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Abstract—In the nonnegative matrix factorization (NMF)
method, the clean speech dictionary, noise dictionary, and the
activation matrix represent the key elements that greatly affect the
speech enhancement performance. Current implementation of this
framework employs the magnitude (or the power) spectrum
coefficients computed from the short-time Fourier transform
(STFT) as input features, which are characterized by an increased
estimator variance. In this paper, we investigate the effects of using
multitaper spectral estimation in the learning of the NMF
speech/noise dictionary and activation matrix, on the quality of the
Wiener filter used to predict the clean speech spectrum. The
evaluation of the proposed method for various types of noise and
input SNR show substantial speech quality improvements in terms
of PESQ, SDR and SSNR measures compared to the NMF system
based on conventional windowed periodogram estimation. We also
find that the noise dictionary and the activation matrix of the noisy
speech are the most important elements that benefit from the
multitapering approach in the NMF system.

Keywords—Single-channel speech enhancement, non-negative
matrix factorization, multitaper, low-variance spectrum estimate

I. INTRODUCTION

Speech enhancement aims to isolate clean speech from a
noisy background when only noisy speech is available, in order
to improve its quality and/or intelligibility. Several algorithms
for single-channel speech enhancement have been proposed in
the past [1]-[4]. Recently the nonnegative matrix factorization
(NMF) approach has been successfully applied to source
separation [5] and speech enhancement [6]. NMF is typically
used as a dimensionality reduction tool, which decomposes a
given matrix into the product of a basis matrix (also known as
dictionary) and an activation matrix (or encoding) with non-
negative elements constraint [7]-[8]. In audio and speech
applications, the magnitude or power spectrum of the signal is
interpreted as a linear combination of the basis vectors, which
play a key role in the enhancement or separation process. The
NMF method is known for its capability to recover clean speech
from noisy observations without the stationarity assumption on
the nature of the noise [9][10].

Notable advances have been made more recently regarding
different modules of the NMF-based speech enhancement
system, such as : (i) its feature extractor module, e.g., the
segmentation of the full-band speech into sub-bands [14], (ii)
its structure, e.g., the use of a mixture of local dictionaries [11]
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and the introduction of the concept of deep NMF architecture
[12], (iii) its training algorithm, e.g., the use of discriminative
training criteria to simultaneously learn the basis vectors of the
clean speech and noise sources [13], (iv) its enhancement
algorithm, e.g., on-line update of the speech and noise bases [9]
to overcome the shortcoming of the time-varying noise
environments with NMF-based gain function and, (v) its use as
feature extractor into a DNN framework [15]-[16]. These
propositions led to important improvements in speech quality of
the corrupted speech signal. Given the various studies that have
shown a link between the quality of the enhanced speech and the
spectral estimation [19], we can, however, expect that the sound
quality can be further improved if more robust features are
extracted to feed the NMF system.

The most common features used for NMF are the magnitude
or power spectrum coefficients computed from the short-time
Fourier transform (STFT) of overlapped and windowed speech
frames. Despite having low bias, a consequence of the
windowing is an increased estimator variance [17]. It should be
recalled that musical noise, which is introduced by most of the
speech enhancement algorithms, is due to the inaccurate and
large-variance estimates of the spectra of the noise and noisy
signals [18]. Furthermore, a small decrease in the bias and
variance of the estimator can greatly reduce the occurrence of
musical noise and distortion in the recovered speech [19]-[20].

A convenient way for reducing the spectral variance is to
replace a windowed periodogram estimate with a multiple
windowed (or multitaper) spectrum estimate [21]-[22]. In this
method, a set of orthogonal tapers is applied to the short-time
speech signal and the resulting spectral estimates are averaged,
which reduces the spectral variance. The multitapering method
was shown to have small bias and variance particularly for
spectra with high dynamic range and/or rapid variations [21].
The multitaper method has been widely used in geophysical
applications and more recently, in speaker [23], speech [24], and
emotion [25] recognition to extract more robust features, where
it has been shown to outperform the windowed periodogram. For
the speech enhancement task, the multitaper spectral estimation
method has been mainly used in combination with the wavelet
thresholding technique [18], [26]-[27] and, to the best of our
knowledge, multitapering has not been yet investigated for NMF
method.
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In this study, we explain how the multitaper spectrum
estimator can be incorporated into the NMF framework. We also
show that the Wiener filter used in the clean speech spectrum
prediction, can be better estimated in the NMF context, when the
noise dictionary and the activation matrix are learned using
multitaper power spectral estimator. The computed Wiener filter
based on multitaper yields a better estimation of clean speech
when compared to a single windowed periodogram method,
under a wide variety of noise types and SNR conditions as
shown by speech enhancement performances evaluated on TSP
[28] and NOISEX [29] datasets using three objective measures.

II. NMF-BASED SPEECH ENHANCEMENT

In single-channel speech enhancement, the time-domain
noisy speech y(j) is composed of the clean speech signal s(j)
and the additive noise signal n(j), that is,

y() = s() +n() (M

where j is the sample index. The noisy speech spectrum,
obtained via STFT, can be expressed as Y(k,1) = S(k, 1) +
N (k, 1), where [ represents the frame index, k = 0,---,K' — 1,
the frequency bin index', K’ = K/2, and, K the frame size. In
NMF-based speech enhancement, we assume in practice that the
magnitude spectrum of the noisy speech, obtained via STFT, can
be approximated by the sum of the clean speech and noise
magnitude spectra?, ie., |[Y(k,D|Y = |S(k,D|¥+ IN(k,D|¥
with v =1 [5]-[6]. For a nonnegative matrix V = [v,] €
RE"XL NMF aims to find a local optimal decomposition of V =
WH, where W = [wy,] € RE*M s a basis matrix, H =
[Am] € RY*L is an activation matrix, R, denotes the set of
nonnegative real numbers, M is the number of basis vectors and
L is the number of consecutive and overlapping frames. The
factorization is obtained by minimizing the reconstruction error
between the observation matrix V and the model WH using a
cost function, such as the Kullback-Leibler (KL) divergence,
while constraining the matrices to be entry-wise nonnegative.
The solutions can be obtained iteratively using the multiplicative
update rules [7],

(V/WH)HT H WT(V/WH)
1HT wT1
where the operation @ denotes element-wise multiplication, /
and the quotient line are element-wise division, 1 is a K’ X L
matrix with ones, and the superscript 7 is the matrix transpose.
In this work, V = [vy] contains the magnitude spectrum values

of either one of the noisy speech, clean speech and noise, as
indicated by subscripts or superscripts Y, S, and N, respectively.

WeW® H® )

In a supervised framework, the W matrices of clean speech
and noise, denoted as W and W), respectively, are obtained first
during the training stage, by applying (2) to the training data Vg
and Vy. In the enhancement stage, the activation matrix Hy =
[HITHL]T is estimated by applying the activation update to Vy,
while fixing Wy = [WgWy]. Then, the clean speech spectrum
can be estimated using a Wiener filter as [8]-[9],

Sk = P Y, 3)
kl — P\k% + P\ }Z kl

where P, and P} denote the estimated power spectral densities

(PSD) of the clean speech and noise. The latter are obtained via

temporal smoothing of the NMF-based periodograms as [9]

Py = Tsplf,l—l + (1 — 75) ([WsHg],)?

. . “4)
Pl =ty Py + (1 — 7)) ((WyHy )2

where 7, and Ty are the smoothing factors for the speech and
noise, and [-],; denotes the (k, [)th entry of its matrix argument.

III. MULTITAPER SPECTRUM ESTIMATION

The power spectrum is often estimated using a windowed
spectrum estimator applied to the time-domain signal x(j) (x
represents either the clean speech s, the noise n, or the noisy
speech y). For the /-th frame and &-th frequency bin, an estimate
of the windowed periodogram (called also single-taper) can be
formulated as,

2

K-1
i2njk
PE =) wx(e™ & 5
kl ]Z:(;

where w(j) is the windowing function such as the Hann or
Hamming window.

Windowing reduces the bias but does not reduce the variance
of the spectral estimate [28]. A set of P orthogonal tapers is
applied to the short-time signal to smooth the spectral estimates
for the reduction of spectral variance [18], [21]-[22]. At best, the
variance of the multitaper estimate will be smaller than the
variance of each spectral estimate by a factor of 1/P [18]. The
multitaper spectrum estimator P, which uses P orthogonal
window functions can be expressed as,

P |K-1 2
- 1 . . _l2mjk
=23 | w5
p=1]j=0

where w), (*) is the pth data taper, p = 1, -+, P. The set of tapers
w, (), can be selected from a family of orthogonal tapers, such
as the sine tapers. The latter tapers were shown in [22] to
produce smaller local bias than the Slepian tapers, with roughly
the same spectral concentration [18]. The sine tapers family is
formulated as,

2 CPO+D
1 Sin

w,(j) = T )jz&LmJ—l (7

where the multiplicative constant makes the tapers orthogonal.
Here, the number of tapers P required to represent the signal will
depend on the background noise and will be determined
empirically.

! Only half of coefficients are useful because the audio signals are real and
their spectral coefficients are conjugate symmetric.
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2 Through independent experiments with the NMF method, we could verify
that the choice of v = 1 provides the best enhancement results overall.
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Figure 1. Block diagram of the NMF-based speech enhancement system using on multitaper spectrum estimation.

IV. INTEGRATION OF MULTITAPERING INTO NMF

In the previous speech enhancement studies [18], [26]-[27],
where the multitaper spectrum estimate is used along with the
wavelet thresholding technique, the multitapering method is
applicable only in the enhancement stage. In the present context
with focus on NMF, we propose to employ the multitapering in
both training and enhancement stages in order to estimate the
gain function of the Wiener filter. Figure 1 illustrates how
multitapering is integrated into the two stages of the NMF
framework. For convenience, let y; be the vector of noisy test
data, as obtained in the time domain for the lth frame, y;, =
y(, ...,y + K — 1)], and Y (k, ) its corresponding STFT in
the spectral domain as used in Figure 1. In the training stage, the
magnitude spectrum based on multitapering, i.e., where each
entry of V represents the square root of the power spectrum
computed using (6), is used in the estimation of more accurate
noise dictionary Wy and eventually to learn the clean speech
dictionary W;. Note that Wg can be estimated using the
windowed periodogram rather than multitapering if the large-
variance spectra issue does not significantly affect the estimation
of the clean speech spectra. In the enhancement stage, the
multitaper-based magnitude spectrum estimate is used a single
time to compute the activation matrix Hy of the test datay; based
on the clean speech and noise dictionaries learned in training
stage. Once the gain function is estimated, the clean speech
spectrum is obtained by multiplying the gain function by the
STFT, Y(k, 1) of y;, computed, this time, using the conventional
windowing periodogram, namely, the Hann window. The time-
domain enhanced speech signal is then obtained via inverse
STFT followed by the overlap-add method. Note that the
multitaper power spectrum estimate could be used jointly with
Itakura-Saito (IS) [8] divergence as goodness-of-fit criterion in
the learning of NMF matrices instead of the multitaper
magnitude spectrum together with KL divergence employed
here. However, the preliminary results have shown that the latter
configuration outperforms the former.
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V. EXPERIMENTS

A. Expimental set-up

The performance of the proposed system is evaluated using
the clean speech TSP corpus [28] and noise from the NOISEX
dataset [29]. For the clean speech, all adult speakers (11 males
and 12 females) from the TSP corpus are selected. For the noise,
we selected a subset of the NOISEX corpus, denoted as S,, and
consisting of buccaneer 1, HF Channel, babble, factory 1, and
pink noises. Each of clean speech and noise signal was divided
into three partitions: i) training data, used in the NMF learning
stage, ii) validation data, used for tuning the number of data
tapers parameter, and iii) test data, used for final performance
evaluation. Specifically, the training data consisted of
approximately 2 minutes (50 sentences) of speech segments for
each speaker from the TSP corpus, as well as 3 minutes segment
for the noises. The validation data consisted of 11.5 seconds (5
sentences) of speech for each speaker from the TSP corpus, and
30 seconds of noise from the NOISEX database. The same
durations were used for the test partition. The noisy speech was
generated by adding the noise to the clean speech to obtain input
SNR of 0, 5, and 10 dB. We used M= 80 basis vectors for the
clean speech and all noise types. Temporal smoothing factors
were selected as (zs,zv) = (0.4,0.9). The sampling rate of TSP and
NOISEX signals is adjusted to 16 kHz. For the STFT analysis,
we use a window of K = 512 samples with 75 % overlap.
Regarding the implementation of the proposed system, we
considered two noise dictionary estimation approaches: noise-
dependent (ND) and noise-independent (NI). In the ND
application, a specific noise dictionary, W, is estimated for
each noise type using the underlying noise training data, where
i €5,. In the NI case, we estimate a single universal noise
dictionary covering all types of noise. Furthermore, we
considered the speaker-independent application where one
universal basis matrix covering all speakers is estimated for the
proposed system, rather than using a specific clean speech
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dictionary for each speaker. We used PESQ (Perceptual
Evaluation of Speech Quality), SDR (Signal-to-Distortion
Ratio), and SSNR as the objective measures, where a higher
value indicates a better speech quality.

B. Effect of multitapering on NMF components

In this section, we investigate the impact of using the
multitapering approach in the estimation of each of the three
main NMF components, namely, the clean speech and noise
dictionaries and the activation matrix, on the speech
enhancement performance. For this aim, we designed the
following NMF systems: i) in single taper system (the reference
system), only a single data taper is used in the power spectrum
estimation of the three components, ii) in the (NS) system, the
multitapering is used only in the enhancement stage to estimate
the activation matrix of the noisy speech, iii) in (CS+NS) system,
the multitapering is used to estimate both the clean speech
dictionary and the activation matrix, iv) in (N+NS) system, the
multitapering is used for the noise dictionary and activation
matrix, and finally v) in the (CS+N+NS) system, the
multitapering is used in the estimation of the three NMF
components. All these systems are evaluated using validation
data for both NI and ND applications in terms of PESQ, SDR
and SSNR measures. Only PESQ results are reported in this
section given that the same trends were observed for the
remaining measures. The results reported in Figure 2 show, on
the one hand, that the multitapering approach helps to improve
SE performance for both ND and NI applications, and on the
other hand, not all multitaper-based NMF components are
equally important in the achievement of this improvement.
Specifically, the noise dictionary and the activation matrix of the
noisy speech are the most important components that benefit
from the multitapering method. Furthermore, we note that the
use of multitapering in the estimation of the clean speech
dictionary, not only, does not improve speech enhancement
performance as observed for NI application, but can also cause
slight performance degradation for ND application. This
observation confirms that the problem of large-variance
estimates of the spectra affects more the noise and noisy speech
than the clean speech.

Effect of multitapering on NMF components
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Figure 2. Effect of multitapering NMF components on the
improvement of speech quality.
C. Overlapping of the clean speech and noise dictionaries

In the context of the NMF method, the observed
performance degradation can also be explained by the
increasing overlap that might occur between the clean speech

978-1-5386-5689-1/18/$31.00 ©2018 IEEE

and noise dictionaries when the multitapering is used. As the
number of tapers used in the power spectrum estimation of the
clean speech increases, the fast-varying signal, probably more
similar to the noise characteristics, will also be captured and
coded in the clean speech dictionary. As a result, the clean
speech dictionary will be closer to the noise dictionary, and the
estimate of power spectrum of clean speech in equation (4) will
contain residual signals from the noise which will degrade the
separation performance. To verify this hypothesis, we estimate
the amount of similar (or dissimilar) characteristics shared by
the clean speech and noise dictionaries using the symmetrized
KL divergence J(Ws, Wy), defined as,

1 1
J(Wg, Wy) = EDKL (W5, Wy) + 2 Dy, (Wy, W) ®)
where the KL divergence between matrices W; and W, is
K L
[W,]
Dy (Wy, W) 2 ) ) ([wllkl In T ©
PARY)

k=1 1=1

The curves of Figure 3 give the sym. KL divergence scores
between clean speech and noise dictionaries with respect to the
number of data tapers used to estimate either only clean speech
dictionary (CS curve), only noise dictionary (N curve), or both
(Both curve) dictionaries in NI application. Interesting
observations can be made from the three curves. First, when
only the clean speech dictionary is estimated using
multitapering, we observe that clean speech and noise
dictionaries become more similar (the divergence decreases
sharply) as the number of tapers used increases, confirming our
hypothesis about the reason of speech enhancement
performance degradation. Second, we note from the (N) curve,
that the overlap between the clean speech and noise dictionaries
is substantially less important when the higher orders of data
tapers are used to estimate only the noise dictionary compared
to the previous case (CS curve). This observation suggests that
the noise signal is characterized by faster variations than clean
speech signal. Finally, we observe that the use of multitapering
in the estimation of both dictionaries does not help to reduce the
overlap between them. Thus, nearly the same KL divergence
scores are obtained for (N) and (Both) systems, which explain
the similar speech enhancement performance achieved for the
underlying cases reported in Figure 3.

Sym. KL divergence between CS and noise dictionaries
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Figure 3. Symmetrized KL divergence between clean speech and
noise dictionaries computed for noise-independent application.
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D. Effect of the number of the data tapers

Beside the audio type, e.g., clean speech vs. noise, the
number of data tapers required to better estimate the power
spectrum of the audio signal may also depend on the noise type.
Thus, we carried out several experiments that optimize PESQ
results according to the number of the tapers used for each
specific type of noise, based on the validation dataset as
illustrated in Figure 4. The number of data tapers used in
multitapering for noise dictionary and activation matrix ranges
from one to 20. We note from Figure 4 that multitapering
method used for the noise dictionary improves PESQ scores for
all types of noises, in both NI and ND applications.

(a)
245
@ 2.35

8225
@

G215 - “m
=

b
o 2.05
1.95
123 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20
Number of data tapers

=—e—Babble Buccaneer Factory hfChannel =—e=Pink

(b)

PESQ score

2.00

123 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20
Number of data tapers

Figure 4. Impact of the number of data tapers at 5dB input
SNR, on the PESQ scores in (a) ND and (b) NI applications.

For NI, a combination of 16 data tapers gives the best result,
and for ND, the number of tapers ranges from 14 to 17
depending on the type of noise (14 for pink noise and factory 1,
16 for buccaneer 1 and babble, and 17 for HF Channel). The
same conclusion is also made from the SDR and SSNR scores
which are not reported in this section. The number of tapers
optimizing SE performances obtained with validation data will
be used for the final performance evaluation.

E. Results

In this section, we report the performance evaluation of the
NMF system based on multitaper spectrum estimation (NMF-
MT system) compared to the NMF reference system based on
Hann window spectrum estimate (NMF-Hann), using TSP test
data. The PESQ, SDR and SSNR results for each noise type at
0, 5, and 10 dB input SNR for ND and NI are shown in Table 1
and 2 respectively. In ND application, we observe that
considerable improvements in PSQ, SDR and SSNR are
achieved by multitaper-based NMF system compared to single
taper-based one for all noise types and under all input noise
conditions. On average, absolute improvements of 0.16, 1.49 dB
and 1.97 dB are achieved for PESQ, SDR and SSNR
respectively.

For NI application, better results are also obtained by the
proposed system for all noise types except for babble noise
where comparable PESQ results are achieved for both systems.
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On average, absolute improvements of 0.09, 1.36 dB and 1.51
dB are obtained for PESQ, SDR and SSNR respectively. These
results on test data confirm that reducing the variance in the
spectral estimation used for the noise dictionary and the noisy
speech activation matrix, via a multitapering approach, has a
positive impact on speech enhancement performance.

Table 1 Results achieved on TSP test data in ND application.

Noise Input NMF-Hann NMF-MT

Type SNR | PESQ | SDR | SSNR | PESQ | SDR | SSNR
0dB 1.72 436 -3.71 1.87 7.15| -0.26
Buccaneer 1| 5 dB 2.03 8.99 0.49 2.28| 10.99 3.08
10 dB 244 13.62 5.10 2.61| 14.40 6.27
0dB 1.68 5.69| -2.61 1.82 7.80 0.33
Hfchannel | 5 dB 2.05| 10.23 1.66 225 11.90 4.22
10 dB 238 14.11 5.50 2.60| 15.53 7.89
0dB 1.78 290| -4.07 1.85 5.05| -1.68
Babble | 5dB 2.17 8.14 0.49 2.23 9.35 1.77
10 dB 250 12.13 4.02 2.57| 12.58 4.79
0dB 1.63 3.82| -3.69 1.77 546| -0.85
Factory 1 | 5dB 2.07 9.09 1.16 2.17 9.93 242
10 dB 245 13.28 5.25 2.52| 13.57 5.38
0dB 1.69 5.14| -3.05 2.00 7.87 0.30
Pink 5dB 2.11 9.80 1.41 239| 11.67 345
10 dB 2.54| 14.66 6.06 2.70| 15.08 6.45

Table 2. Results achieved on TSP test data in NI application.

Noise Input NMF-Hann NMF-MT

Type SNR | PESQ | SDR | SSNR | PESQ | SDR | SSNR
0dB 1.65 397| -3.65 1.80 6.44| -0.90
Buccaneer 1| 5 dB 2.01 8.72 0.58 219 10.62 2.64
10 dB 238 12.76 434 2.53| 14.05 5.81
0dB 1.59 461 -3.22 1.63 5.67| -1.80
Hfchannel | 5 dB 1.93 9.33 1.06 1.99| 10.17 1.93
10 dB 229 1325 4.83 2.36| 13.81 5.21
0dB 1.79 1.85| -5.49 1.82 3.26| -4.12
Babble | 5dB 2.12 6.87| -0.95 2.12 8.27 0.33
10 dB 244| 1141 3.20 242 12.77 4.48
0dB 1.70 3.54| -3.81 1.79 498| -1.72
Factory 1 | 5dB 2.07 8.38 0.47 2.18 9.69 2.13
10 dB 242 1249 4.23 2.51| 13.65 5.60
0dB 1.74 4.83| -2.84 1.87 6.63| -0.77
Pink 5dB 2.14 9.51 1.33 2.27| 10.89 2.81
10 dB 2.50| 13.30 4.93 2.60| 14.36 6.03

VI. CONCLUSION

In this study, we have investigated the use of the multitaper
spectrum estimation approach for NMF-based speech
enhancement system. When compared to the NMF system based
on conventional single tapering, the results obtained with TSP
corpus show notable improvements in PESQ, SDR and SSNR
scores in all input SNR conditions for both NI and ND
applications and for almost all types of noise, except for Babble
in NI application where single taper and multitaper approaches
have comparable PESQ results. We have also found that the
power spectrum estimates of noise and noisy speech greatly
benefit from the multitapering approach in contrast to the clean
speech where the conventional window periodogram is
sufficiently accurate.
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