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Abstract

Keyword spotting (KWS) is an essential component of voice recognition services on smart devices. Its
always-on characteristic requires high accuracy and real-time response. Also, low power consumption is
another key demand for KWS devices. In previous research, neural networks have become popular for
KWS tasks for their accuracy compared to traditional machine learning technologies. Among classical
neural networks like recurrent neural networks (RNNs) and convolutional neural networks (CNNs),
temporal convolutional networks (TCNs) have begun to catch attention recently. Moreover, studies
related to sparsity are always an efficient method to deal with the growing model size issue for modern
neural network designs. As a potential solution, in this work, a TCN model is trained for KWS on the
Google Speech Command V2 dataset and achieves an accuracy of 94.1%. Based on that, two different
sparsity are applied to the TCN model. One is temporal sparsity. By creating a Delta convolution
layer, the Delta temporal convolutional network (DeltaTCN) achieves an accuracy of 93.6% with a 72%
reduction in floating-point operations (FLOPS) compared to the original TCN model. Another is structural
weight sparsity. By creating sparsity on the weight matrix of each convolution layer, the structural sparse
temporal convolutional network (SSPTCN) achieves 93.6% accuracy with a 70% reduction in FLOPs
and a 39% reduction in parameters.

Keywords- Temporal convolutional network (TCN); Keyword spotting (KWS); Temporal sparsity; Struc-
tural sparsity;
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Introduction

Keyword spotting (KWS) [1] aims to detect pre-defined keywords in audio signals. Compared to common
speech domains such as speech recognition [2, 3], speech synthesis [4], speech enhancement [5], and
speaker recognition [6], KWS is relatively niche. But with the rise of intelligent assistants, smart speakers,
and so on, KWS is receiving more and more attention from the industry. Its prevalent use revolves
around facilitating hands-free control of mobile applications. With a primary emphasis on identifying
wake-up words and recognizing common commands on mobile devices, achieving both immediate
and accurate responses is crucial for Keyword Spotting (KWS). Nonetheless, the implementation of
immediate and accurate KWS models remains a tough task, especially when faced with the real-time
constraints of mobile devices equipped with restricted hardware resources.

Throughout the history of KWS, there have been diverse models for training KWS tasks. Traditional
KWS tasks are realized by Hidden Markov Models(HMMs) [1]. With the development of deep learning,
state-of-the-art KWS has switched to deep learning-based approaches with better performance [7].
Deep Neural Networks (DNNs) are commonly used together with compression techniques for KWS [8, 9].
The drawback of DNNs is that they often ignore the structure and context of the input [10]. Convolutional
Neural Networks (CNNs) have become popular for KWS in the past few years [11]. Compared to DNNs,
CNNs can achieve better performance and less model size [12, 13]. However, the drawback of CNNs
is that they cannot model the context over the whole frame without wide filters or proper depth [10].
Recurrent Neural Networks (RNNs) are also a hot topic in KWS [14]. Similar to DNNs, RNNs also have
the drawback on model input. RNNs perform modeling on the input features instead of learning the
structure between continuous time and frequency steps. So, it is necessary to find a new model for
KWS that can overcome the drawbacks of present deep learning models while maintaining the same
performance.

Traditional neural networks are dense and suitable for current computing paradigms and GPU architec-
tures [15]. Two issues have become increasingly vexing in recent years with deep learning models’
increasing size and complexity. The first is memory and computational costs, which consume a lot of
resources for training many new models [16]. The second is the generalization problem associated
with the over-parameterization of large models, where the model tends to be overly sensitive to subtle
input changes [17]. Although there are many methods to overcome some of the issues, such as L1/L2
weight regularization [18], dropout regularization variants [19] or data argumentation [20]. However,
none of these approaches address the fundamental problem of over-parameterization: inefficient use of
memory and computation.

This work has trained a Temporal Convolutional Network (TCN) for KWS, which avoids the drawbacks
of CNNs and RNNs. Also, it exploited temporal sparsity and structural sparsity to reduce the use of
memory and computation.
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1.1. Motivation

For an extended period, Recurrent Neural Networks (RNNs) have been the predominant machine
learning (ML) model employed in Keyword Spotting (KWS) systems for classification. Notably, RNN
variants such as Gated Recurrent Unit (GRU) [21] and Long Short-Term Memory (LSTM) [22] networks
have demonstrated high accuracy by utilizing a hidden state to retain information across different time
steps. In more recent developments, Temporal Convolutional Networks (TCNs) have emerged as a
successful alternative in KWS, achieving accuracy comparable to RNNs. For instance, in a study by
Ibrahim et al.(2019)[23], TCN achieved an accuracy of 93.4% on the Google Brain dataset. lllustrated
in Fig. 1.1, these networks leverage dilated convolutions with exponentially increasing dilation per layer,
allowing them to cover a broader receptive field. The advantages of TCNs over traditional RNNs include
enhanced parallelism, a flexible receptive field, and lower memory requirements for both training and
inference.

Yo Y1 Y2 Yt2) Y1) Yt
Output
Hidden
d=2
Hidden
d=1
Input
Xo X1 X2 Xt-2) X1 Xt

Figure 1.1: Inference for TCN networks

Historically, deep learning models have been characterized by their density and over-parameterization,
sometimes leading to the memorization of random patterns in the data [24]. Studies have indicated
that over-parameterized models are more suitable for training with stochastic gradient descent (SGD)
compared to more compact representations [25]. However, this over-parameterization comes at the
cost of increased memory usage and computational demands during both model training and inference.
Sparse model representations offer a promising solution, particularly for inference on mobile devices,
battery-powered devices, and in environments where cost considerations are paramount. Sparse
models, with their reduced storage requirements, tend to streamline computation. Furthermore, over-
parameterized models are prone to overfitting and may struggle to generalize to unfamiliar examples.
Sparsification, therefore, serves as a form of regularization that can enhance model quality by effectively
reducing noise within the model.

Recent research has concentrated on enhancing computational efficiency while upholding model
accuracy, considering the computational demands of modern networks. State-of-the-art networks, such
as Inception-V3 for object recognition [26], involved 5.7 billion operations and 27 million parameters
for evaluation. Similarly, GPT-3 [27], a leading experimental natural language processing network,
required a staggering 175 billion parameters for its evaluation. Moreover, the training of such deep
neural models is progressively becoming more expensive, particularly for the largest language models
that demand substantial data centers, incurring costs amounting to millions of dollars per training session.
For instance, the training cost for GPT-3 mentioned earlier is approximately $4.6 million per session [28].



1.2. Problem Description 3

Therefore, exploring sparsity during training becomes imperative as a means to regulate and manage
training costs.

1.2. Problem Description

Nowadays, there is a lot of research on keyword spotting, among which CNNs and RNNs are the hottest
topics. Both of these neural networks have achieved excellent performance. However, there is relatively
less research on TCNs [29]; however, it has gradually become a hot topic in recent years. Meanwhile,
research on sparsity is also one of the focuses of deep learning [30, 31], but most of the research
focuses on weight sparsity [32, 33] and activation sparsity [34, 32], and very few of them utilize temporal
sparsity [35].

Until now, the discussion around sequence modeling in the realm of deep learning has predominantly cen-
tered on RNN architectures, including LSTMs and GRUs. S. Bai et al. [36] challenged this conventional
perspective, asserting that it is outdated. They advocate considering Convolutional Networks as primary
contenders for sequence data modeling. The study demonstrated that convolutional networks can
outperform RNNs in various tasks while sidestepping common issues associated with recursive models,
such as the challenges of gradient explosion/vanishing or inadequate memory retention. Additionally,
the utilization of convolutional networks, as opposed to recurrent networks, enhances performance by
enabling parallel output computation. Their proposed architecture is named TCN. TCNs can take a
series of arbitrary lengths and output them as the same length. Causal convolution is used in the case
of one-dimensional convolutional neural network (1D-CNN) architecture. A key feature is that the output
at time ¢ is only convolved with the elements that occurred before time ¢.

Temporally sparse sequential data is a type of data that rarely changes over time. Exploiting temporal
sparsity to skip unnecessary arithmetic operations and memory access related to negligible input
changes between adjacent time steps can help save energy consumption.

However, temporal sparsity is a random sparsification or unstructured sparsification. Structured weight
sparsification clusters random sparsification, which can significantly reduce inference time on supported
hardware, albeit with reduced accuracy compared to random sparsification.

This thesis combines the above two concepts and designs a sparse TCN model for KWS. Also, the
thesis will explore how the threshold will affect the model sparsity and its consequences.

1.3. Objective

The main objectives of this work are,

1. To train a TCN model for keyword spotting.

2. To achieve sufficiently high temporal sparsity without suffering too much accuracy loss.
3. To study whether structural sparsification methods can facilitate the induction of sparsity.
4. To investigate the consequences of the method.

1.4. Contributions
The main contributions of this thesis are as follows:

+ A standard TCN model for KWS was built. By scanning different combinations of parameters, the
optimal result was selected as the baseline value for this project. The TCN model has an accuracy
of 94.1% under the Google Speech Command V2 database with 116k training parameters.

» Exploiting temporal sparsity on top of TCN, the original one-dimensional convolutional layer
is replaced using a sparse 1D convolution. The TCN model using temporal sparsity is called
DeltaTCN. The DeltaTCN model achieves a mere 1.4% loss in accuracy but obtains a 72%
reduction in FLOPs compared to a TCN model with the same specification parameters. Meanwhile,
sparsity can be controlled by a user-defined threshold.

» Structured sparse is added to the TCN model, which is called Structural Sparse TCN (SSPTCN).SSPTCN
achieves a 70% reduction in FLOPs and a 39% reduction in training parameters with only a 1.4%
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loss in accuracy compared to TCN with the same parameter settings. Compared to DeltaTCN, an
80% reduction in training parameters and 44% reduction in FLOPs are achieved with the same
accuracy.

1.5. Outline

Chapter 2 reviews papers on the development of sequence modeling and introduces the Markov chain,
RNNs, TDNNs, CNNs, and TCNs. Chapter 3 explains how DeltaTCN and structural sparsity are formed
and its calculation. Chapter 4 is about the results and their discussion. Chapter 5 concludes the work
and lists contents for possible future work.



Background

2.1. Keyword Spotting (KWS) Systems

The KWS system mainly detects pre-defined keywords. As shown in Fig. 2.1, a typical KWS system
consists of two major parts: a feature extractor and a neural network classifier.

(i) Input speech signal (ii) Feature extraction (iii) Neural network

Figure 2.1: Framework of KWS system, from left to right: (i) Input speech signal (ii) Feature extraction (iii) Neural network

Feature extraction is the process of converting raw data into processable numerical features while
preserving the information in the original dataset. In many cases, it will perform better for neural networks
to train rather than use raw data directly [37]. Log-mel filter bank energies (LFBE) [38] and Mel-frequency
cepstral coefficients (MFCC) [39] are the most commonly used methods to extract features. After LFBE
or MFCC, the raw signal data will be translated from the time domain into a set of frequency-domain
spectral coefficients. This enables the dimensionality compression for the input signal.

After extraction, the features are fed into a neural network-based classifier module, which generates
the probabilities for the output classes. Traditional technologies for KWS mainly use HMMs [40]. With
developing DNNs [7], researchers paid more attention to different neural networks. For state-of-the-art
KWS systems, RNNs [41] and CNNs [42] are widely used as classifiers. The next section will discuss
details about those KWS classifiers’ technology.

2.2. Sequence Modeling

In traditional machine learning, data points are usually assumed to be independent and identically
dispersed. But in many cases, such as linguistic, speech, and time-series data, each piece depends on
the data before and after. This type of data is referred to as sequence data. A time series is a common
example, where each point reflects an observation at some point in time, such as stock prices or sensor
data. Sequences, such as audio waveform and weather data, are all examples of sequence data. In
other words, video, audio, and images can all be considered sequential data to some extent. Here are
a few basic examples of sequential data.
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Figure 2.2: Examples of different sequential data types

In machine learning, learning for sequential data follows a similar concept of ordering.

A machine learning model that inputs or outputs a data sequence is called a sequence model. Text
streams, audio clips, video clips, and time series data are all examples of sequence data. The analysis
of sequence data such as text sentences, time series, and other discrete sequence data has facilitated
the development of sequence models. The key factor in sequence modeling is that the processed data
are no longer independent and identically distributed (i.i.d.) samples and are dependent on each other
due to their sequence order. Sequential models are particularly popular in speech recognition, voice
recognition, time series prediction, and natural language processing.

Sequential modeling is the process of generating a series of values from a set of input values. These
input values may be time-series data showing how a variable has changed over time. The result
produced may be a forecast of future demand. Another example is text prediction, where a sequence
modeling algorithm predicts the next word based on a sequence of previous phrases and a set of
pre-loaded conditions and rules.

2.3. Markov Chain

Prior to the emergence of convolutional networks, Markov models were widely employed for sequence
modeling. In machine learning algorithms, a Markov chain represents a stochastic process in a state
space, transitioning from one state to another. Notably, this process exhibits a "memoryless” character-
istic, where the probability distribution of the next state is solely dependent on the current state. The
events that precede it in the time series are deemed irrelevant, defining the Markovian property. Markov
chains find extensive applications as statistical models for various real processes.

A Markov chain, within the realm of mathematics, is a discrete-event stochastic process endowed with
Markovian properties. In each step of a Markov chain, the system has the option to transition from one
state to another or persist in its current state, or upon a probability distribution. This shift in state is
referred to as a transfer, and the associated probability for each potential state change is termed the
transfer probability. An illustrative example of a Markov chain is a random walk, where the state at each
step corresponds to a point in a graph. During each step, the walker can move to any neighboring point,
and the probability of moving to each point remains uniform, irrespective of the preceding path taken in
the walk.

To summarize Markov chains in one sentence, the probability of a state transfer at a given moment
depends only on its previous state. This may be a bit uncritical, but it greatly simplifies the complexity of
the model, and thus, Markov chains are widely used in many time series models, such as RNNs and
HMMs. Suppose the state sequence is

L2, X -1, Lty L1y LTt 42--+ (21)

From the definition of the Markov chain, the moment z., is only related to x;.

P(xig1 | oy tp—2, -1, 2¢) = P (2441 | 74) (2.2)
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Since the probability of a state transfer at a given moment depends only on the previous state, the
model of this Markov chain is fixed by requiring only the transfer probability between any two states in
the system. Often, researchers use transfer matrices to calculate transfer probabilities. Each state in
the state space appears in a column or row in the transfer matrix. Each cell in the matrix shows the
probability of transitioning from a row state to a column state. In a state transfer matrix, the rows and
columns are all possible states, and the corresponding position is the probability of transferring to the
column state, given the known row state.

HMMs served as a key model in the early development of KWS. HMMs act as a probabilistic model
capturing the temporal order, describing the generation process of random sequences of unobservable
states through a hidden Markov chain. Simultaneously, they generate random sequences of observations
by producing an observation associated with each state. The series of states randomly generated by
the hidden Markov chain is termed a sequence of states. Each state contributes to the generation of an
observation, forming a random sequence of observations. Each position within this sequence can be
viewed as a specific moment in the overall process. Its form is defined below:

Figure 2.3: Example of a HMM

Much work has been done on KWS using HMMs in the last century. J. Robin Rohlicek et al.[43]
proposed a KWS system using Gaussian HMMs. The paper suggested that the choice of features
used, the covariance structure of the Gaussian model, and the transformations based on energy and
confidence distributions can greatly impact performance. Richard C. Rose et al.[44] proposed a speaker-
independent HMM keyword recognizer. The model was based on a continuous speech recognition
model. It can reach an 82% probability of detection at a false alarm rate of 12 false alarms per keyword
per hour. J. G. Wilpon et al.[45] proposed a KWS algorithm based on HMMs and achieved an accuracy
of 99% on the Spanish database.

However, HMMs have their limits. They are hard to train and are computationally expensive during
inference [46]. Also, the accuracy for HMMs in KWS is not comparable to state-of-the-art models,
especially DNNs.

2.4. Recurrent Neural Networks

CNNs are said to be good in areas where the data are mostly static, and the input data are independent
of each other, such as two-dimensional data like images, while for applications such as semantic
recognition and time-series analysis, CNNs are slightly inadequate. This is because in applications
such as semantic recognition, time series, etc., the data are sequential, and the front and back inputs
are interrelated, so it is difficult for CNNs to consider the correlation between data in these applications,
resulting in poor performance. For these sequential data, RNNs can be very good in addition to them.
Based on this special structure, the RNNs have the ability of short-term memory, which preserves
the correlation between data through "memory”, so it is especially suitable for processing time-series
data such as language, text, video, etc. This makes it particularly suitable for processing time series-
related data, such as language, text, and video. Fig. 2.4 compares RNNs and feedforward Neural
Networks(FNNSs).
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Recurrent Feedforward
Figure 2.4: Difference between RNNs and FNNs in network structural

The structure of a traditional neural network is relatively simple: input layer - hidden layer - output layer.

This is shown in the Fig. 2.5 below:

Hidden

Input
Figure 2.5: Example of traditional neural network structure

The biggest difference between an RNN and a traditional neural network is that each time, the output of
the previous one is brought to the next hidden layer and trained together. This is shown in the Fig. 2.6
below:
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Output (0]

Hidden —> S —

Input X
Figure 2.6: Example of a RNN structure

Let X be a vector denoting the values of the input layer, and S represent the values of the hidden layer in
an RNN. The weight matrix U connects the input layer to the hidden layer, while O is a vector capturing
the values of the output layer, and V represents the weight matrix from the hidden layer to the output
layer. In an RNN, the hidden layer’s value S is influenced not only by the current input X at this time but
also by the value of the preceding hidden layer S. The weight matrix W utilizes the value of the hidden
layer from the previous time as the weight for the input at the current time.

Expanding the Fig. 2.6 gives the timeline expansion of the RNNs. The timeline expansion is shown as
follows:

Output ‘ [e] ‘

A
Ot-1

Ot
\ \ \
St-1 St St+1
w w w w
Hidden s |:>

Expand in timeline

Ot+1

A

U

Input X

Figure 2.7: Expansion of RNNs in timeline

After the RNNs receive the input X; at moment ¢, the value of the hidden layer is S;, and the output
value is O;. The most critical point of the RNN network is that the value of S; depends not only on X,
but also on S;_;. Here, the calculation of the RNNs is represented by the following equation:

Oy = g(V e S) (2.3)
St:f(U.Xt+W.St_1) (24)

Long short-term memory (LSTM) is one of the most famous types of RNNs. LSTM is a special RNN
structure that is capable of learning long-term dependencies. Proposed by Hochreiter and Schmidhu-
ber (1997) [47] and improved and generalized by many in the following work, LSTM performs very well
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on a wide variety of problems and is now widely used. All RNNs have a chain repetition module of the
neural network. In a standard RNN, this repetition module has a very simple structure, e.g., a single
tanh layer. the LSTM has a similar chain structure, but the repetition module has a different structure.
Instead of a single neural network layer, there are four, and they interact very specifically.

Gated recurrent Unit (GRU) [21] is also a kind of RNN. Like LSTM, it was proposed to solve the problems
of long-term memory and gradient in backpropagation, etc. The actual performance of GRU and LSTM
is similar in many cases, and the reason for choosing GRU is that it is simpler to compute. The use of
GRU can achieve comparable results compared to LSTM and is easier to train compared to it, which
can largely improve training efficiency so that GRU will be preferred in many cases.

Due to the advantages of RNNs on sequential data, RNNs have long been a popular model for KWS
tasks.

2.5. Time Delay Neural Network

Time delay neural network(TDNN) has been proven efficient in dealing with long-range temporal
dependencies. It is first proposed in [48]. TDNN was originally developed for phoneme recognition. The
TDNN-based modeling framework is suitable for dealing with the inconsistency in the time length of
the sequence of feature vectors possessed by speech. The output of each hidden layer is temporally
extended, i.e., the input received by each hidden layer has the output of the previous layer at a different
time. Speech is important in considering the long-time correlation of contexts. TDNNs have the
advantage of observing longer time than traditional DNNs and are not slower than DNNs in training and
decoding.

Two distinctive features of TDNN are dynamic adaptation to time-domain feature variations and fewer
parameters. While traditional DNNs have input layers connected one by one with the hidden layer,
TDNN makes a slight change here, i.e., the features of the hidden layer are not only related to inputs at
the current moment but also to inputs at future moments.

Here is an example TDNN model from [48].
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Figure 2.8: A 3 layer TDNN model, adapted from [48].

In [48], a three-layer TDNN is proposed for the task of speech recognition of letters "B”, ’D”, and "G,” as
shown in the above Fig. 2.8. The input in the Fig. 2.8 is 15 frames of audio features; each frame feature
is a Mel coefficient of length 16; here, the delay value is set to 2, i.e., the input of the above layer of the
network consists of three consecutive moments of the below layer, it can be seen that the number of
neurons in Hidden Layer 1 is 8. Since weight sharing is applied in TDNN, i.e., the weights of the same
delayed position are shared, the input layer and Hidden Layer 1 have 48 weights between them. In
Hidden Layer 2, a delay value of 4 was set, and the number of neurons in this layer was 3. Setting a
larger delay value allows the network to see a larger range of time domain features. Finally, the output
probability distribution of the three letters can be obtained by putting Hidden Layer 2 through an MLP.

Like other neural networks, time-delay neural networks operate with multiple interconnected layers
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consisting of clusters [48]. These clusters are meant to represent neurons in the brain, and like the
brain, each cluster only needs to pay attention to a small region of the input. The proto-typical TDNN
has three layers of clusters: one set for inputs, one for outputs, and an intermediate layer that handles
the operations of the inputs through filters. Due to their sequential nature, TDNNs are implemented as
FNNs rather than RNNs.

To achieve time-shift invariance, a set of delays is added to the input (audio files, images, etc.) to
represent the data at different points in time. These delays are arbitrary and application-specific, which
usually means that the input data is customized for a specific delay pattern. Much work has been
done to create adaptive delay TDNN. This manual tuning was eliminated. Delay attempts to add a
time dimension to RNNs with sliding windows or networks not present in multilayer perceptrons. The
combination of past inputs with existing inputs makes the TDNN approach unique. A key feature of
TDNNSs is the ability to express a relationship between inputs in time. The relationship can result from a
feature detector and is used within the TDNN to recognize patterns between delayed inputs.[48]

TDNN has a wide range of applications as an early neural network structure. TDNN was initially used to
solve problems in speech recognition, focusing on shift-invariant phoneme recognition[48]. TDNN is
well suited to speech tasks because spoken words are rarely uniform in length and difficult to segment
accurately. By scanning past and future voices, TDNN can model key elements of that voice in a
time-shift invariant manner. This is especially true when the sound is masked by reverberation[49][50].

TDNN has been effectively applied to compact, high-performance handwriting recognition systems.
Translation invariance is also applied to spatial patterns (x/y-axis) in offline handwriting recognition of
images[51]. TDNNs were also successfully used in early demonstrations of audio-visual speech, where
the speech sounds are complemented by visually reading lip movement[52].

The most popular TDNN application in recent years is ECAPA-TDNN[53]. ECAPA-TDNN was proposed
by Desplanques et al. at the University of Gothic, Belgium, in 2020, and by introducing the SE (squeeze-
excitation) module as well as the channel-attention mechanism, the scheme achieved first place in the
International Voice Recognition Competition (VoxSRC2020).

Kalantari et al.[54] investigated how sparse input to time-delay neural networks (TDNNSs) could signifi-
cantly improve the learning time and accuracy of TDNNs for time series data. The study demonstrated
that learning time and accuracy can be greatly improved by applying sparse input transformation layers
to TDNN.

2.6. Convolutional Neural Networks

Traditional neural network layers are fully connected; if the number of sampled data layers is large and
the input is high-dimensional, the number of parameters may be astronomical. Therefore, another way
must be found to process data information such as pictures, videos, audio, and natural languages more
effectively. After years of unremitting efforts, some effective methods and tools have been found [55, 56,
57]. Among them, CNNs are typical representatives. Fig. 2.11 shows a classic CNN example named
AlexNet.

CNNs is a feed-forward neural network; the very first idea was proposed in the BP algorithm in 1986 [58].
In 1988, LeCun proposed the LeNet-5 model[59], which can be regarded as the prototype of CNNs.
After that, research related to CNNs has been in the doldrums for two reasons: first, researchers realized
that multilayer neural networks were extremely computationally intensive for BP training, which was
utterly impossible with the hardware computing power at that time; second, shallow machine learning
algorithms, including SVM, also started to emerge. In 2006, Hinton [60] brought back the attention to
CNNs. 2012, CNN-based AlexNet won the ImageNet competition [61].

CNNs consist of one or more convolutional layers and a top fully connected layer (corresponding to
classical neural networks) but also include association weights and pooling layers (Pooling Layer), etc.
CNNs can give better image and speech recognition results than other deep learning architectures. This
model can also be trained using a backpropagation algorithm. CNNs can achieve higher performance
with fewer parameters than deep, feed-forward neural networks.

The model will have three major parts for a typical CNN network: convolutional layer, pooling layer, and
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fully connected layer.

Convolutional layer The convolutional layer plays a crucial role in transforming the input image to
extract relevant features. This transformation involves convolving the image with a kernel, as
illustrated in Fig. 2.9. The kernel, often referred to as a convolution matrix or mask, is a smaller
matrix with a height and width smaller than that of the input image. It slides over the height and
width of the input image, and at each spatial location, the dot product of the kernel and the image
is computed. The distance covered by the kernel in each slide is known as the step length. The
resulting image is termed the convolution feature.

In convolution operations, the number of channels in the kernel needs to match that of the input
image. The convolution layer is completed with the application of an activation function, introducing
nonlinearity to the output. Common choices for activation functions in convolutional layers include
the ReLU function or the Tanh function.

Fig. 2.9 depicts a simple convolutional layer where a 6x8 input image is convolved with a 3x3
kernel, assuming a stride of 1, to produce a convolution feature of size 6x8. An activation function
is then applied to generate the output, often referred to as a feature map.

>R

Kernel

Input Output
Figure 2.9: Example of a Convolutional Layer with a 3x3 kernel and a 6x8 input.

Pooling layer The pooling layer serves the purpose of reducing the size of the input image, typically
following a convolutional layer in CNNs. Pooling layers contribute to speeding up computations
and enhancing the robustness of certain detected features. Similar to convolutional operations,
pooling operations involve the use of kernels and strides. In the provided example, a 4x4 input
image with a stride of 2 is pooled using a 2x2 filter, resulting in a merged image. Maximum pooling
and average pooling are CNNs’ most commonly used pooling methods. The structures of two
pooling layers are listed in Fig. 2.10. Maximum pooling: In maximum pooling, the maximum value
is selected from each face slice of the element map to create a reduced map. Average pooling:
The average value is selected from each face slice of the element map to create a reduced map.

Max Pooling Avg Pooling
41 9| 2| 5 41 9 2| 5
5| 6| 2| 4 9| 5 5| 6| 2| 4 6.0]3.3
" ™.
Ll Lad
2| 4| 5| 4 6| 8 2| 4| 5| 4 4.3]5.3
5| 6| 8| 4 5| 6| 8| 4

Figure 2.10: Two different types of pooling layer

Fully-connected (FC) layer Located at the end layer of CNNs, the fully connected layers play a pivotal
role. The feature maps produced by preceding layers are flattened into a vector, which is then
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input into the fully connected layer. This layer is important in capturing intricate relationships
among higher-level elements. As a result, the output from this layer is a one-dimensional feature
vector.

In Fig. 2.12, a straightforward CNN architecture is presented for binary image classification. This
network is designed to categorize input into two distinct classes. It operates on RGB images
with dimensions 32x32x3, and the output size is 2, corresponding to the number of classes being
classified. The initial layer is a convolutional layer featuring 5x5x3 kernels. Subsequently, a
second layer constitutes a maximum pooling layer with a 2x2 kernel size. Following this, the third
layer comprises another convolutional layer with 5x5x3 kernels, and the fourth layer is a maximum
pooling layer with a 2x2 kernel size. The output is then flattened into a vector and directed into the
last two layers, both of which are fully connected.

Feature Feature Feature Feature Hidden Hidden
Inputs maps maps maps maps units units Outputs
3@32x32 32@18x18 32@10x10 48@6x6 48@4x4 768 500 2

BRRON N
NN

Convolution Max-pooling Convolution Max-pooling  Flatten Fully Fully
5x5 kernel ~ 2x2 kernel ~ 5x5 kernel ~ 2x2 kernel connected  connected

Figure 2.11: Network architecture of AlexNet [61]
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Figure 2.12: A CNN sequence to classify handwritten digits, adapted from [62]

2.7. Temporal Convolutional Networks
CNN has almost become the icon of deep neural learning and is mainly used in image processing. Also,
one-dimensional CNNs can be used for mining temporal aspects. However, even though the theoretical
analysis shows CNN can handle temporal prediction, it is not very effective in real practice. In this case,
the TCNs were introduced to solve the temporal problems.

TCN has two principles: 1) it employs causal convolutions, ensuring that there is no information "leakage”
from the future to the past; 2) the architecture is capable of processing sequences of variable lengths
and mapping them to output sequences of equivalent lengths.

1D Convolutional Network In a one-dimensional convolutional network, a 3-dimensional tensor is
accepted as input, and the output is a 3-dimensional tensor. The TCN implementation specifically
involves an input tensor shaped as (batch_size, input_length, input_size) and produces an output
tensor shaped as (batch_size, input_length, output_size). Notably, as each layer in TCN maintains
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consistent input and output lengths, the disparity lies only in the third dimension of the input and
output tensor.

Causal Convolutions A TCN network follows two fundamental principles: first, it ensures that the
network produces an output of the same length as the input, and second, it avoids any information
leakage from the future into the past. To meet the requirement of producing an output of the same
length as the input, TCN employs a 1D convolutional network architecture. Each hidden layer is
designed with the same length as the input layer, and zero padding of a certain length is added to
maintain consistency across subsequent layers. To address the second rule, TCN utilizes causal
convolutions, ensuring that the convolutional operation at time t involves only elements from time t
and earlier in the preceding layer. In fact, a TCN network can be considered as the combination
of a 1D fully connected network (FCN) and causal convolutions.

Dilated Convolutions Dilated convolution is a technique to expand the kernel by inserting zeros
between its consecutive elements. A dilated convolution will enable the network to have a larger
receptive field without increasing the number of parameters. It is possible to view all the inputs as
they reach the bottom along the blue line from the top to the bottom, which means that the output
prediction (at time T, for example) uses all the inputs in the valid history data.

In an ideal predictive model, the output entries depend on the previous input entries, i.e., all entries
with indexes less than or equal to itself. Full history coverage is achieved when the size of the
receptive field is equal to the input size. When there is only one layer of indexes, the size of the
receptive field is equal to the kernel size. If the receptive field needs to be expanded, then multiple
stacking layers are required. This is shown in the Fig. 2.13.
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Figure 2.13: A dilated layer to expand receptive field, adapted from [36]

Generally, for a 1D convolutional network with n layers and a kernel size of k, the receptive field r
can be calculated as follows:
r=14+nx (k—1) (2.5)

In reverse, to achieve full coverage, the number of layers can be solved by input length and kernel
size as follows:

=[(=1/(k=1)] (2.6)

However, the expansion of the receptive field is not infinite. From the above equation, it can be
found that the number of network layers that satisfy the full history coverage is proportional to the
input length with a fixed kernel size. This can lead to the network becoming too deep, resulting in
a surge in the number of parameters. Also, it has been demonstrated that using a large number of
layers leads to the problem of gradient degradation. Therefore, dilation is introduced in TCN to
avoid too deep layers.

Dilation refers to the distance between convolution kernel elements in a convolutional layer. Thus,
a conventional convolutional layer can be regarded as a 1-dilated layer. The following Fig. 2.14
shows a 2-dilated layer with an input length of 4 and a kernel size of 3. Where padding is done on
the left side of the elements.
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Y Y
Zero Padding Input Length

Figure 2.14: An example of 2-dilated layer with input_size of 5 and kernel_size of 3

The receptive field of a 2-dilated layer is increased compared to the previous 1-dilated layer.
Indeed, a d-dilated layer with a kernel size k has a receptive field spreading across a length of
14 d x (k—1). This does not solve the problem because the number of layers satisfying full
coverage is still positively correlated with the input length.

This does not solve the problem because the number of layers satisfying full coverage is still
positively correlated with the input length. The network can exponentially increase dilation between
layers to reduce the number of layers. This introduces a constant b as dilation_base, which is
related to dilation d by d = b?, where i denotes the number of layers. The Fig. 2.13 shows a
network with an input length of 10, a kernel size of 3, and a dilation base of 2. Full coverage
is satisfied by using 3 dilated convolutional layers. As a comparison, a traditional convolutional
network requires 5 layers.

The width of the receptive field w of a TCN with exponential dilation base b, kernel size &, and
number of layers n is given by

|
b—1

n—1
w=1+Y (k—1) b =1+ (k—1)- (2.7)
1=0

To avoid holes in the receptive field, the receptive field width must be greater than or equal to the
input length for full history coverage. i.e.

" —1
b—1
Similarly, the minimum number of network layers to satisfy full coverage can be calculated by the
following equation:

1+ (k-1)- > 1 (2.8)

n= {logb ((l_kl)#) + 1-‘ (2.9)

Residual Connections The residual blocks (originally from ResNet [63]) allow each layer to learn
modifications to the identity mapping and work well in very deep networks. Residual connectivity
is important to ensure a valid history of use over time. For example, if a prediction depends on a
history length of the 12th power of 2, 12 layers are needed to handle such a large acceptance
domain. Each residual block has two layers of dilated causal convolution, normalization of the
weights, RelLU activation, and dropout. Suppose the number of input channels differs from the
number of output channels of the dilated causal convolution (number of filters of the second
dilated convolution). In that case, there is an optional 1x1 convolution. It ensures that the residual
join (summing the elements of the convolution output and input) is valid.
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An example of the residual block is as follows:

input for next residual block

Dropout

Weigh .
eight norm optional 1x1
basic layer (k, d) convolution

RelU
Weight norm.

basic layer (k, d)

!

output from previous residual block

Figure 2.15: An example of a residual block in TCN network (Adapted from [36])

Final design of TCN network The following picture shows the final TCN model with input length of [,
kernel size of k, dilation base of b, & > b, and with a minimum number of residual blocks for full
history coverage n, where n can be computed from the other values as explained above.

output tensor /

=

input tensor

input for next residual block

ReLU*
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output tensor

!

optional 1x1
convolution

input tensor

output from previous residual block

Figure 2.16: The final design of TCN network (Adapted from [36])

2.7.1. Benefits of TCN Model
Compared to regular RNNs(LSTM and GRU), using TCN has the following benefits:

» Unlike RNNs, TCNs can take advantage of parallelism by performing convolution in parallel.
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» Users can adjust the perceptual field size by the number of layers, expansion factor, and filter
size, which can control the memory size of the model for different domain requirements.

» Unlike RNNSs, the gradient is not in the time direction but in the network depth direction, which can
make a big difference, especially when the input length is long. As a result, the gradient in TCNs
is more stable (also thanks to the residual connectivity).

» The memory requirement is lower than LSTM and GRU because only one filter per layer exists. In
other words, the total number of filters depends on the number of layers (not the input length).

2.8. Analysis of Computational Cost

Computational cost serves as a straightforward metric to quantify the resources a neural network
consumes during training or inference. It provides a quick assessment of the time or computing power
required for network training. This metric can be quantified in various ways, with common approaches
including time and the number of computations. The latter is often expressed as either the number of
floating-point operations (FLOPs) or the number of multiply-and-accumulate operations (MACs).

2.8.1. RNN

The computation of an RNN involves looping operations, so the computation at each time step needs to
be considered. Below is a simple example of an RNN containing the computation process in one time
step: Assume an RNN has an input sequence of length 7', input dimension D, hidden layer dimension
H, and output dimension D.

1. Define the weight matrix:

Input data X, with dimensions (1, D).

First hidden layer state h;; with dimension (1, H).

Input to the first hidden layer weight matrix 1., with dimensions (D, H).

Weight matrix W}, from the first hidden layer to the first hidden layer with dimensions (H, H).
— The bias matrix by, of the first hidden layer with dimensions (1, H).

— Second hidden layer state h.» with dimensions (1, H).

— The weight matrix W2 input to the second hidden layer with dimensions (H, H).

— The weight matrix W},;» of the first hidden layer to the second hidden layer with dimensions
(H,H).

— The bias matrix by, of the second hidden layer with dimensions (1, H).
— The weight matrix W, of the second hidden layer to the output layer with dimension (H, D).
— Output Y; with dimensions (1, D).

2. Compute at each time step t:

First hidden layer input:

hi1 input = Xy X Wept + hyi—1 X Whpt + bia (2.10)

First hidden layer state:
he = htl_input (21 1)

Second hidden layer input:

hio_input = her X Wana + hio—1 X Whpa + bpo (2.12)

Second hidden layer state:
ht2 = ht2_input (213)

— Output layer:
Y, = Yt_input = ht2 X Why (214)
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3. Calculate FLOPs and MACs:

FLOPsper step =2% (DxH)+2xH+2x (HxH)+HxD (2.15)
FLOPStOtal =T x FLOPSper_step (216)
MACSper step =DxH+HXH+HXH+HXH+DxH+HxH+HxD (2.17)
MACStotal =T x MACSpeT_Step (218)

2.8.2. CNN

To evaluate the performance of a CNN, in addition to its performance metrics (accuracy in the classi-
fication task, error in the estimation task, precision in the detection task, etc.), the model complexity
of the CNN, such as the number of parameters and the computational effort, needs to be taken into
account. The parameters of a CNN include the convolutional kernel weights, fully-connected layer
weights, and other weights to be learned. The number of parameters of CNN is the sum of all these
parameters. Since the number of parameters is relatively large, it is usually expressed in M or G. For
example, the number of parameters of ResNet50 is 25.56M [63]. The computation of CNN mainly comes
from the multiply-and-accumulate (MAC) computation that needs to be performed by the CNN forward
inference, so the amount of computation is often used as the number of MACs, which is usually in the
order of M or G, and the amount of computation of ResNet50 mentioned above is 4.14G MAC. Since
multiply-add calculations are implemented through floating-point operations, floating-point operands
can also represent the computation amount. Floating-point operation numbers are often abbreviated as
FLOPs.

Convolutional layer parameter calculation

The parameters, or weights, of the CNN convolutional layer are divided into two types: W and b. W
denotes a matrix, and also, therefore, it contains more information compared to b and is also the main
part of the parameters.
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Figure 2.17: The original AlexNet structure[64]

Take the above Fig. 2.17 is an example. In AlexNet, The small rectangle in each large rectangle
is weight W; it is a three-dimensional matrix of [K},, K, Ci,], which K}, is height of the convolution
kernel (filter or kernel), K, is the width of the convolution kernel and C;,, is number of previous input
channels (Channels). Generally, K; and K, are of the same size. A convolutional kernel sweeps
from left to right and from top to bottom on the previous layer’s feature map, then it computes many
forward-propagated values, which will be put together into a new feature map according to their original
relative positions, with height and width as H,,; and W,,,, respectively. Of course, one convolutional
kernel extracts too much information, and so it needs different convolutional kernels to sweep the
data, which will result in an N-dimensional feature map, i.e., the number of output channels of the
current layer C,,; = N. This is summarized as follows: a filter of size [K}, K., C;] crosses a feature
map of size [H;,, W;n, Ci,] at the previous level and eventually generates a new feature map of size
[Houty Wout, Cout]. The process is shown in the following Fig. 2.18.
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out

Figure 2.18: Example of how to calculate parameters of convolutional layer

For a given convolutional layer, the number of its parameters, i.e., the sum of the number of weights of
W and b, is: (Kh X KW X Cm) X Oout + Oout

Fully-connected layer parameter calculation

The parameter number calculation is simpler for fully-connected layers, such as the last three layers of
AlexNet, because it's a multiplication of two sets of one-dimensional data and then adds a bias. Ifit's a
convolutional layer overloaded to a fully-connected layer, such as layer 5 to layer 6 in Fig. 2.17, will first
flatten the 3D data of layer 5 to one-dimensional and note that the total number of elements remains
unchanged. For a given fully connected layer, if the input data has V;,, nodes and the output data has
N, nodes, it has the number of parameters: N;, X No.:+Now:. If the upper layer is a convolutional layer,
N;,, is the number of elements of the convolutional layer’s output 3D matrix: N;, = H;,, X Wiy X Cy.

FLOPs

Concerning the convolutional layer, the primary floating-point operations involve multiplications related to
the filter weights (/') and additions related to the biases (b). Specifically, each elementin W corresponds
to a multiplication operation, and each element in b corresponds to an addition operation. At first glance,
it might seem that the number of FLOPs and parameters are identical. However, one crucial aspect
has been overlooked—the values in each layer of the feature map are processed by the same filter,
indicating that the weights are shared. This characteristic, intrinsic to CNNs, plays a pivotal role in
significantly reducing the number of parameters involved.

Therefore, to calculate the FLOPS, it only need to multiply the parameters by the size of the feature
map, i.e., for a certain convolutional layer, the number of FLOPs is:

NUMparqa X Sizeoutfeaturemap = [(Kh X KW) x Cip + 1] X [(Hout X Wout) X Oout}

(2.19)
= [(Kh X KW) X Cout + Cout} X [Hout X Wout]

As for fully-connected layers, Since there is no weight sharing, the number of FLOPs is the number of

parameters in that layer: N;, X Noui + Nous-

MACs

The dot product of two vectors with a size of n involves n MACs. In terms of FLOPs, a dot product
executes 2n - 1 FLOPs, given the presence of n multiplications and n - 1 additions. Therefore, it can be
approximated that one MAC operation is roughly equivalent to two FLOPs.

In a fully-connected layer, every input is connected to every output. In the context of a layer with | input
values and J output values, the corresponding weights W can be organized and stored in a matrix of
dimensions | x J. The computation performed by a fully-connected layer is:

y = matmul(z, W) +b (2.20)
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In this context, x represents a vector of I input values, W denotes the I x J matrix containing the layer’s
weights, and b is a vector of J bias values that are added to the computation. The resulting vector y
comprises the output values computed by the layer and has a size of .J in the case of a fully-connected
layer that undergoes the matrix multiplication operation matmul(x, W). This matrix multiplication is
essentially a series of dot products, where each dot product involves the input « and one column in the
matrix W. Both z and the columns in W have I elements, constituting I MAC operations. To obtain the
final vector y, J of these dot products need to be computed, resulting in a total of I x J MACs, which is
equivalent to the size of the weight matrix. It's worth noting that the bias b doesn’t impact the number of
MACs. In general, multiplying a vector of length I with an I x J matrix to produce a vector of length J
involves I x J MACs or (21 - 1) x J FLOPs.

The input and output to convolutional layers are not vectors but three-dimensional feature maps of size
H x W x C where H is the height of the feature map, W the width, and C' the number of channels at
each location. Most convolutional layers used today have square kernels. For a conv layer with kernel
size K, the number of MACs is:

K x K x CML X Hout X Wout X Cout (221)

Where the bias and the activation function are ignored.

2.8.3. TCN
Calculating FLOPs and MACs in TCNs is similar to calculating CNNs; the key idea is considering the
convolution layers. Below is an example of how FLOPs and MACs are calculated in a TCN model.
Assume that the TCN contains two convolutional layers, a ReLU activation function, and a maximum
pooling layer.

1. Define the weight matrix:
— Weight matrix W; of convolution kernel 1 with dimensions (D;,,, Dridden1, K1)-
— Weight matrix 1, of convolution kernel 2 with dimensions Dj,;qden1, Dout, K2).
— The bias term b, of the first convolutional layer, of dimension (Dp;qden1, )-
— The bias term b, of the second convolutional layer, of dimension (D,,;, )-

2. Compute at each time step t:
— Input data X; with dimensions (1, D;,,, L).
— Output Y; with dimensions (1, Doy, L).

3. Computational process:

— First convolutional layer:
Z1 = conv(Xy, W1) + by (2.22)

Nonlinear activation function (ReLU):

A1 = ReLU(Z,) (2.23)
— Second convolutional layer:
Zy = conv(Ay, W) + by (2.24)
— Nonlinear activation function (ReLU):
As = ReLU(Z5) (2.25)

Maximum Pooling:
Y: = maxpool(As) (2.26)
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4. Calculate FLOPs and MACs:

FLOPsper step = Din X Dhidden1 X K1 X L + Dhiddent X Dous X Ko X L (2.27)
FLOPsiotal =T x FLOPSper step (2.28)
MACSconv1 = Din X Dpigdgent X K1 X L (2.29)

M ACSconv2 = Dhiddent X Dout X Ko X L (2.30)
MACSyer step = MACSeomsr + MACScons2 (2.31)
MACSu01a =T X MACSper_siep (2.32)

2.9. Model Compression Methods

2.9.1. Quantization
A neural network has interconnected neurons organized into layers. In Fig. 2.19, a typical neural network

is composed of layers of neurons, each equipped with its unique weights, biases, and associated
activation functions.
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function
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Figure 2.19: An example of a neuron within a neural network.

The "parameters” of a neural network, referring to its weights and biases, play a crucial role in its
functioning. Additionally, each neuron possesses its unique "activation,” determining its level of activity.
The activation is influenced by the weights, biases, and the chosen activation function. During training,
adjustments are made to these parameters, consequently affecting the neuron’s activation. In terms
of memory storage, the neural network mainly retains values for weights, biases, and activations.
Typically represented as 32-bit floating-point values, this format ensures high precision, enhancing the
network’s accuracy. However, the precision comes at the cost of increased memory usage, particularly
for networks with millions of parameters and activations. For instance, the 50-layer ResNet architecture
encompasses approximately 26 million weights and 16 million activations. Using 32-bit floating-point
values for both weights and activations would necessitate 168 MB of storage for the entire architecture.

Quantization involves decreasing the precision of weights, biases, and activation values to minimize
memory consumption. Simply, this process transforms the 32-bit floating-point representation of neural
network parameters into a more compact form, such as an 8-bit integer. Transitioning from a 32-bit to
an 8-bit representation results in a fourfold reduction in model size, showcasing a notable advantage of
quantization — substantial memory reduction. Fig. 2.20 shows an example of quantization.
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Figure 2.20: Example of how quantization shrinks neural networks

Quantization offers an additional advantage by reducing network latency and enhancing energy efficiency.
The improvement in network speed comes from the use of integer operations instead of floating-point
data types. These integer operations generally demand less computation across various processor
cores, including microcontrollers. The overall gain in power efficiency is attributed to a reduction in
computations and memory accesses.

While the benefits of quantization are substantial, it comes at the expense of potential loss of accuracy
in neural networks, as they may not precisely represent information. However, the degree of accuracy
loss, the specific network architecture, and the training/quantization scheme all influence the impact.
Typically, quantization results in only a minimal accuracy loss, especially when compared to the notable
improvements in latency, memory usage, and power efficiency.

In practice, there are two main methods of quantification:

» Post-training quantization
» Quantization-aware training

Post-training quantization is a method where a neural network undergoes training exclusively using
floating-point computation and is subsequently quantized. Following the completion of training, the
neural network is frozen, and its parameters unchangeable. Subsequently, the parameters will be
quantized. The resultant quantized model is then deployed for inference without further alterations to
the post-training parameters. Despite its simplicity, this approach may incur a higher loss of accuracy.
This is attributed to the fact that all errors related to quantization manifest after the completion of training,
making it challenging to compensate for these errors.

Quantization-aware training addresses quantization-related errors by incorporating the quantized version
into the forward pass during the training process. The concept behind this approach is that quantization-
associated errors accumulate within the overall loss of the model during training. Subsequently, the
training optimizer adjusts the parameters accordingly, mitigating the overall error. The key advantage
of quantization-aware training lies in the significantly reduced quantization loss compared to the post-
training quantization approach.

Quantization has been discussed for a long time. It was introduced in the early work of weight binariza-
tion [65] and model compression [66]. In the early stages of research, it was common to enforce the
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same accuracy requirements for the weights of different network layers, favoring the reduction of the
value [67] and distribution [66] differences between the quantized weights and the full accuracy weights.
[68] introduces a quantization method based on learning where the quantizer undergoes training using
data. Regularizer for quantization is also proposed to implement binarized weights [69]. Research has
also explored the aggregation of multiple models with reduced precision, as presented in [70]. This
research illustrates enhanced performance compared to a single model within equivalent computational
constraints.

2.9.2. Sparsity

Various machine learning models suffer from a very fatal problem: the huge amount of computation and
access memory of neural networks, which puts high demands on performance (energy consumption,
latency, access memory, etc.). One possible solution is to utilize sparsity in machine learning models
fully. Sparsity refers to a numerical matrix containing many zeros or values that do not significantly
affect the computation so that computational processes involving these zero elements can be skipped to
save computational resources and accelerate the training of the neural network. Reducing the amount
of computation can ensure that unnecessary storage and computation are reduced, improving the
performance of the machine learning model when it is deployed.

Activation Sparsity

In DNNSs, each layer’s output (activations) is typically dense, with 50% to 100% of neurons having
non-zero activations. Although less discussed, activation sparsity can also be applied to DNNs. in terms
of activation sparsity, determining the neurons to be activated is often done by explicitly selecting the
first k& activations or by calculating a dataset-specific activation threshold for the neurons, which reduces,
on average, the number of activated neurons to a desired level. In addition, the overall magnitude of the
activations can be reduced by introducing appropriate regularizers, thereby eliminating large activation
values.

Weight Sparsity

Weight sparsity has consistently been leveraged in weight pruning. Weight sparsity is a well-explored
algorithm for network sparsification that eliminates redundant connections within the network. The
inception of weight pruning dates back to [71], where network weights were pruned based on the second
derivative of the loss function. Recent investigations, such as [72] and [73], have demonstrated the
effectiveness of pruning in compressing deeper networks with minimal impact on accuracy.

Weight pruning methods have weaknesses across three key aspects: pruning granularity, criteria, and
recovery strategies. Fine-grained pruning at the element level introduces irregular memory access
and computation patterns, presenting challenges for efficient utilization on accelerators. Alternatively,
studies such as [74] have explored pruning with coarse granularity to facilitate easier exploitation of
sparsity. Fig. 2.21 illustrates a spectrum of potential pruning granularities.

Group-level pruning, as proposed in [75], generates zero-valued groups within the kernel, with the group
being either a 1-D vector or a pre-defined kernel pattern. Additionally, kernel-level pruning, as discussed
in [75] and [76], eliminates unimportant kernels, resulting in reduced input channels while maintaining
network density. Filter-level pruning, explored in [77] and [73], introduces extra sparsity at the output
activation by eliminating the entire connection to a specific output channel.

In summary, coarse-grained pruning enables more regular data access and easier control, albeit with a
larger accuracy drop compared to fine-grained pruning.
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Figure 2.21: Weight pruning with different granularity, redrew from [78]

The goal of the pruning procedure is to categorize pruning. For sparse inference objectives, a pruning
pipeline proposed in [72] advocates an iterative fine-tuning approach. In the specific case of AlexNet
applied to the ImageNet dataset, the fine-tuning process takes 2.31 x longer than the pre-training phase.
To address the challenge of long-time re-training, various pruning methodologies of one-shot fine-tuning,
necessitating fine-tuning only once, as demonstrated in [77] and [75]. When the focus is on sparse
training, pruning becomes an integral part of the training process right from the beginning.

Table 2.1 provides an overview of pruning methods categorized by their target, granularity, criteria,
and re-training approach. Some studies, such as [75] and [76], employ multiple granularity levels
simultaneously to enhance efficiency. The discussion covers both inference-targeted pruning methods,
involving iterative or one-shot retraining, and training-targeted pruning methods, integrated from the
outset.

Particularly is the approach introduced in [76], which incorporates reinforcement learning to automate
the determination of target sparsity for each layer. Throughout the network training process, it continually
receives accuracy and model complexity as rewards after pruning. Additionally, [79] focuses on reducing
the training time of a pruned model by gradually increasing the pruning ratio from scratch until accuracy
converges. Another strategy, presented in [80], identifies weights to be pruned by tracking the magnitude
of the weight gradient accumulated over time. This approach maintains the target sparsity at a high
value, facilitating acceleration during the early pruning stages.

Algorithm Target Granularity Criteria Re-training
Han et al.[72] Inference Element Magnitude Iterative
He et al.[81] Inference Channel Optimization Iterative

Liet al.[77] Inference Filter Magnitude One-Shot
PatDNN[75] Inference | Kernel/Group | Optimization | One-Shot
He et al.[73] Inference Filter Geo Median Iterative

AMC[76] Training | Element/Kernel | Magnitude Scratch
Eager Pruning[79] | Training Element Magnitude Scratch
Procrustes[80] Training Element Magnitude Scratch

Table 2.1: Summary of network pruning methods, adapted from [82]



2.9. Model Compression Methods 26

Temporal Sparsity

In general, when an interval in a segment of a signal remains constant, it can be assumed that there is
temporal sparsity in this interval. If a temporal signal is to be processed in a DNN, temporal sparsity can
help the network to build sparse matrices and skip the zero computation in them.



Proposed Methodology

3.1. Introduction

This section will discuss the two main pruning methods: temporal sparsity and structural weight sparsity.
The temporal sparsity is applied to TCN by creating a Delta 1D convolutional layer. The modified TCN
is called DeltaTCN. Also, the DeltaTCN has a user-defined threshold to control sparsity during training.
Moreover, the structural weight sparsity is applied to TCN by structured weight pruning. The specific
model is called Structural Sparse Temporal Convolution Network (SSPTCN). Like DeltaTCN, the sparsity
of SSPTCN is also controlled by a user-defined threshold. The threshold can be regarded as a target
sparsity; during the training phase, it will gradually increase until it reaches the target sparsity.

3.2. Delta Network Formulation

The idea of a delta network is to transform a dense matrix multiplication into a sparse matrix multiplication.
The transformation can drastically reduce the amount of computation and memory access without
compromising accuracy.

To illustrate how Delta networks work, assume a matrix multiplication
y=Wz 3.1)

Where W is the matrix of size n x n, z is the input vector of size n, and y is the output of size n.
According to [83], this equation contains n? compute operations, n? + n read operations, and n write
operations. The equation can be applied in a sequence of input X = {z; | 1 <t < T,t € N}and output
Y={y:|1<t<T,t e N}

Yy = Way (3.2)

Now, the above equation can be rewritten into
yr=WA+y (3.3)

Where A = x; — x4_1, y:—1 is the output of previous time step. If the result of the previous time step
y;—1 is saved, there will be no compute cost on calculating y;_1, which can be read from the previous
state. The result of the Delta network is equal to the original equation; the proof is as follows:

Yy =WA+y1
=W(xy — xi-1) + ye—1
=W (xy —x4—1) + W(ze—1 — T4—2) + Yr—2 (3.4)

= W;vt

27
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3.3. Dense TCN

To design a DeltaTCN, it is necessary to know to which layer of TCN the Delta network algorithm can be
applied. Also, it can be helpful to have a comparison between dense TCN and DeltaTCN. This section
will start with dense TCN.

According to the paper [36], the most central computation of the TCN network is the one-dimensional
convolution (1D-CNN). One-dimensional convolution utilizes multiple convolution kernels of fixed size to
perform convolution operations with the input sequence to generate the output sequence. The shape
of the convolution kernel is determined by the number of input channels in_channels and the size of
the convolution kernel kernel_size. In contrast, the number of convolution kernels is determined by the
number of output channels out_channels.

In the original 1D convolution, the input size is [N, C,,, L;,] and the output size is [N, Cyyt, Lout], Where
N is the batch size, C is the number of channels and L is the length of the signal sequence. The L, is
calculated by the following equation:

L., — L, + 2 X padding — dzlatz?n x (kernel_size — 1) — 1 _q (3.5)
stride
The 1D convolution process is shown in Fig. 3.1 and Fig. 3.2 below.
a2
1 v
Figure 3.1: 1D convolution example (i)
K=3
1 M —— —_—— 1 [T -=x .|
W W
Figure 3.2: 1D convolution example (ii)
Typically, the 1D-CNN is given as
Ye =W s xy (3.6)

This can be easily performed by the command torch.nn.Convld in pytorch.

3.4. DeltaTCN

From the previous section, the key layer to create Delta is the 1D convolution layer, and the temporal
sparsity will be applied to this layer by the idea of Delta.

As discussed above, 3.6 can be replaced by delta values, forming:

Am =Tt — Tt—1 (37)
yr = WA, + 2z, (3.8)

Where z, is defined as the stored result of the previous computation. It can be calculated as follows:

Zp = Zpp—1 = Yr—1 = W(Ti—1 — Tr—2) + Yr—2 (3.9)
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The initial state of zyp = 2o = 0.

By definition, DeltaTCN should get the same results as the original TCN model. The mechanism of
current DeltaTCN is to skip operation when A, = 0. Since two neighboring inputs will rarely be exactly
equal to 0 when calculating A in the actual computation process, the sparsity of the original DeltaTCN
network is usually not high enough to achieve the purpose of reducing the computation. According to
[84], an approximate skipping approach can be applied to the current DeltaTCN model. A threshold
is introduced to the DeltaTCN. If A, < 0, then A, < 0 and the vector-multiplication operation will be
skipped. When the threshold is added, the calculation of each update is different from the original TCN,
but not by much. However, the addition of the threshold improves the sparsity rate of the model.

If A, is assigned to O every time the value of delta is less than the threshold, the error of each
computational update will accumulate, resulting in a final result that differs significantly from the TCN.
To ensure the accuracy of DeltaTCN, a new intermediate variable Z is introduced here to record the last
changed state.

To be specific, z is used as follows:

- R _ Tt—1 |f ‘.’Et — (Etl1| > 9 (3 10)
=t xio otherwise '

Axy — Ty — Ti_1 if |1’t — ZL’{_1| >0 (3 11)
"o if |21 — 2 1] < © '

This time, the input z;_; from the previous time step is saved as an intermediate state z;~ ;. When
A, > 0, the saved z;~ ; remains unchanged, and when A, < ©, the saved x;~; will be replaced by an
update of x;_». Therefore, when calculating A, A, = 0 when A, < ©, otherwise A, = z; — x4 1. This
operation avoids the accumulation of errors and ensures DeltaTCN'’s accuracy.

Here is an example of creating a Delta layer. Assume an input sequence of [0 1 2 3 4 5 6} ,
and a kernel of [1 2} . For a dense 1D convolution layer, the output should be:

01 2 3 45 6/x[1 2]=[2 5 8 11 14 17] (3.12)

As for a DeltaTCN, the first step is to assume Az, = [0 O]. Thus, the initial Y, =0 att = 0.

For t = 1, the Delta calculation is as follows:

Azyxw=[0 1]x[1 2] =2 (3.14)
y1=2+yo =2 (3.15)

For ¢t = 2, the Delta calculation is as follows:

Azg =z —21=[1 2]-[0 1]=[1 1] (3.16)
Azxg xw = [1 1] * [1 2} =3 (3.17)
Y2=3+y1=5 (3.18)

Based on the above calculation, apply a threshold to Az during every time step. The threshold is
used to control the sparsity. For every element in Az, if Az < threshold, Ax = 0. For example, if
threshold = 1.5, the new Az, = [0 0]. By introducing the threshold, the temporal sparsity can be
created from the input sequence in the 1D convolution layer.

3.5. SSPTCN

DeltaTCN explores temporal sparsity in the 1D convolution layer and, more specifically, creates Delta
elements in the input of 1D convolutions. This kind of sparsity is random sparsity or unstructured
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sparsity. The unstructured sparsity may cause extra processing time during training. It's more efficient
to generate a structured sparsity. That's the purpose of SSPTCN.

In SSPTCN, a sparse matrix of weights needs to be constructed. To construct the weight sparse matrix,
the weights of each layer in the one-dimensional convolution need to be operated. First, extract the
weight of each convolutional layer and then perform L2 normalization on the weight matrix. The L2
normalization is calculated as follows:

T T2 Tn
Xy = : (3.19)
<\/x§+:c§+~~+:c% Vai+ a3+ +a2 \/m§+w§+~~+x,%>

Then, sort the L2-normalized weight matrix in descending order. Based on the sorting results, select a
final portion of the weight; the exact percentage can be customized and entered. Return the selected
weight to 0. Finally, the modified weights are restored according to the original matrix; each element is
restored to its original position. The flowcharts of the methodology are given in Fig. 3.3.

Structural_Sparsity_Layer .| Restore weight elements to
their original positions

A

Input: Pass the modified weight
matrix back to the convolutional
preprocessed audio signal{X) layer

weight matrix from convolution layer(\W)
threshold for sparsity(lambda)

h 4

calculate L2 normalization of each W

h 4

Sort W in descending order

Y

Set the last lambda% element to 0

Figure 3.3: Methodology flow of creating a structural sparse weight matrix

The advantage of using structural sparsity is that the weight sparsity matrix is constructed once at the
end of each epoch to update the weights constantly. This ensures that the weights of the convolutional
layer retain the most important parameters during the training process of each epoch. In addition,
although a one-dimensional convolution is used in TCN networks, the batch size is fixed and greater
than one at each iteration. Therefore, the de facto convolutional computation can be treated as a
two-dimensional convolution.



Experiment and Results

41. Introduction

This section describes the results of DeltaTCN training as well as retraining. The dataset for training is
the Google Speech Commands Dataset V2 [85].

4.2. Experiment Setup
4.2.1. Dataset

The Google Speech Commands Dataset is a collection of over 65,000 audio recordings of people
saying 30 different words. It is a dataset researchers and developers use to train and evaluate Al
models for speech recognition. This dataset has been used to train models that can recognize spoken
commands and understand the context of spoken words. The dataset contains recordings of words
like “yes”, “no”, “up”, “down”, “left’, “right”’, and more(see Fig. 4.1). The audio clips were recorded in a
variety of different environments and with a variety of different accents. The Google Speech Commands
Dataset can be used to train Al models for various applications. For example, it can be used to train
models for voice-controlled devices such as Amazon Alexa or Google Home. It can also be used to
train models for voice recognition, voice search, and voice biometrics. Additionally, this dataset can be
used to train models for natural language processing, which is used in applications such as chatbots,
virtual assistants, and more. This dataset has been used to train models for various applications, such
as voice-controlled devices, voice recognition, voice search, voice biometrics, and natural language
processing.

yes no up down left
X Keyword
right on off stop go
zero one two three four
five SiX seven eight nine
: Non-
bed bird cat dog happy Keyword
house Marvin Sheila tree wow
backward | forward follow learn visual

Figure 4.1: List of the words included in the Google Speech Commands V2[86]

4.2.2. Preprocess
Log Mel-filterbank energy features (LFBE) are commonly used for speech feature extraction in KWS
tasks. LFBE arranges a set of bandpass filters from low to high frequencies in a frequency band from

31
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dense to sparse according to the size of the critical bandwidth to filter the input signal. The signal energy
output from each band-pass filter is used as the basic feature of the signal, which can be used as the
input feature of speech after further processing. Since this feature does not depend on the nature
of the signal, it does not make any assumptions or restrictions on the input signal and again utilizes
the findings of the auditory model. As a result, this parameter has better robustness, is more in line
with the auditory properties of the human ear, and still has good recognition performance when the
signal-to-noise ratio is reduced.

The basic process of LFBE extraction is as follows:
1. Pre-emphasis

Passes the speech signal through a high-pass filter. The purpose of pre-emphasis is to boost the
high-frequency portion of the signal so that the spectrum of the signal is flattened, keeping it in the
entire frequency band from low to high frequencies and being able to use the same signal-to-noise
ratio for the spectrum.

S, =8y, —k-Sn_1 4.1)

2. Hamming Window

Window addition is used to smooth the signal. Smoothing with a Hamming window attenuates
the size of the side flaps and spectral leakage after the FFT compared to the rectangular window
function.

5, = {0.54 —0.46 cos(%]é”_ll))} “Sn (4.2)

3. Frequency domain conversion

Fast Fourier transform is performed on each frame of the windowed signal to obtain the spectrum
of each frame. The power spectrum of the speech signal is obtained by taking the mode square of
the spectrum of the speech signal.

Amplitude spectrum:

N
Si(k) =Y si(n)e N1 <k < K (4.3)
n=1
Power spectrum:
1
Pi(k) = + | Si(k)’| (4.4)

4. Filtering with Mel Scale Filter Banks

Because there is a lot of redundancy in the frequency domain signals, the filter bank can streamline
the magnitude of the frequency domain by representing each frequency band with a single value.

5. Use Log to state energy values

Since the perception of sound by the human ear is not linear, it is better described by a nonlinear
relationship such as a log. The cepstrum analysis can only be done after the log is taken.

Fig. 4.2 shows an example of a "backward” raw signal from the Google Speech Commands dataset in
the time domain. Fig. 4.3 shows the Filter bank on a Mel-Scale and Fig. 4.4 shows the final log filter
bank features of a "backward” signal.
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Raw wave of 'backward' in Google Speech Command Dataset V2
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Figure 4.2: Example spectrum of "backward” signal in time domain
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Figure 4.3: Filter bank of "backward” on a Mel-Scale



4.2. Experiment Setup 34

0
160
4 140
6
120
8
10 100
12
80
14
0 10 20 30 40 50 60

Time (s)

Channels

Figure 4.4: log filter bank features of "backward” speech signal

4.2.3. Neural Network Training

Baseline model training

First, an ordinary TCN model must be trained to explore its performance on the KWS task and use the
results as a baseline value. A standard TCN network, as well as a DeltaTCN network, was trained. For
the TCN network, kernel size and stride are constant values of 3 and 1. The input size is fixed at 16.
The number of channels is defined by multiplying TCN channels and TCN layers. In this project, the
TCN channels are increased from 16 to 256, and the TCN layers are increased from 1 to 6. Use a loop
to iterate through each combination of channels and layers and derive the number of parameters and
the accuracy under that number of channels. Each combination of channel numbers is training for 30
epochs. The setup parameters can be seen in Table4.1.

The results in this part serve only as baseline values, so no sparsification is involved, and its associated
data are not examined in the subsequent discussion.

Building DeltaTCN

To explore the effect of sparsity on TCN networks, the experiments in the second part sparsify the inputs
to the convolutional layer, i.e., constructing DeltaTCN networks. For the DeltaTCN network, choose the
best-performing model generated from the trained TCN network and retain it under the same Google
Speech Command dataset. The parameters are set to the same as those of the best-performing TCN
network. Besides, add a new delta threshold parameter to realize the DeltaTCN network. In this part,
the threshold is varied from 0 to 0.5. Similarly, record the accuracy of the retrained DeltaTCN network
and the sparsity. The setup parameters of the DeltaTCN network are listed in table 4.1.

Building SSPTCN

The third part of the experiment is still based on the TCN network of the first part. The difference this
time is to utilize structured sparsity. In this part of the experiment, the weights of the convolutional layers
will be constructively sparsified, i.e., SSPTCN. For SSPTCN, all training is based on the number of
input channels at 64. There are two variables: one is the kernel size, and the other is the number of
input layers. The third part of the experiment will traverse core sizes 3, 5, and 7, as well as traverse
input layers 4 and 5. Also, SSPTCN has to introduce a custom parameter threshold. this parameter is
used to determine the sparsity of the weights of the convolutional layers, and the detailed principle is
introduced in Chapter 3. The parameters used in part 3 are shown in Table4.2.

Since the third part is to sparsify the weights, the epoch is increased to 100 to ensure the accuracy of
the training. the threshold will be gradually increased to the target parameter in the first 50 rounds of
training, and the target threshold will be maintained in the last 50 rounds to continue the training. For
example, suppose the target threshold for this training is 50%. Then, in the first 50 training rounds, the
initial input threshold will be 0. After each round of training, the threshold will be increased by 1% until
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the target threshold of 50% is reached at the end of the 50th round of training. Then, the threshold will
be kept set at 50% for the next 50 training.

TCN DeltaTCN
Kernel Size 3 3
Stride 1 1
Number Of Channels | 16, 32, 64, 128, 256 64
Number Of Layers 1,2,3,4,5,6 5
Delta Threshold NA 0,0.1,0.2,0.3,0.4,0.5
Epoch 30 10

Table 4.1: Network parameters

Model SSPTCN
Kernel Size 3,57
Stride 1

Input Channel 64
Input Layer 4,5

Threshold 0-0.9
Epoch 100

4.3. Results
4.3.1. Baseline - TCN

Table 4.2: Parameters of SSPTCN

The results are listed in table 4.3 by scanning parameters such as channel number and layer number of
the TCN network. As the number of input channels and layers increases, the number of parameters in
the TCN network inevitably increases, and the number of input channels is the main influencing factor.
Of course, the accuracy of network training increases with the increase of parameter two. Contrary
to the number of parameters, the accuracy of training is mainly affected by the number of network
layers, and the training accuracy increases dramatically with each additional layer of the network until

saturation.
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Channel | Layer | Parameter | Accuracy
16 1 1804 20.386%
16 2 3404 28.759%
16 3 5004 48.590%
16 4 6604 80.569%
16 5 8204 82.700%
16 6 9804 84.299%
32 1 5676 22.874%
32 2 11948 34.554%
32 3 18220 60.004%
32 4 24492 90.318%
32 5 30764 90.851%
32 6 37036 91.872%
64 1 17484 24.384%
64 2 42316 36.731%
64 3 67148 67.200%
64 4 91980 93.271%
64 5 116812 94.115%
64 6 141644 94.204%
128 1 59532 25.561%
128 2 158348 40.151%
128 3 257164 70.153%
128 4 355980 94.270%
128 5 454796 95.026%
128 6 553612 95.314%
256 1 217356 27.049%
256 2 611596 41.062%
256 3 1005836 | 72.951%
256 4 1400076 | 95.159%
256 5 1794316 | 95.314%
256 6 2188556 | 95.403%

Table 4.3: Accuracy and model size results of the baseline TCN network

Generally, the maximum number of parameters leads to the highest training accuracy. However, it has
been observed that if the number of input channels or the number of network layers is appropriately
reduced, there is no significant loss in accuracy, but a significant reduction in the number of parameters
can be obtained. For example, the group Channel=256, Layer=6 has an accuracy of 95.403%. When
the Channel is reduced to 128 and the Layer remains the same, the accuracy is 95.314%, a mere
0.089% reduction. However, the number of parameters decreases from 2188556 to 553612, which
is a 74.7% decrease in the number of parameters. This is a huge reduction in both computation and
memory throughput.

By comparing the accuracy and the number of parameters, the number of input channels 64 and 128
were selected as the reference group for the TCN model in this project. By comparing the accuracy and
the number of parameters, the number of input channels 64 and 128 were selected as the reference
group for the TCN model in this project. Their respective relationships of parameters and accuracy at
different numbers of input layers are plotted. See Fig. 4.5 and Fig. 4.6.



4.3. Results 37
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Figure 4.5: Parameters vs Accuracy(TCN model of 64 input channels and input layers sweep from 1 to 6
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Figure 4.6: Parameters vs Accuracy(TCN model of 128 input channels and input layers sweep from 1 to 6)

The graph of the relationship between the number of parameters and accuracy shows that the number
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of parameters can affect the accuracy of the TCN model. With the number of input channels constant,
increasing the number of input layers can increase the number of parameters and thus improve the
accuracy. However, the relationship between the number of parameters and the accuracy rate is not
linear. When the number of parameters increases to a certain level, the accuracy rate is no longer
improved, or the improvement is quite limited.

Therefore, two points are taken as the best model for TCN at the stage where the accuracy of the two
sets of models plateau. For the TCN model with 64 input channels, when the number of input layers is
5 and the kernel size is 3, it is the best result with 94.115% accuracy and 116k parameters. For the
TCN model with 128 input channels, when the number of input layers is 5 and the kernel size is 3, it is
the best result with 95.026% accuracy and having 454k parameters.

As mentioned in Chapter 2, previous work has trained the KWS task with different neural network models.
Therefore here, the performance of the two best TCN models mentioned above are compared with the
previous models; see Table4.4.

Through comparison, it can be found that the TCN model is not much different from the previous model
in terms of accuracy and is basically at the same level. However, the number of parameters is not
advantageous: TCN-64 is only lower than DS-CNN-M and ResNet15 and consistent with LSTM but
much larger than GRU, while TCN-128 is even more severe, and the number of parameters in 454k is
even close to 10 times that of GRU.

Of course, it is not surprising that the TCN model has many parameters. Due to the presence of residual
blocks and causal convolutions, TCNs have a large sensory field along with a deep number of network
layers. The deeper network layers inevitably increase the number of parameters in the model.

Model Parameters | Accuracy
DS-CNN-M 189k 94.9%
ResNet15 240k 95.8%
GRU-64 46k 95.1%
LSTM 118k 88.8%
TCN-64 116k 94.1%
TCN-128 454k 95.0%
DeltaTCN-1 454k 93.6%
DeltaTCN-2 454k 91.5%
SSPTCN-1 116k 93.6%
SSPTCN-2 116k 90.2%

Table 4.4: List of KWS performance under different models

4.3.2. DeltaTCN
To make the trade-off between lower network parameters and higher accuracy, the combination of 64
channels and 5 layers has been chosen to perform DeltaTCN retraining. The result is listed in Table 4.5.

Threshold | Accuracy | Sparsity
0 94.8479% | 3.36%

0.1 93.6043% | 62.08%
0.2 91.5390% | 81.89%
0.3 89.8068% | 87.56%
0.4 87.4306% | 91.88%
0.5 86.1870% | 96.56%

Table 4.5: Results of DeltaTCN network

As a reference, the result of DeltaTCN, when the threshold is 0, is used as the standard value. At this
point, the accuracy is 94.8479%, and the initial sparsity is 3.36%. The accuracy of the TCN with the
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same network structure before retraining is 94.115%, which is almost the same as the DeltaTCN with a
threshold value of 0, which is consistent with the previous analysis.

As the threshold increases, the accuracy of DeltaTCN decreases while the sparsity increases. When
the threshold is taken to 0.5, the accuracy decreases to 86.1870%, and the sparsity rate increases to
96.56%. At this point, the sparse rate is close to saturation.

According to table 4.5, the relationship between threshold and accuracy is shown in Fig. 4.7. The
relationship of threshold and sparsity is shown in Fig. 4.8.
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Figure 4.7: Threshold vs Accuracy(DeltaTCN model of 64 input channels, 5 input layers)
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Figure 4.8: Threshold vs Sparsity(DeltaTCN model of 64 input channels, 5 input layers)

Similarly, the training results of DeltaTCN are compared with the previous model’s performance. After
constructing the Delta sparse layer, the computational effort of the model is significantly reduced,
although the number of parameters of the DeltaTCN model is still large. Moreover, DeltaTCN can
achieve relatively high sparsity, achieving considerable accuracy while significantly reducing the amount
of computation.

However, DeltaTCN has major drawbacks. Since the target of constructing Delta sparse layer is the
input of the convolutional layer, each step of convolutional computation needs to wait for the input data
sparsification processing to be finished first, which leads to the training time of DeltaTCN is 8-10 times
the ordinary TCN network, which greatly reduces the real-time of the KWS processing, and also brings
a new growth of the power consumption of the device.

4.3.3. SSPTCN

A total of six sets of tests were done on the SSPTCN network; the results are shown in Fig. 4.9.
According to the picture, regardless of which parameter setting the SSPTCN network is under, the
accuracy decreases slowly at first as the sparsity increases and decreases significantly after a certain
sparsity bottleneck is reached. This sparsity bottleneck is usually in the range of 50-60%. For the number
of computations, as sparsity increases, the amount of network computation decreases dramatically.
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Figure 4.9: Sparsity vs. Accuracy of all sets of SSPTCNs, kernel size is 3,5,7, input channel number is 4,5, input channel is 64.

By comparing the accuracy and the number of network parameters, the SSPTCN network with 5 input
layers and 3 kernel sizes was selected as the best result for analysis. The SSPTCN network with this
parameter setting has the highest accuracy and smaller network parameters. The specific experimental
results are shown in the Table4.6.

Accuracy | Sparsity | Parameter | FLOPs
94.937% | 0.00% 116k 1.082G
94.499% | 9.23% 105k 982M
94.254% | 18.89% 94k 877M
93.947% | 29.24% 82k 765M
93.599% | 38.66% 71k 663M
92.740% | 49.25% 59k 549M
90.245% | 60.02% 46k 432M
86.074% | 69.26% 36k 332M
59.162% | 80.03% 23k 216M
22.209% | 89.27% 12k 116M

Table 4.6: Best result for SSPTCN model(Input channel = 64, Input layer = 5, Kernel size = 3)

It can be seen that when the sparsity reaches 60%, the accuracy of the SSPTCN model decreases
by 5% from 94.937% to 90.245%. This point is seen as the lowest point where the accuracy of the
SSPTCN model is acceptable. And when the sparsity is only 38.66%, the accuracy is 93.599%, which
is only 1.4% decrease compared to the network without sparsity. This point can be regarded as the
equilibrium point of SSPTCN.

The performance of the SSPTCN model is compared with the previous model. It can be found that the
performance of the SSPTCN model is almost the same as DeltaTCN in terms of accuracy. However,
compared to DeltaTCN, SSPTCN outperforms DeltaTCN regarding the number of parameters and
the amount of computation. This is because SSPTCN employs smaller input channels and a smaller
number of input layers, which reduces the depth of the network compared to DeltaTCN.

What makes SSPTCN even better is the training time, which is almost the same as the regular TCN
model. This is because the convolutional layers’ weight matrix realizes how SSPTCN constructs the
sparse layers. Compared to DeltaTCN, which constructs sparsity for the input data, SSPTCN does not
have to wait for the sparsity matrix to be constructed to train but only needs to update the weight matrix
as a whole after each cycle is completed. This not only saves a lot of training time and reduces the
amount of computation but also does not affect the response speed of the model. This matches the
realistic needs of the KWS task.



Conclusion

In this work, we first reproduce the performance of a vanilla TCN on the KWS task. By scanning different
parameters, we found the optimal parameter settings for the vanilla TCN model and used them as the
baseline values for this project. Also, after comparing the training results with previous neural network
models (mainly RNNs) on the Google Speech Command V2 database, the standard TCN network used
as a benchmark value matches the previous work regarding accuracy. Unfortunately, the standard TCN
network is not superior regarding training parameters and computational effort. This is due to several
reasons. First, the TCN model has many network layers, and to achieve a high accuracy rate, it adopts a
4 or 5 layer design, where each layer contains a temporal block. Each temporal block has the following
components: convolutional layers and others, which introduce many additional parameters. Second,
the TCN model uses residual connections, which also introduces additional parameters. Finally, dilated
convolution adds flexibility but also additional parameters.

To reduce the training parameters and computation cost, we introduce temporal sparsity and weight
sparsity in TCNs and construct DeltaTCN and SSPTCN based on them. For DeltaTCN, introducing
temporal sparsity can create huge sparsity, thus saving a lot of computational resources. KWS tasks
trained with DeltaTCN models cannot reduce the computation to be comparable to RNN-like models,
but they can reduce the computation to be below ResNet, which also uses residual structure, with only
about 1% accuracy loss. And things will be much better for SSPTCN. Because of the use of weight
sparsity, SSPTCN can reduce not only the amount of computation but also the training parameters. With
structured sparsity, SSPTCN is much smaller than RNN, LSTM, CNN, and ResNet models in training
parameters and suffers only about 1% accuracy loss. Regarding computation, SSPTCN is an order
of magnitude lower than the standard TCN model and at least 50% lower than ResNet with a similar
residual structure.

For a KWS system, accuracy, response speed, and power consumption are the three most important
metrics that users care about. This work verifies that the TCN model can fulfill the KWS training
task well because TCN can provide the same accuracy as the most commonly used RNN model.
Also, this work demonstrates that introducing different sparsification strategies to the TCN model can
improve its performance, achieving significant optimization of training parameters and computation
with little accuracy loss. This can be effectively realized for KWS devices regarding speed and power
consumption.

5.1. Future Work

In this paper, two different sparsification approaches are proposed and applied to the TCN model
respectively. In future work, one can try to combine the two and use them to construct the sparsification
on both the input and weight matrices. Theoretically, this can further increase the sparsity of the model.

In this paper, the standard TCN model is reproduced, and only customized parameters, such as
convolution kernel, input channel, etc., are adjusted, and the structure of the model is not changed.
Therefore, the TCN model is not fully adapted to the training data. In future work, the structure of each
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model layer can be customized to reduce the redundant parameters in each layer.

This project aims to reduce the computational and memory cost of TCN for the KWS task without losing
much accuracy. This paper verifies the feasibility of the proposed methods at the software level, and
future work can deploy these sparse TCNs to hardware to verify their effectiveness on hardware.
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