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Abstract

We are currently living in a pivotal moment in history, witnessing a tech-
nological revolution unfold in real time, as the rise of Al rapidly reshapes the
world around us. This disruptive force, known as artificial intelligence, is a field
of research in computer science that develops and studies machines and software
capable of performing tasks that typically require human intelligence, such as rea-
soning, problem-solving and language processing. Due to increased data volumes,
advanced algorithms, and improvements in computing power and storage, artificial
intelligence and machine learning have soared in popularity today, causing extensive
research to be dedicated to this field.

Machine learning (ML) is the main field of study of Al, and it focuses on
the development and study of statistical algorithms that can learn from data,
improve over time, and make predictions or decisions without being explicitly
programmed.! Neural networks (NN) are a type of machine learning algorithms
that teach computers to process data in a way that is inspired by the human
brain. These networks use interconnected nodes or neurons in a layered structure
that resembles the human brain and how it functions.? Activation functions (AF)
are types of layers of networks and are used to compute non-linear mathematical
expressions. These functions play a critical role in neural networks, as they enable
ATI/ML models to learn and represent complex patterns in data. However, due to
their resource-intensive nature, more efficient solutions are needed.

This brings forth the main purpose of this thesis, which was to develop efficient
implementations of the activation functions currently used in the industry and
accelerate them on FPGAs. One of the various methods used for this design process
is high-level synthesis design, which was also the methodology followed during this
thesis, indicatively using Xilinx (AMD) tools, such as Vitis HLS and Vivado. By
accelerating these complex non-linear functions and generating networks that are
less resource-intensive, devices at the edge (such as IoT devices and embedded
systems) would be able to run more complex and advanced Al models for real-time
inference.
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1. Introduction

This thesis conducts a thorough research on the acceleration of software
applications on FPGAs using High-Level Synthesis. The target applications are
activation functions, which are instrumental components in the fields of artificial
intelligence and machine learning. Accelerating these functions means generating
resource-efficient hardware solutions on FPGAs, freeing up resources that can be
allocated to other computationally intensive components, thus allowing for more
advanced Al models to be run on the same boards.

The final product of this work is a generalized LUT-based method of im-
plementing activation functions, which can be used to accelerate many different
univariate functions, and can be easily integrated into neural networks. The findings
of this thesis offer valuable contributions to academia and industry, facilitating
further advancements in FPGA-based neural network acceleration.

This first chapter serves as an introduction to the following body of work, by
glancing through a few brief sections that give insight into relative topics such as the
general background of concepts discussed later on, statement of the problem aimed
to be tackled, main objectives of the thesis, resulting contributions to academia
and industry and finally the layout of the subsequent chapters of this document.

1.1 Background

1.1.1 Artificial Intelligence

The term artificial intelligence, which was originally coined in 1956, refers
to all the computational systems that are capable of handling tasks that usually
require human intelligence, such as learning, perception, and decision-making.¥ AI
research started in the 1950s, with its birth attributed to the groundbreaking paper
Alan Turing published in 1950, titled "Computing Machinery and Intelligence",
where he proposed the famous Turing Test to evaluate whether a machine can
exhibit intelligent behavior indistinguishable from that of a human.!

1



Introduction

Extensive research was conducted through the second half of the 20th century,
as can be seen in Figure 1.2, with continuous breakthroughs in the development of
algorithms and computing devices. Today, LLM-powered Al assistants are being
integrated into many existing apps we commonly use in everyday life.

ARTIFICIAL INTELLIGENCE

Engireéring of making Intellipent

O ok MACHINE LEARNING

Ay mwithout being
o

Hlff‘) |4 S DEEP LEARNING

550 J 1o6os ) 17 § 1oeis § Tos0s ) 2ous § zooos ) 2ov: § zoizs ] 2017
Figure 1.1: Hierarchy of AIl%

1.1.2 Machine Learning

Machine learning has always been considered a central pillar of Al since the
early decades, as seen in Figure 1.2, and it fundamentally consists of algorithms
and mathematical models whose duty is to perform the learning part of Al using
a given dataset, and then be able to generalize enough in order to handle even
unseen data.

380 & @ )

1950s-1970s 1980s-2010s 2011-2020s Present Day
Neural Networks Machine Learning Deep Learning Generative Al
Early work with neural networks Machine learning becomes popular. Deep learning breakthroughs drive Generative Al, a disruptive tech,
stirs excitement for “thinking Al boom. soars in popularity.

machines.”

Figure 1.2: Al through the years!

ML is such a versatile method that its use can vary from speech recogni-
tion to computer vision, with applications in different fields, from agriculture to

2



Introduction

medicine. Various models have been created through the years, each with their
own strengths and weaknesses, so choosing the most optimal model for a specific
task is fundamental. Examples of such models include regression analysis, artificial
neural networks, decision trees, and support-vector machines.

1.1.3 Neural Networks

As mentioned above, a neural network is one of the mathematical models
used in machine learning. Its architecture is inspired by the human brain, which is
composed of brain cells, also called neurons. These form an intricate, interconnected
network where neurons are able to communicate with each other by sending signals
in the form of electric impulses (action potentials). Neural networks try to mimic
this structure, as illustrated in Figure 1.3, using software to generate nodes, which
receive data as an input, compute some mathematical expression, and produce an
output to be sent to the next node.

Bias
by

-~
" X o
Dendrite \ i @ T .
% / Activation
i y f  of 4 /'Yz B @ /L function
2 LN ML coll bod Ranvier * N o
NN ell body \ VO] oy |y Outpmt
A\

Input
— Outputs signals< Ia f/' i
g : Summing
Jjunction

Schwann cell A

% Myelin sheath Synaptic

d 7 s
Nucleus weights

Figure 1.3: A biological neuron and an ANN neuron!”

Each neuron computes a weighted sum, as seen in (1.1), before passing the
value to an activation function.

j=1

Any layer that is between the input and output layers of a network, and does
not have direct contact with external data, is called a hidden layer. A network
consisting of several hidden layers with millions of neurons is considered a deep
neural network, as depicted in Figure 1.4. Some commonly used networks include
convolutional neural networks (CNNs), generative adversarial networks (GANs),
and transformer networks. DNNs typically need to undergo much more training
in exchange for better performance, especially at complex tasks, as they can
theoretically map any input type to any output type.
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Deep neural network
Input layer Multiple hidden layers Output layer

74

B

\
\
\\
> P

Figure 1.4: Structure of a deep neural network!®

1.1.4 Activation Functions

Activation functions are non-linear mathematical expressions and constitute
an integral part of neural networks. They introduce non-linearity to the model,
improving their performance greatly, by enabling them to model more complex
relationships between data. Without these functions, neural networks would model
solely linear relationships, through linear operations such as matrix multiplication.
Thus, they are typically placed between this summation junction and the output
of the neuron, as can be seen in Figure 1.3.

Given that most real-world data and their relationship is not linear, networks
would fail to learn these complex input-output mappings. Designers can choose
from a wide pool of activation functions, such as the rectified linear unit (ReLU),
the standard logistic function (Sigmoid), or the sigmoid linear unit (SiLU).

1.1.5 Image Classification

Image classification is one of the tasks that can be handled with the use of
Al and more specifically, deep neural networks. It consists of the network receiving
an image as an input, computing calculations, and finally generating as the output
a prediction of what is depicted in the image, as shown in Figure 1.5.
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Figure 1.5: Image classification examplel”)

When these models are trained, they are given a large dataset containing a
vast amount of images and a list of classes. Each of the images will have as a label
one of the classes, describing the content of the image. After being trained, the
model can receive as an input an image and it will produce the relative probabilities
that the image is any of the given classes. Deep neural networks are a powerful
solution when dealing with image classification tasks, with ResNet, MobileNet, and
Vision Transformers (ViTs) being some of the viable choices.

1.1.6 High-Level Synthesis

High-Level Synthesis is a design methodology in hardware development where
the code is written using high-level programming languages (C, C++ or SystemC),
instead of hardware description languages (VHDL or Verilog). HLS tools are able
to compile this code and generate an RTL, as well as the HDL code. This makes
the code written by the designer much more readable and less complex, reducing
development time and allowing for better design space exploration during the same
time frame. Designers are still able to manually affect the hardware design at
the lowest level, by applying specific constraints in the code, which will be taken
into consideration by the compiler during synthesis. In this way, arrays, loops,
or functions can be manipulated using directives such as memory partitioning,
pipelining, or loop unrolling.

High-level synthesis can be incredibly powerful when targeting FPGAs or
ASICs due to their inherently customizable structures, allowing for seamless hard-
ware/software co-design. For these reasons, big tech companies have developed their
own proprietary tools to enable designers to create HLS solutions, with software
such as Vitis HLS (AMD, Xilinx), Intel HLS Compiler (Intel), Cadence Stratus
HLS (Cadence) or Mentor Catapult HLS (Siemens EDA).

5
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High-Level Synthesis

HLS takes
abstraction descriptions

C++ Synthesizable Design

directives High-Level Synthesis

details
abstraction

Tool
technology
libraries
Verilog
and adds details

to produce RTL

Figure 1.6: High-level synthesis flow['’)

1.1.7 FPGAs

FPGAs (Field-Programmable Gate Arrays) are flexible, reconfigurable chips
that let engineers design custom digital circuits. Unlike traditional processors
that run software sequentially, FPGAs use a grid of programmable logic blocks,
called CLBs, and shown in Figure 1.7, to perform multiple tasks in parallel. This
makes them ideal for high-speed applications like Al acceleration, real-time data
processing, and signal processing.

Input/Output Blocks

v

Logic Blocks

L

Programmable
Interconnect

LI

Ei

JICICUCICIE
LIcuoic

L

Figure 1.7: FPGA block diagram!™!
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One major advantage of FPGAs is their ability to be reprogrammed after
manufacturing, making them useful when deployed in rapidly evolving industries
or when utilized for prototyping and researching. They often outperform CPUs in
specialized tasks, delivering higher efficiency and lower latency. However, program-
ming FPGAs requires expertise in hardware description languages (HDLs) like
Verilog or VHDL, making development more complex than traditional software.

While FPGAs can be more expensive and power-hungry than ASICs in
large-scale production, advancements in tools like Vitis HLS are making them more
accessible. These tools allow engineers to design using high-level languages like
C++, making hardware/software co-design more seamless. Despite the challenges,
FPGAs remain a powerful choice for applications where speed, flexibility, and
efficiency are key.

Figure 1.8: FPGA board Xilinx® Kria KV2602

1.2 Problem Statement

Activation functions are non-linear mathematical expressions, meaning they
can be very resource-intensive when implemented in hardware. Complex operators
such as divisions, exponentials, or logarithms might be needed to be calculated,
requiring costly hardware units like DSPs to be allocated. These resources are
typically a significant constraint when designing hardware solutions, due to their

7
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scarcity in semiconductor devices. This makes the importance of accelerating them
quite evident.

The high cost of activation functions in terms of hardware, limits the advance-
ment of neural networks. A model could achieve on paper a better performance
using a better activation function, but it wouldn’t be possible to deploy it on a
physical board. Implementing an accelerated version of those activation functions
could allow the model to be deployed on the board, with a possible trade-off in
accuracy.

Moreover, managing to transform activation functions from DSP-hungry
expressions into less demanding ones, can free up a lot of resources that can be
allocated to other heavy-load layers on the same network, such as convolutional
layers, increasing overall performance of the model.

Another critical issue to be taken into consideration, is the limitations of using
CPUs or GPUs to implement neural networks. CPUs’ strongest suit is operating
in a sequential fashion, which is not optimal for neural networks, since most of the
workload for these networks consists of computing matrix multiplications. These
operations are highly parallelizable, and FPGAs, due to their structure, can handle
that more efficiently. GPUs can solve the issue of parallel execution as well, however
they are power-hungry, so FPGAs can usually achieve higher performance per
watt. Their configurability enables maximal possible optimization, reducing power
consumption significantly. Lastly, FPGAs can provide ultra-low latency and high
throughput, outperforming CPUs and GPUs in real-time applications, the domain
where Al models are typically needed.

1.3 Objectives

The primary purpose of this thesis is to generate optimized implementations
of activation functions on FGPAs. In specific, the objectives of this thesis are as
follows:

e Develop a generalized method to accelerate various univariate activation
functions on FPGAs using HLS

o Design scalable parallel architectures to ease the integration of the created
IPs into larger systems

o Implement some activation functions using this method and synthesize them

8
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 Integrate and test these accelerators on pre-existing neural networks of different
sizes and parallelisms

o Deploy on a physical board the bitstream of the modified networks with the
new accelerators and compare the real inference results to the simulated ones

o Optimize the trade-off between performance and resources

1.4 Contributions

This thesis addresses the gap in research regarding the implementation of
activation functions using look-up tables (LUTSs), by doing an in-depth study on
this alternative approximation method and offering a generalized solution for it.
The key contributions of this research can be subdivided into three main branches:
one concerning the hardware blocks designed on Vitis HLS and representing the
accelerated activation functions handling one input at a time, one concerning the
overall impact on the neural networks using numerous instances of it, and a final
one with general remarks. They are detailed as follows:

1. Accelerator on Vitis HLS:

Up to 97% decrease in LUT and FF utilization per activation function
No DSPs allocated

Decrease in latency by a factor of 10

No errors introduced when working with 8-bit values

When compared to 32-bit floating point values, the maximum possible
error introduced is %LSB of the 8-bit values stored in the LUTs and much
smaller average errors

2. Neural network deployed on FPGA board:

Improved accuracy of ResNet-8 by 1.02%
Improved accuracy of ResNet-20 by 2.69%
Virtually the same throughput and power consumption

Minor trade-offs in hardware resource utilization

3. General remarks:

The method is general, meaning other engineers in the field can apply it
to implement other univariate activation functions not mentioned here

Offering new insights in a field with not enough detailed research

9
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e Implemented an HLS-based workflow targeting FPGAs, thus reducing
development time and creating a flexible and reconfigurable final product

o Resulting hardware solution is adaptable and scalable

These contributions provide a foundation for advancements in FPGA-based
neural network implementations, with potential adoption in real-time Al applica-
tions, such as edge computing and embedded systems. They also serve as a basis
for future research in the same field.

1.5 Thesis Structure

This thesis is organized into chapters, sections, and subsections. Each chapter
is divided into sections, and sections are further subdivided into subsections. For
instance, the numbering '1.2.3” refers to Chapter 1, Section 2, and Subsection 3.
The chapter outline of this thesis is as follows:

o Chapter 1: Introduction

This chapter introduces the body of work, provides the background, and
states the problem addressed in the thesis. It also outlines the objectives,
contributions, and the structure of the document.

o Chapter 2: Toolchain and Technology

This chapter discusses the various tools and technologies used in the research,
including the development environment and the hardware setup, as well as
the relevant programming languages and frameworks such as C++, Python,
and PyTorch.

o Chapter 3: Methodology

In this chapter, the research approach and methodology are explained. It
covers the high-level synthesis workflow, parallelization strategy, resource
optimization techniques, and the integration into real neural networks. The
chapter also discusses the challenges faced during the research process.

o Chapter 4: The Accelerator

This chapter provides a detailed description of the proposed accelerator,
including the implementation of activation functions (Sigmoid and SiLU). It
also reviews related papers, implementation strategies, and presents the results
of the designed accelerator.

10
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o Chapter 5: Use Case Scenario

This chapter presents real-world use cases of the accelerator, including experi-
ments with ResNet8 and ResNet20, demonstrating the practical application
and integration of the accelerator in deep learning tasks.

o Chapter 6: Conclusions

This chapter summarizes the research work, discussing the practical appli-
cations of the final product, highlighting the key findings and achievements,
the limitations of the proposed approach and the possible future directions in
which this research could extend.

o Appendices and Bibliography

The appendices provide supplementary material, including additional data,
figures, and code. The bibliography lists all the references cited throughout
this document.

11






2. Toolchain and Technology

This chapter aims to equip the reader with a clear understanding of the
various tools, technologies, and software used throughout the development of this
thesis. A brief description for each of the software tools and hardware devices used
during this process will be given, highlighting the key benefits they offered to the
overall development environment.

2.1 Vitis HLS

Vitis High-Level Synthesis (HLS) is a tool that allows developers to design
hardware accelerators using high-level programming languages like C and C++.
Instead of writing low-level hardware descriptions, engineers can design complex
hardware blocks while also producing a more readable code, making hardware
development more accessible. This tool automates the conversion of high-level
code into hardware descriptions, as illustrated in Figure 2.1, while offering various
optimizations to improve speed and resource efficiency.

C/ > C/C++ for HLS

AMDn HLS Tool

Vitis ——

- e s=m= RTL Code

Figure 2.1: Vitis HLS stack!'?!

This is the tool used in this thesis to design the optimized implementations
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of the activation functions, by mainly benefiting of the hardware and software
co-design capabilities, such as writing hardware-aware C++ code or applying
directives and pragmas to the code. Vitis HLS is particularly useful for FPGA-
based acceleration, as it simplifies the process of creating and testing custom
hardware components before integrating them into a larger system.

2.2 Vivado

Vivado is an FPGA design suite that provides tools for synthesizing, imple-
menting, and verifying digital circuits. It takes hardware descriptions and maps
them onto FPGA architectures, ensuring efficient use of resources. The software
includes optimization features that help improve performance while meeting timing
and power constraints. It also offers simulation and debugging capabilities, making
it easier to verify that a design functions correctly before deployment. Vivado
works seamlessly with Vitis HLS, allowing developers to take high-level designs
and turn them into optimized FPGA implementations.

After designing and testing something on Vitis HLS, the following step
typically was to synthesize, implement and verify on Vivado, in order to compare
resources, performance and overall functionality. Viewing and analyzing signal
waveforms on Vivado, like the ones in Figure 2.2, was an incredibly useful tool,
especially for debugging. Lastly, Vivado is responsible for creating the bitstream,
which is the final element of the design, and precisely the one uploaded to the
physical FPGA board, in order to effectively deploy the model for real-world
inference.

Figure 2.2: Vivado Waveform Viewer
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2.3 Visual Studio Code

Visual Studio Code (VS Code) was the principal development environment
for the experiments conducted on the neural networks. This editor served as the
main tool for all the training, modifications, and testing done on the networks. Its
lightweight design, combined with powerful extensions, made it ideal for writing
and managing code efficiently. Its built-in terminal was used to connect to remote
machines, edit scripts, and monitor logs in real time. The ability to use SSH in it
was quite advantageous, providing a simple way to connect to remote servers.

2.4 SSH

Secure Shell (SSH) was essential for remote access to the machines running
the workloads. SSH was used to connect to multiple servers and virtual machines
equipped with GPUs and FPGAs, which were instrumental in carrying out the
training and deployment of AI models entirely remotely, eliminating the need to
be physically present at the hardware. To ensure uninterrupted work, tmux was
also utilized, allowing the sessions to keep running even if the internet connection
was lost. This made it easy to reconnect and resume experiments without losing
progress. Through SSH and tmux, it was possible to transfer files, launch training
scripts, and monitor resource usage efficiently, enabling a smooth and reliable
workflow, with the ability for remote troubleshooting.

2.5 Docker

Docker played a crucial role in maintaining a consistent and portable devel-
opment environment. Once connected to the remote machines, Docker containers
that encapsulated all the necessary dependencies for working with neural networks,
were ran. This eliminated compatibility issues and ensured that the software
environment remained stable across different systems. Whether it was training,
testing, or deploying models, Docker allowed switching between different setups
effortlessly, making experimentation and development more streamlined. Opening
multiple terminals, and running docker containers in them, enabled multiple train-
ings or syntheses of networks to be run in parallel, greatly improving efficiency and
reducing the total time needed.
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2.6 PyTorch

PyTorch was the primary deep learning framework used in this thesis for
developing, training, and refining neural networks, offering a flexible and efficient
environment for deep learning. It eased the process of implementing architectures
like ResNet-8 and ResNet-20, and experimenting with different hyperparameters,
including learning rates, batch sizes, optimizers, and schedulers.

This framework’s versatility allowed for modifications of the structures of the
neural networks, for instance the replacement of activation functions with other ones
or the addition of quantization and de-quantization blocks to aid quantization-aware
training. With its extensive library support, PyTorch enabled rapid prototyping
and fine-tuning of models. Once trained, the models were evaluated for accuracy
and performance before being converted to ONNX format for further testing and
deployment. A typical workflow using PyTorch can be seen below in Figure 2.3

A PyTorch Workflow

-

0 S ()—& - XT\Q et &}C
"@\#M! / &) / Y
&' 2. Build or pick a

1. Get data ready pretrained model
(turn into tensors) (o suit your problem)

N
L”S:/—» G

2.2 Build a training loop

3. Fit the model to the 4. Evaluate the model 5. Improve through 6. Save and reload
data and make a experimentation your trained model
prediction

2.1 Pick a loss function & optimizer

Figure 2.3: A PyTorch workflow!'4!

2.7 ONNX

The trained Al models were exported to the ONNX (Open Neural Network
Exchange) format to ensure compatibility with different deployment environments.
ONNX provided a standardized way to represent deep learning models, making it
easier to integrate them into various frameworks and tools. This conversion was
crucial for testing the models on non-PyTorch platforms and generating optimized
C++ code for FPGA deployment. ONNX Runtime proved to be a key tool, not
only for analyzing the model’s inference performance, but also for debugging them.
Additionally, the ONNX model served as an intermediate representation to bridge
the gap between software training and hardware implementation, facilitating an
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efficient deployment on the FPGA board, by leveraging the generated C++ HLS
code and Vivado tools to produce the bitstream to be uploaded on the board.

Chainer

O PyTorch @xnet

Tenf E:”Nill- K
ONNX

ONNX Runtime

Figure 2.4: ONNX interoperability!'®!

2.8 NVIDIA RTX 4090 GPU

The NVIDIA RTX 4090 GPU played an important role in this research, being
connected to remote machines and utilized for both training the deep learning
models and testing their performance by running ONNX runtime inference. With its
outstanding computational power, the RTX 4090 significantly sped up the training
process, allowing for faster experimentation and fine-tuning of hyperparameters.

Figure 2.5: NVIDIA RTX 4090!¢!
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High-end GPUs excel at handling the parallel computations required by
DNNs, making them ideal for complex models like ResNet-20, while also leveraging
larger datasets. This parallelism allows for multiple trainings to be run concurrently,
meaning faster design space exploration. Moreover, its numerous cores and high
memory bandwidth ensured quick and efficient inference. Figure 2.6 displays the
performances of different types of devices and it can be seen that GPUs (e.g. Nvidia
V100) can typically achieve the highest throughputs, making them the best choice
for pre-deployment phases, and in particular training, prototyping, and testing.

— o

Xeon Phi 2000 300.0

Movidius X 12 0.3 40
Nvidia V100 15000 200.0 £b
Nvidia Xavier 1400 30.0 46
Virtex US+ 10000 20.0 500
Zynq US+ 800 10.0 80
Apple A14 1000 6.0 166
Kirin 970 2000 6.0 333

Figure 2.6: Performance comparison between different device types!!”

2.9 Xilinx® Kria KV260 FPGA

The Xilinx® Kria KV260 FPGA board, which is illustrated in Figure 1.8
served as the target platform for the deployment of the definitive deep neural network
model, enabling real-time inference with optimized hardware acceleration. FPGAs
offer customizable architectures that can be tailored to specific workloads, allowing
for efficient execution of neural networks while minimizing power consumption.

FPGAs are a very powerful option for edge computing and embedded appli-
cations, where low latency and energy efficiency are critical. By implementing the
trained model on the KV260, it was possible to evaluate the real-world performance
of the modified DNNs, with the accelerated activation functions, on a real physical
device. Figure 2.6 highlights the trade-offs between different computing platforms,
showing that while GPUs excel in training, FPGAs provide the highest performance
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per watt, whilst still achieving the second best throughput, making them an ideal
choice for deployment.

2.10 Code::Blocks

Code::Blocks is a lightweight and versatile integrated development environ-
ment (IDE). The primary use for this IDE was initial code development, algorithmic
exploration, and functional testing. This step allowed for rapid prototyping and
functional correctness checking, using C/C++ before translating the algorithms
into high-level synthesis constructs containing hardware-specific transformations
and optimizations. This approach provided a structured and iterative workflow,
enabling quick debugging and validation of logic before moving to the more resource-
constrained and hardware-aware development environment of Vitis HLS.

2.11 Programming Languages

The development process in this research involved the use of multiple pro-
gramming languages, each serving a specific role in the algorithm design, training,
and hardware implementation processes. These languages provided the flexibility
and performance required for various stages of the project, from high-level algorithm
development to low-level hardware synthesis.

2.11.1 C

C is a powerful, high-performance programming language which, in this thesis,
was primarily used for algorithm development and prototyping on Code::Blocks.
Its efficiency and low-level control made it an ideal choice for writing the core logic
and computational steps of the activation functions. C provided the flexibility
to implement custom algorithms and fine-tune them before they were moved to
a higher-level or hardware-specific environment. Its simplicity allowed for quick
development and debugging during the early stages of the project, ensuring a solid
foundation for the subsequent FPGA-based implementation.

2.11.2 CH+

C++ was used in the Vitis HLS environment for more complex algorithm
development and for integrating advanced features such as object-oriented program-
ming and libraries that enhanced code performance. In addition to algorithmic
design, C++ was also used for preparing the code to be synthesized in Vitis HLS
and Vivado. This language’s rich feature set, including templates, classes, and
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special datatypes, enabled the development of highly optimized, modular, and
scalable solutions for complex algorithms. C++ was especially valuable when
dealing with HLS specific features such as parallelism, unrolling, or pipelining, by
allowing the integration of directives and pragmas into the code.

2.11.3 Python

Python, with PyTorch as a framework, played a critical role in deep neural
network development and training. Python’s simplicity and flexibility allowed
for rapid experimentation with various model architectures. PyTorch provided a
powerful platform for training, optimizing and exporting neural networks, making
Python the primary language for working on the models. Python was also integral
to evaluating and testing the trained models through inference with ONNX runtime.
This environment facilitated the manipulation of datasets, model architectures,
and training parameters, which were critical for the fine-tuning process.

2.11.4 HDL

Although HDL code was not directly written during the research, hardware
descriptions for the FPGA implementations were still generated by Vitis HLS.
These descriptions were useful to understand how the software synthesized in some
cases specific lines of code. Vitis HLS converted the high-level C++ code (HLS)
into HDL structures, as if they were designed using VHDL or Verilog, and were
then synthesized for the Xilinx® Kria KV260 FPGA board using Vivado. This
process streamlined the design of the custom hardware accelerators, efficiently
mapping them to FPGA hardware.

2.11.5 HLS

Vitis HLS was used to convert the C++ code into hardware-specific RTL code.
High-level synthesis bridges the gap between high-level software programming and
low-level hardware design, enabling FPGA acceleration for software applications,
such as activation functions. Vitis HLS allowed for the optimization of the C++
codes for performance, resource utilization, and energy efficiency on the FPGA.
This was done by applying certain directives or adding pragmas into the codes,
with specific optimization purposes. Some examples involve pipelining functions
or instructions, unrolling loops, and binding arrays to specific types of memories.
By generating efficient hardware designs from high-level code, it was possible to
create custom accelerators that significantly outperformed traditional CPU and
GPU implementations.
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3. Methodology

This section describes the methodology followed during the completion of
this body of work, from initial concepts and sketches to final implementations and
optimizations. This methodology can be split into two major phases, a research
one and an implementation one. The first phase (research phase) consisted mainly
of reading material on all the topics related to this thesis, in order to gain more
familiarity and confidence with the terminology and concepts, subsequently allowing
for a more technical literature review to be done. After finishing the research phase,
the second phase (implementation phase) was up next, and the methodology
discussed for this phase regards mainly the overall design flow and techniques used,
such as the optimization and parallelization strategies, or the integration into real
neural networks.

3.1 Research Approach

The main field of research for this thesis is artificial intelligence, so the first
preparatory materials read, were on Al and all its sub-fields, such as machine
learning, neural networks and activation functions, in a hierarchic manner.

The very first papers read were the following: the efficient processing of
deep neural networks!'®!, a comprehensive survey of 400 activation functions for
neural networks!"”), FPGA implementation of sigmoid and hyperbolic tangent
activation functions in an artificial neural network®” and efficient implementation
of the softmax activation function on FPGAsPY. These papers provided a strong
background in the main concepts, and the essential foundation needed to make an
educated decision on what publications to read next.

Moreover, various materials on the high-level synthesis field were studied,
discussing concepts such as parallel programming!??, or the vast amount of topics
detailed in the Vitis HLS user guide!?. Additionally, documentations of hardware
specifications for devices such as SoC boards®, was read. After some practice
on the newly encountered concepts of parallel programming and HLS design, the
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following step was to start doing paper review on the first activation function to
be accelerated, studying all various possible approaches to this problem.

3.2 Paper Review

A thorough literature review was conducted to explore existing acceleration
methods for activation functions on FPGAs, with the first selected function being the
logistic function, otherwise known as the sigmoid function due to its characteristic
S-shaped curve. After this review, the most promising methods were selected and
summarized for comparison. These approaches were then implemented, optimized,
and evaluated to identify the best candidate for acceleration, as Chapter 4 will
explain in more detail.

3.3 High-Level Synthesis Workflow

This section will outline the overall HLS design workflow, starting from an
idea or concept up to the final bitstream generated. This workflow can be divided
into two major workflows, a code design one and a Vitis HLS environment one.

The first workflow starts with an idea or a concept, which can be a product
of paper review or brainstorming. A first structural sketch on paper is drawn,
outlining the main elements and blocks of the design, how they are connected, and
what the dataflow is. This allows for some pseudo-code to be written, translating
the block diagram on paper into general instructions. After creating a clear logical
structure of the design and its functionality, the pseudo-code can be developed
into C code in an IDE (e.g. Code::Blocks as explained in the previous chapter).
The algorithm is fully implemented, tested for functional correctness and analyzed
for possible optimizations. Finally, the code can be transformed into C++ code,
written in Vitis HLS, allowing for more hardware-aware optimizations to be done,
applying directives and adding pragmas to the code. At this point the algorithm is
ready to undergo the next workflow.

The second workflow is dictated by the Vitis HLS and Vivado work envi-
ronments. The fully implemented and optimized hardware design will undergo
the processes that are encompassed by the HLS environment, namely Simulation,
Synthesis, C/RTL Cosim, Packaging, Implementation, and Bitstream Generation.

o The first process simulates the high-level design to verify functionality and
ensure the software behaves as expected before hardware implementation.
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e The second one translates high-level code into a hardware description, opti-
mizing it for the target FPGA architecture.

o The third one integrates both hardware and software models to validate the

interaction between the hardware design and the software running on the
FPGA.

o The fourth one involves preparing the design files and necessary resources for
deployment onto the target FPGA, creating a deployable package.

o The fifth one optimizes and places the synthesized design on the FPGA, map-
ping it to specific resources while ensuring performance and timing constraints
are met.

o The sixth, and final one, compiles the design into a binary file that configures
the FPGA hardware, leading to deployment.

3.4 Parallelization Strategy

Deep neural networks involve numerous operations that can be computed
in parallel, so creating a design exploiting this fact, is instrumental. This section
will give a brief overview of the main elements that comprise the parallelization
strategy followed in this body of work. At the lowest level, loop unrolling is applied,
enabling the concurrent execution of multiple iterations of a loop. This typically
increases the code size and resources utilized in order to handle more instructions
in parallel. Pipelining is then applied, to overlap different stages of instruction
execution, allowing the system to work concurrently on multiple instructions that
are at different execution stages.

Given that the block at a lower level can now handle numerous new instruc-
tions at each clock cycle, it also need to be fed enough data at each CC to avoid
deadlocks or becoming a bottleneck. Thus, at a higher level, a number of HLS
streams (FIFOs) in parallel, are used to pass structures containing arrays of vectors
of data, to match the inner parallelization of the block, increasing the overall
data throughput. All these techniques are parametrized in the code, making this
design scalable, and able to handle diverse levels of parallelization need. This
implementation will only synthesize the number of blocks needed by the network
at different points, with the requested amount of parallelization to achieve preset
performance requirements.
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3.5 Resource Optimization Techniques

Efficient utilization of the resources of the FPGAs is crucial when deploying
large Al models. These models contain resource-intensive blocks like convolution
layers, so using more complex, but high performance, activation functions becomes
difficult. Accelerating these activation functions makes them viable choices, when
discussing real-world deployment. To do this, many resources optimization tech-
niques were utilized, manually handling resource usage at the lowest level (LUTs,
FFs, BRAMs, and DSPs).

One key optimization in this design is the way the arrays are implemented.
Their size is always a power of two, which aligns well with FPGA memory struc-
tures and simplifies address calculations. These arrays are specifically mapped
to LUTRAM instead of BRAM, reducing the use of block memory resources and
allowing them to be allocated to other critical operations, such as storing the
large amounts of weights and biases needed for the convolution layers. The design
operates on 8-bit values, ensuring that computations remain aligned with standard
byte-based hardware structures, leading to better resource utilization and simpler
data handling.

To further optimize resource usage, this method avoids completely the use of
DSPs which are normally required to compute complex mathematical expressions,
such as exponentials, divisions, or logarithms. Instead LUTs are used, increasing
tremendously the throughput, due to the way they are implemented in the fabric
of the FPGA, whilst also freeing up DSPs, which can be allocated to convolution
layers. Additionally, while the code includes many different tables, with the way it is
designed, only one instance is synthesized based on actual requirements, minimizing
the overall hardware footprint. These optimizations collectively contribute to an
efficient, scalable, and resource-conscious hardware implementation.

3.6 Neural Network Integration

To evaluate the impact of the accelerated block on both performance and
accuracy, it was integrated into real neural networks. The existing network ar-
chitecture was modified by replacing the original activation function with a more
advanced one, it was trained to the best accuracy, and then the advanced activation
function was replaced by the newly developed hardware-accelerated implementation.
The first replacement improved performance, but the resource demand sky-rocketed,
making it impossible to be deployed on a physical board. The second replacement
decreased substantially the resource demand, making it a feasible solution now,
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with no losses in accuracy, and still guaranteeing overall improvement.

The final, accelerated model was then deployed on the FPGA board, and
tested using the same dataset as the software implementation to allow for a direct
comparison. Real-world benchmark performances of the board were analyzed to
assess eventual trade-offs with the original version when deployed. This approach
provided insights into how the accelerated block influences both computational
efficiency and overall model reliability, ensuring that the hardware implementation
remains both practical and effective for real-world deployment.

3.7 Challenges Encountered

The challenges encountered during this research were numerous, as expected
from dealing with such advanced and state-of-the-art concepts. However, through
resilience, persistence, and curiosity, they were all successfully overcome. In this
section, some of the main issues, and how they were resolved, are discussed.

o Resource Utilization — Efficiently managing FPGA resources such as LUTs,
BRAM, and DSPs is crucial to avoid bottlenecks. Solution: Optimizing mem-
ory usage by leveraging LUTRAM instead of BRAM, minimizing DSP usage,
and applying parallelization techniques selectively to balance performance and
resource constraints.

o Quantization vs Accuracy — The accelerated activation function required
reduced precision, which affected accuracy. Solution: Choosing an optimal
fixed-point or quantized representation (e.g., 8-bit) to maintain acceptable
accuracy losses while maximizing hardware efficiency.

o Latency vs. Throughput — Reducing latency while maintaining high through-
put can be difficult. Solution: Using hls streams (FIFOs) for continuous data
flow, matching the parallelization of the inner design. Carefully managing
memory access by instantiating enough LUTs.

o Scalability and Adaptability — Ensuring that the design can scale for different
workloads and FPGA resources. Solution: Using templates and parameterized
hardware design where the number of synthesized modules can be adapted to
system requirements dynamically.

» Hardware/Software Co-Design Complexity — Integrating custom hardware
into an existing complex hardware design can introduce compatibility issues.
Solution: Careful study of the hierarchy of functions in the network, and how
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data is passed through each step, including data types and precisions. Per-
forming co-simulation before deployment to ensure that the custom hardware
interacts correctly with the software framework.

Debugging and Verification — FPGA debugging is more challenging than
software debugging due to limited observability. Solution: Utilizing simulation
and co-simulation with its waveform viewer, to detect issues early.
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4. The Accelerator

The final product of this thesis is a generalized LUT-based method of imple-
menting activation functions, which can be used to accelerate different univariate
functions. This chapter thoroughly describes the design process of this accelerator,
starting from setting the goal to accelerate an activation function, up to having a
final, flexible, custom hardware block, ready to be integrated into larger systems.
The first activation function to be accelerated was the sigmoid, which generated
the generalized LUT-based implementation. This implementation was then used to
accelerate the SiLU activation function, attesting to the adaptable nature of this
method.

4.1 Sigmoid

A logistic function or logistic curve is a common S-shaped curve with the
equation,

L
f(fE) - 1+ e—k(mfzo)

where L, k and 2z are tunable parameters.?” Setting L = 1, k = 1 and z¢ = 0, we
get the standard logistic function, otherwise known as the sigmoid, expressed with
the equation,

(4.1)

1

J@)=1=
and depicted below in Figure 4.1. In equations 4.1 and 4.2, e is Euler’s number
(approximately 2.71828), and x is the input to the function. The sigmoid is a
mathematical expression commonly used as an activation function in machine
learning and neural networks. It maps any input to an output with a value in
the range [0, 1], making it a powerful solution when dealing with probabilities in
classification problems.

(4.2)

A key point of interest for activation functions is their gradient and its com-
putation. On one hand, the sigmoid is a smooth curve and has a smooth gradient,
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1 -

Figure 4.1: Standard logistic function?’!

meaning it is differentiable at all points, and thus ideal for the backpropagation
process undergone during training of neural networks. On the other hand, this
function suffers from the vanishing gradient problem, meaning that, when the input
is very small or very large, the output saturates to 0 or 1, making the gradient
converge to 0. Having an extremely small gradient is not ideal for backpropagation,
slowing down or even stopping the training process for deep neural networks.

This thesis aims to tackle one of the biggest limitations this activation function
has, which is how computationally expensive it is. Dealing with exponential
functions and divisions can be very resource-intensive, needing for a lot of hardware
to be allocated. A single hardware block doing sigmoid calculations could require
hundreds of FFs, thousands of LUTs and many DSPs. For this reason alternative
solutions to implement this function more efficiently needed to be researched.

4.1.1 Paper Review

This subsection provides a review of nine research papers that explore various
approximation techniques, such as PWL functions, LUT method, and Taylor series
expansion, that can be utilized for the sigmoid function. Each review will briefly
describe the proposed method by the paper and highlight any key result and
finding. This analysis serves to choose the most promising techniques to be tested
as acceleration methods. Several other papers, such as "A Novel Approximation
Methodology and Its Efficient VLSI Implementation for the Sigmoid Function "%
and "2b-sigmoid and 2b-tanh: Low Hardware Complexity Activation Functions for
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LSTM"?" were reviewed, but for the sake of conciseness, only the most relevant
papers have been discussed here.

Paper 1: Research and design of activation function hardware imple-
mentation methods/?®!

e Proposed Methods: This paper serves as an introduction to the different
methods, as it outlines some of the most popular approximation techniques
for the sigmoid function. Implementations include piecewise linear function
method, Taylor series expansion method and lookup table method.

* Results & Findings:

— Look-up table method is the most universal. Within the allowable range
of error, it stores sampling values of nonlinear functions. It can cost too
much memory if not properly handled.

— Taylor expansion method uses Taylor expansion formula (4.3) to simulate
nonlinear function. The sigmoid is infinitely differentiable, so the Taylor
expansion formula can theoretically approach any real value, but high
order derivatives become too complex, and thus Taylor expansion method
is rarely used.

™ (2o
£(@) = Fao) + 1OGo)w—x0) 4+ T gy )

— Piecewise linear fitting method divides the nonlinear function, and uses
multiple sections of linear functions to fit the nonlinear function within
the allowable range of error (4.4).

aox + by, x € [xo, x0 + Az]
a1z + by, x € [zg + Az, xo + 2Ax]
i=1 (1.4)
axr + by, x € [xg + kAz,z0 + (k + 1)Ax]
1% + bpy1, € (1o + kEAx, 20 + (K + 2)Az]
an® + by, x € [xg+ (n — 1)Az, z,]

Paper 2: Hardware Implementation of Sigmoid Activation Functions
using FPGA[?*]
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e Proposed Methods: This paper shows 2 different implementations, a PWL
one and an approximation with a 2°¢ degree polynomial.

The first one, namely the PWL function method, divides the sigmoid into 4
intervals, computing only for the positive valued input, since the output for
negative values can be computed as f(—x) = 1 — f(x), due to the inherent
symmetry of the sigmoid. The 4 intervals, described in the equation 4.5
and illustrated in Figure 4.2, divide the function into 8 overall sections of
linear functions, using slopes and biases mainly in powers of two for efficiency.
These exact 4 intervals and approximating functions were used in many
implementations of other papers, such as "Hardware Realization of Sigmoid
and Hyperbolic Tangent Activation Functions ")

Sigmoid activation function

FiX)

Figure 4.2: Sigmoid function and its PWL approximation

1, |x| > 5.0
0.03125 - |z| 4+ 0.84375, 2.375 < |z| < 5.0
Fa) = l o (4.5)
0.125 - |z| + 0.625, 1.0 < |2| < 2.375
0.25 - |2 + 0.5, 0<z<1.0

The second method utilizes a quadratic polynomial expression (4.6) to ap-
proximate the sigmoid function, as seen in Figure 4.3. Again, the coefficients
are powers of two to favor shifts instead of multiplications. An unoptimized
approximation was also shown in the paper, with the coefficients not being
powers of two. This provided slightly lower errors, but higher hardware cost
for multiplications instead of shifts.
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Sigmoid activation function

Fi{X)

Figure 4.3: Sigmoid function and its polynomial approximation

1, xr>4.0
flx) = )
—0.03125- 224+ 0.25- 24+ 0.5, 0<2x<4.0

(4.6)

e Results & Findings: The PWL method provides a lower cost solution, with
errors to be further analyzed. The polynomial provides a lower error solution,
with hardware cost to be assessed. Both of these approximation techniques

are viable choices for implementation and further inspection.

Paper 3: FPGA Implementation for the Sigmoid with Piecewise Linear

Fitting Method Based on Curvature Analysis/?!

e Proposed Method: This paper further studies the PWL method, by imple-
menting different approximations with different numbers of intervals, starting
from 5 up to 15. A graph containing the absolute errors of each implementation

can be seen in Figure 4.4.

After appropriate assessment, the paper proposes the approximation with 11
intervals as the best choice, as the errors stop decreasing substantially after
that point. The PWL expression is given below (4.7), showing the 11 intervals.

31



The Accelerator

— & - Maximum Absolute Error — B Average Absolute Error
0.06
0.05 A
hY
“
w 004 A
= N
g \
M 0.03 \\
]
g 0.02 L 25 =
0 -
=< B T
0.01 5 T P —— ‘______1___1
| S _
0 l L |
4 6 8 10 12 14

Number of Piecewise Points

Figure 4.4: The absolute errors of different PWL function divisions

0.00252 - z + 0.01875, = < =8,
0.02367 -z + 0.11397, -8 < x < —4.5,
0.06975 -z + 0.25219, —4.5 <z < -3,
0.14841 -z + 0.40951, -3 <z < —2,
0.2389 - x + 0.5, —2<x< -1,
0.14841 -z + 0.59049, —-1<z <1,
0.06975 -z + 0.74781, 1< x <2,
0.02367 - z + 0.88603, 2 < x < 3,
0.00252 - = + 0.98125, 3 < x < 4.5,

1 x > 8.

Y

o Results & Findings: This PWL approximation provides higher accuracy
than the one in the previous paper, however all of the slopes and biases not
being powers of two, clearly increase the hardware requirements significantly,
making this solution less viable than the one in Paper 2.

Paper 4: A Non-linear Approximation of the Sigmoid Function based
on FPGABZ

e Proposed Method: This paper presents another PWL function approxi-
mation approach, this time leveraging also non-linear functions in it. This
method splits the sigmoid into 25 intervals, with some utilizing 2" degree
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polynomial expressions, while others linear ones, as depicted below in Figure
4.5.

TABLEI
THE INTERVAL/FUNCTION FORM
Interval Function Form

x (L1 y—0.2383x+0.5000
2

% [2el] y-0.0467* X~ +0.1239%x+0.2969

; 2

x [3,-2) y-0.0208* X +0.2202*x+0.4400
2

% 1458 y-0.0135* X +0.1239%x+0.2969
2

% 5 y=0.0054* X~ +0.0597*x+0.1703

x [5.03,5) y-0.0066

x [-5.2,-5.03) ¥-0.0060

x [-5.41,-5.2) v-0.0050

x [-5.66-5.41) v-0.0040

x [6,-5.66) v=0.0030

x [6.53, -6) ¥=0.0020

x [-7.646.53) v=0.0010

% [<0-7.6) y—30
2

x [12) y=-0.0467* X +0.2896%x+0.4882
2

x [2.3) y=0.0208* X +0.2202*x+0.5600
2

X B4 y=0.0135* X 1+0.1239%x+0.7030
2

x [45) y=0.0054* X +0.0507%x-+0.8297

x [5,5.0218) y-0.9930

x [5.0218,5.1890)  y-0.9940

x [5.1890,5.3800)  y-0.9950

x [5.3890,5.6380)  y-0.9960

x [5.6380.5.9700) y-0.9970

x [5.9700,6.4700)  y-0.9980

% [6.4700,7.5500) y-0.9990

]

[7.5500,+0) y—1

Figure 4.5: PWL functions for the 25 intervals

o Results & Findings: This method provides the best approximation in
terms of accuracy among the various PWL ones studied in these papers.
However, this comes at an exorbitant cost, needing to compute numerous 2°¢
equations, requiring the allocation of the vast amount of resources required for
multiplications and squares. The least viable of the PWL methods in terms
of hardware.
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Paper 5: High-Performance and Low-Cost Approximation of ANN
Sigmoid Activation Functions on FPGAs[3

e Proposed Method: This paper shows the last PWL method to be assessed
in this thesis. After analyzing the implementation with highest hardware cost
and best performance on the previous paper, this one implements the PWL
function approximation with the lowest hardware cost possible and lowest
performance. It is a PWL approximation using only 3 intervals, with 1 linear
equation modeling the central part of the sigmoid, and 2 constant functions
for either side of the sigmoid where it saturates (4.8).

0, r < =2,
flx) =4qx/4+05 —-2<z<2, (4.8)
1, x> 2.

This approach is illustrated below with the graph in Figure 4.6 and a circuit
implementation in Figure 4.7.

Figure 4.7: Proposed circuit imple-

Figure 4.6: PWL approximation pentation of sigmoid activation func-
with 3 intervals tion

o Results & Findings: This approximation constitutes the lowest hardware
cost amongst PWL implementations, while compromising on accuracy. Only
one linear function needs to be computed, and the operations work on powers
of two so for example the division by 4 will be a simple shift. The presented
method is a viable solution to be tried in order to assess the error introduced
by this approximation.
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Paper 6: Design and FPGA Implementation of the LUT based Sigmoid
Function for DNN Applications[?4

« Proposed Method: This paper proposes an implementation that uses an
LUT based approach, where the initial LUT consists of 128 entries, each
corresponding to a different sigmoid output value. This LUT needs 7 bits
for the address. The hardware cost is them reduced by 50% considering the
symmetry of the sigmoid, so we only need to use the first 64 entries of the
LUT, as the others are computed as y=1-y. With only 64 entries in the LUT,
6 bits for the address are enough. The input value is quantized to 6 bits and
used as an address for the LUT. The input range considered for the LUT is
[-2,2] with a step size of 0.0314. Outside that range, output saturates to either
0 or 1. A small section of the table with the quantized samples is displayed
below in Figure 4.9.

x[5:0]

(= ul5:0]-1]

x]6]

Figure 4.8: Block diagram of the proposed sigmoid hardware

Index | Address }j‘.m'ﬂ )
Sig(xn)
0 0000000 | 0.1168
1 0000001 | 0.1201
2 0000010 | 0.1236
3 0000011 | 0.1271
4 0000100 | 0.1307
5 0000101 | 0.1344

Figure 4.9: First 6 quantized samples of the proposed LUT

* Results & Findings: This method displays excellent potential, if handled
in a proper manner. The only operation computed is a subtraction, and this
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is done to half the size of the table. This subtraction could be avoided by
storing the full table. This would make for very low latency involving a simple
memory read, low hardware cost due to no expensive operations, and the
accuracy is configurable by tuning the coefficients stored in the table. Another
viable solution for further study.

Paper 7: A Modular Approximation Methodology for Efficient Fixed-
Point Hardware Implementation of the Sigmoid Function[3%!

e Proposed Method: This paper describes how the sigmoid can be approxi-
mated using Taylor series expansion. The approach is made up of 3 modules:
a PWL module, an EXP module and an NR module (Newton-Raphson), as
illustrated in Figure 4.10.

PWL Module (Egn. (5)) .
Go(x) =kx+b 0(®)

NR Module (Egn. (17))
x a(x) = 2a,(x) —
FE(x)(1+e™)

5

EXP Module (Eqn. (10)) e "
e X=2"m.2 N7 g-r

Figure 4.10: Workflow of modular approximation methodology NRA

The PWL module works exactly as the one presented in Paper 1.

The EXP module does some complex expression transformations to obtain
the final expression (4.9),
et =M. I e (4.9)
and considering the 2 design choices: L=4 and Taylor Series Polynomial has
only 1 leading term (1-r), (4.10) is obtained.
e A 2T 276 (1 — ) (4.10)

The NR module does an iterative process to approximate a function through
tangent lines. The result at the end is computed using the 2 values obtained
from the PWL and EXP modules, as can be seen in (4.11) and (4.12).
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G(x) = 260(z) — 55(x)(1 4+ e %) (4.11)

5 (x) ~ 260(x) — G5 (x) (1+27m- 279/ (1= 1)), (4.12)

o Results & Findings: This is a very complex and resource-intensive imple-
mentation leveraging mathematical concepts such as Taylor series expansion,
which may be viable in some specific occasions needing for high accuracy and
a modular design.

Paper 8: A Novel Sigmoid Function Approximation Suitable For Neural
Networks on FPGA 3¢

e Proposed Method: This paper proposes 4 different implementations, how-
ever only the last one of them is of interest. This logarithmic technique
replaces the division and exponential, with a logarithmic calculation of base 2
and few shift operations, substituting the multiplication by 2 and division by
8, as can be seen below in Figure 4.11.

Forx = 0: Forx <0

_log,(2x + 0.486) ~log,(~0.5x + 0.008458) "
=

f(x) +0.63 () = ————————+007

Figure 4.11: Logarithmic approximation of the sigmoid

The logarithmic expression is optimized and computed in a more efficient way,
separating the exponent from the mantissa 'm’, then approximating the log of
the mantissa as shown in (4.13) below,

—092, 1< 1.84
Log(m) = {m PSS (4.13)

0.5 xm, 1.84 <z < 2.
o Results & Findings: Substantially lower hardware cost than other 3 tech-

niques in the same paper, but still considerably more costly than other methods.
It only works on floating point values.

Paper 9: A Reconfigurable High-Precision and Energy-Efficient Circuit
Design of Sigmoid, Tanh and Softmax Activation Functions!®”]
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o Proposed Method: This paper utilizes the Fast-Convergence CORDIC
algorithm, which computes less iterations than CORDIC, to calculate the
sigmoid output values. It is reconfigurable, so by changing some coefficients, the
CORDIC hardware can compute exponential functions or divisions depending
on the need. The Figure 4.12 depicted below, displays various parameters,
with the main ones being the hardware cost of implementing each of the 3
activation functions individually using the conventional CORDIC algorithm,
versus implementing only one FC CORDIC block for all 3 to share.

Second Taylor- s " . . ey .
’ 0 g 1 CORDIC FOCCDRDIC
Order [1]] based 2 | ©OPvERtions
Reconfigurable x x x ¥
Adjustable Precision x = el 4
Sigmosd " " Sig 1/ Tanh
Function I%:;.h Softmax | Sigmoid | Tanh | Softmax Ib;l;;’llm.s:]
LuT 158 1450 A4 414 3813 Q454
FF 46 1220 124 123 174.1 1893
DSP ] 3 1] 0 0 ]
Max Freg (MHz) 333 MR 12606 118 1429 10
Max Eror (%) 0.78 NR 054 [ 041 [ NA [ 0317 030FNAC
*Latency (ns) 9.99 MNoA 2136 | 2116 2738 127* 123% 140*
Dymamic Power | p NA. 12 12 95 16° 17 168°
(mW)
*Encrgy Efficiency |, NA, 265 | 254 | 26 |zos 207 s
(nJoperation)
* Sigmoid ™ Tanh © Softmax

Figure 4.12: Comparison of different hardware designs

e Results & Findings: This implementation works best when a neural network
uses 3 activation functions, namely Sigmoid, Tanh, and Softmax, because all
3 can share the same reconfigurable CORDIC, so the network will instantiate
only 1 piece of hardware, without needing 3 CORDICs.

4.1.2 Implementations

After conducting a thorough paper review, the most promising approximation
methods were identified and implemented on Vitis HLS. This allowed for perfor-
mance and resource utilization comparison between designs and finally the choice
of the definitive acceleration technique to be implemented.

This subsection explores the various approximations implemented in Vitis
HLS, detailing the structure, the optimizations done, the applied pragmas, and the
final results achieved in terms of both hardware and performance.
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Sigmoid vO0 - Original

The very first implementation is the original, ideal sigmoid function (4.14).
This serves as an object of reference for the accelerated versions of this function, in
order to assess the performance and hardware cost of the optimized implementations
and be able to compare it to just allocating a hardware block computing the sigmoid.

fx) = (4.14)

This version has no optimizations or pragmas, due to the purpose it serves.
Figure 4.13 displays the synthesis report of Vitis HLS regarding the original sigmoid
function. Allocating one block able to handle one floating point computation at a
time, requires 9 DSPs, 394 FFs, and 1058 LUTs. The estimated clock period is
7.248 ns, considering that the clock target was set to the default value of 10.00 ns,
with uncertainty of 2.70 ns. With this clock period, this implementation would
need 12 cycles to compute the sigmoid output value.

Summary Synthesis Report - sigmoid

 Estimated Quality of Results
~ Timing Estimate
L)

TARGET ESTIMATED UNCERTAINTY

10.00 ns 7.248 ns 270ns

v Performance & Resource Estimates
A ¥ = % P

MODULES & LOOPS LATENCY(CYCLES) LATENCY(NS) INTERVAL PIPELINED BRAM DsP FF T URAM

sigmoid 12 120.000 13 no ] 9 394 1058 0

Figure 4.13: Synthesis report of the original sigmoid function

Sigmoid vl - PWL with 5 Intervals

The first approximation method implemented is the piecewise linear function
method with 5 intervals (4.5) from Paper 2. The initial design contains a few if
statements to differentiate between intervals, and then produces the output value
by computing the needed absolute value calculation, multiplication, addition, and
final subtraction. This unoptimized version generates the synthesis report seen in
Figure 4.14. All results, except estimated clock period, are worse than the original
sigmoid, so improvements are needed.
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TARGET ESTIMATED UNCERTAINTY

10.00 ns 6.919 ns 270ns

v Performance & Resource Estimates

A ¥ % P [#Modules  []Loops  [/]Hid4
MODULES & LOOPS LATENCY(CYCLES) = LATENCY(NS) INTERVAL PIPELINED BRAM | DSP | FF T | URAM

sigmoid 19 190.000 20 no 0 30 2106 2517 ]

~ HW Interfaces

OUTPUT X PROBLEMS X

is Server sigmoid va:synthesis sigmoid v4:c-simulation % ~ B3 sigmoid v4
Error 998 is: 0.000346005 [E) c-simulation

Error 999 is: 0.000340998 [Z] synthesis
Avg error is: 0.00587391 and max error is: ©.0185193

Figure 4.14: Synthesis report of sigmoid v1 with no optimizations

Various optimizations and directives were applied to this design to generate
better end-results. Firstly, doing shifting operations instead of multiplications
since all slopes are powers of two. Secondly, storing all slopes and biases in arrays,
and instead of calculating the output inside the if statements, only selecting the
needed coefficients from the arrays, and computing the calculation after these
statements, avoiding doing many computations in parallel and then choosing the
desired output. Thirdly, applying pragmas setting target initiation interval to 1,
and max latency to 1. Lastly, using fixed point values instead of floating point ones.
Figure 4.15 displays the synthesis report of the final version of this accelerator.
The improvements are drastic in all aspects. From 30 DSPs to no DSPs at all,
from 2106 FFs to 0 FFs, and from 2517 LUTs to 288 LUTSs, all whilst both errors
remained virtually the same as before optimizations.

Sigmoid v2 - PWL with 3 Intervals

This second implementation is an alternative PWL function approach, dis-
cussed in Paper 5, which divides the sigmoid in 3 intervals (4.8), with a central
linear expression to be calculated and two saturating regions either side, as il-
lustrated previously in Figure 4.6. The straightforward implementation, with no
optimizations, generates the synthesis report depicted in Figure 4.16. It can be
immediately seen that the results coincide with what was expected, in comparison
with the previous PWL implementation. The hardware cost decreases, in exchange
for increased errors.

Similar optimizations as the ones seen in sigmoid v1 can be applied to this
design, namely shifting instead of multiplying, storing coefficients in arrays, using
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TARGET ESTIMATED UNCERTAINTY

10.00 ns 5.094 ns 2.70ns

v Performance & Resource Estimates

R Y % P

MODULES & LOOPS LATENCY(CYCLES) LATENCY(NS) INTERVAL PIPELINED

sigmoid 0 0.0 1 yes

~ HW Interfaces
OUTPUT X PROBLEMS X

is Server sigmoid vizc-simulation % sigmoid vizsynthesis v B3 Sigmoid,\ﬂ
Error 998 is:

Error 999 is: 0

Avg error is: ©.00598065 and max error is: 0.0198431

Figure 4.15: Synthesis report of sigmoid v1 after optimizations

TARGET ESTIMATED UNCERTAINTY

10.00 ns 6.543 ns 270ns

~ Performance & Resource Estimates
A Y % P
MODULES & LOOPS LATENCY(CYCLES) LATENCY(NS) INTERVAL PIPELINED

sigmoid 10 100.000 no

~ HW Interfaces

puUTPUT X PROBLEMS X

oid_v2:c-simulation X  sigmoid_vZ:synthesis ~ B3 sigmoid_v2

Error 998 is: 0. 0 & c-simulati
Error 999 is 9
Avg error is: @.

[ synthesis

Figure 4.16: Synthesis report of sigmoid v2 with no optimizations

fixed point instead of floating point, and applying the directives for II and latency.
These changes improve significantly the performance and resource efficiency of
this accelerator, as can be assessed from the results in the synthesis report of
the final version of this implementation exhibited below in Figure 4.17. The
improvement in resource utilization is similar to the previous PWL, avoiding the
use of DSPs and FFs in this design, and decreasing the number of LUTSs from 546 to
68. The performance in terms of latency and estimated clock period also improved
substantially. The principal trade-off of this accelerator is the loss in accuracy, so
this design is viable in contexts where accuracy constraints are not critical.
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TARGET ESTIMATED UNCERTAINTY

10.00 ns 1.379 ns 2.70ns

v Performance & Resource Estimates

R Y % P

MODULES & LOOPS LATENCY(CYCLES) LATENCY(NS) INTERVAL PIPELINED

sigmoid 0 0.0 1 yes

~ HW Interfaces

OUTPUT X PROBLEMS X

igmoid v2:c-simulation X  sigmoid v2Z:synthesis

Error 998 is: ©.000346005
Error ¢ s: 0.0 0998

Modu\es |Z|Locps EHide emp

BRAM  DSP FF LuT URAM

0 0

~ P9 sigmoid_v2
[ c-simulation
[E) synthesis

Avg error is: 0.0297547 and max error is: 0.140874

Figure 4.17: Synthesis report of sigmoid v2 after optimizations

Sigmoid v3 - 2°¢ Degree Polynomial

This accelerator is based on the second technique presented in Paper 2,
approximating the sigmoid function with a 224 degree polynomial equation (4.6).

The initial design resulted in the metrics conveyed by the synthesis report in Figure
4.18.

TARGET ESTIMATED UNCERTAINTY

10.00 ns 6.919 ns 2.70ns

~ Performance & Resource Estimates
~N Y % P

MODULES & LOOPS. LATENCY(CYCLES) LATENCY(NS) INTERVAL PIPELINED FF Lot URAM

sigmoid 30 300.000 31 no 1607 1724

v HW Interfaces

QUTPUT X PROBLEMS X

v B3 sigmoid_v3

tis Server sigmoid_v3:c-simulation X sigmoid v3:synthesis

Error 998 is: 0.000346005
Error 999 i . 000340998
Avg error is: ©.00774369 and max error is: 0.0216

Figure 4.18: Synthesis report of sigmoid v3 with no optimizations

The enhancements done to this implementation are as follows: shifting instead
of multiplying since slopes are powers of two, passing to fixed point from floating
point, storing coefficients in arrays, and including the pragmas regarding II and
max latency. The accelerator saw improvements in almost all aspects, as portrayed
in Figure 4.19. It needs to be noted that this design still allocates one DSP module
to calculate the square of the input. This can be avoided by writing a pragma in the
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code, binding the specific multiplication operation to the fabric of the FPGA. In
this way, instead of allocating 1 DSP and 147 LUTs, it will allocate 512 LUTs and
no DSPs. This is a trade-off that can be taken into consideration in a case-by-case
fashion, depending on the need and scarcity of DSPs in a specific larger design.

TARGET ESTIMATED UNCERTAINTY

10.00 ns 7.031 ns 270ns

~ Performance & Resource Estimates

A Y % P Modu\es IE‘Luups Hidee
MODULES & LOOPS LATENCY(CYCLES)  LATENCY(NS) INTERVAL PIPELINED BRAM = DSP F Lt URAM

sigmoid 0 0.0 1 yes 0 1 0 147 0

~ HW Interfaces
PUTPUT X PROBLEMS X

s Server sigmoid v3:zcsimulation X  sigmoid v3usynthesis ~ B3 sigmoid v3

Error 999 is: 0.000340998 [E c-simulation
Avg error is: 0.00786074 and max error is: 0.0214747 [E synthesis

Figure 4.19: Synthesis report of sigmoid v3 after optimizations

Sigmoid v4 - LUT

This implementation is modeled after the LUT-based method described in
Paper 6. A table containing quantized samples of the sigmoid function outputs is
created and stored as an array. This accelerator receives an input value, manipulates
it and transforms it into an address used to select an appropriate entry from the
LUT, and returns this value as an output.

There are many degrees of freedom in this design, indicatively, the size of the
LUT, datatype and bit-width of the stored coefficients, and the range represented by
this table. The initial design, with degrees of freedom set to the parameter choices
in Paper 6, and with the help of few minor refinements, such as shifting instead of
multiplying to obtain correct address and using fixed point values, produced the
metrics displayed in the synthesis report in Figure 4.20.

The design space to be explored was quite large, given the three degrees
of freedom. The parameter choices that proved most of interest were: 128 and
256 entries for the size of the table, [0,4] and [0, 8] for the range of the function,
and finally 4 bits, 8 bits, and 16 bits, for the bit-width of the coefficients. For
the sake of conciseness only the most relevant comparisons will be presented in
this subsection, and more precisely LUT size of 128 vs 256 entries, quantized to
8 bits and in the range of [0, 8]. Figure 4.21 shows the juxtaposition between the
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TARGET ESTIMATED UNCERTAINTY

10.00 ns 2.536ns 2.70ns

~ Performance & Resource Estimates

XX % 0O Mndules Loops Hidee

MODULES & LOOPS LATENCY(CYCLES) LATENCY(NS) INTERVAL PIPELINED BRAM DsP FF URAM

sigmoid 1 10.000 1 yes 0 0

Figure 4.20: Synthesis report of sigmoid v4 after first optimizations

ideal sigmoid function and the 128 quantized samples of it in the range [0, 8], that
are stored in the look-up table. The 128 values for the negative input values of
range [—8, 0] are calculated at the end by computing y=1-y due to the symmetry
of the function. On the other hand, Figure 4.22 illustrates the case where the
LUT contains 256 entries instead of 128. Both of them model the original sigmoid
function very well, making them viable solutions for an accelerator of the sigmoid.

Ideal Sigmoid hud
LUT-based Sigmoid

08

06

02

10 8 5 4 2 0 2 4 6 [] 10

02

Figure 4.21: Sigmoid function approximation using a LUT with 128 entries of 8
bits with range [0, 8]

Figure 4.23: Zoomed in version of Fig- Figure 4.24: Zoomed in version of Fig-
ure 4.21 ure 4.99
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Ideal Sigmoid
LUT-based Sigmoid

5 F)

Figure 4.22: Sigmoid function approximation using a LUT with 256 entries of 8
bits with range [0, §]

Sigmoid v5 - Final Version, LUT

This implementation is the final version of the sigmoid activation function
accelerator, which also serves as the design for the generalized acceleration method
mentioned earlier in this thesis. It is a highly improved design, based on the
LUT-based approach implemented in sigmoid v4, and comprising of many new
features, such as scalability, adaptability, and dynamically configurable precision.

This hardware block expects a fixed point value of 8 bits as an input, and
returns the same datatype as an output. To generate the sigmoid output value, it
uses the 8-bit input directly as an address for the LUTs containing 256 entries, so
all the possible input values map one-to-one with the coefficients stored in the LUTs.
The entries stored in the tables are quantized to 8 bits for hardware efficiency, but
can be tuned depending on the context.

A fixed point variable of 8 bits can represent different ranges of values
depending on the location of its fixed point, or in other words, its precision. The
point can be placed next to any of the 8 bits, meaning 9 different possible precisions.
Setting the point after the LSB means the range the variable would represent is
[—128,127] if signed, or [0, 255] if unsigned, with an LSB precision of 1. Moreover,
placing the point in the middle of the 8 bits, would split the variable into 4
integer bits and 4 fractional bits, and represent a range of [—8,7.9375] if signed, or
0,15.9375] if unsigned, with an LSB precision of 0.0625. This variation in range
depending on fixed point location means that using one LUT with 256 entries to
approximate the sigmoid would not be a very effective choice, since it would only
model a fixed range of the function. For this reason, the code includes 9 arrays of
256 elements each, acting as the 9 LUTs approximating the sigmoid in 9 different
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ranges, so it can handle inputs with any precision. The innovative feature is the
dynamically configurable precision, guaranteed by the fact that only one of these
LUTs will be synthesized into actual RTL, depending on the input arriving to the
block and its precision. It does so by using templated structs containing the arrays,
so only one is always instantiated.

Another design choice was implementing the look-up tables using LUTRAM
technology instead of BRAMSs. This allowed for more BRAMs to be available to
other resource-intensive blocks in a larger design, such as convolution layers that
need to store large amounts of data as weights and biases, and BRAMs is the usual
preferred choice for this.

The finalized product, when synthesized, generated the metrics depicted in
Figure 4.25. The significant improvements with respect to all other accelerator
versions, can be easily seen. It has the lowest hardware cost at 10 FFs, 34 LUTs, and
0 DSPs, and the highest performance in terms of estimated clock and thus potential
throughput and latency. Implementing the look-up tables using BRAM technology
instead of LUTRAM would give the resource utilization results estimated in Figure
4.26.

TARGET ESTIMATED UNCERTAINTY

10.00 ns 0.790 ns 270ns

v Performance & Resource Estimates

A ¥ = % P

MODULES & LOOPS LATENCY(CYCLES) LATENCY(NS) INTERVAL PIPELINED BRAM DsP

sigmoid 1 10.000 1 yes

Figure 4.25: Synthesis report of sigmoid v5 implemented in LUTRAM

TARGET ESTIMATED UNCERTAINTY

10.00 ns 1352 ns 270ns

~ Performance & Resource Estimates

AR % P

MODULES & LOOPS LATENCY(CYCLES) LATENCY(NS) INTERVAL PIPELINED BRAM

sigmoid 1 10.000 1 yes

Figure 4.26: Synthesis report of sigmoid v5 implemented in BRAM
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4.1.3 Results

This chapter explored various approaches to accelerating the sigmoid activa-
tion function, reviewing numerous methods from existing literature and assessing
their feasibility for FPGA acceleration. Several design strategies were implemented
and tested, each with trade-offs in terms of accuracy, resource utilization, and
timing performances. Throughout this process, many optimization techniques were
leveraged to enhance all metrics of the accelerators.

After extensive research and analysis, the best design was selected based on
its balance of hardware cost, accuracy, and latency. The LUT-based accelerator
described in the "sigmoid v5" implementation, provides a generalized method
to accelerate different univariate activation functions, by simply changing the
coefficients stored in the 9 look-up tables, to quantized samples of the target
activation function. A practical example will be shown in the next section, using
this method on the SiLLU activation function. This optimized solution can also be
easily integrated into real neural networks, as will be discussed in the following
chapter.

4.2 SiLU

A Sigmoid Linear Unit function, also known as SiLU, is an activation function
that smoothly transitions between linear and nonlinear behaviours. It is defined by
the equation,

flz) =2 0(x) (4.15)
where o(x) represents the sigmoid function, given by
(0) =1 (4.16)
o(r) = .
14+e®

Substituting the sigmoid into the SiLU equation, the following expression is
obtained,

f@) =170

This function is also known as the Swish activation function, and it has been
shown to outperform traditional activation functions like ReLLU in certain deep
learning applications. Unlike ReLLU, which abruptly sets negative inputs to zero,
SiLLU maintains a smooth curve, allowing small negative values to pass through
instead of truncating them, as illustrated in Figure 4.27. A significant advantage
of SiLLU is its smooth gradient, which helps mitigate issues related to vanishing
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gradients during backpropagation, similarly to the sigmoid function discussed
previously. Since SiLU is differentiable everywhere and does not suffer from
dead neurons like ReLLU, it has gained popularity in modern deep neural network
architectures.

= ReLU

_05 1 I 1 1 1 1 1

Figure 4.27: SiLU and ReLU activation functions®®

Despite the many positive features it brings with it when utilized, it is
burdened with some challenges, the likes of computational complexity. This
activation function practically computes the sigmoid function and then multiplies
the result by the input, adding a demanding operation to an already demanding
function. As a result, accelerating the SiLU function is imperative in order to make
it viable for real-time and resource-constrained applications, such as deep neural
network inference on FPGAs. This section outlines how the generalized LUT-based
acceleration method developed in this thesis can be applied to another univariate
activation function, for instance the SiLLU, conveying its adaptable nature.

4.2.1 Implementation

This accelerator was implemented using the LUT-based design developed for
the sigmoid function. The only modification needed to be applied, was switching
the coefficients in the LUTs from quantized samples of the sigmoid function to
ones of the SiLLU. These values were automatically generated by a tailored piece
of code written for this purpose, streamlining the implementation process. Figure

48



The Accelerator

4.28 below shows an example of the approximation of the SiLU function using
the quantized samples of one of the LUTS, in the specific case where the expected
input is an 8-bit fixed point value, with 5 integer bits and 3 precision bits, meaning
the represented range of this input is [—16, 15.875], with a precision of 0.125. The
maximum error in absolute value of this approximation will never surpass the value
of 1/2 of the LSB of the input, while the average error will typically be minuscule,
assuming a randomly distributed tensor of data as input.

3 [0+ %

Figure 4.28: SiLLU function approximation using a LUT with 256 entries of 8 bits
for input range of [-16, 15.875]

-1

Figure 4.29: Zoomed in version of Figure 4.28
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4.2.2 Results

Section 4.2 highlighted the practicality of the designed accelerator to be
applied to a generic univariate activation function, which in this case was the SiLLU.
By simply modifying the values in the look-up tables, the same hardware design
used for the sigmoid was able to accelerate this activation function. Thus, all the
metrics, such as resource utilization and performance, for the accelerated SiLLU, are
the same as the ones for the sigmoid, and would still be the same if utilized for
other activation functions like Tanh or GELU.

The decisions to accelerate the sigmoid and the SiLLU specifically were not
without reason, as the following chapter will further demonstrate. The SiLLU
function was chosen as the activation function to replace the traditional ReLLU
in deep neural networks, such as the ResNet architectures, in order to improve
the performance of these Al models. However, simply implementing a layer that
computes the SiLU function on 32-bit floating point values, to replace the ReLLU one
operating on 32-bit floating point, and deploying it on an FPGA board, is totally
unfeasible, due to resource-constraints. That being said, the newly generated,
and highly efficient SiLU accelerator on 8 bits, can now be integrated into deep
learning architectures, and used to substitute the lower-performing ReLLU activation
function, while keeping the model still deployable on the FPGA board. This process
is explored thoroughly in Chapter 5.
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This chapter will delve into the complete process of integrating an accelerated
activation function into deep neural networks. By doing so, it will showcase
the exposure to the full-stack experience of working on deep learning models
and deploying them on boards for real-time inference. This full-stack approach
includes processes such as: training DNNs to achieve the best possible performance,
modifying the structure of these networks by adding new layers or integrating
a custom-designed hardware block to replace the activation function being used,
assessing various performance metrics through ONNX runtime, simulation, and
co-simulation, and deploying the AI models on an FPGA board to run real-time
inference on an image dataset.

Deep neural networks have become the go-to solution for many of today’s
cutting-edge applications, and in particular image classification and object detection
problems. ResNet architectures are an excellent choice for handling these kinds of
tasks, due to several key features they possess, such as residual connections. These
models make for great use case scenarios to implement the designed accelerator,
since they typically use ReLLU functions as activation functions, and thus can be
enhanced by integrating the accelerated SiLLU. This process will be demonstrated
on two ResNet models, namely Resnet-8 and Resnet-20, by thoroughly detailing
in the following sections the full-stack workflow carried out. Other networks that
could have served as use case scenarios for this thesis, are DNNs that implement
the sigmoid activation function, such as YOLO, U-Net, or Faster R-CNN.

5.1 ResNet-8

5.1.1 Residual Block

ResNet-8 is a lightweight version of the ResNet architecture, consisting of 8
layers and implementing residual blocks, depicted in Figure 5.1, which enable the
model to train very deep networks avoiding the risk of vanishing gradients. The
ResNet residual block has a convolutional layer followed by a batch normalization
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layer, a ReLLU activation function, and a second convolutional layer paired with a
batch normalization layer. The output of this section is added to the initial input
which is passed through a residual connection, and lastly another ReLLU activation
function is applied to this sum. These residual connections allow the network to
bypass multiple layers, facilitating the flow of information through the network and
improving performance, especially when it comes to deep learning tasks like image
classification. The skip connection may or may not feature a 1x1 convolution block,
depending on the architecture, which transforms the input into the desired shape
for the addition operation.
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Figure 5.1: A ResNet residual block displaying a residual connection!®”!

5.1.2 Modifying and Training the ResNet-8 Network

The work setup for this part of the research was briefly explained in Chapter
2, Toolchain and Technology. That chapter mentioned that VS Code was the IDE
used to establish SSH connections to two remote machines, run Docker containers,
and work on the codebase. The main codebase was pulled from the open source
GitHub repository NN2FPGA | and a significant portion of time and effort was
spent to study and understand the relevant source codes. The primary language
utilized for training, modifying and running ONNX runtime was Python, working
on the PyTorch framework.

Firstly, the original ResNet-8 model developed on Python was pulled and
studied to deeply understand how layers are interconnected, what type of data is
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passed to each of them and how it is processed. This step was crucial in order
to be able to confidently modify and train this deep neural network. After this
analysis, the model was modified, by replacing all the ReLLU activation functions
computing operations on 32-bit floating point values, with ideal SiLU activation
functions working on 32-bit floating point values.

Secondly, quantization layers were added to this network, since the ReLLU,
previously implemented, was actually based on a QuantRelu module, meaning it
automatically handled all the quantization issues for that layer, however the floating
point SiLLU did not provide the same feature. For this reason this feature had to
be manually implemented by adding several QuantIdentity blocks to the model
in all the needed locations, such as the inputs and outputs of layers, to guarantee
correct quantization of values. The scaling implementation type of these blocks
was set to "PARAMETER'" to favor quantization-aware training of the network,
enabling it to learn the scaling factor as a trainable parameter along the weights
and biases during the training process.

Next, the modified network implementing the new activation function, needed
to be trained since all parameters such as weights and biases were optimized for
the ReLLU layer. The design space for this training process depended on numerous
elements, that can be divided into two main categories, hyperparameters and
training algorithms. The hyperparameters tuned for best results were two, namely
the learning rate and the batch size, varying them from 0.02 to 0.75 for the LR
and from 16 to 256 for the batch size. On the other hand, the training algorithms
explored were optimizers and schedulers, and the utilized ones were respectively
SGD and CosineAnnealingLR.

The network was trained on classification tasks, leveraging the CIFAR-10
dataset. This dataset consists of 60000 32x32 colour images in 10 classes, with
6000 images per class. There are 50000 training images and 10000 test images.
The target device for this training was the powerful NVIDIA RTX 4090 GPU,
which enabled very fast training times, while allowing for multiple trainings to take
place concurrently. The results after training the network for 100 epochs can be
visualized in Table 5.1. The best performing solution was selecting a batch size
of 16, with a starting learning rate of 0.075, and with this setup the model was
actually trained for 200 epochs instead of 100 for better convergence, resulting in
an accuracy of 90.39%.

After training the model, and exporting its ONNX file, the following steps were
to merge and fuse the convolution blocks with their subsequent batch normalization
blocks, and retrain the modified network for 100 epochs, starting from the just
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Table 5.1: Accuracy: Batch Size vs Learning Rate

BS\ LR ‘ 0.02 005 0075 0.1 0.2 0.4 0.5 0.6  0.75

256 86.21 87.62 8&7.72 8780 88.74 89.21 89.4 &9.12 8&9.17
128 87.11 88.32 88.53 89.02 89.49 89.37 89.6 89.52 8§89.22
64 88.04 89.1 89.33 89.24 89.55 89.33 88.59 88.63 &8.74
32 88.92 89.44 89.25 89.4 89.36 88.51 88.06 88.44 88.79
16 89.52 89.56 90.39 89.37 88.73 8843 87.98 87.55 8&7.01

trained model and its saved parameters, stored as a checkpoint. The accuracy of
the modified model decreased to 90.21%. A script was run to generate the final
ONNX (QONNX) of this network, doing all the needed clean up and quantization
of the model, and therefore creating the definitive model structure for the ResNet-8
architecture with SiLU FLOAT instead of ReLU FLOAT as activation functions.
This final structure was tested by running inference on the 10000 test images
of CIFAR-10 through ONNX runtime, and the resulting accuracy was 90.21%
displaying congruency with what conveyed by the training results.

5.1.3 Integrating the Accelerator

The first step for integrating the accelerator into the trained ResNet-8 network
utilizing the SiILU FLOAT activation function, is creating a custom layer on Python
implementing the accelerated SiLU function, since the work is being done within
PyTorch’s framework. This layer will be a PyTorch module, which is a specialized
form of a Python class, namely torch.nn.Module, designed to work within PyTorch’s
neural network framework. The accelerated SiLU will often be referred to as the
SiLU LUT in this document.

In order to ensure correct functionality, the layer implemented on Python
contains two structural changes with respect to the HLS code. Firstly, on Vitis
HLS, the SiLU LUT block uses templates, so the input datatype can be passed
to the block as a template parameter, and used directly to select the correct LUT
to be instantiated. The same thing cannot be done in Python, so instead the
complete input tensor is checked for the smallest positive, non-zero value, to infer
the smallest input value, and thus the LSB, and leverage that to select the correct
array. Secondly, in the high-level synthesis design, data is passed using 8-bit, fixed
point variables, and these bits can be individually selected and manipulated to
be used as an array index, however this is not possible in Python. To handle this
issue, a scaling factor and a zero point bias are applied to the input, to generate
the correct address for the LUTs.
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With the new layer implemented on Python, the SiLU LUT is now ready to
be integrated into the network. To do so the SiLU FLOAT layer in the Python
code for the model is simply substituted by the SiLU LUT layer. The new model is
exported to ONNX| then undergoes the same transformations as the previous model
modification, indicatively batch normalization fuse, cleaning and quantization, to
generate the definitive ONNX file for the model with the accelerated SiLU activation
function. The network is then tested by running the same inference test as in
the previous section, using the 10000 test images of CIFAR-10 dataset, leveraging
ONNX runtime. The resulting accuracy was 90.21%, meaning no loss in accuracy
for the model passing from SiLU FLOAT to SiLU LUT as activation function, while
providing massive hardware cost reductions, and enabling the ResNet-8 network
with SiLU as activation function, to be deployed and run on an FPGA board.

5.1.4 Synthesizing and Deploying the model on the Xilinx®
Kria KV260 FPGA board

The final step in this full-stack workflow, was generating the full HLS code for
the accelerated ResNet-8 network. To do so, a script provided in the codebase was
used, which enabled the generation of full C++4 source codes for neural networks
starting from an ONNX. The HLS code for the accelerated SiLU still needed to be
integrated into this large amount of source codes for the neural network. This was
a complex task, since the codes were extensive, especially for heavy load layers such
as convolution layers. For this reason a significant amount of time and effort was
spent studying these source codes, understanding where to allocate the accelerated
SiLLU code, how to connect it appropriately to the vast amounts of data streams
occurring in the system, handle datatypes properly, and last but not least how
to exploit all the directives, optimizations, and parallelization strategies already
implemented in the network.

After integrating the activation function’s HLS code into the HLS code of
the whole network and testing for functional correctness, the network was ready to
undergo the Vitis HLS/Vivado synthesis workflow explained in Section 3.3. This
was done by running a script present in the NN2FPGA framework, carrying out
the complete workflow for both ResNet-8 versions, the original one with ReLLU, and
the one with the accelerated SiLU, in order to compare results. As shown in Table
5.5 below, there are some trade-offs in the allocated hardware resources, such as
slightly less LUTs and BRAMSs, more FFs and DSPs, and virtually identical critical
path (CP) when synthesis target clock period is set to 5 ns. The resources allocated
post-implementation were heavily influenced by the Integer Linear Programming
algorithm utilized. ILP determines how instructions are efficiently computed
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in parallel by taking into consideration objectives and constraints to optimize
resources.

Model kLUT kFF DSP BRAM URAM

ResNet-8 ReLU  66.9 (57.1%) 66.0 (28.2%) 768 (61.6%) 117 (40.6%) 0 (0.0%)
ResNet-8 SILU ~ 66.6 (56.9%) 72.7 (31.1%) 836 (67.0%) 109 (37.9%) 0 (0.0%)

Table 5.2: Resource utilization comparison between ResNet-8 with original ReLU
and accelerated SiLU

The final products of these workflows were the bitstreams that were loaded
onto the Xilinx® Kria KV260 FPGA board, effectively deploying the AI models
on it, where real-time inference tests on the networks were carried out, resulting
in an accuracy of 90.00% for the SiLU LUT, as can be seen in Table 5.6 below.
The small difference in accuracy from ONNX runtime can be attributed to several
possible factors, including quantization differences between the ONNX runtime
environment and the FPGA board, and the effect of using floating point (ONNX
runtime) or fixed point (FPGA) for the inference. Nevertheless, the final accuracy
of the accelerated model is 90.00%, seeing an improvement of 1.02% from the
original ResNet-8 model using the traditional ReLLU, which displays an accuracy
of 88.98%. The throughput is slightly improved by around 300 FPS, while power
consumption increases very slightly and total time remains unchanged for a batch

size of 10000.

Model Dataset Freq. (MHz) Throughput (FPS) Power (W) Accuracy (%)
ResNet-8 ReLU CIFARI10 200 29313 7.03 88.96
ResNet-8 SiLU  CIFARI10 200 29527 7.27 90

Table 5.3: Performance comparison between ResNet-8 with original ReLU and
accelerated SiLU

5.2 ResNet-20

ResNet-20 is a more advanced version of the ResNet architecture compared
to the ResNet-8. This network consists of 20 layers instead of 8, providing a
deeper architecture able to perform deeper learning and achieve better inference
results. As expected, this model is computationally more expensive due to its
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larger complexity and size. For this reason, trying to implement traditional, non-
optimized SiLLU functions instead of ReLLU functions, and being able to deploy it
on the FPGA board, presents an even more unfeasible task than the ResNet-8,
making the integration of the accelerated SiLLU even more beneficial.

The full-stack workflow carried out for the ResNet-20 is the same as for the
ResNet-8, only producing different results in values, and it is outlined below:

o Modifying the ResNet-20 model in Python by substituting the ReLU FLOAT
activation function with the SiLU FLOAT one, and adding quantization layers
to enable quantization-aware training.

o Training for maximum performance and accuracy, as illustrated in Table 5.4.
Highest accuracy was 93.02% for selected learning rate of 0.075, and batch
size of 16.

Table 5.4: Accuracy: Batch Size vs Learning Rate

BS\ LR ‘ 0.02 0.05 0.075 0.1 0.2 0.4 0.5 0.6 0.75

256 X X 91.05 91.16 91.64 9227 92.00 92.11 92.58
128 X 91.54 91.75 91.66 92.43 9239 9237 923 92.24
64 X 91.83 9227 92.73 92.58 92.01 X X X
32 91.89 92.19 92,59 92.78 9241 9113 X X X
16 92.47 9297 93.02 9288 91.71 X X X X

8 X 92.63 9228 91.88 X X X X X

o Merging all convolution layers with their respective batch normalization layers
and retraining, resulting in accuracy of 92.88%.

o Generating the final ResNet-20 ONNX model with SiLU FLOAT as activation
function, after carrying out all the appropriate cleaning and quantization
steps.

o Testing through ONNX runtime, using the 10000 test images of the CIFAR-10
dataset. Result was 92.88%, verifying correctness.

e Implementing the SiLU LUT layer in Python and modifying the model by
replacing SiLU FLOAT with SiLU LUT.

o Generating the final ResNet-20 ONNX model with SiLU LUT as activation
function, after carrying out all the appropriate cleaning and quantization
steps.
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o Testing through ONNX runtime, using the 10000 test images of the CIFAR-10
dataset. Result was 92.88%, guaranteeing again no loss in accuracy passing
from SiLU FLOAT to SiLU LUT, as in ResNet-8.

o Generating the full network’s HLLS source code from the ONNX.

 Carrying out the whole Vitis-HLS/Vivado workflow for both ResNet-20 with
ReLU FLOAT and SiLU LUT, producing the post-implementation resource
usages depicted in Table below. A slight increase in all resources allocated
can be noticed, with a minor improvement in CP. The ILP algorithm impact
discussed for the ResNet-8 needs to be taken into consideration for this case
as well.

Model kLUT kFF DSPp BRAM URAM

ResNet-20 ReLU  75.0 (64.0%) 715 (30.5%) 650 (52.1%) 147 (51.0%) 6 (9.4%)
ResNet-20 SiLU ~ 77.6 (66.3%) 73.4 (31.4%) 668 (53.6%) 147 (51.0%) 6 (9.4%)

Table 5.5: Resource utilization comparison between ResNet-8 with original ReLU
and accelerated SiLU

o Loading the bitstreams obtained from the previous workflow, onto the FPGA
to effectively deploy the models.

o Running real-time inference, using the 10000 test images of the CIFAR-10
dataset. The result for SiILU LUT was 92.78%, showing a minimal decrease
from ONNX runtime for the same reasons described in previous section.

o Comparing deployment accuracies of original model vs accelerated model.
Original model showed an accuracy of 90.09%, while the accelerated one
displayed an improvement of 2.69%, with a final deployment accuracy of
92.78%, as illustrated in the Table below. The throughput is slightly improved
by around 31 FPS, while power consumption increases very slightly and total
time remains unchanged for a batch size of 10000.

Model Dataset Freq. (MHz) Throughput (FPS) Power (W) Accuracy (%)
ResNet-20 ReLU  CIFAR10 200 7550 6.35 90.09
ResNet-20 SiLU ~ CIFAR10 200 7581 6.90 92.78

Table 5.6: Performance comparison between ResNet-20 with original ReLU and
accelerated SiLLU
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6. Conclusions

This thesis presented a generalized LUT-based method for accelerating uni-
variate activation functions on FPGAs using High-Level Synthesis. This method
was applied to two activation functions, namely the sigmoid and the SiLU, with
the latter one being then integrated into two deep neural networks to assess the
impact of the accelerated activation function on the deep learning models. The
two networks, ResNet-8 and ResNet-20, were enhanced by replacing the traditional
ReLU activation functions with SiLU ones, and then trained in a hardware-aware
and quantization-aware manner. After substituting the SiLU functions with their
accelerated counterparts, the trained models were deployed onto an FPGA, and
their performances were analyzed in terms of accuracy, power consumption, latency
and resource utilization.

The designed accelerator can be used in two different contexts. One is
by replacing a resource-intensive activation function with its accelerated version,
aiming to decrease computational complexity with tolerable accuracy loss, for
instance accelerating the sigmoid function of a YOLO network. The other one is
by replacing a traditional activation function with a more complex one, and then
that one with the accelerated version of it, aiming for an improvement in accuracy
with acceptable hardware trade-offs, like the discussed case of ReLU and SiLU in
ResNet. These two cases are exhibited by the experimental results of this thesis.
These results demonstrated that the LUT-based SiLU implementation, compared
to the floating-point one, significantly reduced hardware cost while introducing no
losses in accuracy. Moreover, compared to the floating-point ReLLU implementation,
the models saw an increase in accuracy with the SiLU LUT, while maintaining
similar numbers in resource utilization, introducing minor trade-offs between LUTs
and FFs.

On the other hand, certain limitations were observed. The developed LUT-
based approach can only handle univariate activation functions. In order to handle
functions depending on multiple input variables, such as Softmax, the look-up
tables sizes would have to increase substantially, due to the exponential relationship
between them. Moreover, this method is perfect for approximating univariate
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functions working on 8-bit inputs. If the input is on 16 or 32 bits, a case-by-case
study of the activation functions must be done. For instance, this method is an
effective solution for the sigmoid function even if it is working on 32-bit, due to its
saturating nature. However, a network working on 32-bits and using SiL.U activation
functions, would be out of the scope of this method, due to it’s unbounded nature.

Future work could explore upon the products of this research by accelerating
new activation functions using the developed method, integrating these accelerators
in other more complex neural networks, or experimenting with other FPGA families.
These possible developments would further validate the practical impact of this
thesis on real-time AI applications, such as edge computing and embedded systems.
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