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Abstract

We propose a novel noise-aware memory-attention network
(NAMAN) for regression-based speech enhancement, aiming
at improving quality of enhanced speech in unseen noise con-
ditions. The NAMAN architecture consists of three parts, a
main regression network, a memory block and an attention
block. First, a long short-term memory recurrent neural network
(LSTM-RNN) is adopted as the main network to well model
the acoustic context of neighboring frames. Next, the memory
block is built with an extensive set of noise feature vectors as
the prior noise bases. Finally, the attention block serves as an
auxiliary network to improve the noise awareness of the main
network by encoding the dynamic noise information at frame
level through additional features obtained by weighing the ex-
isting noise basis vectors in the memory block. Our experi-
ments show that the proposed NAMAN framework is compact
and outperforms the state-of-the-art dynamic noise-aware train-
ing approaches in low SNR conditions.

Index Terms: attention mechanism, memory block, noise-
aware training, LSTM-RNN, speech enhancement

1. Introduction

Single-channel speech enhancement (SE) is a widely studied
problem in signal processing which aims at enhancing noisy
speech to improve speech quality and intelligibility [1]. Notable
conventional algorithms include spectral subtraction [2, 3],
Wiener filtering [4, 5], MMSE estimator [6, 7], and OM-LSA
speech estimator [8]. In recent years, most supervised SE tech-
niques have been based on deep neural network (DNN) archi-
tectures [9], which show strong regression capabilities of map-
ping from the input noisy log-power spectra (LPS) features to
the target clean LPS features. Although DNN-based SE algo-
rithms have achieved considerable success, more and more re-
search efforts are made to further improve the speech enhance-
ment performance.

On the one hand, due to the fully-connected structure, DNN
cannot fully utilize the relationship between the neighbouring
frames under long-term acoustic contexts even with the help
of frame expansion [9, 10]. As an alternative, long short-term
memory recurrent neural network (LSTM-RNN) makes a full
use of the information between the current and the previous
frames by adding the memory cells and a series of “gates” to
determine the retention and deletion information of previous
frames [11, 12]. LSTM-RNN also achieves better generaliza-
tion at low signal-to-noise ratios (SNRs) than DNN [13, 14].
More recently, inspired by the success of attention models in
various sequence-to-sequence learning tasks [15, 16, 17], an at-
tention mechanism can also be added to LSTM-RNN [18] or
bidirectional long short term memory (BLSTM) [19] for the SE
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task. It is proved to have a better generalization ability. Besides
LSTM-RNN, other powerful structures, such as convolutional
neural network (CNN) [20], convolutional-recurrent neural net-
work (CRNN) [21], generative adversarial network (GAN) [22],
have also been proposed.

On the other hand, it is noted that the DNN performance
deteriorates when a mismatch exists between the training and
testing sets [23]. Many noise types have been added to the
training set to resolve this issue in [24], but it cannot always
improve the speech quality. Noise-aware training (NAT) attains
state-of-the-art noisy speech recognition results on the Aurora-4
task [25], and has been applied successfully to speech enhance-
ment. Static noise aware training (SNAT) predicts the noise
information, and appends the same information to each frame
by assuming that the noise signal during the whole utterance is
stationary [10]. However noise is changing greatly in most re-
alistic environments. Accordingly dynamic noise aware train-
ing (DNAT) estimates the noise signal in a dynamic manner,
and is able to deal with the non-stationary scenes [26]. Further
improvements and deformations, such as post-processing, turn-
ing full-band features into sub-band features and interpolating
SNAT & DNAT [27], are considered as DNAT extensions. Sim-
ilarly, an SNR-aware model is adopted to predict SNR levels
[28], and speaker-aware denoising autoencoder (SaDAE) pre-
dicts the speaker identities [29]. Other studies in [30] and [31]
use the framework of denoising auto-encoders (DAE) to learn
the transformation, but follow almost the same idea as DNAT.

In this paper, we propose a novel noise-aware memory-
attention network (NAMAN) for single-channel speech en-
hancement. Unlike the way attention model embedded into
the backbone of the neural network structure [18], we utilize
the attention mechanism in a side branch, which is designed to
learn the similarities between the current frame and the exist-
ing noise basis vectors in the static memory block instead of the
previous frames. The clustered acoustic feature vectors, namely
Mel-frequency cepstral coefficients (MFCCs) of noise signals,
are extracted as the prior noise information and stored in the
memory block. The dynamically predicted noise features are
obtained by combining the weights learned from the attention
mechanism and MFCCs in the memory block together, and are
then attached to the noisy features during training. With the help
of memory block, our noise-aware training is carried out jointly
with the process of denoising. This one-stage model training de-
sign significantly simplifies the complicated two-stage design of
DNAT [26]. Moreover, DNAT can achieve a good performance
over DNN, but when it turns to LSTM-RNN, which has a more
powerful modeling ability on the acoustic context of neighbor-
ing frames, the performance gain is less significant. The exper-
imental results show that our NAMAN model can still maintain
significant improvements under the LSTM-RNN setting.
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2. Proposed Deep NAMAN Architecture

Figure 1 illustrates the NAMAN structure consisting of the main
network, the memory block and the attention block. The key of
the proposed framework is to generate predicted features incor-
porating the noise information embedded in the current noisy
speech frame by a weighted combination of the noise basis vec-
tors in the memory block. With the help of the attention mech-
anism and LSTM-RNN, the predicted noise vectors can pro-
vide useful information for speech enhancement. The details
are elaborated in the following subsections.
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Figure 1: The structure of NAMAN, including the main network,
the attention block and the memory block.

2.1. Main Speech Enhancement Regression Network

The main network has two effects on the whole framework: de-
noising and exchanging information with the attention block.
Denoising aims to remove the noise from noisy speech to get
the enhanced speech. On the other hand, the attention block
needs the noise information to pick up the most relevant vectors
from the memory block. With the layers increasing, the noise is
removed gradually. Here, we append the output from the atten-
tion block as auxiliary noise information to the input features to
be fed into the NAMAN input layer for subsequent processing.

Given a noisy utterance with 7" frames, the input noisy LPS
features are represented by

ey

where x; denotes the noisy feature vector at frame ¢. Here
LSTM-RNN is adopted as the main network for its congeni-
tal advantage of sequence representation and temporal contexts
acquisition. A detailed calculation in the LSTM-RNN cells is
implemented as follows:

X ={x1,X2,...,XT},

it = 0(Waixte + Wyshe—1 + b)), )
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f: = o(Wapxe + Whrhe—1 +by), (3)

¢ =f @ci—1 + i ® tanh(Waexe + Wiche—1 +be), (4)
0 = 0(Wauoxt + Wiohi—1 + by), 5)

h; = 0; ® tanh(c;), (6)

where i, f, o represent the “input gate”, “forget gate” and “output
gate”, respectively. c is the cell activation vector, and h is the
hidden vector. W and b stand for the weight matrices and bias
vectors from the cell to gate. o is the logistic sigmoid function,
and ® denotes element-wise multiplication. The corresponding
outputs of the /-th hidden layer of the main network are:

b},

where h! denotes the output of the /-th hidden layer at frame ¢.

H' = {hy,hj, .., )

2.2. Noise-Basis Memory Block

The memory block provides the prior noise information for the
attention block. It consists of an extensive set of basis vectors,
which contain rich noise information and can represent a new
noise type by weighted combination. Moreover, the vectors are
bound to be quite distinguishable from each other by its corre-
sponding noise type. In view of the random and abrupt nature
of noise signals, we adopt the frame-level MFCC features ex-
tracted from noise signals.

The procedure of memory block generation is illustrated in
Algorithm 1. First, we need to collect different types of noise
waveforms from different environments, such as fax machine
noises, car idling, footsteps, paper rustling, rain, animal noises,
etc. Second, we cut the noise waveforms into frames and extract
the MFCC features. Next, based on those noise MFCC feature
frames, we can cluster them to form a compact set of K distin-
guishable noise basis vectors, using a K -means algorithm with
a cosine distance shown below:

n; -
[ | - || ||

n;

®

deos (M, ;) =

where dcos (s, ny) is exactly the cosine distance between n; and
n;, and n; stands for the ¢-th noise feature vector. Finally, the
K cluster centers are stored as the memory block defined as:

©))

M= {m;,my,...,mg},

where my is the k-th noise basis vector.

Algorithm 1 Procedure of Memory Block Generation.

Step1: Noise Sources Collection

collect different noise types as many as possible.

Step2: Feature Extraction

extract frame-level MFCC features from all noise waveforms.
Step3: Clustering

luster all the noise feature vectors into K clusters.

Step4: Memory Block Generation

form the memory block M with the K cluster centroids.

It is noted that the memory vectors are static, and should
not be updated during either the training or testing step.

2.3. Memory-Aware Attention Block

The attention block is another important part of the whole archi-
tecture, it focuses on selecting the basis vectors from the mem-
ory block, which are the most relevant to the noise information



embedded in the current speech frame [15]. To gather accu-
rate information for the attention model, not only placing the
attention block close to the input, but also performing frame
expansion on the input features as follows:

ft = [thq—,.4.,Xt717Xt,Xt+17...7Xt+7—]7 (10)
where f; stands for the feature vector after frame expanding at
frame ¢, and 7 controls how many history and future frames
are involved. Frame expansion is just a simple step which can
avoid overfitting and really contribute to collecting noise and
responding to mutation of signals.

The attention model takes f; and m, as input and combines
them to a vector with the learned weights. A small neural net-
work is designed to learn the similarity scores between f; and
my,, which can be defined by the general formula [32]:

-
etk = my Woly, (11
where e, scores the similarity between f; and my. The matrix
W,, contains the the attention model parameters. The attention
value a4, is then calculated by f; and my, through a softmax
operation, as shown in the dashed arrows of Figure 1:

exp(et,k)

—XPleak) 12
Sois expleni) (2

Qi =

After normalization, the value a;, is regarded as a weight,
and multiplied by my, as shown in the solid arrows of Figure 1:

K
¢ =) aimy, (13)
k=1

where ¢ is the predicted noise vector by the attention model at
frame t. So c¢; is a weighted sum of all the basis vectors my,
and is then concatenated to the input vector:

% =[xt ], (14)

where the new vector X; is fed to the first hidden layer.

2.4. Training and Testing

With the outputs of final LSTM layer shown in Eq. (7), we
adopt a linear layer on top of it to generate the outputs of the
main network, namely, the LPS features of enhanced speech.
Then the parameters of NAMAN are optimized with a minimum
mean squared error (MMSE) criterion:

T
1 R 2
E:thglnst—st‘b, (15)

where §; and s; are the ¢-th LPS feature vectors of estimated
and clean reference utterances, respectively.

In the training stage, the parameters in both the main net-
work and the attention block are jointly optimized. In the testing
or enhancement stage, the predicted noise vector concatenating
to the input of the main network can be obtained by the atten-
tion mechanism for each frame to improve the performance of
output enhanced speech.
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3. Experiments and Result Analysis
3.1. Database

In order to improve the generalization capacity of unseen envi-
ronments, 958 noise types including 100 noise types [33], 15
home-made noise types and 843 noise types from Free Sound
part of the MUSAN corpus [34] were selected as the noise
database for training. All 7138 utterances from the training
set of WSJO corpus were corrupted with the above-mentioned
958 noise types at six levels of SNRs (-5dB, 0dB, 5dB, 10dB,
15dB and 20dB) to build a 36-hour multi-condition training set
composed of pairs of clean and noisy speech utterances. Ap-
proximately 200 sentences randomly selected from the 36-hour
data set were used as the cross-validation set. Similarly, the
330 utterances from the core test set of WSJO corpus were used
to construct the test set for each combination of noise types
and SNR levels (-5dB, 0dB and 5dB). As we only conducted
the evaluation of mismatched non-stationary noise types in this
study, three unseen noise types, namely Buccaneerl, Destroyer
engine and HF channel, were adopted for testing, which were
all collected from the NOISEX-92 corpus [35].

3.2. Experimental Setting

As for the front-end, all the speech waveforms were sampled
at 16kHz, and the frame length was set to 512 samples with
a frame shift of 256 samples. A short-time Fourier transform
(STFT) was used to compute the spectra of each overlapping
windowed frame. Thus, the 257-dimensional LPS features were
produced to train the neural network. Both the input and the
reference feature vectors were normalized by global mean and
variance before feeding into the networks. In the memory block,
the 12-dimensional MFCC features of the noise waveforms in
the training set, with their first and second order derivatives,
were extracted, and were clustered into 500 classes at the frame
level by the K -means algorithm.

For the main network, on top of the input layer there were
2 stacked LSTM layers with projection, each hidden layer had
1024 memory cells and the output layer had 257 units. To make
our predictions more accurate, we expanded the input to the at-
tention block 3 frames forward and backward, respectively. All
the networks were initialized with random weights. The learn-
ing rate for the fine-tuning was set to 0.1 for the first 6 epochs
and declined at a rate of 90% after every 6 epochs. Original
phase of noisy speech was adopted with the enhanced LPS for
the waveform reconstruction.

In this experiment, two other noise-aware models, denoted
as SNAT and DNAT, were used for performance compari-
son. SNAT and DNAT had the same network configurations
as our model, i.e. 2 LSTM hidden layers with 1024 cells per
layer, other model parameters were consistent with “SNAT” and
“DNAT3” in [26]. We also provided the oracle experiment as-
suming the real noise spectrum was known on the test set as the
upper bound, approximatively. The enhancement performance
was assessed by using perceptual evaluation of speech quality
(PESQ) [36] for measuring speech quality, short-time objective
intelligibility (STOI) [37] for measuring speech intelligibility,
and log-spectral distortion (LSD) (in dB) [38] for evaluating
signal differences in the frequency domain.

3.3. Experimental Results

Table 1 lists the average PESQ, STOI and LSD performance
comparison of different models on the test set. “Noisy” de-
notes noisy speech with no processing. “Mapping” represents



the original LSTM-based regression model using the direct
mapping approach without noise-aware training, “SNAT” and
“DNAT” refer to “SNAT” and “DNAT3” in [26], respectively.
“NAMAN” denotes our proposed approach. “Oracle” means
the real noise spectrum is known [26]. Three low SNRs (-5dB,
0dB, 5dB) are selected where the enhancement task is hard and
necessary to carry out. Both the two improved models (SNAT,
DNAT) outperform the direct mapping system (Mapping) on all
the three measures and SNR levels, and severely underperform
Oracle, which leaves a lot of room to further improve the per-
formance. Besides, NAMAN performs much better than Map-
ping, achieving an average PESQ gain of 0.177 (from 2.093 to
2.27), an average STOI gain of 0.029 (from 0.77 to 0.799) and
an average LSD decrease of 0.635 (from 4.394 to 3.759). NA-
MAN also yields better results than SNAT, which can not well
handle the non-stationary noise types. What’s more, even com-
pared with the powerful model DNAT, NAMAN can also keep
the consistent superiority, which is more obvious for low SNRs,
PESQ improves from 1.683 to 1.828 with the gain of 0.145,
STOI increases from 0.67 to 0.696 with the gain of 0.029 at
SNR=-5dB.

Table 1: Performance comparison on the test set at different
SNRs of the three unseen noise environments, among: Noisy,
Mapping, SNAT, DNAT, NAMAN and Oracle. Ave denotes the
average of three SNRs (-5dB, 0dB and 5dB).

SNR(dB) 3 0 5 Ave
Noisy | 1.300 | 1.509 | 1.783 | 1.531
Mapping | 1.592 | 2.115 | 2.572 | 2.093
pESQ |_SNAT | 1669 | 2.196 | 2.606 | 2.157
DNAT | 1.683 | 2214 | 2.635 | 2.077
NAMAN | 1.828 | 2.304 | 2.677 | 2.270
Oracle | 2.295 | 2.681 | 2.085 | 2.654
Noisy | 0.596 | 0.714 | 0.823 | 0.711
Mapping | 0.650 | 0.785 | 0.875 | 0.770
stor |_SNAT | 0667 | 0.800 | 0.879 | 0.782
DNAT | 0.670 | 0.806 | 0.887 | 0.788
NAMAN | 0.696 | 0.814 | 0.887 | 0.799
Oracle | 0.814 | 0.879 | 0.924 | 0.872
Noisy | 15.826 | 12.228 | 9.102 | 12.385
Mapping | 4.846 | 4.395 | 3.941 | 4.394
LSD SNAT | 4.698 | 3.992 | 3.565 | 4.085
DNAT | 4.664 | 3.755 | 3.047 | 3822
NAMAN | 4554 | 3.691 | 3.031 | 3.759
Oracle | 3.666 | 3.320 | 2.985 | 3.324

Figure 2 shows an utterance example corrupted by Buc-
caneerl noise at SNR=0dB. DNAT successfully removes most
of the noise in noisy speech. NAMAN not only reconstructs
more speech details compared with DNAT (shown in the dashed
rectangular boxes), but also restores more information during
high-frequency bands through the whole fragment (shown in the
dashed oval boxes). Hence NAMAN can obtain higher scores,
which estimates noise by attention mechanism, performs better
in speech restoration and achieves less speech distortions.

Table 2 compares the run-time latency and the model size of
different models. A set of 500 noisy test utterances are selected
randomly and fed to the network to estimate the latency and
model size which are normalized by the corresponding values
of the Mapping model. From the last two rows we can observe
that, for both latency and model size, NAMAN uses only about
a half of those values in DNAT.
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Table 2: A comparison among Mapping, SNAT, DNAT and NA-
MAN. Nt and Ny are the run-time latency and model size,
respectively, normalized by Mapping.

Mapping | SNAT | DNAT | NAMAN
Nr 1 1.06 | 2.06 1.03
Nt 1 1.08 | 208 1.03
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Figure 2: Spectrograms of an utterance tested on Buccaneerl
noise at SNR=0 dB (from top to bottom): noisy speech, DNAT,
NAMAN, clean speech.

4. Conclusion

In this study, we have proposed a novel noise-aware memory-
attention framework for regression-based speech enhancement.
Compared with the two-stage DNAT model, NAMAN can pre-
dict noise information jointly with the denoising process. Ex-
perimental results show the proposed NAMAN approach con-
sistently achieves better performances in low SNR conditions,
in terms of PESQ, STOI and LSD, than those obtained with
DNAT. Furthermore, NAMAN has the distinctive advantages
of simple structures and better generalization ability on mis-
matched conditions. In future work, we plan to expand our
model with SNR-aware and speaker-aware training, which may
embody complementary capabilities for speech enhancement.
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