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Abstract:

Within the field of signal processing, a commonly oc-
curring problem is that of denoising signals. This prob-
lem is especially relevant within the domain of speech
processing. In recent years, deep learning models have
shown state of the art performance in speech enhance-
ment applications, surpassing previous methods in both
objective and subjective performance. Deep learning
models have previously suffered from reduced perfor-
mance on unknown noise levels, however, a recent dis-
covery within the field of image processing, indicates
that bias-free models can generalise better across noise
levels [1].

This report does not seek to create a new state of the
art within speech enhancement, but instead investigates
the implications of these bias-free models. For this, four
different types of convolutional neural networks were
selected and evaluated for their performance under both
bias-free and conventional configurations.

Generally, bias-free networks are not found to have any
significant improvement in generalisation over regular
networks. However, UNet achieved significantly better
performance, in a bias-free configuration, within known
SNR ranges and marginally better outside known SNR
ranges. A denoising CNN with a conventional configu-
ration performed best overall.
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Chapter 1

Introduction

The need for speech enhancement arises from a speech signal being corrupted by some unknown noise,
making it harder to hear what is being said. This corruption can take place in many environments,
such as through a telephone when there is poor service, or when speaking in a factory or construction
site where there is heavy machinery operating [2], or any situation where multiple people are speaking
simultaneously, and someone is trying to focus on the words of one speaker, and in doing so ignoring
the rest. This is commonly referred to as the cocktail party problem.

All of these are sources of noise. For a person with normal hearing in daily life, the brain is sufficiently
adaptable to render the original speech intelligible in many, but not all cases. For the hearing-
impaired however, this becomes a significant challenge, with hearing aid and cochlear implant users
experiencing extreme difficulty communicating in noisy environments [2]. Thus, the principal aim is to
design a system to remove this noise, thereby reducing fatigue and allowing hearing-impaired people
to communicate better in daily life.

Note that there is no prior knowledge of the signal to noise ratio in any instance, and it is easy to see
how this would vary in time, such as a person moving from a relatively quiet back room to the factory
floor. This means that for any speech enhancement system to be relevant to real-world applications,
it must work with a wide range of different signal to noise ratios.

Many methods for audio enhancement exists and it is still an active area of research, particularly within
the field of deep learning. The oldest methods rely on statistical estimations of the noise, necessitating
knowledge of the noise ahead of time, which does not always hold for real-world applications. Newer
methods employ adaptive filter theory to better enhance the audio signals, with varying degrees of
success on non-stationary noise types. Deep learning methods are the newest area of research and
have already surpassed most traditional methods [3], especially in subjective comparisons [4].

Deep-learning based denoising is reliant on being trained on the exact noise types and levels they
are to be used to remove. While this is not necessarily an issue as training is usually performed on
powerful hardware, it still requires knowledge of the situation the model is to be used in. To potentially
alleviate the requirement to train across all applicable noise levels, this project follows the work in
[1], wherein the additive bias terms of neural networks are removed, resulting in better noise level
generalisation for image denoising. Specifically, the bias-free methods applied in [1] will be applied to
speech enhancement networks in this project.

Hypothesis: Remowving the additive bias terms from neural networks improves network generalisation
across unknown noise levels for speech enhancement purposes.

This report first provides an overview of the necessary theory and principals for deep learning methods
in Chapter 2, followed by a state of the art analysis in Chapter 3. An overview of speech enhancement
systems, including time-frequency domain conversions is found in Chapter 4. These conversions are
ideal, as they allow the networks to interpret the audio information as spectrograms, which are more
akin to images, hopefully resulting in better performance and comparison with the image denoising
presented in [1]. Chapter 5 explains the methodology of the development of a speech enhancement
system, intended to show the viability of bias-free speech enhancement. Results are presented in
Chapter 6, investigating the generalisation benefits of bias-free neural networks. Finally, a discussion
of the projects findings and any further work/shortcomings are discussed in Chapter 7 before being
concluded in Chapter 8.



Chapter 2

Deep Learning Theory

In this chapter, a brief introduction to neural networks and back-propagation is provided, and more
elaborate concepts such as convolutional layers, training algorithms and the idea behind bias-free
denoising is explored.

2.1 Neural Networks

To properly understand the operations of a convolutional layer it is first necessary to understand
densely connected layers and how they interact. A neural network is a collection of interconnected
processing units referred to as neurons, organised into layers. Each neuron performs a calculation
using the output of the previous layer as it’s input. It then passes the result on to the next layer, until
eventually an output layer is reached.

This result can take the form of either a classification such as whether the input is speech or noise,
a male or female speaker etc., or a regression such as finding a speech signal from a corrupted input.
There is little difference in network design between classification and regression problems. This means
that for the purpose of understanding the principals behind neural networks, a regression problem can
be assumed without loss of generality.

Within this framework, a neural network with n layers can be generally described as having a structure
similar to Figure 2.1, with x and X representing the input and output signals respectively, 1 being
used to represent the layer of neurons as a vector, and a the vector output of each layer. The use
of the term feed-forward implies that there are no stages where the output of one layer arcs back to
influence previous layers. This is a simplification made for the purposes of initial explanation.

2.1.1 Neurons

Each layer consists of at least a collection of neurons, although other functionality may be included as
well. For the purposes of this explanation, all layers are assumed to be densely connected and consist
only of neurons.

Using the notation in Figure 2.1, it is possible to describe the functionality of an individual neuron
both diagramatically as in Figure 2.2, and mathematically as;

a; = f(Wl a1+ bl> (2.1)

X 11 ln, 1 ln b4

Layer [31___[Layer [ @1 [Layer [2n

A4

Input Output

Figure 2.1: Block diagram of a feed-forward neural network
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b

Activation

Function

Figure 2.2: Block diagram of a single neuron

Where w; is a row vector of weights associated with this particular neuron, which is multiplied with
a;_1, the column vector containing the output of all the neurons in the previous layer. a bias term &;
associated with that perceptron is then also added, before evaluation with respect to the activation
function f(-) to produce the output of a single neuron in the [-th layer, q;.

2.1.2 Back-propagation

It is straightforward to see from both Figure 2.2 and Equation (2.1) how the output from one layer
can be interpreted as the input for the next. This allows for both the diagram and equation to be
cascaded outwards until a direct representation of the output for any given input is reached, with the
equation taking the form of;

.f) = f(Wn . (f(Wn_l . f(Wn_Q . ( . ) + bn_g) + bn—l)) -+ bn) (2.2)

The recursive nature of this equation makes it unwieldy to work with in all but the smallest networks.
Also, recalling that this is only the equation for one value at the output, and that the whole output
vector must be trained to produce the desired result. As such, there would be multiple, interdependant
instances of this recursion taking place.

As this is extremely inefficient to work with, a back-propagation method is used instead. For this, a
model is derived for how the error passes through the layer, and what adjustments to the weights and
biases are required on each layer, given a specific error.

First, the cost of the output, relative to each input is defined, with a ground truth value X being
present for each input in the training cycle. This is a function that returns a score, relative to the
veracity of the network’s output. In this case, the Mean Squared Error (MSE) cost function is defined
for simplicity, but others more appropriate for each application may be selected and applied without
loss of generality. MSE is defined as;

(%, %) = D (&) — Tpn))” (2.3)

n

where [n] is used to index along elements in the output and ground truth vectors. Note also, that this



2.2. Convolutional Layers
cost function implicitly encodes information about each weight and bias term in the network, from
the output term x.

Now, it is possible to derive for each layer, the effect of changing each of the weight and bias terms.
This is accomplished through the use of partial derivatives and the chain rule.

With the output of a single neuron already shown in Equation (2.1), a new variable z is introduced
for future simplicity of notation. This allows us to re-write Equation (2.1) as;

ap = f(wi-a—1+b) (2.4)
ar = f(z)
z=wi-a;_1+ b (2.5)

To find the effect of changing the weights of a neuron in a layer on the cost of the network, it is possible
to use Figure 2.2, together with Equation (2.4) to define the relationship using the chain rule;

dc 0z df Oc
- _ =) Z" 2.
ow oOw 0z Of (2:6)
Similar is then in turn possible for both the bias b, and the input from the previous layer a;_1;

dc 0z 0f dc

A dodad Mhd 2.

ob  0b0zaf 27)

dim(a;—1)
dc 0z Of dc (2.8)

da_1 ; da;_1 0z Of

Note the summation in Equation (2.8) appears as a direct result of multiple neurons outputs from the
previous layer having an effect on this derivative. The derivative of cost with respect to weight on the
other hand does not need this summation, as all weights are self-contained within that neuron, and
can be treated individually as a vector of gradients.

As such, back-propagation requires both the cost function, and activation function to be at least
piecewise differentiable. This makes available a large range of possible cost and activation functions
for implementation, while retaining the same updating scheme.

2.2 Convolutional Layers

The convolutional layer itself consists of a number ¢ of filters f (sometimes referred to as kernels) of
given dimensions dg, which convolve the input with their respective weights, both as matrices. Each
filter, when convolved with the input x, produces an output commonly referred to as a feature map,
notated y; [5].

Given the number of feature maps in a layer is equal to the number of filters, it is possible to detect
many fundamental features of an image within a single layer, in a trainable manner. As a mental
model, it is useful to think of these initial features as, for example, lines or edges. That is, the first
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filter layers represent the most fundamental characteristics found within the input image. The key
here is that the kernels that detect these features remain the same across the entire image.

The power of convolutional layers becomes apparent when multiple convolutional layers are stacked
on top of one another. Recalling that in the first layer, one input image was mapped to many different
feature maps. in subsequent convolutional layers, these feature maps are stacked on top of each other
to produce a single many-channeled input to the second layer.

With all features from the previous layer now encapsulated, convolution can be performed again.
Note however that when the number of channels increases, so too does the dimensionality (and hence
number of parameters) of the kernel. As a worked example, consider a single channel image as an
input, to be convolved with 16 3 x 3 kernels in the first 2D convolutional layer. This then produces 16
feature maps, the same size of the original image. The second 2D convolutional layer then sees these
16 feature maps stacked together, and so requires a 3 x 3 x 16 kernel to produce each feature map,
which still produces a single feature map of the same dimensionality as the first layer.

In stacking all feature maps before passing to the next layer, the next convolutional layer will consider
combinations of features in creating the feature maps. This slowly builds complexity within the
feature maps and is the primary motivation for their use. The translational invariance introduced by
the convolution itself also aids in situations where features may not be static within an image, such
as a series of aerial photographs, or a spectrogram of a sound signal through time [5].

This uses substantially less parameters within a layer than a densely connected layer, especially in
the case of images [5]. The neurons within a densely connected layer take all pixels of the image as
input simultaneously. This means that while any spatial characteristics of which parts of an image
contribute to a neuron’s activation may remain, they are obfuscated within the weights. Additionally,
many more parameters are needed to accomplish the same task, as a larger number of neurons is needed
to represent the image. This property of parameter sharing has also contributed to the widespread
adoption of Convolutional Neural Networks (CNNs).

As in densely connected layers, a bias term b may also be added to the feature map of the convolutional
layer. This is not pixel-wise, but determined separately for each feature map by back-propagation using
the entire output of the convolutional layer.

Following, the back-propagation process is explored within the context of a 2-dimensional convolution,
such as that used in CNNs for image enhancement. This method is based on the tutorial [6].

2.2.1 Forward Pass

For an image x of arbitrary size, indexed by (i,7), and a filter with weights given by f indexed by
(k,1) the (biased) convolution operation may be expressed as;

y=xx*xf+0b (2.9)
Y(ig) = Z Z f(k,l)x(z'+k,j+l) +b (2.10)
ko1

Where y ;) corresponds to the i-th element of the feature map y. It is this operation that the partial
derivatives with respect to bias, kernel weights and previous layers output are found.

Each convolutional layer may have many kernels, each producing their own feature map. These are
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then stacked, before further processing in subsequent layers. Note that this does not result in higher
dimensional convolution, however the kernels do require proportionally more weights to account for
the higher dimensionality.

After a signal passes through all layers of the network, it is evaluated with its ground truth to generate
a loss, which indicates how well the network has performed on that sample in its current state. This
loss is fundamental to the back-propagation process

2.2.2 Backward Pass

The backward pass through the network defines how the cost of the network is used to iteratively
change the network’s parameters, slowly converging on a (locally) optimal cost.

To accomplish this, the same back-propagation procedure as described in Section 2.1.2 is used. How-
ever, there are now convolutional layers in the place of densely connected neurons, for which a corre-
sponding set of partial derivatives is required in order to maintain the same back-propagation frame-
work. These will be derived in this subsection, following which the relationship between densely
connected and convolutional layers will be explored.

The cost of the previous layer is first determined by a cost function ¢(x,%). In the case of the final
layer in the network, this will be the overall cost of the network, however this is treated in the same
way. In the case of a convolutional layer, this loss is expressed element-wise on the feature map as;

Oc
W) = gy

(2.11)
(i)

Gradient with Respect to Bias

The bias term, being constant on all elements within the feature map, is the easiest to calculate a
gradient for. First, recalling the chain rule;

80 80 ay(m)

(2.12)

Then, a summation is taken to account for the fact that the bias is constant across all elements y ; ;);

99 (i)
db=3 > dyij -~ (2.13)
J

i

Then, it is possible to set all values in % to one. This is because the bias term both affects all
elements in the feature map equally, and has a unitary gain to them. This then leads to the gradient
with respect to the bias being defined in simplified form as;

0
5 = b= dyy) (2.14)
i

Gradients with Respect to Filter Weights

It is necessary to account for the parameter sharing introduced by the convolution in the forward
pass when calculating the gradients of the filter weights. Just as a change in a single filter weight
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has a change on the entire feature map, it also has a change on the cost function. This necessitates
all weights being changed simultaneously, with regards to the same cost function. In contrast to
calculating the gradient of the bias, this is a significantly more complicated operation. First as in the
case for the bias, the chain rule is recalled as;

dc dc Oy oy
= df = J) A
ot = "= ay., ot Yo

(2.15)

Now the calculation of the weights in a convolutional layer can be shown to itself involve a convolution.
To do this, the gradients of the kernel are also indexed by (m,n). This then allows each gradient of
the kernel to be tied to the values it corresponds with in the feature map, as expressed as;

0Y (i j)
Then, substituting the derivatives into the forward pass in Equation (2.9) means that;
0 (i,j) Of(k.1)
= =X (itk,j+) (2.17)
O m) Zk: ZI: Oy 7

Observing the properties of the partial derivative of the filter weights with respect to itself, it is noted
that this is an indicator function such that;

2.18

(9f(k,l) 1 if k,l =m,n
0 otherwise

This means it is now possible to remove the summation, as only one case yields a non-zero gradient,
as given by;

9y (i.)
8f(m,i) = X(i+k,j+1) (2.19)

Substituting back into Equation (2.16) then reveals the final result;

Oc

o5 = M= Y67 X+ (2.20)

Which is in fact a convolution of the cost of the output as defined in Equation (2.11) onto the input,
which can be written as;

oc
oF — = SN dy Xk (2.21)
j

i

This gives a vector containing all the gradients of the filter weights, allowing them to be updated
accordingly.
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Gradient with Respect to Input

The final result needed to be able to apply back-propagation through the convolutional layer and onto
the next layer, is the gradient of the cost function with respect to the input. As the forward pass is of
course a convolution, the principal behind this step is to "de-convolve" the gradient from the feature
map, and as such this step also makes use of convolution. In a similar way to both the filter weights
and bias, a derivative in chain rule form is obtained;

dc 9y (i.j)
=dx =dy;.; : 2.22
Ty Xlman) = W) e - (2-22)
Just as in Equation (2.17), the forward pass is used to first define;
9y (.5 X(i+h,j+1)
D = £1. - (2.23)
O (m,n) Zk:zl: " X
which, after simplification forms a similar indicator function;
X(ithj+) _ J1 ifk= m - i,l=n—j (2.20)
X (m,n) 0 otherwise
However, with a kernel significantly smaller than the input image, setting k and [ such that W =

1 means that f is larger than its defined size. This is because just as the feature map from the forward
pass is already of lower dimension than the input, convolving in the other direction, as in this step,
will also reduce dimensionality. As such, the filter f is zero-padded so as to assure Equation (2.24) is
non-zero. This then gives;

oc
C{)X(m’n)

= dX(nn) = Z Z dy (i,5) fm—in—j) (2.25)
i

The forward pass as defined in Equation (2.9) can expanded to show the multiplications of filter f and
image x used to produce each element in the feature map y.

This then proves that the convolution operation is linear, and can be represented as a matrix multi-
plication, with the filter coefficients arranged in a doubly block circulant matrix [5]. This then means
that the forward pass can be optimised, as the convolution operation can be removed with no impact
on mathematical accuracy.

This linearity then means that nonliniarities must be introduced within the network for it to have
the desired "decision-making" characteristics, else the whole network could be simplified to a series of
linear transforms. This is often accomplished by passing each feature map through some non-linear
activation function, such as a ReLU. This can be seen in practice in [7].

2.2.3 Matrix-based Methods

Given that the 2-dimensional convolution can be framed as a multiplication of an (flattened) image
x and a doubly block circulant matrix of filter weights f [5], the computations in the convolutional
layer itself can be optimized, such that no actual convolution is performed, with the result remaining
the same. This involves removing the summations, and in doing so also removes the need for loops in
the computation.
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This approach has also been used to minimise the computations in CNNs by extending the Strassen
algorithm for matrix multiplication [8]. This new framework of understanding may have further
implications to the interpretability of CNNs, however this remains outside the scope of this project.

2.3 Dimensionality of Feature Maps

The dimensionality of the input and output of the convolutional layer may not be the same, depending
on whether zeros have been padded around the periphery of the image. This is because the number
of unique ways a kernel of a given dimension can be convolved onto an image can be given by [6] [9]:
dy —dg + 2
dy = X" AT g (2.26)
s

where d,;, d;, dy is the dimension of the output, input and filter respectively, p is the amount of zero
padding and s the stride of the filter. While this represents a single dimension, it can be applied to
each dimension of the image and kernel similarly to give the total size of the image map.

Zero padding has been shown to at the very least not introduce boundary artefacts where the image
dimensionality between input and output must remain constant [10]. While it is not clear from the
literature if removing padding would result in these artefacts appearing, they remain undesirable in
all aspects of this project, so zero padding shall be used to maintain dimensionality. Additionally, the
inclusion of this "excess" information in the feature map that the zero padding causes is not expected
to be of any detriment to performance.

Just as zero padding acts to preserve dimensionality between an input and it’s feature maps, there also
exist cases where it is desirable to have a change in dimensionality, in a controlled and well defined
manner. In the following subsections, several methods of reducing and increasing the dimensionality
of feature maps are discussed.

2.3.1 Reduction

Historically, pooling has seen most use for feature map reduction within convolutional neural net-
works, due to its ability to reduce the dimensionality of the feature map while broadly retaining the
information contained within it [5].

Pooling is a form of dimensionality reduction applied after a convolutional layer, that seeks to reduce
the feature map (and hence the input space of the next layer) by removing potentially irrelevant
information. This is done by applying some averaging operation over the image in a manner similar
to convolution, but whereby each element of the original feature map only appears in the pooling
operation once.

There are several pooling strategies, such as average pooling (passing the average of a window of
values) or max pooling (passing the maximum of a window of values). Pooling is commonly applied
on the 2-dimensional image without overlap, such that each value in the original image features only
once in any window.

So far, no applications of pooling within the realm of speech enhancement have been found. The
current state of the art indicates away from any pooling operations, as they remove information
wherever they are included. A suggested alternative is including convolutional layers with different
strides, such as found in [11]. A noted caveat of this approach is that the network must be large enough
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for the dataset it is being trained on, such that the properties of the data can be captured within
the convolutional layers. Additionally, pooling-free networks are said to have better performance for
generative models, such as variational autoencoders [12].

Note that the purpose of this project is to investigate the generalisation capabilities of bias-free net-
works. In this context, the pooling layer can be shown to have no impact on the transmission of the
bias term. The (max) pooling operation is first defined on an input feature map in 2 dimensions y as;

Y (@ at),(yy+l) = | Y (@a40),(yy+D) | (2.27)

where [ determines the size of the pooling operation, and z,y are used to index the image in the x
and y-axes respectively. Then, from the convolutional operation used to generate the feature map;

Yiwy) = Ky *f) +b= (Z Z £ 5) X (e tig+i) T 0 (2.28)
i

The bias is then shown to be an additive and constant across all x,y. This implies that the same
information is contained within the feature map, and that the bias provides only some offset to that
information, that when paired with some non-linear activation, would allow the network to learn to
select parts of the feature map that are relevant, based on this bias.

Further in relation to the pooling operation itself, the value of b has no impact on which element within
a pool is the maximum. This means that pooling can safely be removed from any desired network
topology with no impact on the study of bias-free architectures. Based on this, and the current shift
towards pooling-free architectures, pooling-free networks will be preferred over networks that include
pooling.

2.3.2 Enlargement

As the curse of dimensionality generally means the reduction in dimensionality of data, both at
the input and in the feature maps, is favoured, some noteworthy cases remain where it is necessary
to increase the size of the feature maps in a controlled manner. One such example is the fully
convolutional autoencoder [13], in which the sizes of the feature maps are first reduced to form a
latent space representation, from which the original image may be reconstructed.

A simple form of upsampling found in convolutional neural networks involves simply repeating the
value within the feature map. This is seen in some convolutional autoencoder implementations, such

s [13]. This means that unlike in pooling, the information stored within the feature map has been
preserved.

Another form of upsampling is transpose convolution. In this process, instead of looking at the image
through a filter to produce an element in the feature map, each element in the lower dimensional input
is fed through a filter to produce a cluster of values on the feature map. Then, convolving the kernel
across the feature map in a similar way allows for a learned upsampling of the input. Similarly to
convolution, transpose convolution can also use different strides in the filter in the same way. This
enables both down- and upsampling using only the stride parameter.

Although the original UNet proposed in [14] includes upsampling by repeated values, the UNet used
in [1] includes a transpose convolutional layer instead. Transpose convolutions will be used within the
networks in this project due to their learned upsampling characteristics, although this design decision
is somewhat arbitrary as contrary to downsampling, there is no potential for information loss.

10



2.4. Training algorithms
2.4 Training algorithms

Whilst back-propagation details the method by which a cost is passed backwards through the network
to update each parameter, it does not detail the exact updating method. One of the key implications
of back-propagation is that it enables the implementation of a gradient descent optimisation method
on each layer, regardless of layer type. Most intuitive of these is stochastic Gradient Descent (SGD),
however adaptive moment estimation (ADAM) is the most contemporary and widely used in literature

[15].

Stochastic Gradient Descent

In SGD, a fixed step size (often referred to as learning rate) « is introduced, that will be used to
update all trainable parameters.

Initially, all parameters in the network are randomized. This is done to assure that the network
gives some form of output that can be iterated over. However because of this randomization, and
the highly non-convex nature of the objective, seperate initializations will not necessarily produce the
same output. It is however sufficient to say that after the training process, the objective has been
minimised to a local minima.

Following this, the training dataset is grouped at random into equally sized batches, and a validation
dataset is partitioned to be kept for potential parameter adjustment within the training loop. This is
the key difference between gradient descent, and stochastic gradient descent.

The average cost of each batch is then calculated, and back-propagated through the network using the
relevant partial derivatives with respect to weights, biases and previous activations, on a layer-wise
basis. The parameters of the network are therefore updated between batches.

Adaptive Moment Estimation

Adaptive moment estimation (ADAM) uses many of the same techniques found in SGD. The main
difference is the handling of the learning rate. in SGD, this is fixed across all parameters, which leads
to a slow initial convergence but a better defined minima with a lower learning rate, and the opposite
when the learning rate is set too high. This introduces a trade-off within the selection of the learning
rate. ADAM eliminates this trade-off by allowing the learning rates to adapt, according to the first
and second statistical moments (mean and variance) of the gradients in each batch [15]. ADAM is
the optimization algorithm used in this project, as it allows for faster training with variable learning
rates ensuring decent convergence to a local minima.

While ADAM does still include a step size parameter, «, this should not be thought of in the same
way as the step size in SGD. It also introduces two decay rates for the mean and variance estimates,
51, P2 respectively, with the published results given for o = 0.001, 81 = 0.9, 5o = 0.999, with an epsilon
€ = 107® used to prevent division by zero. These parameters will be used for this project, as the focus
is not perfecting network performance, but investigating the impact of bias-free versions of known
networks.
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2.5. Bias-Free Denoising
2.5 Bias-Free Denoising

This project draws inspiration from the work in [1], wherein Bias-Free Convolutional Neural Networks
(BF-CNNs) are explored for image denoising. The goal of the paper is to obtain a greater understand-
ing of the mechanisms that allow CNNs to achieve state of the art image denoising performance. One
downside of such denoising networks is their performance on noise levels outside those present in the
training data.

To better understand the cause of this lack of generalisation outside of known noise levels, the first
order residual of the denoising process is investigated over different ranges of training noise levels.
This is found by calculating the magnitude of the bias term by applying a first-order decomposition
of the error based on Equation (2.2), expressing it in the form;

x—X=(I-A;)x—b; (2.29)

where A, is a matrix containing the Jacobian of the network, and b, the net bias, both of which are
variant on x, as indicated by the subscript.

As can clearly be seen in Figure 2.3, the bias grows explosively outside of the trained noise levels, while
the residual (removed noise) drops as well. This drop in the residual is also seen in the performance
of the network.

95| —— bias, b, % 95 s os
P residual, y — x //,' o 85
75 -- noise, z ’,;” 75
65 7l » 6
55 L £ ss
) ~ 1
45 i S 4
P =
35 Pl 35
25 & 25
15 S 15
5 2 5
5 15 25 35 45 55 65 75 85 95 5 15 25 35 45 55 65 75 85 95 5 15 25 35 45 55 65 75 85 95
noise level (sd) noise level (sd) noise level (sd)
(a) (b) (c)

Figure 2.3: Graphs showing the average values for bias, residual and applied noise over noise levels (in standard
deviations). The light blue background indicates the noise levels presented in the training data. [1].

Denoising generalisation across noise levels was found to improve dramatically by removing all additive
terms from the neural networks. This method holds for a variety of network architectures, which
further encourages the hypothesis that this will work for speech enhancement applications.
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Chapter 3

State of the Art

In this chapter, a cross-section of various speech enhancement techniques are examined to determine
their relevance and potential applicability in this project. Finally, using existing results from both
speech and image enhancement, a new method is proposed to be more applicable under situations
where the SNR is unknown.

It is also possible to classify speech enhancement systems into those that consider multiple microphones
(channels), and those that use a single microphone. This project is primarily concerning single channel
speech enhancement, and so that is the primary focus of this chapter. However, multi-channel methods
are mentioned when relevant.

3.1 Non-Deep Learning Based Methods

Non-deep learning based speech enhancement algorithms can generally be classified into one of four
categories; spectral subtractive, subspace, statistical model and Wiener-type [16][17].

The spectral subtraction method is considered to be the earliest method within the field, and relies
on making a statistical estimate of the noise spectrum, before subtracting the estimated noise spectra
from the speech and noise spectra. While spectral subtraction has been researched in the context of
both the noise and signal’s STET coefficients following a known distribution [17], the assumption of
known distributions does not hold in real-world applications.

Instead, a method based on adaptive filter theory is proposed for cochlear implant users in [18], which
shows an improvement in hearing across all test subjects with speech shaped noise, but only a slight
improvement with six speaker babble. The authors do note however that this could be attributed
to cochlear implant users being more susceptible to babble noise however. The spectral subtraction
method has also been seen to produce speech distortion [19], which will also be detrimental to the end
user’s experience.

Subspace methods seek to reduce the distortion seen in spectral subtraction methods by partitioning
the noisy speech signal into two subspaces; one containing both speech and noise, and the other
containing only noise. This decomposition into subspaces is commonly done by means of either an
eigen- or singular value decomposition of the signal, however approaches based around the Karhunen-
Loéve transform have also been seen [19]. This approach has the advantage of making no assumptions
about the spectral characteristics of the noise, however subspace methods display comparatively poor
performance in listening tests using noise sources experienced in daily life [16].

Various statistical speech enhancement methods exist, mainly based around the MMSE estimator.
Of these, estimators that account for psychoacoustic characteristics in their design appear to perform
best. This is seen in [20], where estimators that emphasise parts of the clean speech spectra with lower
amplitude outperform those that emphasise high amplitude areas. One particular estimator presented
appeared to perform well preserving weaker portions of speech (though inconsistent overall), however
this was only seen through spectral analysis, and so there is no guarantee that this translates to better
speech in practice. In listening tests, such as in [16], statistical estimators seemed to perform well,
however they did not use the optimal parameters for the sample rate they selected. While speech
sampled at 16 KHz was used in [16], the parameters used had been optimized for speech sampled at
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3.2. Deep Learning Based Methods

8 KHz. This makes any comparison between non-deep learning based methods difficult, as it is now
impossible to quantify the benefit in selecting a statistical estimator.

Wiener-based methods are noted as being the best-in-test when considering both good performance
and computational complexity, although they did not perform as well as statistical or one spectral
subtractive algorithm in terms of distortion . It is also mentioned that if the STFT coeflicients of
speech and noise are gaussian, then the wiener filter is optimal among all estimators, however non-
linear MMSE estimators perform better in practice [17], as an assumption of gaussian coefficients does
not hold in reality.

Generally, the field has progressed away from these methods, due to their assumptions of a segment-
wise stationary signal and noise spectra, which is not seen in real-world applications.

Also worthy of mention are methods based around adaptive filtering, such as Least Mean Squares
(LMS) and Recursive Least Squares (RLS). These have been explored with the same general objective
as speech enhancement [4]. However, while speech enhancement is concerned specifically with making
the spoken word easier to understand in a noisy environment, adaptive filtering is principally concerned
with the noise, with relatively little regard to intelligibility.

3.2 Deep Learning Based Methods

Recently, deep learning techniques have been successfully applied to the field of speech enhancement,
With studies showing a strong subjective preference towards deep learning based methods when com-
pared to both spectral subtraction and statistical methods [4]. These are currently the general category
of methods where state-of-the-art performance is observed.

in [21], a regression-based approach for speech enhancement is proposed, that decomposes a noisy
speech signal into the frequency domain using a short-time Fourier transform in an overlapping man-
ner, before enhancing it and reconstructing the enhanced signal using an inverse Fourier transform.
This was trained on the TIMIT corpus [22] with 104 different noise types, with 100 being environ-
mental in nature. This was found to improve the generalisation of the network, and also helped when
encountering non-stationary noises. The Deep Neural Network (DNN) based method significantly
outperformed a log-MMSE method in listening tests with both English and other languages.

These results are corroborated by [23], with the statistical method used for comparison being instead
a short-time spectral amplitude MMSE. Additionally, knowledge of the type of noise is said to be more
important to good performance in a DNN system.

Autoencoder-based methods can also be seen, such as [24] which uses an autoencoder as part of a
noise estimation strategy before subtracting that noise with a wiener filter, and in [25] where they
are deployed successfully in a multi-channel speech enhancement context, obtaining best results when
single-channel and pre-enhanced speech features were concatenated and used as the input. More re-
cently, [3] uses a deep denoising autoencoder alongside hard-coded features, outperforming spectral
subtraction, statistical and wiener-based methods, although the framework is further towards noise re-
duction, distinguished here as being focused solely on the reduction of noise, than speech enhancement,
distinguished as the active enhancement of the speech, including noise reduction.

Solutions involving recurrent neural networks have also been explored. Long short term memory
(LSTM) based techniques have seen success in some speech enhancement applications such as in text-
to-speech systems [26], though they appear to be constrained to more hardware-rich environments. [27]
attempts to rectify this, proposing an equilibriated recurrent neural network (ERNN) that achieves
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3.2. Deep Learning Based Methods

identical performance with fewer parameters, when compared to an LSTM-based design under similar
circumstances.

Convolutional neural networks (CNNs), and in particular autoencoder-based CNNs are currently re-
garded as being state of the art in performance [7]. Several possible approaches exist, such as [28] where
a frequency-domain loss function is defined and minimised to produce enhanced time-domain speech,
similarly in [29] a convolutional autoencoder-based method that attempts to minimise the number of
parameters (and by extension operations, make it more favorable for real-time applications).

No method seen to date has seen good performance on signal-to-noise ratios outside those which it
has been trained on. This is a significant weakness when taking a network from a test environment
to production, as it is impractical to train at all SNRs one would expect to see.

To mitigate against this, a bias-free convolutional neural network is proposed, based on the results
of [1]. Here, removing the bias terms from the network was found to significantly increase generality
over different signal to noise ratios. Although this is a method founded in image processing, the noisy
speech signal may also be converted into an image, in the form of a spectrogram. This makes the
results of [1] still potentially relevant in the context of speech enhancement.
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Chapter 4

Speech Enhancement System

4.1 Overview

Figure 4.1 shows the structure of the proposed speech enhancement system, considering the findings of
the State of the Art in Chapter 3. The following subsections will describe how each functionality is im-
plemented, as well as possible alternatives and their potential implications on the speech enhancement
system.

In this approach, the raw input x(t) is first converted into the frequency domain X(f) while still
retaining temporal information, or the magnitude of each frequency observed at each timestep. The
speech enhancement itself then takes place in the frequency domain by means of a neural network
yielding X (t), before conversion back to the time domain to output an enhanced version of the input
signal X(t)

Noisy a:(t) Time = Frequency X(f)\ Neural X(f)\ Frequency = Time é(t) Enchanced
Speech domain "1 Network i domain Speech

Figure 4.1: Structure of proposed speech enhancement system

4.2 Time-Frequency Domain Conversions

As can be seen from Figure 4.1, converting between the time and frequency domain is of critical
importance to the speech enhancement system as a whole. Two possible transforms are considered for
this conversion; the Fourier and Wavelet transforms.

4.2.1 Fourier Transform

The discrete Fourier transform takes the form
x(f) = Wx(t) (4.1)

where z is our data in time (¢) and frequency (f) domains, and W is a square symmetric matrix of
weights defined as;

1 1 1 .. 1
1 w w? Wl
1 w? wt Wb

W= 3 6 9 (4.2)
1 WwN=D(-1)

with w in turn defined by
—271
w(f)=e N (4.3)

where N is the number of samples in the time domain, which is equal to the number of bins in the
frequency domain. This matrix vector product is naively quadratic as O(N?), however the fast Fourier
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4.2. Time-Frequency Domain Conversions

transform algorithm takes advantage of symmetries to reduce the complexity to O(N log(NN)). For the
purposes of this report, these can be treated as identical, as they give the same end result [30].

Expressed in matrix form like this, it is easier to see how the STF'T might be implemented. This would
take the form of a FIFO buffer over the input signal, and applying the Fourier transform accordingly.
This is effectively the same as taking the Fourier transform of a sliding window of data in time, and
storing the results of each Fourier transform according to which timestep they correspond to. This
may be expressed as;

X(f,t) = i Wx[t, ¢ — N] (4.4)
t=0

Where x[t,t — N] is a vector of length N containing the windowed input signal and X(f,¢) isan N x [
matrix containing the Fourier coefficients of x(t) for each unique timestep [ over which the transform
may be applied .

The Fourier transform also has a unique inverse, going from a frequency- to time-domain representa-
tion. This property is essential to reproducing the enhanced signal. This inverse is defined as;

x(t) = W'x(f) (4.5)
Where W' is defined similarly to Equation (4.2), however with w(t) now defined as;

2mit

w(t)=enN (4.6)

This inverse is readily extendable to the short-time Fourier transform, taking the form;

x[t,t — N = W'X(f,t) (4.7)

This leads to ready conversions between time and frequency domain.

The STFT is also widely applied in contemporary deep learning-based speech enhancement systems,
such as in [21], where a DNN-based framework for monaural speech enhancement using several hand-
coded speech features is presented and tested on a variety of noise types, and more recently in [7], in
which several objective functions are analysed with respect to their performance with a convolutional
autoencoder.

One of the main issues with this technique is in relation to the lengths of the windows themselves.
There is a lower limit on the frequency we can detect defined by the length of the window in time, but
also a upper limit determined by the sample frequency. The fact that the length of the window is not
adaptive, means that the STFT struggles to resolve sustained tones with a window that is too small.
Alternatively, short duration and high frequency bursts are difficult to detect [31] with an excessively
large window. This makes the selection of window size a trade-off between burst and sustained tone
resolution. Eliminating this trade-off is the main motivation (and some of the intuition) behind the
wavelet transform.
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4.2. Time-Frequency Domain Conversions

4.2.2 Wavelet Transform

A wavelet is best thought of as a single oscillation of a periodic function, i.e. one period of a sinu-
soid/square wave/etc. We define one possible wavelet as the mother wavelet, ¢, to form the basis
of the wavelet transform. Note that the type of wavelet selected as the mother wavelet has a direct
impact on the result.

It is possible to scale this mother wavelet in terms of both amplitude a and frequency b. This is the
fundamental property behind the wavelet transform.

By sweeping over a variety of (perhaps arbitrarily spaced) amplitudes and frequencies, and convolving
the result with the input signal, the wavelet transform is produced. This is defined mathematically
as;

t—2>

a

1 o0
Ta,b:—/ xX(t))(t) * dt 4.8
(@)= 72 [ xw (4.9
This is the continuous wavelet transform, and takes every possible wavelet and scale combination.
For reasons of practicality, a subset of wavelets is often selected (and indexed by m and n), thus

discretizing the frequency and amplitude space. This then leads to the discrete wavelet transform
[32];

Tyn = / :OOO ()b (£)dt (4.9)

The wavelet transform has been shown to produce a spectrogram, however there remain problems in
time and frequency resolution, as resolution is not constant within the spectrogram [33].

The primary motivation behind the wavelet transform also means that it is especially beneficial and
most used in cases involving high frequency, short time period oscillations within a broadband signal.
An example of such a use case is the analysis of EKG and other biological signals [33].

There is however an existing body of literature surrounding the application of the wavelet transform
to sound signals. in [34], a wavelet-based method is used to classify various sound sources, primarily
distinguishing speech from musical origin, and a beat detection algorithm is presented.

In [35], a wavelet-based method for speech enhancement is presented, that takes the wavelet trans-
form of the input signal, before applying a semisoft thresholding function to the resulting wavelet
representation and applying the inverse wavelet transform. [36] appears to build on the results in [35],
including pause detection and new thresholding methods, however it relies on the same fundamental
method.

Historically, wavelet thresholding is the predominant wavelet-based speech enhancement method, with
development and research into these methods being observed to at least 2017 (to authors knowledge)
[37]. However, more contemporary methods exist, including [38], which uses a wavelet transform to
split the signal into several subbands, then matrix factorization to extract and enhance the speech
components from each sub-band.

4.2.3 Evaluation and Selection

With the growing adaptation of learned transforms with end-to-end speech enhancement systems (not
covered here) replacing both Fourier and Wavelet transforms, neither approach will be able to be
considered state of the art. The Fourier Transform is most readily understood and has a unique
inverse, in comparison with the wavelet transform with additional complexity involved in choosing a
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4.3. Neural Network Structures

"good" set of wavelets, as well as a non-unique inverse if a continuous transform is selected [39], it
is recommended that a Fourier-based approach be used. It is not expected that either approach will
have a direct impact on the results, as they are only to be used to create a spectrogram.

4.3 Neural Network Structures

The neural networks trained in this project are based on the work in [1] and [40]. The first two,
Denoising Convolutional Neural Network (DnCNN) and UNet, are two neural network structures
based almost entirely on convolutional layers. These neural networks represent the state of the art
within image denoising, which is closely related to audio enhancement with spectrogram preprocessing.

The third neural network, a convolutional autoencoder, represents the state of the art within au-
dio enhancement. This network employs end-to-end audio processing, meaning no preprocessing is
performed. In doing so, the neural network learns not only to enhance the speech, but a latent
representation of the signal itself, given by some arbitrary transform.

The convolutional autoencoder has also been shown to be capable of speech enhancement going from
a spectra to a sequence of samples, so the learned transform is only in one direction. However in this
approach presented in [41], densely connected layers were also used during the reconstruction of the
raw speech signal based on the output of the convolutional layers.

Additionally, convolutional autoencoders have shown to have good image denoising performance within
the medical field, across a narrow range of noises and SNRs [13]. This indicates that convolutional
autoencoders are a similarly valid approach in spectra-to-spectra speech enhancement. This comes
from similar reasoning to that on the use of bias-free networks, with methods performing well on image
enhancement being generally transferable to speech enhancement.

However, as the intention of this report is not to develop a new state-of-the-art, the network design
will be somewhat arbitrary. An architecture similar to that presented in [13] is proposed, consisting
of 3 convolutional layers, with 2 max pooling layers in between in the encoder to reach a latent
representation consisting of 64 ‘%T’“ X C{Ty feature maps. The decoder is then this in reverse to reach the
same dimensionality as the original image, however with the use of up-sampling layers instead of max
pooling.

As the kernel size is not described in [13] this will be set arbitrarily to be a 3 x 3 kernel. This is chosen
to be consistent with both the DnCNN and UNet neural networks, however it is highly unlikely that
this is optimal. In a similar manner, zero padding will also be used, while the stride of the kernel will
be changed in order to produce the desired changes in feature map sizes.

e DnCNN: A feed-forward CNN with 20 layers. Each layer has 64 kernels of size 3 x 3, ReLU
activation functions and batch normalization. Two different variants are included in this project,
one without a skip connection as seen in Figure 4.2, and with a skip connection included as in
[1] and seen in Figure 4.3.

e Convolutional Autoencoder: An autoencoder comprised of a convolutional layer with 128 filters
with a stride of 1 at the input, with 2 further convolutional layers of 128 filters with a stride
of 2 forming the encoder, giving a latent feature map of d’jT’y. The decoder then consists of 2
transpose convolutional layers also with a stride of 2, before a convolutional layer of 128 filters
of size 1 forms the final layer of the model. This can be seen in Figure 4.4
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e UNet: A UNet-like network topology with a broadly similar structure to that of the convolutional
autoencoder, with feed-forward connections across latent stages. This can be seen in Figure 4.5
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Figure 4.2: The DnCNN without skip connections. Figure 4.3: The DnCNN with skip connections.
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Chapter 5

Methodology

In this chapter, the method for noise generation with an arbitrary SNR is explained, as well as the
training given to each network. Finally, several metrics are introduced to aid in the evaluation of the
hypothesis.

5.1 Noise Generation

Training a network for speech enhancement necessitates a noisy dataset with a clean counterpart for
training and evaluation. As the datasets used in this project contain only clean audio, the noise must
be added before training. The two types of noise, as well as how they are scaled to different noise
levels and applied to the datasets are presented in this section.

5.1.1 Additive White Gaussian Noise

Additive White Gaussian Noise (AWGN) is a simple form of additive noise. It is spectrally white,
meaning equal intensity at different frequencies. As AWGN is additive, the noise is also independent
of the signal it is applied to. While AWGN is not the most complex type of noise, it should yield a
proof of concept for the generalisation of bias-free speech enhancement.

The AWGN is applied by drawing values from a zero mean normal distribution. The variance does
not matter, as the noise is scaled relative to the signal power (see section 5.1.3).

5.1.2 Babble Noise

Babble noise aims to emulate the cocktail party effect, whereby a conversation is being held in a room
with multiple speakers around the subject. This is a particularly difficult environment for people
with hearing impairments [2]. Babble noise is more complex that AWGN, especially due to the non-
stationarity of it. The increased complexity in conjunction with the emulation of a well-known speech
enhancement problem makes it ideal for further proving the robustness of the trained models. Once
it has been proven that the models can denoise speech with AWGN applied, the same will be done
with babble noise, to further prove the effectiveness of the solution.

The babble noise is generated by creating roughly equally sized vectors of shuffled sentences from
either the TIMIT or WSJ datasets. The amount of vectors is determined by the desired amount of
concurrent speakers. Note that there is no guarantee that all speakers are audible at a given time
instance. Once the vectors are generated, they are summed and scaled according to a desired SNR,
as described in Section 5.1.3. Applying the babble noise is a matter of randomly indexing a section of
the babble noise vector and adding this to the audio segment.
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5.1.3 Noise Scaling

Since the purpose of this project is to investigate the generalisation benefits of bias-free networks
across multiple noise levels, it is desired to scale the noise in a controlled manner. Scaling the noise
according to a specific Signal to Noise Ratio (SNR), is a common method for this.

This is done by first computing the power of the signal onto which noise is to be added. The power p
of a signal, s, is found by [42]:

N-1 2
s(n)
ps= ) (5.1)
n=0 N

where NN is the length of the vector s. The same can be done to obtain the power of the noise vector,
which is then scaled according to the desired ratio, e.g. 40 dB. This is done by finding a value, «a, to
scale the noise with, according to:

P
a= | (5.2)
10710 - py

where ps; and p, is the computed powers of the signal /noise vectors and SNR is the desired SNR in
dB. The noise is then multiplied by a and added to the signal vector.

5.2 Dataset Overview

5.2.1 TIMIT

The Texas Instruments/Massachusetts Institute of Technology (TIMIT) Acoustic-Phonetic Continuous
Speech Corpus is a speech Corpus developed for the purpose of acoustic-phonetic studies and speech
recognition development [43]. The Corpus contains audio from 630 speakers from across the United
States, each reading ten sentences out loud. This results in 6300 samples of audio of varying lengths.

The TIMIT dataset is the primary dataset used during the project. The dataset contains a decently
large number of audio samples to ensure that the preprocessing and models work as intended. The
TIMIT dataset was chosen due to being easier to work with, as well as to reduce memory use during
initial development on local desktop machines. In addition to being smaller, a library for loading and
converting the dataset to audio in an easy manner exists, which greatly reduced development time in
this area.

5.2.2 WSJ

The Continuous Speech Recognition (CSR) Corpora, herein referred to as Wall Street Journal (WSJ)
dataset, is the second dataset available for training and testing [44]. The dataset consists of a large
number of audio samples recorded using different microphones. The WSJ is comprised of audio read
from excerpts of the Wall Street Journal news texts, hence the name. The dataset is developed
primarily for speech recognition, so it shares a similar structure to the TIMIT dataset. No loader

24



5.3. Preprocessing

could be found for the dataset, so one had to be written from scratch. The dataset is compressed,
meaning it has to be decompressed before use.

The WSJ dataset is much larger than TIMIT, however, this means that the whole dataset will not fit
into local desktop memory. This means that only a part of the dataset can be loaded, which results
in a similar dataset size as TIMIT. In addition to this, the dataset is compressed, meaning it has to
be converted to .wav files before being loaded. In general, the benefit of the WSJ dataset is the size
of it, however, as this will not fit into memory, it will require additional overhead during training.

Once the entire preprocessing and training pipeline has been verified, as well as a proof of concept for
bias-free speech enhancement, a network can be trained using both datasets. Since the goal of this
project is not to develop a state of the art speech enhancement model, this is a low priority.

5.3 Preprocessing

Since the purpose of this project is to investigate bias-free image-based deep learning for speech
enhancement, the audio datasets are converted to spectrograms, which are essentially images. Con-
verting the TIMIT and WSJ datasets to spectrograms requires some preprocessing as well as some
restructuring.

5.3.1 Audio Preprocessing

As the TIMIT and WSJ datasets are developed and structured for speech recognition systems, the
structure is defined by speaker and phonetic content [43]. This is invaluable for speech recognition
systems, however, for the purposes of speech enhancement this is not required.

The audio is preprocessed by first normalising each utterance in the dataset to zero mean and unit
variance concatenating all utterances into one audio vector. This vector is then split into equally sized
audio samples, discarding any leftover audio. Splitting the audio this way guarantees the generated
spectrograms to be of equal size, which greatly improves memory usage and eases the training process,
even for networks which allow different sized inputs.

5.3.2 Spectrogram Generation

As stated in Section 4.2 the Fourier transform is used to convert from time to frequency domain.
This conversion results in a matrix of complex weights, describing the amplitude and phase of each
frequency component at a given time. These matrices are also referred to as spectrograms. Magni-
tude spectrograms are often used in audio processing, particularly log-magnitude spectrograms. The
relationship between the magnitude of a spectrogram and the output of the STFT is:

Sf,t — ‘Sf,t| . e(jef,t) (53)

where |S¢| is the magnitude of the spectrogram weights and 6, is the phase angle, both indexed by
time t and frequency bin f. The log-magnitude spectrograms are computed as;

Afp =1n[Sp4| (5.4)
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and also normalised to zero mean, unit variance for use in training and testing. Converting the
log-magnitude spectrogram back to a regular spectrogram is done by;

Spi= exp(Aﬁt) celif5.0) (5.5)

where 6 is the phase angle of the original signal at time t and frequency bin f.

For this project, the spectrograms are treated as images, meaning the time and frequency axes are
treated as spatial axes instead. This approach has been used extensively in deep learning applications
and despite the state of the art shifting towards end-to-end models, this method is still a viable
solution. As the point of the project is to investigate the generalisation benefits of bias-free deep
learning, the efficacy of the model is not as relevant. Additionally, the origin of this project [1] is
within the field of image denoising. As such, it is theorised that the same methods will apply to
spectrogram denoising/enhancement.

5.3.3 Postprocessing

To reconstruct the audio from the enhanced spectrograms requires taking the inverse STFT. The in-
verse STFT requires both magnitude and phase information to properly reconstruct the audio without
audible artifacts. The phase information of the original spectrogram is saved before enhancement and
is reapplied before taking the inverse STFT. Once the audio has been reconstructed, it is scaled to an
appropriate level for listening to avoid clipping using peak normalisation.

5.4 Training

During training, the network are fed batches of noisy spectrograms with the target being the clean
counterpart to the input spectrogram. This trains the network to reconstruct the clean spectrogram
from a noisy input, thus enhancing the spectrogram and therefore the audio.

When the loss of the network begins stagnating, the learning rate will be reduced, which will allow
the training algorithm to more easily descend potential minima. This also allows for coarser training
in the early stages, which can help speed up training process.

For each network, two copies are trained on identical data, where one has the bias terms removed
entirely. This should reveal the impact of removing the bias.

5.4.1 Reducing Over-fitting

When training a neural network, over-fitting is a common problem wherein the network will learn the
training data "too well" and will not generalise well to input not present in the training dataset [45, 46].
This is due to the network not learning the characteristics of the problem it is designed to solve. Over-
fitting leads to poor performance outside of training, but it can be alleviated by implementing features
such as early stopping or using a separate validation dataset.

One way to reduce over-fitting when training a neural network is to stop training when the error or
cost stops improving over successive epochs. This is not guaranteed to reduce over-fitting, as the
validation data could be too similar to the training data. An additional benefit of early stopping is
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that the training stops, meaning faster model prototyping, since less time is spent doing useless or
potentially harmful training.

Utilising a validation dataset helps ensure that the network learns the broader aspects of the data, as
opposed to just learning the data "by heart". The validation data is often a part of the training data,
which is not used in updating the weights of the network, but is instead used to validate the cost of
the current epoch. If the network has a low training cost, but a high validation cost, the network is
not generalising well to the data.

The training done in this project is always utilising a validation dataset, which is derived from the
training data unless otherwise specified. Methods such as learning-rate reduction and early stopping
are based on the validation loss, meaning the training algorithm will only employ these methods if the
validation loss is stagnating.

5.4.2 Multi-SNR Training

To be able to compare to the results from [1], the neural networks for speech enhancement are trained
in a similar fashion to those for image denoising. In [1], the neural networks are trained across a range
of standard deviations (SNRs) and are subsequently tested on noise levels in- and outside the training
noise range.

To do this, the training data is essentially generated multiple times, each with a different SNR. The
training data is then shuffled and fed in batches to the neural network for training. It is important
that the network sees all generated SNRs in ONE epoch, so as to not train asymmetrically towards
one specific SNR.

5.5 Metrics

While subjective listening tests are the preferred method of evaluation for speech enhancement systems
in general, they are both expensive and time consuming to undertake. Due to the time limitations
involved in this project, only synthetic metrics are selected for use.

Speech enhancement problems require metrics that also account for how the enhanced speech is per-
ceived. This is due to the fact that the human ear does not perceive all frequencies equally, indeed
higher frequencies are often indistinguishable from another even when the difference is 1 KHz or
greater. This necessitates the need for specifically developed metrics that takes into account these
more human characteristics.

This is in contrast from, mean squared error and other non-perceptually oriented metrics, where the
mean distance between an enhanced speech signal and a clean reference is taken in either time or
frequency domain.

Here, the Perceptual Evaluation of Speech Quality (PESQ) [47] and Short-Time Objective Intelli-
gibility (STOI) [48] shall be used. The main focus of PESQ is the quality of each utterance, and
how perturbed it is by noise, while STOI is primarily concerned with whether the utterances will be
understood.

The PESQ method attempts to substitute a listening test and as such returns a score on the interval
[1,5], with a 5 corresponding to no degradation, and a 1 corresponding to degradation significant
enough to make the meaning of the speech intangible. Alternative mappings exist acknowledging that
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participants in listening tests are generally more hesitant to give a "5" [49], however the principal that
a higher score correlates to better quality still holds. The scores generated by PESQ have been shown
in [47] to have a strong correlation with scores from listening tests under laboratory conditions.

PESQ has both a narrowband and wideband [50] configuration. The narrowband metric was originally
designed for a bandwidth of 300-3100 Hz, while the wideband metric takes a bandwidth of 50-7000
Hz. With the fundamental vocal range for males at 60-150 Hz, and for females 200-400 Hz [2, p.
49], the PESQ metric in a narrowband configuration will likely provide unfavorable results due to the
bandwidth limitations imposed cutting off the fundamental speech components for all male speech,
and a significant proportion of female speech. To aid in comparison, both wideband and narrowband
PESQ metrics have been calculated, however the wideband is to take precedence in evaluation.

In contrast, STOI considers the linear correlation coefficient between the speech in the frequency
domain, with a short-time Fourier transform being used to segment the signal into time-frequency
regions with a length of 400 ms [48]. As this is a correlation coefficient, the STOI score is inherently
bounded on [0, 1], with 0 representing no correlation and total degredation, and 1 representing perfect
correlation between reference and enhanced speech.

An extended version of STOI (ESTOI) is also in common use, which uses many of the same steps
as STOI. Key differences include normalisation of the time-frequency regions before any comparison,
and the use of subspace methods instead of correlation coefficients [51]. Similarly to STOI however,
scores are also bounded on [0, 1] with the same meaning attached.
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Chapter 6

Results

This chapter describes the tests performed to investigate the impact of removing the bias from state
of the art neural networks. The results of these tests are presented and analysed to show the efficacy
of the networks within the scores described in Section 5.5. Key results are presented in this chapter
while a full overview of all results and plots can be found in Appendix A.

6.1 Test Overview

The following results were obtained by training the networks described in Section 4.3 on sets of training
data with varying levels of noise. The full range training set covers the SNR values in the interval of
-10 dB to 20 dB in steps of 5 dB, where the reduced range set covers SNR values in the interval of 0
dB to 15 dB in steps of 5 dB. All networks are then evaluated on the test set, which has SNR values
identical to the full range training set. All results are displayed as bar plots showing the mean score
values for each SNR value, with one standard deviation as the error bars.

Normally, such training would be performed multiple times to ensure statistical significance. However,
due to having issues with getting the training running on the provided server (CLAAUDIA), this
was not possible within the project time-frame. The results produced represent one or at most two
realisations of the networks.

In addition to evaluating the networks according to the metrics in Section 5.5, the most promising
networks are further investigated by listening to the enhanced audio produced by these networks. This
is not a structured listening test, as it will be performed by the authors, however, it will ensure that
the score is not just mathematically sound but also produces reasonable audio.

To supplement this listening test, spectrograms of the enhanced speech have been produced, and can
be found in Appendix B. To limit the size of this report, only noise at one SNR has been considered
when producing these spectrograms, however where relevant additional spectrograms are included
within the body of the results.

6.2 DnCNN Results

Two realisations of the DnCNN network have been tested, with the difference between the two being
the inclusion of a skip connection between the first and final layer. In the normal DnCNN network, this
skip connection is included, however, due to not including this skip connection in the first network
realisation, both are available for testing. While not exactly identical to the regular DnCNN, the
variant without the skip connection will still be evaluated.

6.2.1 DnCNN without Skip Connections

The DnCNN without skip connection performed equally or worse than the DnCNN with skip con-
nections, making most of the results from this test redundant. The network did not generalise better
across noise levels outside the training range with a bias-free configuration. This, in conjunction
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Figure 6.1: Bar plot showing the mean PESQ Wideband Figure 6.2: Bar plot showing the mean PESQ Wideband
score for DnCNN with skip trained on the full SNR range. score for DnCNN with skip trained on the reduced SNR
range.

with the overall poorer performance, both according to PESQ and STOI metrics, means that the
network will not be analysed in more detail. For an overview of the performance of this network, see
Appendix A.1.

6.2.2 DnCNN with Skip Connections

The DnCNN with skip connection performed the best of all tested networks in terms of overall denois-
ing performance. The performance was highest for the regular configuration, meaning the bias-free
configuration performed significantly worse across the all test metrics. This means that the bias-free
configuration did not improve on the generalisation on noise levels outside the training range.

Figure 6.1 and 6.2 show the narrowband PESQ score for the DnCNN with skip connections. While this
is the highest score achieved in this metric, it is clear that the bias-free configurations perform worse
across noise levels, both for the full and reduced training set. Similar behaviour is seen in the STOI
metrics. The DnCNN with skip connections performance on metrics is mirrored in audio enhancement.
The network provides the clearest sounding denoising and introduces the least amount of distortion
at lower noise levels. All results from the test of this network can be found in Appendix A.2.

6.3 Convolutional Autoencoder Results

Similarly to the DnCNN, bias-free convolutional autoencoders also underperformed relative to their
biased counterparts. This holds for networks trained both on a reduced and a full range of SNRs.

The complete results across all four metrics and the two SNR ranges used for training can be seen in
Appendix A 4.

At SNRs of 15 dB and above, the distortion introduced by the network appeared to drive the metrics
lower than the noisy signal in all cases. This distortion is also perceivable when listening to the
samples, however it is clear that the noise has been attenuated. When listening to both the biased
and bias-free network’s output, the biased network is also perceivable sharper in tonality than the
bias-free network, which seems to add a muddiness to the speech. This muffles the output somewhat,
which is an undesirable characteristic. This deviation in quality is barely observable with an input
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SNR of 15 dB, however it becomes more apparent at an SNR of 20 dB.

This change in clarity, as well as the effects of the latent space representation are also clearly observable
in the spectrograms produced by both the biased (Figure 6.4) and bias-free (Figure 6.3) networks,
here shown with the clean (Figure 6.5) and noisy (Figure 6.6) spectrograms besides for reference.
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STFT Magnitude STFT Magnitude

4.0
7000 7000
35
6000 6000
3.0
2.5
2.0
15
2000 2000 1.0
1000 1000 05
0 0
0 1 2 3 4 0 1 2 3 4

Time [sec]

v

IS

v
=3
S
o
v
=3
o
o

Frequency [Hz]

B

o

o

o

w

Frequency [Hz]

B

o

o

o

w
o
S
o
N
w
o
S
o

-

Time [sec]

Figure 6.5: Log-magnitude spectrogram of the clean Figure 6.6: Log-magnitude spectrogram of the frame of
frame of speech speech with AWGN added at an SNR of 20 dB

6.4 UNet Results

The results from the UNet tests show some interesting distinctions between the regular and the bias-
free network configurations. While all other networks tested showed a similar or worse performance on
bias-free configurations, the bias-free UNet shows a clear improvement over the regular configuration.
This improvement is however only statistically significant inside the training set noise values. For any
noise values outside the training set, the benefit from the bias-free configuration is diminished to within
the margin of error, especially given the limited network realisations. The STOI and ESTOI metrics
(Figure 6.9 and 6.10) however only show minor benefits to the bias-free configuration, particularly
in the narrow case. This behaviour can be explained by the network potentially not being able
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Figure 6.7: Bar plot showing the mean PESQ Narrow- Figure 6.8: Bar plot showing the mean PESQ Narrow-
band score for UNet trained on the full SNR range. band score for UNet trained on the reduced SNR range.

to capture the larger training set with the current amount of parameters. This remains untested
and is therefore purely speculation. The UNet introduces less distortion at lower SNRs and does not
introduce any appreciable muddiness to the bias-free enhanced audio. This can also be observed within
the spectrograms of the enhanced speech both with and without bias in Figure B.5 and Figure B.4.

An example of these results can be seen in Figure 6.7 and 6.8. The full results can be found in
Appendix A.3, which show similar relationships between bias-free and regular configurations.
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Figure 6.9: Bar plot showing the mean STOI score for Figure 6.10: Bar plot showing the mean STOI score for
UNet trained on the full SNR range. UNet trained on the reduced SNR range.

Additionally, inspection of the spectrograms shows that there is significantly less "blockiness" to them
when compared to the convolutional autoencoder. This indicates that the inclusion of skip connections
between lower dimension feature maps aids performance significantly, irrespecttive of whether bias
terms are included. This can be seen in Figure 6.11 and Figure 6.12, where some harmonics can be
faintly observed in the spectrograms.
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Figure 6.11: Spectrogram of speech enhanced using the Figure 6.12: Spectrogram of speech enhanced using the
UNet, trained on the limited SNR range. SNR = 20 dB bias-free UNet, trained on the limited SNR range. SNR =
20 dB

From these results, it can be concluded that the bias-free configuration does not improve the gener-
alisation of the network across noise levels outside the training range. The improved performance of
UNet with a bias-free configuration is however an interesting result, which can be further explored to
potentially improve the model for full noise range training.
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Chapter 7

Discussion

The results of this project show that only UNET has any appreciable gain from the selection of a bias-
free variant. There are however several further details that could be investigated, as well as methods
to make the experiments performed so far more powerful in terms of statistical significance. These
will be detailed in this chapter.

Increasing the power of the experiments in this instance requires training multiple networks of the
same topology, then considering the mean metrics and the variance between the networks, and not the
variance on the test set as is currently performed. This would mitigate against random initializations of
the network parameters having a direct influence on the results. As things stand, only 1 network of each
type has been trained, meaning that there is the potential for a "poorly" initialized network to converge
to a loss that would be considered sub-optimal, given any other parameter initialization. However,
as things stand with most bias-free networks performing worse than their biased counterparts, this is
sufficient to give a provisional conclusion.

The experiments thusfar have also all taken part on the TIMIT corpus. The Wall Street Journal
corpus has also been available, and would provide another datapoint for any stronger conclusion.
Further, visual inspection of the sentences within the TIMIT corpus shows that at least some of the
sentences within the testing set also appear in the training set. As such, it is possible (though unlikely)
for the network to learn to reconstruct these sentences, rather than generalise across all speech. A
cross-validation using a similarly pre-processed alternative corpus such as Wall Street Journal would
provide some insights in that regard.

Also of note is that training and testing has only used additive white gaussian noise so far. In real-
world situations, speech enhancement methods must also be able to work on many sources of noise,
with most being non-stationary. Although it is possible to make the assumption that the noise is
stationary within each utterance (in this case, assumed to be a 5 second frame), this still leaves many
unknowns in the spectral distribution of the noise. The noise may also take the form of other speech,
such as in the cocktail party problem, further complicating the enhancement process. This training
on multiple noise types was found in [21] to further improve generalisation capabilites, and so should
be considered for implementation in any state-of-the-art solution.

AWGN was used for it’s similarity to the noise used in [1], however while they use variance when
determining the noise magnitude, this project uses the SNR. This makes direct comparison between
the noise levels impossible without access to the same image database. Despite this, training on the
range of SNRs used in this project is an accepted standard within speech enhancement [2].

A first-order decomposition of the network was also proposed in Section 2.5 to further understand
the impact of the bias. This however involved taking the Jacobian of the network evaluated for each
spectrogram x, which was found to be very computationally intensive at the network sizes used in this
report. This was therefore out of reach at the time of writing.
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Chapter 8

Conclusion

In this project, four different types of convolutional neural networks were trained and evaluated with
the objective of testing the hypothesis: Removing the additive bias terms from neural networks im-
proves network generalisation across unknown noise levels for speech enhancement purposes.

Three of the network types, namely the convolutional autoencoder and Denoising Convolutional Neural
Network (DnCNN), both with and without a skip connections, showed that bias-free configurations
were inferior to configurations where bias terms were included. In these biased configurations, the
DnCNN with a skip connection achieved the best overall performance.

The fourth network type, UNet, showed that a bias-free configuration performed significantly better
inside known Signal to Noise Ratio (SNR) ranges and marginally better outside known SNR ranges.
However, distortion dynamics introduced by the network impairs performance at higher SNRs. Addi-
tionally, no enhanced generalisation capabilities were observed in any bias-free networks.

With only one realisation of each network being trained and tested, it is not possible to conclude on
the hypothesis in any statistically significant manner. The results at this time however indicate that
the hypothesis is false.
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Appendix A

Results

A.1 DnCNN without Skip Connections
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Figure A.1: Bar plot showing the mean PESQ Narrow-
band score for DnCNN without skip trained on the full SNR
range.
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Figure A.3: Bar plot showing the mean PESQ Wide-
band score for DnCNN without skip trained on the full
SNR range.
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Figure A.2: Bar plot showing the mean PESQ Narrow-
band score for DnCNN without skip trained on the reduced
SNR range.
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Figure A.4: Bar plot showing the mean PESQ Wideband
score for DnCNN without skip trained on the reduced SNR,
range.
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A.1. DnCNN without Skip Connections
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Figure A.5: Bar plot showing the mean STOI score for
DnCNN without skip trained on the full SNR range.
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Figure A.7: Bar plot showing the mean ESTOI score for
DnCNN without skip trained on the full SNR range.
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Figure A.6: Bar plot showing the mean STOI score for
DnCNN without skip trained on the reduced SNR range.

ESTOI Enhanced

mmm Noisy
W Bias-free
B Bias

1.0

Score

5
SNR

Figure A.8: Bar plot showing the mean ESTOI score for
DnCNN without skip trained on the reduced SNR range.



A.2. DnCNN with Skip Connections

A.2 DnCNN with Skip Connections

3s PESQ NB Enhanced

mm Noisy
mm Bias-free
1 = Bias

Score

SNR

Figure A.9: Bar plot showing the mean PESQ Narrow-
band score for DnCNN with skip trained on the full SNR

range.
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Figure A.11: Bar plot showing the mean PESQ Wide-
band score for DnCNN with skip trained on the full SNR

range.
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Figure A.10: Bar plot showing the mean PESQ Narrow-
band score for DnCNN with skip trained on the reduced

SNR

SNR range.
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Figure A.12: Bar plot showing the mean PESQ Wide-
band score for DnCNN with skip trained on the reduced

SNR range.
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A.2. DnCNN with Skip Connections
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Figure A.13: Bar plot showing the mean STOI score for
DnCNN with skip trained on the full SNR range.
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Figure A.15: Bar plot showing the mean ESTOI score for
DnCNN with skip trained on the full SNR range.
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Figure A.14: Bar plot showing the mean STOI score for
DnCNN with skip trained on the reduced SNR range.
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Figure A.16: Bar plot showing the mean ESTOI score for
DnCNN with skip trained on the reduced SNR range.



A.3. UNet Results

A.3 UNet Results
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Figure A.17: Bar plot showing the mean PESQ Narrow-

band score for UNet trained on the full SNR range.
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Figure A.19: Bar plot showing the mean PESQ Wide-

band score for UNet trained on the full SNR range.
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Figure A.18: Bar plot showing the mean PESQ Narrow-
band score for UNet trained on the reduced SNR range.
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Figure A.20: Bar plot showing the mean PESQ Wide-
band score for UNet trained on the reduced SNR range.



A.3. UNet Results
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Figure A.21: Bar plot showing the mean STOI score for
UNet trained on the full SNR range.
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Figure A.23: Bar plot showing the mean ESTOI score for
UNet trained on the full SNR range.

45

STOI Enhanced

mmm Noisy
1.0 mmm Bias-free

mmm Bias

Score

5
SNR

Figure A.22: Bar plot showing the mean STOI score for
UNet trained on the reduced SNR range.
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Figure A.24: Bar plot showing the mean ESTOI score for
UNet trained on the reduced SNR range.



A.4. Convolutional Autoencoder Results

A.4 Convolutional Autoencoder Results
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Figure A.25: Bar plot showing the mean PESQ Narrow- Figure A.26: Bar plot showing the mean PESQ Narrow-
band score for Convolutional Autoencoder trained on the band score for Convolutional Autoencoder trained on the

full SNR range. reduced SNR range.
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Figure A.27: Bar plot showing the mean PESQ Wide- Figure A.28: Bar plot showing the mean PESQ Wide-
band score for Convolutional Autoencoder trained on the band score for Convolutional Autoencoder trained on the
full SNR range. reduced SNR range.
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A.4. Convolutional Autoencoder Results
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Figure A.29: Bar plot showing the mean STOI score for
Convolutional Autoencoder trained on the full SNR range.
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Figure A.31: Bar plot showing the mean ESTOI score for
Convolutional Autoencoder trained on the full SNR range.
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Figure A.30: Bar plot showing the mean STOI score for

Convolutional Autoencoder trained on the reduced SNR
range.
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Figure A.32: Bar plot showing the mean ESTOI score
for Convolutional Autoencoder trained on the reduced SNR
range.



Appendix B

Sample Spectrograms

In this appendix, sample spectrograms of each network type, trained with both the limited and full
SNR range, and with and without bias will be presented. Only the predictions on one SNR (10 dB)
is shown however, due to the excessive number of plots that would otherwise be necessary. However,
this is deemed by the authors to be sufficient to compare the outputs of each network visually. A
reference spectrogram of the clean speech signal is also provided in Figure B.1 for ease of comparison.
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Figure B.1: Clean reference spectrogram for comparison to enhanced spectra provided below.
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Figure B.2: Log-magnitude spectrogram of noisy speech Figure B.3: Log-magnitude spectrogram of noisy speech
enhanced using UNET, trained on the limited SNR range enhanced using UNET, trained on the limited SNR range
with bias without bias
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Figure B.4: Log-magnitude spectrogram of noisy speech Figure B.5: Log-magnitude spectrogram of noisy speech
enhanced using UNET, trained on the full SNR range with enhanced using UNET, trained on the full SNR range with-
bias out bias
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Figure B.6: Log-magnitude spectrogram of noisy speech Figure B.7: Log-magnitude spectrogram of noisy speech
enhanced using a convolutional autoencoder, trained on the enhanced using a convolutional autoencoder, trained on the
limited SNR range with bias limited SNR range without bias
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Figure B.8: Log-magnitude spectrogram of noisy speech Figure B.9: Log-magnitude spectrogram of noisy speech
enhanced using a convolutional autoencoder, trained on the

full SNR range with bias
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Figure B.10: Log-magnitude spectrogram of noisy speech Figure B.11: Log-magnitude spectrogram of noisy speech
enhanced using a DnCNN without a skip connection,

trained on the limited SNR range with bias

50
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Figure B.12: Log-magnitude spectrogram of noisy speech Figure B.13: Log-magnitude spectrogram of noisy speech
enhanced using a DnCNN without a skip connection, enhanced using a DnCNN without a skip connection,
trained on the full SNR range with bias trained on the full SNR range without bias
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Figure B.14: Log-magnitude spectrogram of noisy speech Figure B.15: Log-magnitude spectrogram of noisy speech
enhanced using a DnCNN with a skip connection, trained enhanced using a DnCNN with a skip connection, trained
on the limited SNR range with bias on the limited SNR range without bias
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Figure B.16: Log-magnitude spectrogram of noisy speech Figure B.17: Log-magnitude spectrogram of noisy speech
enhanced using a DnCNN with a skip connection, trained enhanced using a DnCNN with skip connection, trained on
on the full SNR range with bias the full SNR range without bias
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