different
Feature Dimension (D) for VTMFCC (DI=4)
FD 4 8 12 16 20 24 28 32

Ac 79.50 89.99 9431 9554 9695 97.62 7329 59.63
EER  20.50 10.01 528 446 3.05 238 3330 44.05
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Fig. 4. DET plot for varying feature dimension (FD) for VIMFCC
(DI=4) and a polynomial classifier of order 2.

3.3. Effect of Feature Dimension (FD)

The objective of this experiment was to find the relatively
optimal feature dimension in the proposed feature set keeping
other specifications (DI and degree of classifier) constant. The
feature dimension was varied from 4 to 32 in steps of 4. Thus in
each case, FD number of VTMFCC (with DI=4) coefficients
were extracted per frame. Each frame consisted of 256 samples
corresponding to 10.2 ms with a 50 % overlap.The EER values
and the corresponding classification accuracy (average of 48
trials) (Ac) has been shown in Table 1.

As can be seen from Table 1, the accuracy is gradually
increasing while the EER gradually decreasing till feature
dimension of 24 (shown in bold). The accuracy increases from
79.5 % (corresponding to an EER of 20.50 %) to 97.62 %,
(corresponding to an EER of 2.38 %), for a feature dimension of

4 and 24, respectively. Thereafter, there is a sudden fall in
accuracy to 73.29 % for a feature dimension of 28 which further
decreases to 59.63 % and an EER of 44.05% for a dimension of
32.Fig. 6 depicts the DET plots for the different feature
dimensions (i.e., 4, 8, 12, 16, 20, 24, 28, and 32). As can be seen
that the feature dimension of 24, gives the lowest EER and is
thus the optimal feature dimension for the proposed feature set.

3.4. Effect of Order of Classifier

The experiments were conducted to investigate effect of

polynomial order in the classifier for VIMFCC, MFCC and

their score-level fusion for a given feature dimension (as shown
in Table 2 and Fig. 5). Some of the observations from Table
2and Fig. 5 are as follows:

1) It can be seen that in all the cases for both MFCC and
VTIMFCC, 3 order classifier performs much better than
the 2™order classifier.

2) It was found that for the lower feature dimensions, the
difference in accuracies was much greater than for higher
dimensions, showing small changes from 12 to 16 as
compared to the changes from 8 to 12. As seen in the Fig.
7, the gap between the accuracies obtained for VIMFCC
feature set gets closer and closer as D increases.

TABLE 2 EER (in %) for Different Feature Dimension for Degree 2
and 3 for VTMFCC (DI=4), MFCC, and their Score-Level Fusion

Feature Degree of
Set Classifier

Feature Dimension (FD)

8 10 12 14 16
VTMFCC Order2 10.00 8.41 528 476  4.46
(DI=4) Order3 6.96 5.28 364 353 424
MFCC Order2 5.88 4.61 450 3.79 3.01
Order3 4.87 4.05 398 3.64 3.53
Fusion Order2 7.03 141 0.82 1.15 0.44
Order3 2.08 1.38 1.19 353 424
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Fig. 5. Comparison of the accuracy for 2"and 3'“order polynomial
classifier for varying feature dimension for VTMFCC alone.

3.5. Effect of Dynamic Features

Dynamic features have shown to improve the performance of
speech and speaker recognition systems when combined with the
static features [36], [37]. Thus, in this set of experiments, we
have explored the effectiveness of few dynamic features, i.e.,
delta (A) cepstrum, delta-delta (AA) cepstrum and shifted delta
cepstrum (SDC). The delta cepstrum is the first order derivative
of the cepstral trajectory of static features (such as MFCC and
VTMFCC). Similarly, the delta-delta cepstrum is its second
order derivative [36]. Thus, the delta cepstrum and delta-delta
cepstrum takes into account the velocity and acceleration of
cepstral trajectories, respectively and hence give information
about changes in their temporal (dynamic) behavior. On the
other hand, the shifted delta cepstrum (SDC) is basically a
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variation of the delta cepstrum over a longer period of time. It
consists of four parameters, denoted as N-d-p-k. Here, N stands
for the number of cepstral coefficients extracted per frame, d
stands for the samples over which delta computation is spread, p
stands for the gaps between the successive delta computations,
and finally & stands for the number of delta computations
forming one SDC.
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Fig. 6. DET plot of VTMFCC + SDC-VTMFCC, and MFCC + SDC-
MFCC dynamic features, and their score-level fusion.

TABLE 3Classification Accuracy (%) and EER (%) Values of
Dynamic Features and their Score-Level Fusion

System Feature Set Acc(%) EER(%)
1 MFCC 95.65 4.53
2 VIMECC 94.31 5.69
3 System 1 + System 2 98.85 1.13
4 MFCC + A MFCC 95.95 4.06
5 VIMFCC+ A VIMFCC 95.09 4.91
6 System 4 + System 5 99.03 0.97
7 MECC + AA MFCC 96.06 3.94
8 VIMFCC + AA VIMFCC 94.05 5.95
9 System 7 +System 8 99.07 0.93
10 MFCC + SDC-MFCC 96.32 3.68
11 VTMFCC +SDC-VTMFCC 94.87 5.13
12 System 10 + System 11 99.11 0.89

+ indicates score-level fusion

In the following experiments, the speech data was blocked into
frames of length 10.2 ms or 256 samples with 50% overlap. 12-
dimensional MFCC and VTMFCC were extracted per frame.
The delta and delta-delta parameters were extracted by taking
the first and second order derivative per frame. For the SDC
parameters, a 12-2-2-5 SDC was taken. Instead of concatenating
the SDC frames to get a kN-dimensional feature vector, in these
set of experiments, we use a weighted sum of the frames, where
highest priority is given to the first frame and lowest to the (k-
)" frame, so as to get an N-dimensional feature vector. In all
cases the dynamic features extracted was concatenated with the
static features (i.e., MFCC or VIMFCC), forming a feature

vector with a dimension of 24 (i.e., 12 MFCC + 12 A-MFCC, 12
MFCC + 12 AA-MFCC, 12 MFCC + 12 SDC-MFCC), and
similar concatenation was done for VTMFCC.

The results have been shown in Table 3. It is evident from
Table 3 that feature-level fusion of MFCC and A MFCC does
not perform significantly better than only static MFCC features.
This is the case for VTMFCC as well. However, it is interesting
to note that score-level fusion of static and dynamic features
(i.e., A, AA, SDC) derived from MFCC and VTMFCC
(highlighted in Table 3) gave a relatively better performance. On
the whole, SDC gave relatively the best performance. This may
be due to the fact that SDC captures better temporal variation
over longer time duration. However, on comparing the best
results obtained among the dynamic features, namely, system 12
in Table 3, with its static counterpart, namely, system 3 in Table
3, we see that there is an increase in accuracy by just 0.26% and
a decrease in EER by 0.23%, which is not a very significant
improvement in classification performance. Thus, it can be seen
that even though the dynamic features do provide some extra
information, the relative increase in performance (with respect to
its static counterpart) is not as significant to compensate for the
two-fold increase in feature dimension which in turn increases
the computational cost.

The DET plot for the best performing dynamic feature set,
SDC has been plotted in Fig. 9. It can be seen that just as in the
case of static features there is a significant decrease in the EER
value on fusion of VIMFCC+SDC-MFCC and MFCC+SDC-
MFCC (system 12) by almost 2.79% as compared to the EER
value of MFCC+SDC-MFCC (system 10). This was relatively
the smallest EER value obtained amongst all the features (static
and dynamic) investigated for a feature dimension of 12. The
accuracy also in this case was the highest equal to 99.11%,
which indicates it is a very accurate classification system.

4. Summary and Conclusions

In this paper, novel VTEO-based Mel frequency cepstral
features have been proposed to take into account the nonlinearity
in the speech production mechanism caused due to nonlinear
sources and capture excitation source-related information. Even
though the MFCC feature set gave better classification accuracy
as compared to the VIMFCC when taken alone, the inherent
problem with MFCC is that it is based primarily on source-filter
theory and does not account for the coupling of vocal tract with
source. It has been shown that the proposed feature set provides
complementary information to state-of-the-art MFCC features
and shows a significant decrease in EER value when a score-
level fusion of MFCC and VIMFCC with equal weights is
carried out. The effect of feature dimension, order of classifier,
and the effectiveness of dynamic features for proposed feature
set have also been investigated. Further research could be
conducted in investigating other data fusion strategies such as
feature-level or classifier-level fusion.
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