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Abstract—In this letter, we propose a novel approach to voice
activity detection (VAD) based on the modified maximum a pos-
teriori (MAP) criterion conditioned on the voice activity decision
made in the previous frame. To exploit the inter-frame correlation
of voice activity, the probability of the voice presence conditioned
on both the observed spectrum and the voice activity decision in
the previous frame is employed instead of the conventional strategy
that depends only on the current observation. The proposed con-
ditional MAP criterion incorporating temporal correlations leads
to two separate thresholds for the likelihood ratio test (LRT) de-
pending on the previous VAD result. Experimental results show
that the VAD based on the proposed conditional MAP criterion
outperforms the VAD based on the conventional MAP criterion
under various noise environments.

Index Terms—Conditional MAP, likelihood ratio test, speech
coding, statistical modeling, voice activity detection.

I. INTRODUCTION

THE need for bandwidth efficiency in speech communica-
tion systems increases as the mobile phone and the voice

over internet protocol (VoIP) become more important. Voice ac-
tivity detection (VAD), which decides whether or not the input
speech frame contains active speech, is an essential part of the
variable rate speech coders which has become indispensable for
the efficient use of the bandwidth. Most of the traditional VAD
algorithms are based on heuristic rules on several parameters
such as linear predictive coding parameters, energy levels, for-
mant shape, zero crossing rate, cepstral feature, and periodicity
measures [1]–[5].

Recently, VAD algorithms based on statistical models have
been proposed and demonstrated impressive performances
[6]–[11]. Most of these algorithms employ the likelihood ratio
test (LRT) where the distributions of the noise and the noisy
speech spectra are specified in terms of a certain parametric
model. One of the prevalent parametric models is the complex
Gaussian distribution [6], [7], which now has been extended to
a more flexible and practical class of models enclosing the com-
plex Laplacian [8], generalized Gaussian [9], or generalized
gamma distribution [10]. The traditional LRT is based on the
maximum a posteriori (MAP) criterion, which chooses the hy-
pothesis with the maximum probability given the observation.
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One of the drawbacks of the conventional VAD approaches
that are based on the MAP criterion is that the signal distribution
characterizes each frame of data separately. For a successful
VAD, it is beneficial to take the inter-frame correlation of the
speech signal into consideration. There are a number of hang-
over schemes to exploit the inter-frame correlation, including
the temporal smoothing of the likelihood ratio [7], hidden
Markov model (HMM) [6], or the finite state machine (FSM)
[11]. These schemes have been shown to dramatically enhance
the performance of VAD.

In this letter, the inter-frame correlation of the voice activity
is explicitly incorporated in the decision criterion in addition to
aforementioned hangover schemes. Specifically, the conditional
MAP criterion that selects the hypothesis with the maximum
probability conditioned on both the observation and the voice
activity decision in the previous frame is adopted instead of the
conventional MAP criterion. As a result, the decision threshold
for the LRT has a different value according to the status of voice
activity in the previous frame. A number of experiments where
the complex Laplacian models are applied as the parametric dis-
tributions show that the proposed conditional MAP criterion fur-
ther improves the performance of the VAD based on statistical
models.

II. VOICE ACTIVITY DETECTION BASED

ON CONDITIONAL MAP CRITERION

Voice activity detection can be interpreted as a binary hypoth-
esis test. Assuming that noise is additive, two hypotheses
and which, respectively, indicate speech absence and pres-
ence can be described as

speech absent (1)

speech present (2)

where ,
, and

are the discrete
Fourier transform (DFT) coefficients of the noisy speech,
noise, and clean speech, respectively. The conventional MAP
criterion suggests the following decision rule:

(3)

where denotes the correct hypothesis in the th frame. Ac-
cording to the Bayes’ rule, this criterion results in the LRT given
by

(4)
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However, since the signal model for is nested in the model
for , the likelihood ratio is biased toward [6]. To compen-
sate for this bias, the LRT in (4) should be modified such that

(5)

where . The distributions of the DFT coefficients for the
noise and the noisy speech signal can be specified as the com-
plex Gaussian [6], complex Laplacian [8], generalized Gaussian
[9], or generalized gamma distribution [10].

In general, voice activities in the adjacent frames have strong
correlation. In other words, the frame next to an active speech
frame is highly likely to possess active speech components and
vice versa. This correlation has been exploited via various hang-
over schemes such as the temporal smoothing of the likelihood
ratio [7], [10], HMM [6], [10], or the FSM [11]. These schemes
have been shown to be very effective to reduce the errors of the
statistical model-based VAD algorithm.

In this letter, we propose a way to explicitly incorporate
the inter-frame correlation of the voice activity into the MAP
criterion. Instead of the conventional posterior probability

, we compute the a posteriori probability condi-
tioned on both the current observation and the decision in the
previous frame, i.e., . Then, the decision test
is performed according to

(6)

where is the threshold. Using this criterion, we can derive the
LRT in the following form:

(7)

Although the voice activity of the current frame is dependent on
the voice activity of the previous frame, the voice activity of the
current frame is dominantly responsible for the distribution of
the DFT coefficients of the observed noisy speech in the current
frame. Moreover, the parameters of the distributions

and cannot be
reliably estimated due to the deficiency of the sample data. For
these reasons, we simplify (7) by assuming

(8)

Then, (7) reduces to

(9)
or equivalently with the logarithm

(10)

Note that even though the test statistic for the proposed approach
is the same as the one for the conventional MAP criterion, two
separate thresholds are specified according to the speech activity
in the previous frame. In practice, is used if the voice activity
is detected in the previous frame while is adopted otherwise.
Multiple thresholds can provide an additional degree of freedom
that can enhance the performance of the VAD. Due to the inter-
frame correlation of the speech activity, it is generally accepted
that

(11)

since the frame after a speech inactive frame is highly likely
to be also a speech inactive frame and vice versa. Therefore,
the threshold when the previous frame is decided as a
speech inactive frame should be set higher than used for
the frame following an active speech frame. It is also noted
that the conditional MAP criterion incorporates the inter-frame
correlation in deciding detection thresholds so that it can be
implemented in conjunction with other hangover schemes that
are practically applied in conventional VAD algorithms. For
example, the smoothing of the likelihood ratio [7], the HMM
scheme [6], [10], and the FSM scheme [11] can be combined
with the conditional MAP criterion, resulting in more robust
detection.

III. EXPERIMENTS AND RESULTS

A. Voice Activity Detector Based on Complex Laplacian
Distribution

To demonstrate the superiority of the proposed conditional
MAP criterion over the conventional MAP criterion, a voice ac-
tivity detector based on the complex Laplacian distribution was
implemented [8]. In this algorithm, the distributions of the real
and imaginary parts of the DFT coefficients for the noise and the
noisy speech are assumed to be Laplacian and statistically inde-
pendent. According to the complex Laplacian distribution, the
distribution of the DFT coefficients for the noisy speech signal
under each hypothesis is characterized as follows:

(12)

(13)

where and denote the real and imaginary parts of
the th DFT coefficient, , and and denote the vari-
ances of the th DFT coefficients for the noise and the speech
signal, respectively. This complex Laplacian distribution has
been shown to be a better model for the speech spectra than
the complex Gaussian distribution through a number of good-
ness-of-fit tests and actual VAD experiments [8].
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With (12) and (13), the likelihood ratio, which is a test statistic
for both the traditional and conditional MAP criteria, is given by

(14)
where is the a priori signal-to-noise ratio (SNR) defined as

, and all the frequency components are assumed
to be statistically independent. As in [6] and [12], the variance
of the th DFT coefficient of the noise is estimated as

(15)
where is the estimate for and is the forget-
ting factor. The expectation of the noise power spectrum given
the observation can be expressed as [12]

(16)
where

(17)

The a priori SNR is estimated according to the decision-
directed procedure [6]

(18)

where

if
otherwise

(19)

and

(20)

denotes the a posteriori SNR and is its estimate, is
the weighting factor of the decision-directed estimation, and

is the estimate of the speech spectral amplitude ob-
tained in the previous frame, for which we use the minimum
mean-square error (MMSE) estimator [13].

B. Experimental Results

In order to implement a successful VAD algorithm, three con-
ventional hangover schemes were utilized for both the MAP-
and conditional MAP-based approaches to incorporate the inter-
frame correlation. The applied schemes were the inter-frame
smoothing of the likelihood ratio [7], the HMM-based [6], [10],
and the FSM-based approaches [11].

The parameters for the proposed VAD algorithm such as the
forgetting factor for the noise variance, , the weighting factor
in the decision-directed a priori SNR estimation, , and the

TABLE I
PROBABILITY OF ERROR (P ), FALSE ALARM PROBABILITY (P ),

PROBABILITY OF MISS (P ) IN PERCENTAGE FOR THE VADS BASED ON THE

PROPOSED CONDITIONAL MAP AND THE TRADITIONAL MAP CRITERION.
THE ERROR REDUCTION RATE (ERR) OF THE MISSING ERROR WHEN THE

P OF THE PROPOSED VAD IS THE SAME AS OR LESS THAN THE P OF

THE VAD BASED ON CONVENTIONAL MAP CRITERION

thresholds of the VAD given the voice activity of the previous
frame, and , should be carefully selected to ensure a ro-
bust performance. Since these parameters should be differently
set according to the background noise to improve the perfor-
mance, the environmentally aware VAD approach proposed in
[14], where the parameters are determined from the result of
the noise classification, was adopted. As for the noise classi-
fication, a simple vector quantization was used instead of the
support vector machine with band energies of the initial noisy
speech data as the feature vector. The ranges of the computed
parameter values were , ,

, and .
The test material consisted of 456 s long speech data spoken

by four male and four female speakers and was sampled at 8000
Hz. To evaluate the performance of the VAD algorithms, we
made reference decision on a clean speech material by labelling
manually at every 10 ms frame. In the test material, 58.2% of
the whole frames were marked as active speech frames which
consisted of 44.8% voiced sound and 13.4% unvoiced sound
frames. In order to simulate adverse environments, the vehicle,
street, and office noises were added to the clean speech data by
varying SNR.

The performances of the VAD algorithms are summarized in
Table I. The operating point of the VAD built on the proposed
criterion was adjusted so as to make the false alarm probability

of the proposed VAD slightly less than or equal to that of
the conventional approach. Therefore, we can see from the table
how much the probability of miss, , was reduced by applying
the proposed criterion while the false alarm probability was
maintained not worse than that of the conventional algorithm.
With and denoting, respectively, the probabil-
ities of miss incurred by the MAP- and conditional MAP-based
techniques, the error reduction rate (ERR) of the miss, which is
defined by

(21)

represents the relative improvement in reducing missing errors.
The probability of error, , which is the number of errors di-
vided by the number of frames, is also given in Table I. In Figs. 1
and 2, the receiver operating characteristic (ROC) curve, which
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Fig. 1. Receiver operating characteristic (ROC) curve for the office noise at 5
dB SNR.

Fig. 2. Receiver operating characteristic (ROC) curve for the street noise at 15
dB SNR.

shows the trade-off between the reduction of and the in-
crease in detection probability , are displayed for
the office noise at 5 dB SNR and for the street noise at 15 dB
SNR, respectively. From the result, we can see that the missing
errors were significantly reduced by adopting the proposed con-
ditional MAP criterion for all the noises and SNRs we tested.

IV. CONCLUSION

In this letter, we have proposed a novel criterion for VAD
based on the inter-frame correlation of the voice activity. The
proposed conditional MAP criterion decides the hypothesis with
the maximum conditional probability given both the observation
and the voice activity in the previous frame. This criterion leads
to two separates thresholds for LRT according to the speech ac-
tivity in the previous frame. Experimental results have shown
that the VAD algorithm based on the conditional MAP criterion
outperformed the VAD based on the conventional MAP crite-
rion.
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