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ABSTRACT 

 It is essential that computer science students learn how to leverage parallelism to 

accelerate their applications due to the dramatic slowing of sequential CPU performance. 

One way that computer scientists can leverage parallelism is through custom hardware 

like field-programmable gate arrays (FPGAs). Unfortunately, traditional FPGA 

development requires years of training in electrical engineering, digital design, and 

hardware description languages (HDLs), like Verilog or VHDL, and rigid electronic 

design automation (EDA) tools. To address this problem, this capstone developed a 

simple lab for a university-level computer architecture course that provides students with 

hands-on experience with custom hardware, allowing  students with typical programming 

knowledge skills to learn how to use FPGAs without requiring a steep learning curve. 

Utilizing the Xilinx ecosystem, which consists of a low-cost FPGA board, the Vivado 

suite of design tools, and an intuitive programming language, this capstone project 

resulted in the successful implementation of a lab activity and manual involving the 

conversion of an adder circuit from Python to a working circuit on a Xilinx FPGA. 
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I. INTRODUCTION 

This chapter is an overview of the thesis that explains the reasoning behind the 

research and outlines the expectations.  

A. RESEARCH PURPOSE 

Custom hardware is a foundational topic in modern computer architecture courses 

at both undergraduate and graduate levels. Hands-on experience with real hardware is 

essential to learning how to leverage custom hardware to accelerate applications. The 

reason for using custom hardware is that sequential performance of central processing units 

(CPU) is not increasing, and therefore, computer scientists have no other choice than to 

leverage parallelism in order to accelerate their applications. Custom hardware is capable 

of accelerating high-throughput applications by leveraging the parallelism of billions of 

transistors provided by Moore’s Law. This can be accomplished via a host of options like 

graphics processing units (GPUs), warehouse-scale computers (WSCs), multi-core CPUs, 

application-specific integrated circuits (ASICs), or field programmable gate arrays 

(FPGAs). Different kinds of machines leverage different kinds of parallelism. This thesis 

will focus on FPGAs. Traditional FPGA development requires years of electrical 

engineering training with extensive knowledge of hardware description languages (HDL) 

or very high-speed integrated circuit hardware description language (VHDL) and difficult 

lab environments with rigid tools that only work on Windows platforms. The Xilinx 

University ecosystem consists of the PYNQ board (PYNQ stands for Python productivity 

for Zynq), Vivado software suite of design tools which are free, and a programming 

language that CS students are already familiar with. The PYNQ board claims that it is a 

low-cost alternative to traditional FPGAs. This thesis will test out that claim by creating a 

simple lab that will enable students to learn to use FPGAs sans the steep learning curve. 

B. RESEARCH OBJECTIVE 

The main objective is to analyze and explore the utilization of the Xilinx ecosystem, 

PYNQ-Z1 FPGA, along with the Vivado design software suite to leverage parallelism to 

accelerate a program.  
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C. RESEARCH QUESTION 

How does the technology of the Xilinx ecosystem, composed of the PYNQ board 

along with Vivado design software suite, allow a computer science student to leverage 

parallelism to accelerate a program, in lieu of any electrical engineering training?  

D. SCOPE OF THESIS 

This thesis will explore custom hardware with an emphasis on FPGAs and how 

they are used to accelerate a program. The central focus of this study is the Xilinx 

ecosystem. I will conduct a thorough analysis of the PYNQ-Z1 FPGA and the Vivado 

design tools, which will be the only hardware used in this thesis. Python will be the only 

language used to program, and the code will be developed and tested directly on the PYNQ 

board. This thesis will not explore any of the other custom hardware options nor will any 

other FPGA, design tools, or programming language be used.  

E. BENEFITS OF STUDY 

The key benefit of this research will be allowing students to gain hands-on 

experience with real hardware via low-cost FPGAs and free design tools that are easy to 

use. This will create a pathway for future CS students to develop familiarity with and begin 

working with the Xilinx ecosystem.  

F. THESIS ORGANIZATION 

The remainder of this thesis is organized as follows: 

• Chapter II: Background 

Chapter II details the history and current state of custom hardware. It examines 

parallel computing via CPUs, GPUs, FPGAs, ASICs, and WSCs while emphasizing the 

importance of the FPGA regarding economic and performance tradeoffs. 

• Chapter III: Xilinx Ecosystem 

Chapter III discusses each component of the Xilinx ecosystem, how a program 

converted into a circuit, and how parallelism is leveraged to accelerate a program. 
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• Chapter IV: Lab Manual 

Chapter IV describes in great detail the technical implementation of the Xilinx 

ecosystem to leverage parallelism to accelerate high-throughput computation sans the steep 

learning curve of traditional design methods. 

• Chapter V: Conclusion and Future Work 

Chapter V summarizes the research conducted for this thesis. Finally, 

recommendations are provided for future work to expand the usability of the Xilinx 

ecosystem. 
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II. BACKGROUND  

This chapter explores parallel computing via custom hardware with emphasis on 

the FPGA and its importance.  

A. INTRODUCTION 

According to Ross, Gordon Moore predicted that the number of transistors on a 

chip would double annually in 1965 [15]. This prediction is now widely recognized as 

Moore’s Law. Moore’s Law resulted from an observation of the trends in the fabrication 

of transistors, which was likely to continue for the next ten or more years, increasing chip 

transistor counts to above 65000 [15]. The prediction remained true for the next two 

decades as architectures exploited the increase in transistor speed and huge transistor 

budgets from silicon technology to double performance roughly every 18 months. Figure 

1 shows the trends as predicted by Moore’s Law: 

 
Figure 1. Moore’s Law in action. Source: [15]. 

Having more transistors on a chip does not necessarily result in efficient 

computation unless a CPU design can utilize them successfully. Moore’s Law has 

advanced to the point that billions of transistors can fit on a single chip. How to use billions 



6 

of transistors in an efficient design is a crucial issue for computer architecture. Modern 

multi-core processors are known as chip multi-processors, where many processors reside 

on the same chip [11]. Due to a multitude of technical challenges, the sequential 

performance of uni-core CPUs is no longer increasing, and computer scientists have no 

other choice than to leverage parallelism to accelerate their applications. Custom hardware 

can accelerate high-throughput applications by leveraging the parallelism of billions of 

transistors provided by Moore’s Law. This can be accomplished via a host of options like 

GPUs, WSCs, multi-core CPUs, ASICs, or FPGAs. Different kinds of machines leverage 

different types of parallelism [16]. This thesis will focus on how FPGAs are used in parallel 

computing to accelerate high-throughput computation.  

B. PARALLELISM AND THE POWER WALL 

The performance of the central processing unit is no longer improving 

exponentially. It is unlikely to handle high processing demands due to the rapid increase in 

the amount of data. The inability to increase the CPU speed because of the rise in power 

demands is called the ‘power wall.’ The power wall limited the rate of advancement in 

single-core processors. Computer architects decided to use several processors in one chip 

for power efficiency vice single processors, which would gradually increase in number in 

relation to Moore’s Law. Therefore, with each computing generation, the number of 

processors or cores was doubled in the multi-core processor. The multi-core processors 

utilize a single chip, are power-efficient, and have a high clock rate. These multi-core 

processors enable parallel computing via thread-level parallelism.  

Parallel computing utilizes the increasing number of microprocessors on a chip via 

thread-level parallelism. However, the increase in microprocessors has not eliminated the 

power wall. Accessing dynamic random-access memory, a computer’s main memory still 

requires far more cycles than performing a single basic arithmetic logic unit (ALU) 

operation [16]. This is known as the memory wall, as communication cost dominates 

computation cost. The switch to multi-core poses new challenges, in particular with 

programmability, bandwidth, and consistency.  
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However, not all workloads are likely to be speedily executed while operating in 

parallel because some algorithms are hard to parallelize due to sequential bottlenecks, 

dependencies, high communication cost, and synchronization/consistency issues. Although 

parallelism is not a panacea, it is the only way forward; computer scientists have no other 

way to accelerate their applications, as faster single-threaded, sequential, uni-core CPUs 

will not be forthcoming due to the issues discussed above. Therefore, future computer 

scientists must be aware of the different kinds of parallelism (e.g., thread-level, instruction-

level, data-level, request-level, etc.) exploited by different kinds of processors (e.g., CPUs, 

ASICs, FPGAs, GPUs, SoCs, etc.). The best way to attain top speeds in hardware is through 

leveraging parallelism via the innovation of accelerators on FPGAs, ASICs, GPUs, WSCs, 

and multi-core CPUs. These accelerators increase the performance of high-throughput 

applications by leveraging the parallelism of billions of transistors. Accelerators are 

already in use in data centers such as Google and Microsoft. They are also in use in other 

domains such as graph analytics, machine learning, and genome sequencing. 

C. SUMMARY OF THE ACCELERATORS  

Accelerators are implemented in custom hardware because they can leverage a 

multitude of transistors to perform logic functions in parallel. The use of custom hardware 

circuits, commonly known as application-specific integrated circuits, enables a task to 

attain precisely the needed functionality as quickly as possible. ASICs are also small, 

cheap, and faster chips designed to consume as little power as possible. ASICs enable a 

computer to function orders of magnitude faster while using orders of magnitude less 

power than a general-purpose CPU for high-throughput workloads [1]. The main drawback 

of using an ASIC chip is that it only performs the function for which it was designed for. 

If the function is slightly modified, the chip might not function and need modifications, 

which will be expensive due to the challenges of chip design and fabrication. The GPU, in 

contrast to the ASIC, is far more flexible, as it can be programmed using a modified version 

of the C programming language and a special compiler. GPUs can be used for graphics, of 

course, but can also be used for general-purpose, high-throughput computing tasks. 
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Custom accelerators can also be implemented using field program gate arrays, also 

known as programmable hardware. FPGAs combine the programmability of a CPU with 

the performance of an ASIC. A CPU is a jack-of-all-trades, while an ASIC is a master of 

one trade. On a continuum between flexibility and performance, CPUs are the most 

flexible, followed by GPUS, then FPGAs, and finally ASICs. A FPGA can be attached to 

a CPU as a coprocessor. FPGAs can accelerate a variety of throughput computing 

workloads, image processing, data mining, database operations, bioinformatics, n-body 

simulations, K- means, and AES encryptions [1]. This thesis will analyze FPGAs in detail 

in the subsequent chapters.  

D. THE FPGAS 

A field-programmable gate array can be configured to implement virtually any 

digital circuit. FPGAs combine the programmability of CPUs with the performance of 

custom hardware. FPGA applications are programmed using HDLs such as Verilog and 

VHDL. Electronic design automation (EDA) software such as the Xilinx Vivado software 

suite translates the HDL to a bitstream, which is loaded onto the FPGA and is used to 

configure the FPGA. FPGAs can also be programmed using high-level languages via a 

methodology known as electronic system-level design, in which a high-level representation 

(e.g., SystemC, HandelC, MATLAB, etc.) is translated to HDL and then to a bitstream. An 

FPGA consists of an array of configurable logic blocks (CLBs), each of which implements 

an individual, primitive logic gate (e.g., AND, OR, XOR, etc.). The CLBs are islands that 

reside in a sea of configurable interconnect, which connects the primitive logic gates 

together to form higher-level functionality (e.g., half adders, full adders, ripple-carry 

adders, etc.). The bitstream consists of the bits that configure the CLBs along with the bits 

that configure the interconnect. 

In combinational circuits, primitive logic gates such as AND, XOR, NOR, OR, and 

NAND can be composed to implement higher-level functionality, from half adders to full 

adders to ripple-carry adders to ALUs to CPUs to full systems. In ASICs, the logic gates 

cannot be modified after fabrication [1]. If a bug is discovered in a custom circuit, with a 

FPGA, the HDL can be modified, and a new bitstream can be generated, much like software 
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patch for a CPU. This is not the case with Application Specific Integrated Circuit (ASICs) 

[5]. Since an ASIC is fixed after fabrication, a flaw discovered after manufacturing cannot 

be fixed; therefore, ASIC design requires rigorous and costly verification to ensure that the 

design is free of bugs prior to tape-out. 

FPGAs have improved over time with respect to their performance, logic cell 

capacity, and reconfiguration time. The early types of FPGAs were small devices only 

capable of prototyping a small circuit or sub-circuit, and they needed a few seconds to be 

configured. Even these early, primitive FPGAs made it possible for engineers to test 

prototype candidate circuits in order to efficiently explore the design space. The 

configurability of FPGAs also provides the ability to upgrade hardware far more efficiently 

than ASICs. Newer FPGAs are now taking milliseconds to reconfigure, and it is estimated 

that soon they will be taking only 100 microseconds only to reconfigure. This makes 

FPGAs ideal for complex applications requiring rapid adaptations [8].  

A FPGA has thousands of CLBs that reside within its numerous programmable 

interconnects. Each CLB implements a primitive digital logic gate as a look-up in its 

corresponding truth table. Therefore, the FPGA is unique from the CPU and the GPU 

because it can be configured to be virtually any digital circuit, including a CPU. When a 

bitstream implements a CPU, it is called a soft IP core (IP stands for Intellectual Property). 

Examples of soft CPU cores include Nios II, and Xilinx MicroBlaze. Many FPGAs also 

have hard-wired circuits like CPUs (e.g., PowerPC) and memory blocks that reside 

alongside the reconfigurable fabric. A hard-wired CPU that is built into the FPGA is called 

a hard IP core. Since an FPGA can be configured to implement an Ethernet controller, 

FPGAs have an advantage over GPUs because they can communicate directly with the 

network interface, bypassing intermediate bus interfaces like USB or PCI, as is the case in 

other accelerators such as GPU. However, FPGA design is more complex and challenging 

than other architectures such as GPU or CPU and requires a higher learning curve to 

understand and use [5] because while programming a GPU or CPU requires only 

knowledge of a C-like programming language, FPGA development requires electrical 

engineering training and knowledge of unwieldy hardware description languages like 

Verilog and VHDL. Therefore, this means that it is, in most cases, used to solve niche 
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problems. This thesis aims to investigate whether it is feasible for computer scientists, who 

may lack years of formal electrical engineering training and FPGA design experience, to 

use FPGAs to accelerate their applications with their mere knowledge of C-like 

programming languages. 

The ability of FPGAs to adapt to new tasks after being initially programmed makes 

them suitable for applications such as artificial intelligence and neural networks. The high 

throughput of FPGAs makes them useful in real-time modeling as well. Some FPGAs are 

capable of dynamic partial reconfiguration, allowing them to adapt to changing workloads 

over time. FPGAs offer ample parallelism and unique economic tradeoffs with respect to 

ASICs. For low-volume projects, FPGAs are more economical than ASICs. However, if 

there is sufficient demand for a chip, the cost of ASIC development can be amortized over 

a large number of customers. Crossover volume is the volume at which the transition from 

FPGA to ASIC becomes economically viable. FPGAs are slower than ASICs at the same 

technology node (i.e., feature size), but the gap between ASIC and FPGA narrows if 

economic constraints force the ASIC to be fabricated at an older technology node to save 

cost [9]. FPGAs have become so powerful that they can be used to implement systems 

(e.g., the Mars Rover) rather than merely prototype them. Fewer and fewer companies can 

afford the high non-recurring engineering cost of ASIC fabrication, especially for low-

volume projects that are common in defense, national security, and high-assurance 

applications. FPGAs are commonly used in warehouse-scale computing to accelerate web 

searches [12] and voice recognition for cloud computing and artificial intelligence. 

Therefore, the general public uses FPGAs on a daily basis without even knowing it when 

performing an everyday task as mundane as a web search. 

E. FPGA ARCHITECTURE  

FPGAs have evolved from small devices used for prototyping small circuits or sub-

circuits to huge arrays of programmable logic and interconnects having on-chip memories, 

microprocessors, and other custom data paths. Modern FPGAs are highly capable devices 

with ample logic cell capacity to prototype a multi-core CPU. To leverage the capabilities 

of FPGAs in a more accessible fashion than traditional computer engineering methods, 



11 

programmers are designing digital circuits with EDA tools to automatically translate the 

abstract specifications to physical layout [6]. High-level synthesis (HLS) design flows 

translate a high-level specification of an algorithm to register transfer level (RTL) and then 

to a bitstream. The FPGA logic blocks are often implemented as look-up tables (LUT) 

shown in Figure 2. 

 
Figure 2. FPGA input and output look-up tables. Source: [8]  

The LUT in part A has four configuration bits that correspond to the output column 

of a truth table of the desired logic gate. The table in part b shows a sample truth table for 

the AND logic gate with values matching the configuration bits. In part C of the above 

figure is a simple slice (a combination of LUTs, Multiplexers, and Flip Flops) with a 

somewhat complex LUT with eight configuration bits corresponding to a three-input logic 

gate. In practice, however, extensive research has proven that the optimal size of a LUT 

corresponds to a small logic gate (e.g., a 2-input gate) [14]. 

Static RAM FPGAs use Flip Flops (FF) as their basic memory cells and collocate 

them with LUTs. In some instances, however, LUTs and GAs can be combined with other 

specialized functions leading to the formation of complex logic elements known as a CLB, 

slice, or Logic Array Block depending on the preferences of the vendor [7]. A FPGA also 

has a programmable interconnect that provides a connection between slices. As the number 

of slices increase, their input and outputs get connected to a routing channel, which has a 

lot of configuration bits that determine if the inputs and outputs get connected or not. The 

routing channels are further connected to switch boxes that act as pass transistors, enabling 
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the routing tracks’ connection from one routing channel to the next [5]. Figure 3 shows 

how the slice, switch box, and routing channel in an FPGA are interconnected.  

 
Figure 3. The interconnection of the routing channel, slice, and switch box in 

an FPGA. Source: [8]. 

Typically, the FPGA is designed to have a 2D representation. It is designed to 

provide 2D abstraction during computation in what is known as ‘Island-style’ architecture. 

That simply means that the slices are like ‘logic islands’ connected using switch boxes and 

routing channels [5]. The 2D dimension of the FPGA is shown in Figure 4. 
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Figure 4. 2D structure of the FPGA with an Island-style structure. Source: 

[8] 

As the FPGA gets bigger due to a continuous increase in transistors provided by 

Moore’s Law, the architectures have started to use “hard” resources designed to perform 

specific functions [5]. A good example of such a resource is the DSP 48 Datapath designed 

to perform mathematical operations such as multiplication and addition and other word-

level logical operations for digital signal processing. A modern FPGA, therefore, may have 

thousands of DSP 48 Datapath across its logical fabric [8]. 

Other hardened resources are Block RAM (BRAM) and on-chip microprocessors. 

BRAM is a configurable random-access memory module that can support many memory 

layouts and interfaces and allow the storage of large data sets. BRAM enables the FPGA 

to leverage parallelism by being used as configurable register files that can communicate 

with the DSP48 Datapath and on-chip microprocessors while at the same time transferring 

data [5]. A FPGA can include anywhere between one and four hard-wired microprocessors, 

with the largest FPGA having four on-chip microprocessors. Microprocessors are 

necessary because they offer control of the system and can efficiently run software. 

Microprocessors also initiate data movement between the sensors, memory, and controller 

of the system [1]. 



14 

F. FPGA FEATURES FOR PARALLELISM  

FPGAs leverage parallelism by implementing custom circuits. The type of 

parallelism depends on the bitstream [16]. The ability to customize the FPGA enables it to 

be very fast because it executes specific tasks that efficiently utilize all the resources. For 

example, a CPU is designed to perform generic functions; therefore, tasks do not utilize all 

the resources. Moreover, the ability of the FPGA to be customizable leads to low power 

consumption as compared to when using CPU or GPU. A FPGA is also able to support the 

processing of data at low latency because of its design architecture, which does not have 

any specific instructions [1]. The task can also be fast because the results are moved to the 

next component for processing instead of sending it to the memory before it gets relayed 

to the required components. While FPGAs typically operate at much lower clock 

frequencies than CPUs, FPGAs can outperform CPUs on high-throughput workloads by 

orders of magnitude with respect to power and performance. However, in general, CPUs 

are more suitable than FPGAs for applications requiring low latency. Fortunately, latency 

is often not a priority for high- throughput workloads. 

G. FPGA DESIGNS AND PROGRAMMING FOR PARALLELISM  

The design space of FPGAs and bitstreams is vast. However, the common FPGA 

designs have a large number of logic blocks that are easily configured and a programmable 

grid of connections that the designer uses to connect the blocks to form any design that 

they desire. FPGA bitstreams can either be coarse-grained or fine-grained. The coarse-

grained bitstreams have a small number of IP blocks, whereas the fine-grained structures 

have many simple blocks as small as single logic gates. Therefore, designers can choose to 

create either a course-grained bitstream or a fine-grained bitstream depending on what 

application they want to implement and the time they have to build the system and 

subsystems. However, for adaptive workloads, dynamic designs capable of dynamic partial 

reconfiguration (i.e., swapping) are recommended, although engineering a “hot-

swappable” system that uses partial dynamic reconfiguration is very challenging, with 

many engineers avoiding it entirely except for a few proven applications, e.g., a crossbar 



15 

switch. Such a design would allow the chip to operate in either time-sharing mode or be 

utilized in other successive configurations [5].  

Programming the user-defined logic in a FPGA uses hardware description 

languages (HDL) such as Verilog and VHDL. HDLs are distinct from the programming 

languages because HDLs describe and define digital circuits rather than software code. 

Therefore, HDLs reflect the parallel nature of hardware. Unlike a programming language 

like C or Java, with subroutines containing code that is executed sequentially, HDL files 

can describe circuits containing many logic gates or IP blocks that operate in parallel. 

However, HDL design, in contrast to C programming, requires advanced skills in other 

fields such as digital electronics design, the running of components in parallel, and task 

and resource trade-offs, among others. However, HLS tools allow mere programmers to 

implement their applications using standard languages such as C or C++. Compared to 

ASICs, FPGA solutions do not require fabricating a chip, although both require a working 

digital circuit to be designed in HDL [5]. The same digital design can either target an ASIC, 

which requires costly fabrication in a foundry, or an FPGA, which can be programmed by 

merely connecting the FPGA board to a PC workstation. In the case of ASIC design, the 

HDL goes through one set of tools to create a geometrical database standard for 

information interchange file that is sent to the foundry; in the case of FPGA design, the 

same HDL is sent through a different set of tools that generate a bitstream that is used to 

configure the FPGA device. In other words, the same HDL can either target an ASIC or an 

FPGA, depending on the requirements (and budget) of the customer. 

H. DEPLOYING FPGA  

There are many ways to deploy a FPGA depending on where designers are trying 

to ensure there is an acceleration of the speed of execution, and the task is done. If trying 

to accelerate a database, for instance, designers can deploy the FPGA between the data 

source and the CPU, where it will be used as a filter, or they can deploy it as a co-processor 

where it is used to speed to workload of loading tasks. The other commonly used 

deployment method is attaching a FPGA as an input-output attachment [10].  
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Attaching a FPGA as an input-output accelerator is mostly used in situations where 

the CPU encounters a bottleneck. Therefore, the FPGA relieves the bottleneck by executing 

tasks offloaded from the CPU. In such cases, the FPGA can be connected using buses like 

PCIe, and it operates using independent memory from the CPU. Similar to a GPU-CPU 

coprocessor arrangement, when tasks get offloaded to the FPGA, the system copies the 

host (CPU) memory task to its device (FPGA) memory, where it gets queued for 

processing. The task is then executed, and the system then copies the result back to the host 

memory. The I/O mechanism is often an FPGA card (i.e., a circuit board containing the 

FPGA coprocessor with a PCI interface to the motherboard) and is used mainly when 

coprocessing high-throughput applications [10].  

In an alternative CPU-FPGA coprocessor arrangement, the FPGA can directly 

access memory from the CPU using shared memory. The shared memory is often larger 

than the device memory, and therefore in comparison with the I/O attached deployment, it 

can access data in the shared memory. A FPGA can be deployed as a co-processor using 

two methods. The first way is through tightly coupling the FPGA and CPU together in the 

same die of the socket. Examples of connecting the FPGA and CPU include the Intel Xeon 

+ FPGA platform. In the Intel Xeon + FPGA platform, the CPU and FPGA get connected 

through Intel QuickPath Interconnect as well as Accelerator Coherency Port (ACP) [5]. In 

the second method, the FPGA gets connected to the host device as a co-processor using 

coherent I/O interfaces. Some of the coherent I/O interfaces are IBM Coherent Accelerator 

Processor Interface, enabling the FPGA to access extra bandwidth from the host [5]. 

However, with each passing day, more new ways of deploying the FPGA are being devised. 

Most of the new methods refine the already existing methods that aim to ensure data 

transfer is as quick as possible.  

The FPGA functions efficiently in in-line processing, whereby functions can be 

subdivided and work on a stream without each process, knowing the data being processed 

in other processes. Examples of in-line processing are matrix filters and dilation. In these 

processes, data can be processed in small separate sections making it suitable for the 

processing of high data rates. For these reasons, the FPGA is very good for use in the 

processing of images where a lot of data needs to be processed in a very short time [5]. 
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However, the FPGA is not good for use in processing the whole image because if an image 

has a lot of data, and with the FPGA having a small memory, it cannot manage to store the 

whole image. It is also not good for use in iterative functions. The FPGA can only manage 

these functions if extra hardware is provided to assist in creating a virtual CPU. 

I. CHAPTER SYNOPSIS  

This chapter conveyed that modern computer scientists wishing to accelerate their 

applications have no choice other than to embrace parallel computing via CPUs, GPUs, 

FPGAs, ASICs, and WSCs. It emphasized the importance of FPGA in this parallel 

computing landscape, as it offers a unique set of performance and economic tradeoffs with 

respect to its competitors. The FPGA allows some high-throughput applications to achieve 

orders of magnitude performance advantage and power savings over CPUs, taking the 

future of parallel computing to a whole new level. 

The next chapter will cover the Xilinx Ecosystem.  
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III. XILINX ECOSYSTEM 

This chapter gives an in-depth description of each component of the Xilinx 

University ecosystem and how they leverage parallel computing. 

A. XILINX COMPONENTS 

The Xilinx ecosystem consists of the PYNQ board, the Vivado suite of design tools, 

and an intuitive programming language, Python.  

B. PYNQ OVERVIEW 

Xilinx states that PYNQ, which is an acronym for Python Productivity for ZYNQ, 

is “an open-source project from Xilinx that makes it easier to use Xilinx platforms” [17]. 

The PYNQ board is a low-cost alternative to traditional FPGAs that utilizes free design 

tools and a well-known, widely used programming language. [13]  

C. PYNQ CAPABILITIES  

One benefit of PYNQ is it can support many accelerator cards in a single server. 

PYNQ is also beneficial because, when enabled, it can be coded in Jupyter Notebook 

through the use of Python, a familiar programming language for Computer Scientists at 

any level. According to Xilinx, “PYNQ can be delivered in two ways; as a bootable Linux 

image for a Zynq board, which includes the pynq Python package, and as open-source 

packages or as a Python package for an Alveo or AWS-F1 host computer” [13]. 

D. PYNQ OVERLAYS 

The best way to explain how PYNQ works is through its overlays. Xilinx Zynq is 

an all-programmable device based on the core ARM Cortex-A9 processor, which is 

sometimes called the Processing System or PS amalgamated with FPGA fabric or 

Programmable Logic or PL [13]. For instance, image processing is a specific application 

that FPGAs can accelerate [13]. A software developer uses an overlay like a software 

library in implementing some of the functions for image processing like thresholding, edge 

detection, and many others on the FPGA fabric.  
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Software developers do not work at the signal but the interface level of abstraction 

when creating connections between IP modules, thus increasing productivity. In most 

cases, this involves using AX14, a standard interface in the industry, but the IP integrator 

also supports many other interfaces [13]. When designer teams are working at the interface 

level, they can swiftly compose complex systems that leverage IP modules. By leveraging 

HLS and Vivado IP Integration (IPI), customers can save development costs of up to 15X 

versus the RTL approach [13]. 

E. VIVADO DESIGN SUITE TOOLS  

Vivado design suite are free tools that according to Xilinx “delivers a SoC-strength, 

IP-centric and system-centric, next generation development environment that has been 

built from the ground up to address the productivity bottlenecks in system-level integration 

and implementation” [17]. Xilinx Vivado is also helpful because it does acceleration 

verification with the Vivado Rapid Verification Solution’s assistance. Xilinx Vivado 

Design Suite’s Simulator supports both timing and functional simulation [17].  

F. TURNING A PYTHON PROGRAM INTO A CIRCUIT  

PYNQ enables the use of Zynq devices easily and efficiently [13]. The Xilinx 

design flow translates Python programs into circuits that run on the PYNQ platform [4]. 

Logic circuits are imported as libraries using APIs just like software libraries. The Xilinx 

can translate a Python program into a circuit if programmable logic circuits are presented 

in overlays or hardware libraries [13].  

The overlays are analogous to software libraries. Software developers may decide 

to select overlays that best match their applications, and the overlays are accessible through 

APIs or application programming interfaces [13]. To create a new overlay will require 

experienced engineers to build or design programmable logic circuits. However, the 

significant difference with traditional methods is the paradigm of “build once” and “reuse 

severally.” Therefore, a circuit can be developed through overlays like software libraries, 

which are meant to be configured and reused as many times as possible with different 

applications [13]. 
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G. LEVERAGING PARALLELISM TO ACCELERATE A PROGRAM 

To understand how Xilinx and PYNQ leverage parallelism to accelerate a 

program/code, one needs to understand hardware libraries or overlays. Overlays can 

accelerate software. For instance, image processing is an example of an application that 

can benefit from the acceleration provided by custom hardware. Therefore, a software 

engineer can use overlays in the same manner as a library program to implement image 

processing functions like edge detection [13]. 

Hardware can be loaded dynamically to the FPGA as expected, just like software 

libraries. For instance, the implementation of separate image processing functions can be 

done in many different overlays then combined using Python [13]. PYNQ is in charge of 

providing a Python interface that will allow the PL overlays to be authorized from the PS 

running Python. This is easier than traditional FPGA design, which requires hardware 

engineering expertise and knowledge [13].  

According to [13], hardware designers create PYNQ overlays, which are then 

combined using the PYNQ Python API. Therefore, software engineers can apply Python 

interfaces to control the hardware overlays without actually having to design the overlays 

themselves, thus accelerating the development time [13]. This is analogous to software 

libraries created by experienced developers which are then used by other software 

engineers who build applications. By leveraging HLS and Vivado IPI, clients can save up 

to 15X on development costs versus the RTL approach [13]. 

H. CHAPTER SYNOPSIS 

This chapter analyzed the components of the Xilinx ecosystem. It also covered how  

overlays are used to translate a program into a circuit and accelerate software.  

In the next chapter, the technical implementation of the Xilinx ecosystem will be 

detailed.  
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IV. LAB MANUAL 

This chapter illustrates the lab activity involving the technical implementation of 

leveraging parallelism to accelerate a program via the Xilinx ecosystem.  

A. OVERVIEW 

The Xilinx ecosystem is a low-cost alternative to gain hands-on experience with 

FPGAs without the technical background or steep learning curve of traditional 

development methods. It consists of the PYNQ-Z1 FPGA, free Vivado design software 

suite, and the Python programming language. This lab will analyze and explore the 

utilization of the Xilinx ecosystem to leverage parallelism to accelerate a program.  

B. PYNQ-Z1 BOARD SET UP 

Follow along with the guide or video to ensure the board is properly configured. 

The guide can be found at the following address:  

< https://pynq.readthedocs.io/en/v2.6.1/getting_started/pynq_z1_setup.html> [13]. 

The video can be found at the following address: 

 < https://www.youtube.com/watch?v=SuXkbcK3w9E>  [13]. Figure 5 shows the 

board after it was unboxed, and Figure 6 shows the board after configuration is complete. 

If configuration is successful, the board homepage can be accessed. Refer to Figure 7. 
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Figure 5. PYNQ-Z1 board prior to configuration 

 
Figure 6. Fully operational PYNQ-Z1 board 

 
Figure 7. PYNQ-Z1 board homepage. 
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C. DOWNLOAD VIVADO 

Use the following link and steps to download Vivado:  

<https://www.xilinx.com/support/download.html> [17] (Note: The files are 

extremely large so ensure you have ample space and time to complete the download.) 

1. Select the correct version for your operating system. Refer to Figure 8. 

 
Figure 8. Xilinx download page. Source: [17] 

2. Create a free account. (Note: Using your NPS email is recommended.) 

3. Fill out the personal information in the download center then click 

“Download”. Refer to Figure 9. 
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Figure 9. Xilinx download center. Source: [17] 

4. Unzip the files. 

5. Run “xsetup” to install the files. Refer to Figure 10. (Note: A Windows 

environment is needed to complete so Ubuntu is recommended if not 

already in use.) 

 
Figure 10. Unzipped Xilinx files. 

D. DOWNLOAD PYNQ-Z1 BOARD FILES  

Use the following link to download the board files for the PYNQ-Z1 FPGA:  

<https://pynq.readthedocs.io/en/v2.6.1/overlay_design_methodology/board_settin

gs.html> [13] 
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E. GENERATE AND IMPLEMENT THE BITSTREAM 

Complete the following steps to “add two 32-bit integers together using a design 

with a single IP that was developed using HLS.” [13]. The overlay tutorial can be found at 

the following link: 

<https://pynq.readthedocs.io/en/v2.6.1/overlay_design_methodology/overlay_tuto

rial.html> [13] 

Alternatively, you can follow along with this video:  

<https://www.youtube.com/watch?v=Dupyek4NUoI>  [18] 

1. A. Open the Vivado HLS software then click “Create New Project” on the 

welcome page. Refer to Figure 11 and Figure 12. 

 
Figure 11. Vivado HLS icon 
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Figure 12. Vivado HLS homepage 

2. Select the project name and the location. 

3. Enter “add” as top function then click “New File”. 

4. Select the file name with extension “.cpp” and save. (Example file name: 

adder.cpp) 

5. The file you just created should be listed then click “Next” . 

6. Click “Next” again. (Note: There are no TestBench files.) 

7. Click the “…” button on the right to select part. 

8. Enter “xc7z020clg400-1” in the search box which corresponds with the 

PYNQ-Z1, select it from the list, and click “Ok”. 

9. The part you just selected should be in bold then click “Finish”. 

10. Now the project has been created. Under the Explorer tab that is open, 

expand “Source”, and double click the .cpp file to open the source code in 

the right window. Refer to Figure 13. 
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Figure 13. Source is expanded to view the file. 

11. Copy and paste the following code from the overlay tutorial page and refer 

to Figure 14 [13]:   

void add(int a, int b, int& c) { 
#pragma HLS INTERFACE ap_ctrl_none port=return 
#pragma HLS INTERFACE s_axilite port=a 
#pragma HLS INTERFACE s_axilite port=b 
#pragma HLS INTERFACE s_axilite port=c 
 
    c = a + b; 
} 

 
Figure 14. The full source code added to the .cpp file. 

12. Click the “floppy disk” button to save the code to the file. 
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13. Click the "play" button above the editing window to run HLS' C synthesis, 

which will convert the code to HDL. Refer to Figure 15. 

 
Figure 15. The button highlighted with the red box will run the synthesis and 

convert the code to HDL. 

14. Click the “orange window box” button to export RTL then click “Ok” on 

the pop-up box. Refer to Figure 16. (Note: Look under either the Verilog 

or VHDL files in '/impl' to find the memory addresses used in the 

write/read functions of the overlay.  These addresses can also be found in 

the other Vivado software during IP integration.) 
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Figure 16. The button highlighted with the red box will export RTL. 

15. Open Vivado then click “Create Project” on the homepage under Quick 

Start then “Next”. Refer to Figure 17 and Figure 18. (Note: Everything 

needed for the block to be imported in Vivado has been done) 

 
Figure 17. Vivado icon 
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Figure 18. Vivado homepage 

 
16. Select a project name and location then click “Next”. Refer to Figure 19. 
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Figure 19. Page to select project name and location. 

 
17. Select “RTL project” and click “Next”. Refer to Figure 20. 
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Figure 20. Page to select project type. 

18. Click the Boards tab, select “PYNQ-Z1”, and click “Next”. Click “Finish” 

on the last page. Refer to Figure 21. 
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Figure 21. The PYNQ-Z1is highlighted under the Boards tab. 

19. On the left under “IP INTEGRATOR”, click “Create Block Design”. 

Refer to Figure 22. 

 
Figure 22. The phrase highlighted with the red box will create the block 

design. 
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20. Choose a name or leave the default name and click “Ok”. 

21. Click the “+” button and scroll to the bottom to select ZYNQ7 Processing 

System. Refer to Figure 23. 

 
Figure 23. The button highlighted with the red box will add to the block 

diagram. 

22. Click “Run Block Automation” then “Ok” on the pop-up box. 

23. On the toolbar, click “Tools” then “Settings”. Expand IP under project 

settings and click “Repository”.  

24. Click the “+” button, find the HLS project that was previously created, 

click “Select”, and lastly, click “Ok” twice. 

25. Click the “+” button under the Diagram tab. Type “add” in the search bar 

and select “Add”. 

26. In the Block Properties box on the left, change the name to “scalar_add”. 

27. Click “Run Connection Automation” then click the “floppy disk” button to 

save the design. 

28. In the window to the left of the block design, click the Sources tab.  

29. Right click on the name of the design under Design Sources, choose 

“Create HDL Wrapper” then click “Ok”. Refer to Figure 24. 
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Figure 24. The wrapper has been created. 

30. In the far-left window, expand Program and Debug at the bottom to click 

“Generate Bitstream” then “Yes”. Refer to Figure 25. 

 
Figure 25. The phrase highlighted with the red box will generate the 

bitstream. 

31. Under File in the toolbar, choose “Export”, click “Export Block Design” 

then click “Ok” on the pop-up box. Refer to Figure 26. 
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Figure 26. Export the block diagram. 

32. Rename the tcl and bit files to match the cpp file name 

33. Copy both tcl and bit files to your PYNQ board under the overlays folder. 

34. On the right side of the board homepage, select “New” then “Python 3” to 

open a new Jupyter notebook. Refer to Figure 27. 
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Figure 27. Open a new Jupyter notebook. 

35. In block 1, paste the following code from the tutorial page [13]: 

from pynq import Overlay 
overlay = Overlay('/home/xilinx/tutorial_1.bit') 

36. Replace the '/home/xilinx/tutorial_1.bit' string in the above code in step 35 

with a string of the path to your .bit file on the PYNQ board. 

37. Click the “Run” button. 

38. In block 2, paste the following code from the tutorial page then click the 

“Run” button [13]:  

overlay? 

39. In block 3, paste the following code from the tutorial page then click the 

“Run” button [13]: 

add_ip = overlay.scalar_add 
add_ip? 

40. In block 4, paste the following code from the tutorial page then click the 

“Run” button [13]: 

add_ip.write(0x10, 4) 
add_ip.write(0x18, 5) 
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add_ip.read(0x20) 

41. The answer of 9 will output from the addition of the registers. Figure 28 

shows the blocks of code and the output mentioned in steps 35 and 38-41.  

 

 
Figure 28. The full code with output. 

42. Optional: For additional experimentation, change the inputs for the 

registers in block 4 then click the “Run” button for alternative outputs.  

F. LAB SUMMARY 

In this lab, a custom IP was created in Vivado HLS. That IP was converted to a 

bitstream targeting the PYNQ-Z1 board in Vivado. That bit stream was moved to the board, 

and subsequently tested successfully in the PYNQ-Z1's built-in Jupyter notebook 

programming environment. 

G. LAB QUESTIONS 

1. Does changing the Python code change the behavior of the circuit? 

• Does changing the operator from addition to subtraction change the 

computed result? 
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• Does changing the values of one or both operands change the computed 

result? 

2. Did you successfully reach the end of the lab? 

• Did you encounter any errors or issues at any stage of the lab? 

3. Did you conduct any extra experimentation or exploration? If so,  please 

describe. 

4. What did you learn from this lab? 

5. How could this lab be improved? 

6. Do you have any ideas of other types of computations that this system can 

accelerate efficiently? 

H. CHAPTER SYNOPSIS 

This chapter examined the implementation of the Xilinx ecosystem. It covered the 

configuration of the PYNQ-Z1 FPGA board including the install of the board files and the 

install of the Vivado design tools. It also included a detailed explanation of the bitstream 

creation and execution.  

The next chapter discusses the conclusion and future work.  
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V. CONCLUSION AND FUTURE WORK 

This chapter summarizes the research performed and proposes additional avenues 

to further the research. 

A. CONCLUSION 

This research answered the following question: 

1. Research Question 

How does the technology of the Xilinx ecosystem, composed of the PYNQ board 

along with Vivado design software suite, allow a computer science student to leverage 

parallelism to accelerate a program, in lieu of any electrical engineering training?  

This thesis contributes a way for computer science students to learn how to leverage 

parallelism in order to accelerate their applications due to the drastic slowing of sequential 

CPU performance. Custom hardware like FPGAs is capable of accelerating high-

throughput applications by leveraging the parallelism of billions of transistors provided by 

Moore's Law. FPGAs are an important part of this parallel computing landscape that 

ensures application performance continues to improve while offering economic tradeoffs 

in comparison to other custom hardware options.  

The goal of this research was to combat traditional FPGA development, which 

requires years of electrical engineering training with extensive knowledge of HDL or 

VHDL and difficult lab environments with rigid tools that only work on Windows 

platforms by utilizing the Xilinx University ecosystem.  

This thesis demonstrated the technical implementation of the Xilinx ecosystem, 

which consists of a low-cost FPGA board, the free Vivado suite of design tools, and an 

intuitive programming language, via a simple lab. The Xilinx ecosystem and architecture 

allows a student to write a simple Python program that adds two numbers, and this program 

is converted by the tools into a working circuit that runs on the Xilinx FPGA device. This 

thesis presents a pathway for computer science students to develop familiarity with and 
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begin working in the Xilinx ecosystem, in which they will be able to garner hands-on 

experience with real hardware. 

B. FUTURE WORK 

This research focused on the initial steps for implementing the Xilinx ecosystem 

via a simple example. There are a host of possibilities for future work. The following 

recommendations focuses on expanding the usability of the Xilinx ecosystem:   

1. Creating a driver 

This research used the default “UnknownIP” driver, which according to Xilinx is 

“useful for determining that the IP is working it is not the most user-friendly API to expose 

to the eventual end-users of the overlay.” [13] Xilinx provides a tutorial to create a driver 

to accompany the example utilized in this research. Future work could encompass creating 

a driver specific to this research example. 

2. Overlay customization 

Custom overlays are used to enhance the user experience and are used in 

conjunction with the host of drivers included in the PYNQ library. Future work would 

include exploration of overlay creation and PYNQ integration of that new overlay. 
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