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ABSTRACT

This paper adresses the voice activity detection problem
within a semiparametric hypothesis testing framework. Semi-
parametric detection consists in combining the statistical op-
timality of a parametric test with the robustness regarding the
learning data of a nonparametric test. The proposed semi-
parametric approach splits the frame vector into two parts
such that the first part has a known statistical distribution.
The second part is processed by a non-parametric detector
producing a binary decision. A likelihood ratio test, based
on the first part and the nonparametric binary decision, is
then applied to classify the frame as either speech or non-
speech. The statistical performance of the resulting fusion
test is analytically established and validated using real speech
signals.

Index Terms— Voice activity detection, Semiparametric
test, Nonparametric test, Likelihood ratio test, Fusion test.

1. INTRODUCTION

Voice Activity Detection (VAD) refers to the classical prob-
lem of distinguishing active speech from nonspeech. Re-
cently, numerous approaches have been developed for im-
proving the performance of VAD schemes in noisy environ-
ments. They can be divided into two categories: parametric
(derived from a model) and nonparametric (learned from
data) approaches. In the parametric approaches, often called
statistical model-based VAD algorithms, the distributions of
both noisy speech and noise spectra are assumed to follow
a particular parametric model such as a Gaussian or Lapla-
cian distribution. Based on the assumed distributions, the
likelihood ratio is calculated and thresholded to form a deci-
sion rule [1, 2, 3, 4]. Nonparametric approaches incorporate
machine learning techniques such as minimum classification
error methods [5, 6] and Support Vector Machine (SVM)
schemes [7, 8] to exploit prior knowledge.

Recently, there is a considerable interest in semiparamet-
ric tests, which combine the advantages of each approach.
There are two main categories of approaches in the literature.
The first, e.g. [9, 10], involve parametric models which in-
corporate an unknown non-parametric (often infinite dimen-
sional) part. The main difficulty involves the estimatation of
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the nonparametric part of the model [11] and the design of
an appropriate speech/non-speech test. The second category,
e.g.[12, 13, 14, 15], involves the combination or fusion of
multiple statistical tests in speech/non-speech classification.
The individual tests are generally both parametric and non-
parametric. The resulting test is called the fusion test. This
paper is concerned with the second category.

The contributions in this paper are three-fold. First, we
propose an optimal fusion rule combining one parametric de-
tector and one nonparametric detector. Due to this combi-
nation, the proposed approach is referred to as semiparamet-
ric detection. This combination is nevertheless parametric in
essence since it is based on the well-known Likelihood Ra-
tio Test (LRT). Second, the theoretical statistical performance
of the proposed detector is theoretically established. Finally,
the theory is validated with practical experiments with real
speech signals.

The remainder of this paper is organized as follows. Sec-
tion 2 describes the VAD semiparametric decision problem.
Section 3 derives the optimal semiparametric test. It also es-
tablishes likely performance according to various statistical
approximations. Section 4 reports an evaluation of the pro-
posed test with real speech signals. Our conclusion are pre-
sented in Section 5.

2. PROBLEM STATEMENT

The VAD problem can be modeled as a binary hypothesis test
between the two hypotheses H : {noise alone} and H; :
{speech plus noise}. In this section we show how a frame of
speech x; can be split into two statistically independent sub-
vectors ! and . The subvector ] is processed indepen-
dently with a nonparametric detector which produces a deci-
sion value 0 or 1 consequently to H¢ and H; respectively. The
subvector ¥ is used in combination with the decision value
of the nonparametric test to form a couple whose distribution
is known under each hypothesis.

2.1. Noisy Speech Measurement Model

The speech signal is first segmented into contiguous frames.
The i-th analyzed frame is denoted x; € R™ where n is frame
length and @ € {1,...,F} with F the number of frames.
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A complete parametric model of the frame is out of reach
due to the high variability of speech signals but parametric
models based on a linear transformation of the frame samples
are possible. This paper is based on the statistical Perceptual
Ephraim-Malah (PEM) model discussed in [1]. Let :cf be the
vector of PEM coefficients, which are obtained from x; as

! =MD z; = Px; (1)

where p X n matrix M and n X n matrix D represent the Mel
frequency filter bank and discrete cosine transform (DCT), re-
spectively. The PEM model accommodates the critical-band
phenomenon where the matrix product P = MD represents
a perceptual transform, and thus =¥ represents the perceptual
spectrum of frame ;. It is assumed that M is a full-row rank
matrix such that rank (P) = p. Let R be the n x n matrix

defined by
(g

where the ¢ X n matrix @ is chosen such that R is a regular
matrix of size n (thus, ¢ = n—p). Without loss of generality,
it is supposed that the rows of Q form an orthonormal set of
vectors. It is sufficient to take an orthonormal basis of the
orthogonal complement of the space spanned by the rows of
P in R™. Hence, «; is statistically equivalent to Rx; given by

z? Pzx;
we(3)-(2) e

It is straightforward to verify that Px; and Qx; are uncorre-
lated. It is therefore assumed that they are also independent.

PORCES)

2.2. Parametric Model

It is numerically shown in [1] that the statistical distribution of
PEM coefficients is well approximated by a zero-mean Gaus-
sian distribution with a known covariance matrix 3, depend-
ing on the hypothesis, i.e.,

mi) ~ ./\/‘(O7 Ek) under Hk (3)

where ), = diag(o} ,,...,0%,) is a positive definite, di-
agonal p x p matrix under hypothesis #j, and A'(0, =) de-
notes the zero-mean normal distribution with covariance ma-
trix 3. It is assumed that O'ij > U(Q)J foralll1 < j < n.In
other words, speech has a higher variance than none. This as-
sumption is generally satisfied with real data. In practice, 3y,
is replaced by an estimate which is rarely diagonal, but the
diagonal elements are generally dominant and non-diagonal
elements could be neglected.

2.3. Nonparametric Model

Contrary to 7, the random vector ! does not admit a known

statistical model. Hence, it is not possible to know or have an
accurate approximation of its statistical distribution. For this
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reason, a nonparametric model is generally used or, equiva-
lently, a learning-based detector. According to the splitting of
the frame (2) into two independent subvectors a:{’ and w,?, the
nonparametric approach is based on the learning data set

5t ={ @l 1), @), ), @), )}

composed of /N independent and identically distributed cou-
ples of values (a:?i> ,¢;). The integer ¢; € {0, 1} is the label of

q

i.e., ¢; = 0 if the subvector x ;) contains

the subvector w‘(]i),
noise only and /; = 1 otherwise.

A binary statistical test, also called a detector, applied to
x] is a Borel measurable function §* : R — {0, 1} mapping
the space RY to class labels. In standard classification, the per-
formance of 0* is measured by the probability of two errors,
namely the probability of false alarms o™ and the probability

of correct detections 5* given by
o =Pro(6*(xf) =1) and B* =Pri(6*(z!) =1). 4

Here, the notation Prj(A) represents the probability of the
event A when hypothesis Hy, is true. Let C be a class of de-
tectors and let 27 be the set of all possible learning sets S?. A
learning detector is a mapping d, : Q¢ — C. In other words,
the learning detector d, is a rule for selecting a detector based
on a training. The class C of detectors used in this paper is the
class of Support Vector Machines (SVM) detectors. Other
class of detection may also be used. It is for example possible
to use a nonparametric regression as a detector (like the well-
known logistic regression). In this case, the theoretical study
should be more difficult since the nonparametric regression
can take more than two output values (the probability of each
output must be known to use the approach proposed in this
paper). Let &,(x!) be the binary decision (0 or 1) provided
by the SVM detector. Details on SVM detectors d,(z!) are
given in [16].

The false alarm probability of §,(x]) is vy and the prob-
ability of correct detection is 3,. These two probabilities are
assumed to be known or well estimated. Consequently, under
Ho, the random variable d,(x]) follows the Bernoulli distri-
bution B(cy,): it takes the value 1 with probability «, and the
value 0 with probability 1 — aq. Under M1, d4(x]) follows
the Bernoulli distribution B(,).

2.4. Semiparametric Detection Problem

The proposed semiparametric approach consist of solving the
decision problem

s { ol ~ N(0.20), y(af) ~ Bla .

Hi: {azf ~N(0,X1), dg(x]) ~ B(Bq)}. %)

The notation H instead of H( (and also H; instead of H;)
underlines the fact that #j is not strictly equivalent to Ho. It



is a new formulation of the statistical decision problem Hg
against 7, which is based on the frame statistical models de-
rived from the decomposition (2). It must be noted that each
hypothesis (5) is simple [17], which means that the statistical
distribution of the observation vectors under each hypothesis
is perfectly known.

3. OPTIMAL SEMIPARAMETRIC DETECTION

The likelihood ratio test is calculated from the couple of ran-
dom variables identified in the previous section. This yields
the semiparametric test.

3.1. Semiparametric Test

The decision problem (5) can be solved by the well-known
log-likelihood ratio test [17] given by

) 0 if Ag(x;) <A
) — P 9y — s\Li) = Asy
ds(xi) = 05(x?, x]) = { 1 else, (6)
with the decision function Ag(z;) :
fi(a7) bs, ()
As(z;) = As(x?, 64 (z? log 7”. 7)
(i) = Aol dlw) = o8 ey @)
The threshold A} is chosen to satisfy a prescribed false alarm
probability «, ie. as = as(A\:) = « where the notation

as(A%) underlines the fact that the false alarm probability of
ds(x;) depends on A\%. In (7), b, (z) denotes the probability
density function (pdf) of the Bernouilli distribution B(a),

ba(z) = a” (1 —a)' ™", 2 €{0,1}, (8)

and fi () is the pdf of the normal distribution with mean 0
and covariance matrix g,

1
T) = ——
fil(@) 27 det(Xy)
where det(Xy) is the determinant of matrix Xy.
A straightforward calculation shows that the test (6) is
equivalent to the comparison of the decision function A% (x;)
to a threshold A where A*(x;) is given by:

T —1
e I BT L e RP ()

Ai(xi) = (&) (35! -27hal + 27, 0,(x)
P
= > e (ah,)7 + 27,6, (x). (10)
where ] = (2 ,,...,27 ), ¢; :a&?—of’? > 0and

From (10), the semiparametric test is shown to be a sum of
two terms. The first corresponds to an energy detector; this
is the parametric part. The second corresponds to the non-
parametric decision d,(x?). The parameter v, is a tradeoff
between the two terms. It measures the global performance
of the nonparametric test 64 (7).
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3.2. Statistical Performance

The calculation of the statistical performance, namely the
false alarm probability o and the probability of correct de-
tection s, of the test d5(a;) is not straightforward due to
the complexity of A%(x;). For this reason, o and s are
approximated.

From (10), it is straightforward to obtain

oy = Pr( >0

= Fo\)(1—ag)+Fo (A\i=27g)aq,  (11)
Be & Pri(AI>AY)

= FiA)(A-B)+F1 (\i=27)8,  (12)

where Fy,(+) is the Cumulative Distribution Function (cdf) of
the random variable

P
AR Z (13)

under hypothesis H, and Fy(z) = 1 — Fy(x) for k = 0, 1.
The theoretical calculation of the threshold A is also complex
but a numerical computation is manageable. For this, it is
necessary to calculate F'y(z). Since its exact calculation is
difficult, another approximation is used. Let us note that

P
T(@!) = dijui; for k=0,1,
j=1

where dy, j = cjopj and ug ; = @} ;/oxj for j = 1,...,p.
Under Hy, x} ; ~ N(0,07 ;), hence uy ; ~ N'(0,1). Con-
sequently, T'(x?) is a weighted sum of chi-square variables
whatever the hypothesis. One of the common approximations
of Fj(x) is a gamma distribution having the same first two
moments as that of T'(x?) (see details in [18]). Let 9(a,p)(2)
be the pdf of the gamma distribution with parameters (a, b):

a _ _
— e attb 1

N0 , 2> 0. (14)

Y(a,b) ([E )
Under Hj, this approximation is obtained for the parameters:

2
N O L 1 (51 )
oy a2 2 P d2,

Let G(q,1)(x) be the cumulative distribution function of the

b (2), its

and b} =

gamma distribution with parameters (a, b) and G (;1
inverse. Then,

Incorporating (15) into (11) and (12) yields approximations
of g and 5. These approximations can be easily evaluated
numerically. Hence, the computation of the threshold \} sat-
isfying as(\%) = o is straightforward by using a root-finding

Glaz by (x) and Fi(z) ~ 1 — Gaz pr)(x). (15)



algorithm and formula (11). Then, knowing A} immediately
gives the power (35 from (12).

Fig. 1 shows the relevance of the theoretical approxima-
tions given in (15) for typical values of matrices 3y and 31,
oy = 0.1 and B, = 0.8. The theoretical Receiver Operating
Characteristics (ROC) curve 35 of the semiparametric test is
very close to the ROC curve Bs estimated by using Monte-
Carlo simulations.
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Fig. 1. Theoretical ROC curve 5 for d(x;) and its estima-
tion 3, based on Monte-Carlo simulations.

4. EXPERIMENTAL RESULTS

The performance of the proposed approach is evaluated on
the TIMIT database. The test material consists of 480s long
speech data which are split randomly into two groups for
training and evaluation. The training data is dedicated to the
nonparametric test which is represented in this work by the
SVM classifier with a Gaussian kernel.

To make a noisy signal, white and babble noises from
NOISEX-92 database are added to short-time frames (16ms)
of clean speech, with 50% overlap at Signal-to-Noise Ratio
(SNR) 5 dB. From each frame, we extract 6 PEM coefficients
which are used in the parametric test. The covariance ma-
trices 3 and X are initially estimated from a small set of
frames. In order to evaluate the performance of the algo-
rithms, we investigate the speech detection and false alarm
probabilities for each VAD approach. Hence, the evaluation
is based on the ROC curve. Fig. 2 shows the results. The
parametric curve corresponds to the test d,(;) based only on
the decision function given in (13). The threshold of §,(x;) is
computed such that this test satisfies a prescribed false alarm
probability. The semiparametric ROC curve is computed for
the SVM detector based on two features extracted from @,
namely its mean and its standard deviation. Regarding the
performance of the SVM detector, it is clear that some dis-
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Fig. 2. ROC curves for d5(x;), dq(x;) and o, (x;) with white
noise (up) and babble noise (down) at SNR = 5dB.

criminating information between H, and #; is contained in
the subvector !. It is also clear that the SVM detector has
poor performances for a small false alarm rate. The semipara-
metric test (6) outperforms the two other detectors, especially
for a small false alarm rate.

5. CONCLUSION

This paper proposed a novel VAD algorithm based on semi-
parametric test derived from the likelihood ratio test be-
tween a nonparametric binary decision value and a parametric
model. Numerical simulations by means of ROC curves show
that this new approach outperforms both a pure parametric
test and a pure nonparametric test, especially for a small false
alarm probability.
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