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ABSTRACT OF THE DISSERTATION
Field Programmable Gate Array (FPGA) Accelerator Sharing
by
Siavash Rezaei
Doctor of Philosophy in Computer Science
University of California, Irvine, 2020

Professor Eli Bozorgzadeh, Chair

The high demand for addressing the required processing power of today’s big-data and
compute-intensive applications, and the cost of powerful processing units have led end-devices
to move most of their data processing to clouds, edges, and datacenters. In clouds, edges,
and datacenters, hardware accelerators are exploited to drastically augment the processing
power of multi-core processors. Among hardware accelerators, Field Programmable Gate
Arrays (FPGAs) have attracted significant attention due to their prominent performance and
power efficiency. There are two main challenges in exploiting FPGAs as hardware platforms
for acceleration: how to design efficient accelerators to gain high performance?, and how to
efficiently enable software applications to access FPGA accelerators? In this dissertation, my
focus is on the second challenge, where I show the importance of FPGA-based acceleration

management on the total gained performance.

Unlike Graphics Processing Units (GPUs), FPGAs offer a heterogeneous environment for dif-
ferent types of accelerators. This unique feature allows FPGAs to serve various applications
concurrently and makes them suitable to address the demands from diverse applications in
clouds, edges, and datacenters. However, due to the limited number of resources and time-
consuming process of reconfiguration, the importance of sharing FPGA accelerators among

different applications arises. Current state-of-the-art accelerator management schemes do not

x1



yet provide accelerator sharing among multiple applications concurrently. To achieve this
goal, we need system software support as well as a hardware controller to enable seamless
accelerator sharing. In this dissertation, I propose a scalable framework, called UltraShare
Express, for the ultimate concurrent sharing of different accelerators among various appli-
cations. UltraShare Express provides software like function calls for the seamless FPGA
acceleration virtualization. Unlike previous works that exploit a static accelerator allocation
at the design-time, UltraShare Express offers a run-time dynamic accelerator allocation that

enables maximum utilization of the available resources and accelerators on FPGAs.

In Chapter 1, I discuss the essential reasons behind huge attention toward FPGA acceleration
in clouds, edges, and datacenters. I also address the challenges of using FPGAs as hardware
acceleration platforms for general applications. In Chapter 2, I present the background and
history of using FPGAs as acceleration platforms. I also discuss the advantages and disadvan-
tages of previous works in deploying FPGAs for the acceleration. In Chapter 3, I focus on the
system software to address the conflicts that happen among multiple applications requesting
FPGA accelerators simultaneously. In this chapter, I present our proposed single-command-
based framework, called MQMALI, that uses a multi-queue architecture in the software-stack
to minimize conflicts among different applications to access different FPGA accelerators.
In Chapter 4, I focus on the hardware accelerator controller, and specifically address the
interleaved /concurrent sharing of multiple accelerators among multiple user applications. In
this chapter, I propose our hardware controller, called UltraShare, that enables the ulti-
mate sharing of FPGA accelerators among multiple applications. The proposed hardware
controller introduces a dynamic accelerator sharing scheme through an accelerator group-
ing mechanism. In Chapter 5, I propose UltraShare Express, our full-fledged framework
for ultimate sharing of several FPGA accelerators among multiple applications. UltraShare
Express inherits the advantages of both MQMAI and UltraShare by combining them. In
Chapter 5, I further investigate the opportunities for addressing and eliminating FPGA ac-

celerators’ stall times in different scenarios. Focusing on the software stack, I propose a novel

xil



multi-queue architecture in the software-stack to avoid possible command blocking scenarios
that can significantly degrade the performance of FPGA acceleration when accelerators are
shared. I also propose a mechanism to fairly distribute data-link bandwidth among different
accelerators concerning the accelerator grouping mechanism proposed in Chapter 4. This
mechanism prevents accelerators with higher throughput be sacrificed in accessing data-link

bandwidth.

Our Experimental results on various accelerator IP cores show significant improvements when
the ultimate sharing of FPGA accelerators is enabled. I believe that UltraShare Express pro-
vides an important step toward the efficient and easy deploying of FPGAs in heterogeneous
architectures. UltraShare Express is an open-source framework available on GitHub and can

be used by other research groups.
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Chapter 1

Introduction

Based on a report by the International Data Corporation (IDC), it is expected that the num-
ber of Internet of Things (IoT) devices be more than 41.6 billion in the next five years and
they generate about 79.4 zettabytes of data [2]. Thanks to recent advancement in commu-
nication technology, there has been a huge improvement in data communication around the
world [50, 77]. With the emergence of high-frequency data transfer technologies like 5G, the
orchestration and coordination of end devices, data processing devices, and storage systems
all around the world has become viable in IoT [6]. IoT provides innovative solutions for
different issues and problems by putting together smart and intelligent devices and sensors.
IoT technology has led to the emergence and growth of the cloud computing [55]. The cloud
computing plays a role of collaboration in IoT and is used to store IoT data and process
data when it is required. The cloud computing is the current trend in the next-generation

application architecture [10].

The high demand for data processing and its required energy and cost lead to a vast growth
of the cloud and edge computing to move most of the data processing to the shared powerful

resources [38]. Although moving data to clouds is a performance and energy costly process,



there have been many works to accommodate this cost through the gaining performance
from powerful processing units [29, 22]. Another proposed solution to address the costly
data movement process is the in-storage processing technique that moves the processing of
data inside datacenters and storage devices instead of moving data to user desktops for
being processed [40, 27]. In the last few years, the concept of edge computing has also
been introduced to avoid sending a huge amount of data to the far servers in clouds. Edge
computing is defined as a distributed computing topology in which information processing is
located close to where things and people produce or consume that information [32]. However,
all these solutions rely on powerful processing units with the capability of serving different
users. Regardless of the chosen technique, there is a common demand for powerful processing
units in clouds, edges, and datacenters to address the seeking performance for processing

data.

With reaching close to the end of the Dennard scaling and multi-core processors era [73, 47,
81], researchers have been looking for new techniques to address this demanding processing
power. Among all the solutions, deploying heterogeneous architectures has shown promising
performance improvements [53, 30]. A heterogeneous architecture is composed of multi-
core processors accompanied by hardware accelerators for executing computational intensive
kernels of different types of applications. These hardware accelerators are mainly custom-
designed circuits for specific operations that gain much faster execution times comparing
to multi-core processors [68]. Figure 1.1 depicts some IoT devices and their demands to
servers and datacenters in the cloud, to benefit from their powerful processing powers that

are augmented through deploying hardware accelerators.

Currently, the most attractive platforms for hardware acceleration in the cloud and edge com-
puting are in-storage processing, Application-Specific Integrated Circuits (ASICs), Graphics
Processing Units (GPUs), and Field Programmable Gate Arrays (FPGAs). Researchers in

academia and industries have targeted a wide range of applications to accelerate using these
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accelerators

Figure 1.1: FPGAs being used for acceleration in cloud

hardware accelerators. For example, Google and IBM have been exploring their own for
Artificial Intelligence (AI) and deep learning application with ASIC designs [33, 36]. Face-
book uses ASIC accelerators for their Al inference, Al training, and video transcoding [57].
NVIDIA has introduced a huge range of optimized accelerators including data science and
analytics, Al, media and entertainment, medical imaging, safety and security, and many
more for GPUs to be used by its users [70]. Researchers at the University of Illinois at
Urbana-champaign are working on the acceleration of molecular modeling applications on
GPUs [69]. On FPGAs, algorithms including both training and inference phases of deep
Learning [60, 88, 108, 97|, image processing [90] and vision algorithms [94], Hadoop MapRe-
duce [67], streaming applications [79], data analytics, financial analytics [54], and many other

applications have been investigated.

Table 1.1 compares different aspects of hardware acceleration platforms. An ASIC is an
integrated circuit chip customized for a special application, rather than intended for general-
purpose use. To design and fabricate an ASICs design, designers often use a hardware
description language (HDL), such as Verilog or VHDL, to describe the functionality of ASICs.
ASIC designs are very efficient for the acceleration of specific applications. ASIC designs

are very power and performance efficient, however, they are fully customized for specific



Table 1.1: Comparing different aspects of hardware accelerators [9].

CPU

GPU

FPGA

ASIC

Overview

Sequential processor for
general-purpose
applications

Originally designed for
graphics;
now used in a wide range
of computationally
intensive applications

Flexible collection of logic
elements and IP blocks
that can be configured and
changed in the field

Custom integrated circuit
optimized for the end
application

Processing

Single- and multi-core
processor, plus specialized
blocks: FPU, etc.

Thousands of identical
processor cores

Configured for application

Application-specific: may
include third-party IP cores

Programming

huge range of high-level

languages (e.g., C, C++,

Python, Java, Fortran);
assembly language

OpenCL & Nvidia’s CUDA
API allow general-purpose
programming (e.g., C, C++,

Python, Java, Fortran)

Traditionally HDL (Verilog,
VHDL); newer systems
include C/C++ via OpenCL
& SDAccel

Strengths

Versatility, multitasking,
ease of programming

Massive processing power
for target applications:
video processing, image
analysis, signal processing;
Suitable for data parallel
tasks

Configurable for specific
application; configuration
can be changed after
installation; high
performance per watt;
accommodates massively
parallel operation;

Custom-designed for
application with optimum
combination of
performance and power
consumption

Weaknesses

OS capability adds high
overhead; optimized for
sequential processing with
limited parallelism

High power consumption,
not suited to some
algorithms; problems must
be reformulated to take
advantage of parallelism;
Sequential execution

Difficult to program;
second-longest
development time; poor
performance for sequential
operations; not good for
floating-point operations

Longest development time;
high cost; cannot be
changed without
redesigning the silicon

operations and cannot be used for different purposes and applications.

A GPU is a processor that is specially designed for executing intensive rendering of 3D
graphics. While CPUs consist of a few numbers (four to eight) of cores, GPUs are composed
of hundreds of much smaller cores. GPUs have a Single Instruction Multiple Data (SIMD)
architecture and provide massive parallelism to gain high compute performances [14]. GPUs
are suitable for data parallel tasks, otherwise they have to run sequentially and very ineffi-
cient. GPUs are very programmable, however, very power-hungry. Due to their SIMD archi-
tectures, GPUs cannot support various accelerators and be shared among multiple tenants
simultaneously [31]. However, as opposed to ASICs, FPGAs are flexible and re-configurable,
and as opposed to GPUs, they are very power efficient, while through fine-grain parallelism
they can gain considerable performance improvement. FPGAs are relatively in an order
of magnitude more energy-efficient and they have higher performance per watt compared

conventional processors, CPUs, and GPUs. Given the limitations of GPUs, in the last two



decades, FPGAs have attracted huge attention in heterogeneous architectures, to accelerate
compute-intensive applications in both industry and academia [76, 101, 98, 37, 96, 64, 80].
In clouds and datacenters, the combination of diversity of applications and the importance of
energy consumption has raised attention toward FPGAs for being deployed for acceleration.
This dissertation focuses on FPGA based accelerators, and integration and sharing them

among user applications.

In the last few years, the novel concept of in-storage processing has been introduced. In-
storage processing allows data to be processed in the storage systems instead of being trans-
ferred to the processing engines and then being processed. “In-storage processing pushes the
bring the process to data paradigm to its ultimate boundaries by utilizing processing engines
inside the storage units to process data” [99]. This technique can considerably improve and
accelerate the processing time of different applications (especially big-data applications) by
removing the data transfer cost and delay [34]. As a joint research project, I collaborated
with NGD Systems, Inc. on deploying in-storage processing for accelerating big-data appli-
cations. In our research, we focused on deploying embedded processors in storage systems
for processing applications in place. Through our research, we developed a full-fledged Com-
putational Storage Device (CSD) and showed a considerable improvement in the processing
time of applications using our proposed platform [27, 39, 40, 100, 101, 103]. We also inves-
tigated the possibility of using FPGAs alongside embedded processors in storage systems
to further accelerate big-data applications. We evaluated our work on a similarity search
library, called Faiss 28], and showed a considerable performance improvement [102]. Despite
the advantages of in-storage processing, it requires a new set of storage devices that support
in-storage processing, and cannot be added to currently available computers and servers in

clouds and datacenters as an extension.



1.1 FPGA-based acceleration

In 1984, Xilinx introduced the first Field Programmable Gate Arrays (FPGAs) [104]. FPGA
is a reconfigurable integrated circuit that can carry out one or more logical operations. These
operations can be as simple as a logic gate (an AND or OR function), or one or more complex
functions as comprehensive as a multi-core processor. FPGAs are reconfigurable which means
users can change the functionality of them at any time by loading their binary files called
bitfile in the context of FPGA. To program an FPGA, a design needs to be coded in the
Register-Transfer Level (RTL). RTL is a design abstraction which models a digital circuit
through the flow of digital signals between registers and logical operations. There are three
steps from an RTL design to generate a bitfile that are performed by vendors’ design tools
like the Xilinx Vivado design suite. These three steps are synthesizing, implementing, and

writing configuration bitfile [52].

FPGAs have attracted huge attention for being explored in the cloud and edge computing
and datacenters, due to their unique features. For example, IBM has deployed FPGAs for
processing of its large volume and fast-growing NoSQL data stores [15]. Intel also has pro-
vided its quick path interconnect (Intel QPI) based Xeon+FPGA platforms for datacenters
[89]. Amazon has equipped its Elastic Compute Cloud (EC2) with Xilinx UltraScale+FPGAs
to allow its users to gain higher performance by accelerating their applications on FPGAs
[8]. Such instances allow users to leverage their application design using Xilinx SDAccel and
run them on the available FPGAs [26]. Besides, FPGAs are also being explored in in-storage
processing systems by Samsung [49] and NGD Systems [102]. Predictably, in near future,

many datacenters will deploy FPGAs for the acceleration [17].

Run-time reconfiguration allows FPGAs to accelerate various compute-intensive applications
(95, 119]. Despite the attractive aforementioned features of FPGAs, some challenges make

them difficult to be exploited easily. Designing an efficient FPGA accelerator is one of the



challenges in deploying FPGAs for the sake of acceleration. An efficient design of FPGA
accelerators requires a strong knowledge of RTL design through hardware programming lan-
guages like VHDL and Verilog. Commonly, application developers are software programmers
with none or very little knowledge of hardware programming. Thus, conventionally, it is very
challenging to explore FPGA accelerators and it needs a team of software and hardware pro-
grammers. However, the advancement of high-level synthesis (HLS) tools, like Xilinx SDx

HLS [110] and LegUp [16], has been eased the development of FPGA accelerators.

Relying on HLS tools to automatically and based on patterns and templates generate RTL
designs would not necessarily lead to an optimum design for gaining performance from FP-
GAs. C/CH+ codes are typically sequential, while performance improvement from FPGAs
is achieved through parallelism. Thus, identifying the potential parts to be paralleled is
very crucial but time-consuming. Altoyan [7] has shown that the HLS implementation of a
design in term of performance-per-power can merely reach 36.4% of HDL implementation of
that design. HLS tools require users to provide guidelines, as pragmas, for the compiler to
generate effective RTL designs. With considering all the combinations of different pragmas
with their multiple configuration possibilities and different parts of the code that each can
be used, a very huge design space is ahead of users. This makes it very challenging and time-
consuming for users to achieve an optimum and efficient design. A very common procedure
in most of the proposed techniques is profiling the high-level description of the computing

kernel and adding appropriate HLS optimization annotations to the code.

The other very important challenge of using FPGA accelerators is the integration of accel-
erators to user applications running on host CPU cores. For host application to invoke an
accelerator on FPGAs, an integration framework is needed that essentially performs three ba-
sic tasks: 1) handshaking, 2) mapping requests to the relevant accelerators, and 3) handling
data movements between hosts and the FPGA. The first requirement needs an infrastruc-

ture to transfer information and control data between hosts and FPGAs to establish the



connection. The second requirement can be as simple as having only one single accelerator
on the FPGA bounded to a single application in the host and forwarding all requests to
this single accelerator. In such a simple scenario, for calling accelerators, a set of blocking
functions would be developed to avoid contention on accessing the accelerator. In the third
requirement, handling data movements, the main goal is providing enough data transfer
throughput to keep accelerators feeding as much as they can process the data. In the ideal
scenario, the data transfer (for both to and from FPGAs) time is hidden by overlapping the

data process and data transfer.

There are some frameworks and platforms that have been proposed to ease invoking FPGA
accelerators from host computers and servers. A few numbers of these frameworks are mainly
developed to get the whole high-level description of a design as the input and generate the
whole design package including the software part -known as host application-, FPGA accel-
erators, and interfacing part to provide the communication between a host application and
FPGA accelerators. Industrial platforms like Xilinx SDAccel and Intel SDK are providing
such an environment [4, 1]. Through automating all the design/implementation process,
this approach takes the burden of hardware design away from the designers; however, it has
three main disadvantages: 1) the entire FPGA is assigned to a single application to accelerate
some of its compute-intensive kernels, 2) accelerators on the FPGA cannot be used by other
host applications, and 3) for each design, a timing (performance) cost of implementation
of design and configuration of the FPGA has to be paid. In this approach, dedicating the
entire FPGA resources to a single application leads to a significant under-utilization, and

considering the fact that FPGAs are expensive devices it results in a significant inefficiency.
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Figure 1.2: Multiple FPGA accelerators being used for acceleration in clouds and datacenters
where multi-core processors trying to invoke accelerators

1.2 Sharing FPGA accelerators and challenges

Unlike GPUs and ASICs, FPGAs can host various accelerators at the same time. This
opens up huge opportunities for benefiting cloud, edge, and datacenters. In complex sys-
tems like cloud, edge, and datacenters, many applications and threads are being executed
simultaneously. Each application has many demands and requests for different types of
compute-intensive operations that can take advantage of FPGA accelerators. As an exam-
ple, a convolutional neural network algorithm needs many vector operations in each layer
that are usually running on different processing cores simultaneously in a pipelined mecha-
nism. These layers can share the same accelerators on the FPGA and issue requests to them.
An efficient accelerator manager system needs to support multiple simultaneous access to
accelerators in a congestion-free environment. However, in such systems, to enable con-
current access to accelerators and sharing them among various applications a sophisticated

accelerator integration and management platform is required.

Figure 1.2 shows a typical block diagram of a host server, in the cloud, edge, or datacenters,
with a multi-core processor and an FPGA that is connected to the host server through PCle
(Peripheral Component Interconnect Express). A comprehensive framework that manages

applications to accelerator integration is composed of two main layers for handling the three



requirements of an integration framework: a software layer management and a hardware
layer accelerator manager. In such frameworks (shown as Hardware accelerator manager and
Software accelerator manager in Figure 1.2), these two layers are responsible for managing
accelerator requests all the way from user applications on host servers to FPGA accelera-
tors. The software layer manager and the hardware accelerator controller access the host’s
main memory to exchange data through programming a Direct Memory Access (DMA) and
communicate (to exchange control data and information) to each other through the device

registers using programmed [/O (PIO) mechanism.

1.3 Overview and Contributions of this dissertation

Although there are some frameworks and platforms for managing acceleration requests from
host applications to FPGA accelerators, to the best of our knowledge, none of the available
allow accelerator sharing in a non-blocking environment. OpenCL-based platforms like Xil-
inx SDAccel, SDSoC, and Intel SDK allow accelerator sharing, however, due to the specific
programming model of OpenCL, these frameworks fail to support concurrent sharing of ac-
celerators. In these platforms, a single application can request for an accelerator, however,
after establishing the connection, any other request to the same accelerator from other appli-
cations will be rejected until the first application releases the accelerator. This full dedication
mechanism leads to a huge under-utilization of an accelerator [109]. Multi-tenancy is a new
approach that has been attracted researchers’ attention in the last few years [43, 65, 12]. In
this approach, the main focus is on sharing FPGAs resources among multiple applications
simultaneously. Thus, by partitioning an FPGA area, they allow various concurrent appli-
cations to keep using FPGAs. Although these works overcome the issue of under-utilization
of FPGA resources at some levels, they still fail to share the same accelerators on FPGAs

among multiple applications/tenants. Thus, another level of under-utilization of resources
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is still failed to address.

The main theme of this dissertation is studying and introducing application to accelerator
integration platforms that enable sharing multiple FPGA accelerators among various user
applications regarding the demands in clouds and datacenters. Through investigation of
the available frameworks and platforms, we recognized their shortcomings and proposed our
novel framework for sharing FPGA accelerators to gain the maximum performance. When
we discuss sharing many questions need to be answered. Following are part of these questions

that this dissertation aims to answer.

e How to efficiently manage acceleration requests from multiple applications to multiple

accelerators?
e [s this possible to share accelerators among various applications concurrently?
e How to avoid conflicts among applications trying to access FPGA accelerators?
e Can we interleave execution of acceleration among applications?
e Can the data movement be time shared on the bus?
e Does it needed to prioritize data bus usage between accelerators?

e Should we prioritize acceleration requests?

To answer these questions and maximizing the performance efficiency of FPGA-based ac-
celeration in cloud, edge, and datacenters, we proposed our framework called UltraShare
Express. UltraShare Express is an open-source full-fledged framework that enables the full
sharing of multiple FPGA accelerators among various applications. To develop UltraShare
Express, in Chapter 3, we proposed a congestion-free, non-blocking mechanism for various
user applications to access FPGA accelerators. For this purpose, we introduced our single-

command based framework, called MQMAI, and our multi-queue mechanism in the software
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stack to address the conflict among simultaneous threads/applications requesting FPGA
accelerators. To allow fully sharing of FPGA accelerators among various applications, in
Chapter 4 we introduce UltraShare. UltraShare uses an accelerator grouping mechanism at
the hardware level to minimize accelerators’ stall times and enables the full sharing of FPGA
accelerators. Finally, in Chapter 5, we introduce UltraShare Express that benefits from the
advantages of MQMAI and UltraShare by combining them. UltraShare also proposes a data
link aware mechanism for a fair distribution of data link bandwidth among different acceler-
ators. Through our experiments, we recognized that in the existence of various accelerator
requests from each application, a blocking situation happens that drastically degrades the
performance of accelerators with higher bandwidth. UltraShare Express also proposes a new

multi-queue architecture to overcome this shortcoming.

In this dissertation, we specifically focus on streaming applications due to the lack of an
efficient integration framework for this huge important category of applications. Streaming
applications, such as image/video processing applications, real-time vision algorithms, and
network packet encryption algorithms, are in the category of FPGA-friendly data-intensive
applications [79, 48]. However, the multi-level memory hierarchy model that is used in
OpenCL-based platforms fails to meet the high-demanding data throughput of streaming
applications. Ruan et al. [84] have shown that a point to point data transfer from main
memory to FPGA BRAMs can significantly improve the performance of the streaming ac-
celerators comparing to an OpenCL hierarchy memory model. Although the current version
of UltraShare Express only supports streaming applications, our proposed techniques and
architectures are not limited to streaming applications and can be expanded to all types of

accelerators. Following we summarize the major contributions of this dissertation:

e Identifying the shortcomings of the available platforms for enabling and de-
ploying FPGA accelerators: In Chapter 2, through a comprehensive investigation

of the available platforms and the previous research for FPGA acceleration, we rec-
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ognized the shortcomings of the platforms and frameworks that are used to integrate
FPGA accelerators to user applications. These shortcomings have significant influences

on the gained performance.

Developing a full-fledged framework for sharing FPGA-based accelerators
among multiple applications: In this dissertation, we developed a fully functional
framework, called UltraShare Express, from software stack to hardware controller for
FPGA-based acceleration of streaming applications. UltraShare Express is an open-

source framework that is compilable and synthesizable for different platforms.

Proposing and developing a congestion-free non-blocking software stack
that resolves conflicts among multiple applications requesting for FPGA
accelerators: In Chapter 3, We proposed a novel single-command multi-queue based

software stack for various applications to share multiple accelerators.

Proposing an accelerator grouping technique in hardware controller to en-
able a fully shared environment for FPGA accelerators: In Chapter 4, focusing
on the hardware controller of our accelerator manager framework, we propose an ac-

celerator grouping mechanism that enables a fully shared non-blocking environment.

Proposing a data link aware mechanism to distribute the data link band-
width among different accelerators and avoid data starving: In Chapter 5,
we show the challenge of data link bandwidth distribution among different types of
accelerators with different processing times that leads to a data starving for accelera-
tors with higher throughput. To address this issue, we proposed a mechanism to fairly

distribute the data link bandwidth among different types of accelerators.

Eliminating accelerator stall times due to the fetch-conflicts that happen in the hard-
ware/software communication: In Chapter 5, through our experiments, we recognized

a command fetch conflict that happens when every single application submits various
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accelerator requests. We addressed this issue through our proposed software stack

architecture.
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Chapter 2

Background and Related work

2.1 Overview of FPGAs Architecture

A Field Programmable Gate Array (FPGA) is a semiconductor device built from the basic
components of configurable logic blocks (CLBs). As Figure 2.1 shows, CLBs are connected
to each other through interconnects and programmable switches. FPGAs are configurable
through programming their CLBs and interconnects for carrying out different operations
and functionalities. Unlike GPUs and ASICs, FPGAs can host different types of operations,
while they are completely independent of each other, but, they can work simultaneously.

FPGAs are very power efficient comparing to typical general-purpose processors and GPUs.

Comparing to ASICs, earlier FPGAs have been slower, less energy efficient, and for the
same operation, FPGAs need a larger area. Later FPGAs from major industries like Xilinx
and Altera (acquired by Intel Inc. in 2015) have come closer to ASICs by providing a
significant reduction in power consumption, increasing their speed, and lowering materials
cost [56, 85]. However, in comparison to ASICs, FPGAs are reconfigurable and it makes

them suitable for prototyping since using them, debugging is possible and relatively easy,
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Figure 2.1: Internal architecture of a typical FPGA.

and often their time to market is short. Comparing to CPUs and GPUs, FPGAs work with
lower frequencies. Thus, to gain performance improvement using FPGAs accelerator designs
have to be very careful. Basically, through fine-grain parallelism, FPGAs have the potential
to gain considerable performance improvement. Gaining performance efficiency from FPGAs

seeks high skill designers.

In the currently available systems and platforms, there are two main platforms for interfacing
FPGAs and multi-core processors: 1) using FPGA boards through PCle, and 2) using System
on a Chip (SoC) FPGAs. Despite the benefits of SoC FPGAs regarding their packaging,
power, and direct access to the shared memory, most of the currently available computers
and servers in cloud and datacenters do not support SoC FPGAs. Thus, still, the interface
between FPGA accelerators and multi-core processors are mostly realized through PCle-
based I/O interface [5]. PCle is a data link standard for connecting high-speed components.
Every desktop computer has several PCle slots on its motherboard that can be used to add
different peripherals like GPUs, RAID cards, Wi-Fi cards, FPGA boards, or SSD (solid-
state drive) cards. PCle slots are available in different physical configurations with different
numbers of lanes: x1, x4, x8, x16, x32. For example, a PCle x4 has four physical lanes and

can move data at four bits per cycle. A PCle lane represents two paths for each direction;
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Table 2.1: Bandwidth of different PCle generations.

PCI 1.0 1 GB/s
PCI 2.0 2 GB/s
PCI 3.0 1 GB/s
PCL 4.0 8 GB/s
PCI 5.0 16 GB/s

thus, both directions are independent of each other and can happen at the same time.
There are different generations of PCle standard that the bandwidth of each generation is
about doubled of its previous one [72]. Table 2.1 shows the bandwidth of different PCle
generations. Considering the high-bandwidth of PCle, it is still a very common interface in
the cloud and datacenters. In this dissertation, although the proposed frameworks are based

on the PCle interface, we are not limited to PCle and our techniques can be used for other

FPGA platforms.

2.2 FPGA Software Tools

While FPGAs are hardware platforms that originally need low-level hardware-friendly tools
to be programmed, there have been tremendous efforts on making FPGAs programming
closer to higher levels of abstraction. This section provides an overview of FPGAs program-

ming and the advancements in this direction.

2.2.1 Software design tools for FPGAs

Register-Transfer Level (RTL) is a design abstraction that models a digital circuit. RTL de-
signs for FPGAs are achieved through hardware description languages (HDLs) like Verilog
and VHDL. The concepts in HDL programming is very different from software program-

ming. While in software programming, everything is a sequence of logic and mathematical
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operations, HDL programming has a nature of parallelism. This different nature brings sig-
nificant difficulties for common software programmers, and they need a deep understanding
of the hardware designs to be able to map their knowledge to HDL programming. HDL

programming is the most hardware friendly language to design accelerators.

Moving towards a software-like environment to design FPGA accelerators, the High-Level
Synthesis (HLS) process has been introduced. HLS that also is known as behavioral synthesis
and algorithmic synthesis, is a design process in which a high-level description of a design is
automatically compiled and transformed into an RTL design that meets certain user specified
design constraints. HLS tools that perform the HLS process and generate RTL designs from
a high-level description, e.g. C/C++, have been commercially available for over fifteen years
[23]. Although HLS tools have taken away the complication of HDL programming, there
are still many challenges in using these tools. HLS tools do not necessarily generate the
most optimum design. In fact, due to the huge available design space, it is very complicated
to achieve the best design from a high-level description of an algorithm [44]. On the other
hand, software-level programs are mainly non-hardware aware, and using different memory
constructs and data types that are not suitable for hardware can lead to a huge performance

and resource utilization inefficiency [44].

Several works in the literature propose automated techniques and optimizations for using
HLS tools to fasten their design space explorations [19, 91, 92, 20]. For example, Chi et. al
focused on stencil kernels to explore the computation reuse patterns [18]. They propose an
optimal algorithm for design space exploration of computation reuse for stencil accelerators
with reduction operations. In this work, to shrink down the huge design exploration time,
a heuristic beam search algorithm is proposed. There are many other works focusing on

augmenting frameworks to help HLS tools being more efficient and effective [66, 59, 63].

There have been some efforts on optimizing high-level synthesis tools for nested loops to find

the best combinations of pragmas for gaining the maximum performance [21, 74, 116, 58, 79].
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We have proposed a framework to identify parts of the code with the potential of being par-
alleled or pipelined by applying loop transformation techniques on nested loops [79]. Guan
et. al [35] proposed a framework for Deep Neural Networks (DNNs) that takes TensorFlow-
described DNNs and generates the FPGA implementation. This work provides specific
optimizations for DNN. The work in [54] and [75] generate optimized FPGA designs-based
on the parallel patterns such as map and reduce. These works follow their predefined tem-
plates and the statistical performance model to achieve higher performances. Choi et. al [19]
focus on loop optimization and propose an HLS-based FPGA optimization and design space
exploration framework that produces a high-performance design even in the presence of vari-
able loop bounds. Aladdin [87] and Lin-analyzer [118] accelerate the process of HLS through
rapid design space exploration without a need to perform RTL implementation. COMBA
[117] performs a comprehensive design space exploration on HLS optimization pragmas. By
pruning the design space, they find the best configuration with the consideration of the aim
of optimization. The aforementioned works are only a few examples comparing to the vast
numbers of research that have been accomplished to assist HLS tools for generating RTL

designs with closer characteristics to the optimum designs.

2.2.2 Interface Schemes for FPGA-based Accelerators

In cloud and datacenters, FPGA accelerators are mainly invoked by software applications
are executed on the host computers and servers. A very important challenge to use FPGA
acceleration is the integration of accelerators to the software applications. Several indus-
trial and academic works have been introduced that investigate FPGA-based accelerator
invocation and data transfer between a host and FPGAs. These works mainly target two
different platforms of SoC FPGAs [62, 113, 24] and FPGAs on PCle board [79, 13, 106, 83].
Mantovani et al. [62] present a hardware-software solution for memory mapping for on-

chip FPGAs. This solution gains performance improvement by preventing an extra data
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copy from user space to the special physical memory address allocated to the accelerator.
However, for the PCle-based platforms, this technique is not attractive since the extra data
copy does naturally not happen using a pure software memory map [46]. SDSoC is a fully
automated Xilinx commercial tool for accelerator exploration for SoOC FPGAs. SDSoC en-
vironment is an Eclipse-based platform for implementing heterogeneous embedded systems
on Zynq boards [113]. Intel has also proposed an open software platform, called OPAE,
for accelerator integration with multi-core [24]. OPAE is a unified software framework for

FPGA accelerators.

Using industrial platforms to implement and exploit PCle-based FPGA accelerators is a very
common approach among researchers and designers [93, 115]. OpenCL-based platforms from
major industries in the field like Xilinx SDAccel and Intel SDK are basically designed to ease
accelerating applications on FPGAs. Following the OpenCL programming model for hetero-
geneous architectures, these platforms transform user-specified accelerating kernels to RTL
designs accompanying the necessary components -including the OpenCL memory hierarchy-
to allow host software applications to invoke accelerators. Although these industrial plat-
forms from Xilinx and Intel provide a user-friendly environment for FPGA acceleration,
their fundamental concept of context considers the entire FPGA as the smallest schedulable
unit. Thus, the entire FPGA can only be used by a single application that results in a
severe under-utilization of FPGAs [111]. From the other perspective, the memory hierarchy
exploited by OpenCL-based platforms is also very inefficient for streaming applications due

to their multi-hub data movement that cannot be overlapped [84].

To overcome the conventional use of FPGAs for single applications, a multi-tenancy concept
has been introduced for space-sharing of an FPGA among multiple accelerators that each
is bound to a specific user/application [43, 65]. Multes [43] is a multi-tenancy framework
built on top of Caribou [42], an in-storage processing platform for database engines. While

Multes focuses on fairly sharing the bandwidth among different tenants, it is not considering
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the accelerators/resources being shared /used simultaneously by different tenants. Mbongue
et al. [65] have proposed a Network on Chip (NoC) architecture for FPGA multi-tenancy
in the cloud to assign multiple FPGA regions to users. However, the same as Multes, this

work does not support accelerator sharing among multiple users.

BlastFunction [12] is a recent multi-tenancy system for sharing FPGAs as micro-services in
the cloud. BlastFunction allows multiple applications to execute kernels on the same FPGA
concurrently. However, BlastFunction does not support sharing the same accelerators among
different applications. Chen et al. [17] proposed an accelerator invocation framework that
only allows different threads in a single application to share FPGA accelerator and does not
support sharing among multiple applications. The proposed technique introduces the concept
of FPGA-as-a-Service (FaaS) to share FPGA accelerators, however, FaaS comes with some
shortcomings: the accelerator invocation is blocking; using a single shared memory region for
data transfer prevents the overlapping of data movement and computation; On the hardware
side, large buffers need to be allocated while BRAM resources are limited on FPGAs, while
for most of the designs BRAMs are the bottleneck resources that prevent a higher number
of accelerators; Last but not least, introducing a software layer accelerator manager keeps

the processing core of the host in interaction while accelerators are processing requests.

Centaur [71] introduces an accelerator sharing environment for the specific MonetDB database
application on the Intel’s Xeon+FPGA platform. Centaur benefits from the shared memory
spaces between processing cores and FPGA to enable accelerator invocation. Centaur uses a
polling mechanism to fetch different jobs to the FPGA. Using the concept of job, Centaur is
the closest framework to ours that can manage accelerator allocation dynamically. However,
Centaur suffers from some shortcomings. It only allows sharing among multiple threads in
a single application and fails to support sharing accelerators among multiple applications.
Also, being restricted to the shared memory for data movement limits Centaur to perform

concurrent data movements for multiple accelerators. Centaur is designed only for integrated
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CPU+FPGA chips and cannot easily be extended to support PCle; while due to the cur-
rently available platforms in the cloud and datacenters, adding FPGAs through PCle boards
is more common. Optimus [61] proposes a hypervisor for shared memory on the Intel HARP
shared-memory FPGA platform. Exploiting Memory Mapped I/O (MMIO) to invoke an
accelerator and keeping processing core in the interaction with the accelerators, Optimus
does not allow concurrent requests being issued for an FPGA accelerator. These frameworks
either do not support or fail to provide a seamless interface to multiple accelerators accessed
simultaneously by various applications. On the other hand, deploying FPGA boards through
PCle is common due to the portability, extendability, and possibility of being added easily

to the current systems.

Some other open-source frameworks have been developed that allow user applications to
transfer data between host computers and FPGA accelerators [46, 105, 25]. These frame-
works need software designers to manage hardware accelerators that require an understand-
ing of hardware developments. flink [25] and JetStream [105] provide a data transfer datap-
ath between host and FPGA relies on Xilinx commercial IP cores. Using Xilinx commercial
IP cores has made these frameworks non-synthesizable on the current versions of Xilinx syn-
thesizing tools due to many changes and upgrades to the IP cores. Among these frameworks,
Riffa [82] is synthesizable with the latest available tools like Xilinx Vivado design suite. Riffa
[46] introduces multiple channels on the FPGA. Each channel has a pair of input/output
buffers. Each accelerator can be connected to those buffers for the data transfer. To exploit
an accelerator, the user application calls functions send _fpga() and receive_fpga() in order on
a specific channel number that is passed as an argument to these functions. Specifying the
destination accelerator by user application significantly degrades the performance of FPGA
accelerators when multiple applications share the accelerators. filink, RIFFA, and JetStream,
all suffer from supporting simultaneous multi-core access to the accelerators. Due to man-
aging each FPGA accelerator through a specific region of the PIO range, these frameworks

also have a limitation on the maximum number of accelerators implemented on FPGAs.
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In this chapter, we provided an overview of FPGAs architecture and their use for acceler-
ation purposes. We investigated the most related previous works and research in FPGA
acceleration, integration of applications to accelerators, and sharing FPGA accelerators. To
summarize this chapter, the currently available frameworks for the integration of user ap-
plications and FPGA accelerators fail to provide a full shared environment for accessing
FPGA accelerators. A full-shared environment allows various applications to access various
accelerators without being locked by each other or other external limitations. The lack of
such a framework motivated us to propose our novel mechanisms to enable sharing FPGA

accelerators and develop our full-fledged framework UltraShare Express.
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Chapter 3

Scalable Multi-queue Scheme for

Various Applications Seeking

FPGA-based Accelerators

3.1 Introduction

FPGAs have shown a viable solution toward addressing the demanding performance and
power efficiency in the era of big-data applications. However, despite the promising im-
provements that all the research and works have achieved for specific applications using
FPGA accelerators, still gaining the maximum performance from FPGAs in cloud and dat-
acenters is very challenging. In near future, FPGAs will be common processing platforms in
datacenters and cloud computing [41, 11]. In cloud and datacenters, many applications with
different computational kernels need to use FPGA accelerators to achieve their demanding
processing powers. To address this demand an interfacing framework is needed to integrate

software applications to FPGA accelerators and manage FPGA requests. The management
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Figure 3.1: The multi-queue structure of MQMAI

of FPGA requests is further challenged by increasing the number of parallel threads request-
ing access to accelerators and exponential growth in the volume of data to send/receive
to/from FPGA-accelerators [107]. As a result, deployment of FPGA-based accelerators in
large software systems has been challenged by the lack of a scalable scheme from application
software to the I/O interface to allow multi-core to access FPGA-based accelerators at a

high data transfer rate.

As opposed to GPUs, multiple FPGA accelerators can be accessed from multi-core (See
Figure 3.1) that can be time-shared among multiple threads. Such multiple accelerators are
attractive to applications since it avoids the long wait time for threads to access accelerators.
However, management of multiple requests to access multiple accelerators is more challenging
and complex both at the FPGA side (accelerator controller) and at the CPU side (I/O
software stack). Hence, we need an interface scheme that is scalable with increasing the

number of host cores, accelerators, and the volume of I/O data.

Current FPGA-based design flows like Xilinx SDAccel and Intel Open Programmable Ac-

celeration Engine (OPAE) [24] do not support sharing accelerators among multiple appli-
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cations/threads. Sharing accelerators as proposed in previous works [105, 25, 46] brings
resource contention issues in I/O software stack, i.e., a thread waiting for an accelerator
when in use by another thread. To tackle this drawback, we present MQMAI, a multi-queue
command-based mechanism, to reduce the contention over the access to multiple FPGA ac-
celerators. Our proposed technique enhances 1/0 parallelism for access to multiple accelera-
tors. To the best of our knowledge, this is the first effort to introduce an efficient multi-queue
interface to allow multiple threads/applications access and share multiple FPGA-based ac-

celerators [80].

The multi-queue data transfer mechanism in MQMAI is a non-blocking command-based that
enables efficient and scalable access to multiple accelerators on FPGA via PCle. MQMAI
is assembled of 1) a software stack on the host side and 2) a hardware controller on the
FPGA side. On the software side, a device driver manages the multi-queue software archi-
tecture and submits the commands when an access request is issued. It updates the queues
when the host is notified about the completion of a command from FPGA. The role of the
hardware controller starts by receiving a command. The controller is responsible for data
movement and scheduling accelerator accesses without any interaction with the host CPU,

hence, reducing CPU time spent on accelerator management and data transfer.

Compared to the state-of-the-art data transfer frameworks such as RIFFA [46], our proposed
method reduces the communication traffic between CPU and FPGA for data movement as
well as resource contention. This leads to a significant improvement in total latency (to-
tal access and process time) of parallel threads accessing single or multiple accelerators on
FPGA. When compared to RIFFA, our experimental results show that, as the number of
parallel threads accessing per accelerator increases, the total latency increases more scalable
using the MQMAI framework. For example, for 4 parallel threads accessing FPGA acceler-
ators in a system with 4 FPGA-based accelerators, the total latency is 18x lower compared

to RIFFA. We summarize MQMAI contributions as follows:
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e Developing a multi-queue command-based framework that enables a reduced conflict

accelerator-sharing environment.
e Providing a C library with a user-friendly API to access FPGA-based accelerators.

e Developing an accelerator controller at the hardware level to allocate accelerators to

multiple requests from parallel threads/applications.

e Providing MQMATI open-source framework from software stack to RTL design of ac-

celerator controller.

3.2 Multi-Queue Multi-Accelerator Interface (MQMAT)

In accelerator-rich architectures, multiple threads can simultaneously request access to ac-
celerators. Sharing accelerators among threads brings resource contention issues in the I/O
software stack. Resource contention (i.e., a thread waiting for a resource while being used by
another thread) is a drawback in multi-threaded programs. Managing resource contention
is a key challenge when maximizing resource utilization. When a resource access request is
issued at the application level, it must go through the system software stack to get access
to the resource. Rejecting a request because of a contention results in performance degrada-
tion as the request needs to re-pass through the software stack. A resource contention also
degrades the performance drastically because either the processing core would be locked, or
the operating system will schedule another application to the core and the application needs

to be rescheduled.

Introducing multi-queues to multi-core processors is a promising solution to manage resource
contention in I/O intensive applications. In this solution, each core has its own dedicated
queue to get access to an 1/0 resource. Thus, each core can issue a request without facing a

contention from a software stack point of view. Deploying multi-queue architecture to issue
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read/write requests to SSD drives such as NVMe has drastically improved the memory access
challenge through the serial port of PCle [13, 3]. NVMe uses multiple queues to offer higher
levels of I/O parallelism. Once the CPU writes a command to the queue, the CPU finishes
the I/O request and can proceed to another request. Otherwise, the CPU is responsible to
pass the request through several functions before the command is finally issued to the device.
Thus, the NVMe driver reduces CPU time to issue an I/O request. NVMe is a promising

standard to enable scalable access to SSDs with high performance and throughput.

Comparing to NVMe, Multiple accelerators shared and accessed by multiple parallel threads
of applications, are faced with similar challenges. Each accelerator on the FPGA can be
viewed as a memory block in SSD for parallel access. The large I/O data size of accelerators
for big-data applications and the increasing number of threads accessing multiple accelerators
resemble 1/0O intensive applications from the CPU I/O software side. Adopting NVMe like
standards and software stack for multi-queue access to multi-accelerators in FPGA is a
scalable framework to enable more parallelism and high performance; which would be a
promising solution toward resolving the lack of multi-core accelerator access in the previous

data transfer frameworks.

In this chapter, we introduce MQMALI, a multi-queue command-based interface for the FPGA
accelerator. Similar to NVMe, MQMAI bypasses the block layer and instead deploys a multi-
queue mechanism. MQMALI allows different host applications to directly invoke and share
FPGA accelerators through the PCle bus (however the protocol is not limited to PCle bus)
with no contention. This interface defines a set of commands and registers to be used between
the MQMALI driver on the host operating system and the MQMATI controller on the FPGA.
It features multiple I/O queues shared between the driver and the controller, as shown in
Figure 3.1, which is scalable in terms of the number of queues and the number of queue

entries.
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3.2.1 MQMALI framework

MQMALI is assembled of 1) a software stack and 2) a hardware controller. The software
stack includes a device driver that manages requests from library calls, commands, sub-
mission/completion queues, and MSI interrupt handler from the MQMAI controller. The
hardware controller role starts by receiving a signal (called doorbell) from software that shows
a command is available. Then all the data management process is done in the hardware with
no interaction with the host CPU. After writing back the result of the accelerator request
to the host memory, the controller makes the host CPU aware of the command completion

through an MSI interrupt.

Software stack on host CPU

The MQMALI software stack consists of two layers: a library layer and a driver layer. The
library provides user-friendly APIs shown in section IV.D. The library layer also compresses
and standardizes the arguments from API calls and passes them to the device driver. MQ-
MALI driver is capable of handling simultaneous multi-thread (-core) access exploiting multi-
ple command (submission/completion) queues. We explain the main components of MQMAI

driver as follow:

Submission/Completion command: A command is a set of information related to each
request /response. A submission command is generated by the device driver to specify a
request to the hardware controller. The device driver pushes the submission command
into the submission queue of the corresponding core. Table 3.1 shows different fields of a

submission command.

Each submission command has 256 bits including a command ID and the ID of the core

that is executing the corresponding thread. The input/output command type specifies if
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Table 3.1: An UltraShare command structure

Name Numper Explanation
of bits
Cmd_id 10 Each command has a specific command ID
Core_id 5 The ID of the core that has submitted the command
Acc_type 5 The requested accelerator
In_sgl_addr 64 The SGL address for input data
In_sgl_len 10 The length of the input SGL
Out_sgl_addr 64 The SGL address for output data
Out_sgl_len 10 The length of the output SGL
Reserved 88 Reserved

the I/O address refers to the main data (physical region pages (PRP)) or the scatter-gather
(SG) list of data. When the size of a data is larger than one memory page, the operating
system stores each page in a different location. Thus, to read/write the data into the right
location, hardware needs the address of all the pages using the SG list of all the addresses.
Accelerator ID specifies the accelerator type. It guides the MQMAI controller to allocate
the right accelerator type to each request (in the case of having multiple accelerator types).

Input/output length specifies the length of data/SG to be transferred.

A completion command is generated by the hardware controller to make the driver aware
of a completed request. The hardware controller writes the completion command into the
completion queue of the corresponding core through a DMA request. A completion command

only contains the command ID and a validation bit.

Submission/Completion queue: In the device driver, one submission queue and one
completion queue are allocated to each core. The commands issued from each core are sent
to the corresponding submission queue. These queues are shared between the device driver
and the hardware controller to exchange commands. This multi-queue mechanism gives the

capability to handle parallel I/O requests to access accelerators. The size of queues depends
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on the load and the number of parallel requests.

Doorbell: Device driver makes hardware controller aware of the existence of commands by
sending a doorbell register to the controller. This register contains the tail address of the
corresponding submission queue through programmed I/O (PIO) mode. Each submission
queue has its own dedicated doorbell. MQMAI hardware controller always keeps the track of
the head addresses of all submission queues. Thus, by receiving the tail address, the hardware
controller will be aware of available commands and issues a read request to DMA to fetch
the commands. Transferring doorbell registers is the only PIO mode that MQMALI deploys.
All the rest of the data transfer is through DMA. It makes the host CPU detached from
the data transferring process. Previous open-source interfaces, like filink [25] and RIFFA
[46], keeps the host processor busy by exchanging handshaking information between host
and FPGA in the PIO mode during the data transfer.

Interrupt handler: When the hardware controller writes a completion command to the
completion queue, it notifies the device driver by issuing a message signaled interrupt (MSI).
MSI interrupt specifies the core ID from which the access request was issued. Thus, the device

driver starts reading all the completion commands from the corresponding completion queue.

Hardware Architecture

Figure 3.2 shows the block diagram of the MQMAI hardware architecture. The hardware
design is constructed of 3 main modules: 1) PCle interface, 2) MQMALI controller, and 3)
Interface channels. For the PCle interface, we used Xilinx PCle integrated IP block. This
IP block has a master-slave AXI interface that can be configured to send and receive data

in both PIO mode and DMA mode [112].

MQMALI controller: It contains 4 main parts: 1) Doorbell registers management unit, 2)

Command controller, 3) SG management unit (SGMU), and 4) Completion command man-
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Figure 3.2: Block diagram hardware architecture of MQMALI.

agement. The doorbell registers management unit consists of doorbell registers and a doorbell
controller. For each submission queue on the host side, two doorbell registers are keeping the
head and tail DMA addresses of the submission queue on the hardware side. The doorbell
controller starts providing a DMA request through the RX MUX module whenever the head
address is not equal to the tail address for any of the queues. Received commands will be
forwarded to the command controller and stored in a command queue to be processed in
the command processor unit. The controller must allocate an accelerator to each command.
If there are multiple identical accelerators on the FPGA, the scheduler has the flexibility
to allocate the accelerators to the commands based on the availability of accelerators or in
the order of the criticality of commands. In our current framework, the controller has a
round-robin scheduler. This is the key feature that enables the virtualization of destination

buffers at the application level and enhances accelerator utilization.

The SGMU unit receives the SG list. For each entity, based on the corresponding SG field
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in the command, data addresses, and length from SG list:

e If it is an SG for input data: SGMU sends a read request to the memory through
DMA. In this case, a control signal will be passed to the interface channels controller

to make it ready for accepting incoming data.

e [f it is an SG for output data: SGMU passes the request to the interfacing channels

controller.

Interface channels have two main parts: 1) Rx/Tx channels, and 2) channel controller.
MQMALI has one channel controller and as many as available accelerators Rx/Tx channels.
Rx channel stores the input data for the accelerator and Tx data stores the result of the
accelerator. Channel controller manages all reads/writes data from/to Rx/Tx channels.
Channel controller can handle simultaneous read and write from/to host memory. Channel
controller also receives write requests to the memory from the command controller and
SGMU, keeps the request until the corresponding Tx channel has enough data, and then

issues a write request to the memory through DMA.

3.2.2 MQMALI Protocol

MQMAI deploys a command based mechanism to submit accelerator requests from a host
application to the corresponding accelerator on an FPGA. Being a single-command based
enables the possibility of adding many features including fully sharing of accelerators among
multiple host applications. To the best of our knowledge, among all the previous works only
[71] uses a similar concept called job, however, as mentioned in Section 2, it suffers from other

shortcomings that cannot support fully sharing of accelerators among multiple applications.

Figure 3.3 shows the basic timing diagram of the accelerator invocation protocol of Ultra-

Share Express. As the figure shows, a request from a host application starts being processed
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by going through UltraShare’s software stack, i.e. UltraShare’s library and UltraShare’s
device driver. UltraShare’s library is an interface to translate user-friendly APIs to io con-
troller commands interfacing the device driver. In the device driver, for each request, a
command is built that includes all the required information that represents the request to be
processed in an FPGA accelerator with no additional interaction with the host processing
units. The generated command is pushed into a submission queue (SQ). Each SQ has a
doorbell signal that makes UltraShare’s hardware controller (implemented on the FPGA)
aware of commands being queued in that SQ. From this point, host processing cores have
no interaction with the issued request until receiving a completion interrupt and completion

command from the FPGA side.

When a doorbell signal is received, the hardware controller fetches the queued commands
in the corresponding SQ. Each fetched command is queued in a command queue in the
hardware controller waiting for its turn to be processed by the appropriate accelerator.
When an accelerator is available to serve a command, the first step is to fetch the associated
input and output scatter-gather (SG) lists (SGLs) of the command. Then the input data
based on the input SGL is fetched to feed the allocated accelerator. When the process is
finished the result is written back to the host’s main memory based on the output SGL. Then
a completion command is written to the completion queue (QC) in the host main memory
and an interrupt is issued to make the host processors aware of the completion. Receiving
the interrupt, the host processor reads the completion command and makes the application

aware of the completion to read back the result of the accelerator call.

Software Programming Model

To use MQMAI, a user need to follow our programming model in their C/C++ codes.
The current version of MQMAI has 4 main APIs: fpga_open(), fpga_close(), fpga_acc(), and

fpga_wait(). fpga_open() and fpga_close() are used to open/close the MQMALI device driver
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and start/finish the use of MQMAI. fpga_acc() is used to call an accelerator. It is a non-
blocking API that allows applications with no data dependency to be able to issue many
accelerator requests or execute the rest of their computations. fpga_wait() is used to wait

for the issued accelerator requests.

Hardware Interface

To integrate an streaming accelerator to MQMALI, the accelerator needs to use our hardware

interface signals. Hardware interface includes 7 different signals:

e Input signals: Reset, User_clock, Tx_data, Tx_data_valid, Rx_data_request.

e Output signals: Rx_data, Rx_data_valid.

To read data from an Rx channel, an accelerator needs to set the Rx_data_request signal to
a 1 and wait for the Rx_data_valid signal to be 1. Valid data arrives in the Rx_data bus
while Rx_data_valid signal is 1. To write data to the Tx channel, an accelerator only needs
to put the data on the Tx_data bus and keep the Tx_data_valid high while Tx_data carries

valid data.

3.3 Evaluation

3.3.1 Experimental Setup

To evaluate MQMAI, we used a host computer with a quad-core Intel processor i5-4590
running at 3.3GHz and 8 GB memory, running the Linux operating system. We developed

a user-level library for applications and a kernel-level device driver in the Linux kernel to
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Figure 3.4: Experimental platform.

access our FPGA board through 4 lanes of PCI Express 3.0 bus. The board is an ADM-
PCIE-7V3 alpha data board with a Xilinx Virtex 7 FPGA where we program the MQMAI
controller and some accelerators. To generate bitfiles of the RTL design, we used Xilinx
Vivado design suite tool 16.4. For comparison purposes, we also implemented RIFFA [46],

which is a state-of-the-art open-source platform widely used in related works [82].

Figure 3.4 shows our platform. To evaluate the performance scalability of MQMAI, we varied
the number of cores (C), the number of threads per core (T), and the number of accelerator
requests iteratively issued as a batch in the for loop of each thread (K). Figure 3.5 shows
the pseudocode of the threads. Different threads may call the same accelerator or different

accelerators, respectively, which can help understand the effect of resource contentions.

We program the FPGA board with our MQMALI controller and 4 black box functionally
identical accelerators. Each accelerator is assumed to have a pipeline architecture with
streaming input/output data. This assumption is for a simple experimental setup and they
can be programmed to have different functions. We also assume that the latency caused by

each accelerator is 10 ns to process each accelerator request of 1 Mbyte data size from the
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Void *thread_main () {
buffer *A;
buffer *B;

While () {
// Start of measuring the delay
For(i=0,1<K,i++)
/ A:input data  B: output data
Ret = acc_fpga (fpga, acc_type, A, length, B, length);
wait_fpga (fpga, acc_id, K);
/I End of measuring the delay
}

Figure 3.5: Pseudocode of the threads.

threads. Each accelerator reads data from its dedicated Rx channel and writes the result
back into its Tx channel (Figure 3.4). Note that our evaluation metric is the end-to-end
delay (or latency) measured at the application level for each batch of K accelerator requests.

Figure 3.5 shows the two timestamping points in the thread to get the end-to-end delay.

3.3.2 Experimental Results

Performance Scalability

Single-Thread Single-Accelerator Case: Figure 3.6 shows the throughputs achieved by
MQMATI and RIFFA for different sizes of accelerator requests from the host to the FPGA
board. In this case, we run a single thread that generates requests over the same accelerator.
The results show that the throughput increases almost linearly to the size of accelerator

request for both MQMAI and RIFFA. They give similar throughputs for each request size,
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Figure 3.6: Throughput for different request sizes in Single-Thread Single-Accelerator case.

but MQMALI is always slightly better than RIFFA. For the request size of 1 Mbyte (MB),
MQMALI achieves 2803 MB /s while RIFFA does 2727 MB/s. This improvement mostly comes
from the less amount of interactions between CPU and FPGA for exchanging information
to set up the data transfer and notify the completion. For the rest of the experiments, we

set the request size to 1 MB.

MTSA (Multi-Thread Single-Accelerator) Case: To evaluate the performance scal-
ability obtained from our “command-based interface” of MQMAI, we vary the number of
threads (T) on a single core from 1 to 4 and the number of accelerator requests issued as a
batch from each thread (K) from 1 to 20. All the threads are assumed to access the same

accelerator. Table 3.2 shows the average end-to-end delay measured at the application level

for both MQMAI and RIFFA.

From the table, we can see that MQMAI always gives a shorter delay than RIFFA for all
combinations of T and K we test. When T = 4 and K = 20, the delay obtained with MQMAI
is just 0.118 seconds, which is 18.5 times faster than that of RIFFA, i.e., 2.25 seconds.

The reason for this improvement is that in MQMAI any request, possibly generated from
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Table 3.2: Average end-to-end delay in Multi-Thread Single-Accelerator case.

# of End-to-end delay (second)
Framework thz;a_z;ds # of requests in a batch (K)
1 2 5 10 20
1 0.00211 0.00442 0.00905 0.01899 0.03720
RIFFA 2 0.00882 0.03869 0.06087 0.10994 0.23968
4 0.01728 0.02467 0.80174 1.6634 2.25089
1 0.00197 0.00368 0.00871 0.01721 0.03393
MQMAI 2 0.00302 0.00667 0.01581 0.03035 0.06531
4 0.00481 0.00996 0.02748 0.05536 0.11783

different threads, is not rejected in the submission queue addressed by the threads while it
has available entries. Thus, it can benefit from the effect of pipelining all such outstanding
requests between the host and the FPGA. On the contrary, RIFFA rejects any requests
submitted to an accelerator that is busy servicing a request, thus causes the rejected request
to be reissued by the application and to go through the entire software stack again until it

succeeds. Thus, in RIFFA, the delay significantly increases when such contentions occur.

Recall that the numbers in Table 3.2 are the average delay. For 100 samples obtained for the
case of T =4 and K = 20, the standard deviation is 1.633 for RIFFA and 0.017 for MQMAI.

That is, MQMAI gives much better performance even in terms of the worst delay.

MTMA (Multi-Thread Multi-Accelerator) Case: To evaluate the performance scal-
ability obtained from our “multi-queue structure” of MQMAI, we distribute the threads
over four cores. Table 3.3 shows the average end-to-end delay obtained with 4 threads and
20 requests in a batch. In this setup, we assume that each thread runs on its dedicated
core for both MQMAI and RIFFA. However, in our MQMALI, all the threads have access
to all the four accelerators of the same type (or function) because the MQMAI controller

can dynamically schedule and dispatch every incoming request to an available accelerator
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Table 3.3: Average end-to-end delay in Multi-Thread Multi-Accelerator.

Framework # threads to each accelerator Average Delay (5)
ACCl1 ACC2 ACC3 ACC4

1 1 1 1 0.03722

2 1 1 0 0.09141

RIFFA 2 2 0 0 0.24017

3 1 0 0 1.16931

4 0 0 0 2.26002

MQMAI Dynamic scheduling within the controller 0.03485

at the arrival time. This feature of virtualizing multiple accelerators of the same type into
one single virtual accelerator unburdens application developers of the responsibility to de-
cide which accelerator to use. On the contrary, RIFFA does not allow such virtualization.
In RIFFA, each thread should be manually programmed so that it can be directed to a

particular accelerator.

From the table, RIFFA achieves its shortest average delay, i.e., 0.0372 seconds, when each
thread is directed to one dedicated accelerator. However, in our MQMAI, such user-defined
guidance is not needed because the MQMAI controller dynamically schedules all requests
over all the accelerators. In the worst case of directing requests in RIFFA, i.e., all the threads

direct their request to the same accelerator, RIFFA imposes a 60x delay comparing MQMAT.

Resource Overhead

Table 3.4 compares the FPGA resource utilization of MQMAI and RIFFA when the request
size for the accelerators is 1 MB. Also, resource utilization of JetStream is provided based on
the numbers provided in its paper [105]. Compared to RIFFA; MQMAI uses 70% less Logic
(LUTS), 81% less LUTRAM, and 69% fewer flipflops. Compared to JetStream, still, MQMAI

uses slightly fewer LUTSs, while uses slightly more flipflops and LUTRAMs. Consider that
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Table 3.4: Resource utilization on a Xilinx Virtex 7 FPGA for 4 1/O channels.

Total resources JetStream RIFFA MQMAI
LUT 433200 8571 (1.97%) 26433 (6.1%) 7883 (1.82%)
LUTRAM 174200 392 (0.22%) 2464 (1.41%) 456 (0.26%)
FF 866400 6955 (0.8%) 39720 (4.58%) 12196 (1.41%)
BRAM 1470 NA 83 (5.6%) 95 (6.4%)
DSP 3600 0 (0%) 0 (0%) 0 (0%)

as we mentioned before, JetStream is not currently available and the numbers presented to
give some ideas. On the other hand, these numbers will change by changing the maximum

possible size of data transfer.

MQMALI uses 13% more BRAMs (memory blocks) compared to RIFFA. MQMAI requires
more BRAMSs for command queue implementation. As a result, with the MQMALI framework,

there are more unused FPGA resources to be utilized for more (sophisticated) accelerators.

3.4 Conclusion

In this chapter, we present a multi-queue command-based data interface to access multi-
accelerators on FPGAs. The proposed framework is a non-blocking interface with reducing
resource contention due to multi-queue 1/O software architecture to increase parallel 1/0
access. The accelerator controller, implemented on FPGA, manages the commands and al-
locates the accelerators using a round-robin policy. The overhead of the proposed framework
both on the software stack and hardware controller is lightweight. Our proposed framework

is more scalable and results in total latency improvement by 18x compared to state-of-the-art

RIFFA.
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Chapter 4

Fpga-based Dynamic Accelerator

Sharing

4.1 Introduction

As we discussed in previous chapters, FPGAs have been assisting general processors as
custom hardware accelerators with their fine-grain programmable hardware resources [76,
114, 86, 102]. When multiple accelerators on an FPGA are deployed to accelerate various
applications, shared hardware resources incur more stringent constraints on high-throughput
data movement between the FPGA and the main memory. As we discussed in chapter
3, to integrate FPGA accelerators to host user applications, an infrastructure is required
that besides handling data movement, must be able to manage the allocation of FPGA

accelerators.

Unlike GPUs, FPGAs provide an environment for various types of accelerators to be imple-
mented simultaneously. This capability adds more value to FPGAs for being exploited in

cloud, edge, computer servers, and datacenters for responding to various needs and requests
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from various applications. In today’s computer servers and datacenters with a vast variety
of applications being executed, there are many applications with similar compute-intensive
kernels. For example, a vast category of machine learning algorithms, and vision and image
processing applications need vectors multiplications [51]. In such systems, sharing accelera-
tors among different applications is a very important technique to avoid under-utilization of

resources and gain maximum performance from the limited number of FPGAs’ resources.

In this chapter, our focus is on improving the sharing mechanism in the simple hardware
controller that is proposed in Chapter 3. Our proposed hardware controller, called Ul-
traShare, provides a dynamic accelerator sharing scheme through an accelerators grouping
mechanism. UltraShare allows software applications to fully utilize FPGA accelerators in
a non-blocking congestion-free environment. UltraShare also reduces the idle time of the
accelerators through deploying an accelerator grouping mechanism which results in a con-
siderable improvement in the performance of FPGA accelerators. We briefly summarize the

contributions of this chapter as follow:

e For the first time, we introduce a non-blocking FPGA-based accelerator sharing frame-

work, called UltraShare, by proposing a hardware controller to enable dynamic sharing,

e We propose an accelerator grouping architecture to enable efficient access to accelera-

tors shared among multiple streaming applications,

e We developed UltraShare in Verilog hardware programming language which makes it
compatible with all the FPGA vendors and RTL synthesis tools. UltraShare is an

open-source framework and can be used and contributed by other research groups,

e We evaluated UltraShare with the standard IP-cores interfacing standard AXI4-Stream

protocol.
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4.2 UltraShare: Multi-accelerator Framework

One of the most important requirements of a multi-accelerator system is the capability of
sharing accelerators among different host applications. An efficient accelerator sharing mech-
anism addresses the following features: 1) Fzploits dynamic parallelism: All the requests
from one application are distributed among the available accelerators. 2) Shares accelera-
tors among multiple applications: Multiple applications can share a single accelerator. 3)

provides Non-blocking congestion-free access to accelerators.

In this chapter, we propose an adaptable scalable hardware controller, called UltraShare,
to address the three mentioned features of accelerator sharing along with an efficient data
movement between a host and FPGAs. UltraShare is composed of five main parts (Figure
5.3): 1) multi-queue accelerator request, 2) dynamic accelerator allocation, 3) scatter-gather,
4) accelerators controller, and 5) data transfer. The inputs to the hardware controller are
streams of commands from the host’s main memory. In the following, we explain the different

components of each part in detail.

4.2.1 Multiple Command Queues

Accelerator allocation is responsible for assigning commands to accelerators dynamically.
In a single-queue non-grouping mechanism, always the command at the head will be pro-
cessed. If there is no accelerator available for this command, it would block the rest of
the commands to be processed. Thus, the single-queue mechanism may result in a severe
accelerator under-utilization due to the blocking requests among multiple applications re-
questing accelerators of different types. To tackle this, UltraShare proposes an accelerator
allocation based on an accelerator grouping mechanism. The accelerator allocation includes

the following components.
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Figure 4.1: UltraShare hardware parts and components.

Command Detector: A command includes all the information required to process the
associated request with no interaction with the host. When a command arrives, the com-
mand detector pushes the command into one of the command queues based on the requested
accelerator type. In this chapter, we only consider a single-level accelerator grouping which
is based on the accelerators types, however, the UltraShare framework allows more sophisti-
cated strategies, e.g. a two-level priority-based grouping the first level of which is based on
the priority of the accelerators and the second level is based on the accelerators types. In

this regard, some of the accelerators can be reserved for high-priority requests.

Command Queues: a command queue is a simple FIFO implemented with BRAMs. For

each group of accelerators, there is one dedicated command queue.

4.2.2 Dynamic Accelerator Allocation

Accelerator Allocation Unit (AAU): The main unit of the dynamic accelerator alloca-

tion part is AAU. This unit assigns an accelerator to the command which is at the head of a
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command queue. AAU travels between the queues in a round-robin scheduling mechanism.
If there is no accelerator available for a selected command, the next command queue will
be selected. The inputs to AAU are: 1) the status of all accelerators, and 2) the output of
accelerator group table that represents the mapping of accelerator numbers to the accelerator

groups.

Accelerator Group Table: The Accelerator group table is a lookup table that provides the
information of matching accelerators to the accelerator groups. This lookup table is recon-
figurable through software APIs, and a user can regroup accelerators, remove an accelerator

from a group, or add an accelerator to a group.

Command Requester: After allocating an accelerator to a command, command requester
submits a request to the DMA to fetch input data (RX) and output data (TX) scatter-gather

lists.

Request Information Queue: The information related to each processed command will

be stored in a queue to be used when the associated scatter-gather lists arrive.

4.2.3 Scatter-Gather (SG)

The SG part is responsible for receiving and decoding SG Lists (SGLs), and distributing them

into their associate accelerators. The SG part is composed of the following components.

SG Decoder: An SGL is constructed of a list of addresses of memory pages with their
associated data lengths; while usually, the length of the first and last SG is less than a
memory page size, the length of the other SGs is equal to the page size. To shorten the size
of the SGL, we compact it by skipping the length of middle SGs. When an SGL arrives, SG
decoder extracts pairs of addresses and lengths from an SGL. We call each pair of address

and length an SG element.
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Figure 4.2: Accelerator controller and interleaved RX/TX SG manager

SG Distributor: The inputs to SG distributor are SG elements and the information from

request information queue

4.2.4 Accelerators Controller

Acc Controller: In an accelerator controller, for each input, one RX data buffer, and for
each output, one TX data buffer exists. Figure 5.4 shows a detailed block diagram of the
accelerator controller and data transfer parts. Conventionally, RX/TX buffers must be large
enough to store all the data for one accelerator request. Considering the rate of input/output
data from PCle and the rate of the data process in the accelerator, buffers could be more
optimized. However, the optimization requires careful profiling of the accelerator’s processing
rate and the data rate transfer. On the other hand, still for most of the accelerators with a
low processing rate the size of the buffers would be relatively large. Defining large buffers

in the BRAMs for the accelerator invocation framework does not leave enough space for

48



designers to place more accelerators in an FPGA.

To overcome this problem, we define one RX SG queue and one TX SG queue for each
input and output, respectively. Thus, each accelerator controller stores the whole list of SG
elements. Then, an accelerator issues one RX request if there is enough space available in
the RX data buffer, also issues one TX request if there is enough data available in the TX
buffer. This mechanism allows defining RX/TX data buffers with much smaller sizes. This
size must be at least equal to the size of one memory page of the host which is the maximum
length of one SG element. To prevent an accelerator stall due to waiting for RX data or a

free TX buffer, we define buffers with the size of a few numbers of memory pages.

4.2.5 Data Transfer

The data transfer part is responsible for providing RX/TX data for accelerators. Together
with the accelerator controller part, the RX/TX data would be fetched /submitted from/to
the DMA engine for each SG element. It is notable that the path for RX and TX data is
completely separated and at the same time an RX and a TX request can be responded to
and the data movement be accomplished. In the following different components of the data,

transfer part are introduced.

RX/TX SG Requester: These components submit a request related to one SG element

to the DMA. The request includes an address and a length.

Data Request Information: For each RX request, a data request information queue
stores the information related to the request to be used when the corresponding data arrives.
This information allows the data distributor component to submit the data to the correct

accelerator.
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4.3 Experimental Results

4.3.1 Experimental setup

To synthesize and implement UltraShare, we use Xilinx® Vivado® 2018.2 design tool. We
exploit a 7v3-alpha-data board which has a Xilinx® Virtex 7 XC7VX690T with a PCle Gen3
connector. Our host is a PC with an Intel® Core™ i5-4590 CPU @ 3.30GHz.

We have implemented UltraShare in the pure Verilog programming language. Thus, Ultra-
Share is not limited to any specific vendor tool or platform. We have deployed a command-
based data interface scheme in our software stack similar to [80], allowing multi-core parallel
access to accelerators. UltraShare can be used with other available command-based software
platforms like Xilinx SDAccel. It only requires the software stack to submit single com-
mands that follow the UltraShare command structure including an accelerator type field for

managing accelerators.

In our applications, we use two APIs, one for calling accelerators and one for waiting for their
completions. We measure the throughput of the accelerators by measuring the end-to-end
delay of processing requests. This delay is measured in the software application from the

point that the accelerator is called until the completion is received.

4.3.2 Benchmarks

To evaluate UltraShare, we exploit two streaming accelerators: an image/video processing

accelerator and a network packet encryption algorithm.

Image processing: We exploit RGB-to-YCbCr, a standard streaming image processing

IP core from Xilinx® with the standard AXI4-Stream interface. This accelerator can be
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configured, at the design time, for different resolutions of images/videos. We define three
different types of RGB-to-YCbCr converter, resolution 240 x 180, resolution 480 x 320, and
resolution 960 x 640. While for these accelerators the computation algorithm is the same,

the input/output sizes and the computation latency over a single input are different.

Network packet encryption: Encryption is a streaming computation-intensive algorithm
that can be a good candidate to be accelerated on FPGAs. We use an AES-128 encryption
algorithm from MVD® cores over different videos with different resolutions. Unlike the

RGB-to-YCbCr accelerator, the same AES accelerator can operate over different input sizes.

4.3.3 Results

Dynamic accelerator allocation

To explore the impact of dynamic versus static accelerator allocation, we compare UltraShare
with Riffa [46]. Riffa is the only open-source framework that is available to be used. While
ST-Accel, a recently proposed framework, has automated the process of generating and
connecting accelerators to the applications, the mechanism of accelerator allocation and
data transfer in ST-Accel is very similar to Riffa. Riffa is not capable of handling multiple
requests from different applications to a single accelerator. Thus, to compare with Riffa,
we use one multi-threaded application and use a semaphore mechanism to manage requests
to the same accelerators. The chosen accelerator is an RGB-to-YCbCr 480 x 360. For
Riffa, different scenarios of static accelerator allocations have been experimented with. For
example, the worst-case scenario which is all the three threads are requesting only for one
of the accelerators, and the best-case scenario that each thread requesting for a different
accelerator, and so on. Comparing to the worst case of the static accelerator allocation in
Riffa, we observe more than 3x improvement in the throughput. Notably, this is just a simple

scenario to show the impact of a dynamic accelerator allocation. In a more complicated
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scenario, a static accelerator allocation can drastically degrade the performance.

multi-queue grouping accelerators

To show the impact of multi-queue grouping accelerators on removing accelerators idle times,
we implemented three types of accelerators: two from RGB-to-YCbCr converter, for resolu-
tions 240 x 180 and 480 x 320, and one AES accelerator that we submitted video frames with
the resolutions of 240 x 180 to it. From each of these accelerator types, we implemented 3

instances. Thus, a total of 9 accelerators are implemented on our FPGA.

Table 4.1 compares the throughput of UltraShare versus a non-grouping single-queue imple-
mentation. As we described in section 4.2.1, the multi-queue mechanism that is proposed by
UltraShare decreases the idle times of accelerators and allows them to process a request when
at least one request is available. In this experiment, we used three different applications,
each requesting one of the accelerator types. In a single-queue non-grouping implementa-
tion, the slowest accelerators will block other accelerators to be assigned to the available
requests. Thus, all the accelerators will be limited to the throughput of the slowest acceler-
ator. It is notable that in our experiment, RGB-to-YCbCr 240 x 180 accelerator has only
a slightly higher throughput. The reason is that for this accelerator, due to smaller input
sizes, the associated user application can prepare and submit more requests comparing to
the other applications. Thus, more requests from this application will be ended in the shared

command-queue.

Resource utilization

To show the scalability of UltraShare, we measured the resource utilization with a various
number of accelerators and a various number of accelerator groups. Among all the resources,

only the utilization and variation of LUTs and BRAMs are considerable. Increasing the
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Table 4.1: Throughput of different accelerators for UltraShare vs. single-queue non-grouping
structure

Throughput (frame/sec)
Accelerator Single-queue Non-grouping UltraShare
RGB-t0-YCBCr (yige0 240x150) 1039 8230
RGB-t0-YCOCr ;40 480x360) 847 2166
AES decryption (,ise 480x360) 812 856
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Figure 4.3: UltraShare LUT utilization

number of accelerators and accelerator groups have a linear impact on both the number
of LUTs and BRAMs. Figure 4.3 and Figure 4.4 show the number of utilized LUTs and
BRAMS, respectively (the given percentages are based on our Xilinx® Virtex 7 FPGA). For
one group of accelerators, the number of LUTs increases from 700 to 1400 by increasing the
number of accelerators from 1 to 16, and for BRAMs it increases from 55 to 230. While for
16 groups of accelerators these numbers are from 1400 to 2100 for LUTs and from 110 to
390 for BRAMSs. It is notable that on our Virtex 7 XC7VX690T FPGA 2100 LUTSs are 4.1%
of LUTs and 390 BRAMs are 19.1% BRAMs.
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Figure 4.4: UltraShare BRAM utilization

Exploiting dynamic parallelism

To show the capability of supporting parallelism that UltraShare supports, we provided three
separate experiments. In each experiment, we implemented three instances of only one type
of accelerators. Figure 4.5 shows the end-to-end delay of submitting requests from a single
application to the target accelerators. As Figure 4.5 shows, when the number of requests
increases, requests will be distributed among the accelerators, and for each factor of three,
there is a jump in the end-to-end delay. The reason is that there are no more accelerators
available for a new request after all the three accelerators are processing three different
requests. It means that the fourth request needs to wait until at least one accelerator is idle.
Thus, the delay is increased after passing a factor of three requests which is the number of

accelerators.

Accelerator sharing

To show the accelerator sharing feature of UltraShare among different applications, we imple-

mented three instances of AES encryption accelerator on the FPGA. Then we provided three

o4



20
18 —0—RGB to YCbCr (240x180) Ai
1 o—RGB to YCbCr (480x360) ADK
6 A— AES encryption (240x180) AAAAAA
14
fg 12
g 10
> 8
£
8 6
4
2
0

1 5 9 13 17 21 25 29 33 37 41 45 49
Number of requests

Figure 4.5: Exploiting parallelism in UltraShare

different applications: application 1 that submits requests for a video with the resolution of
240 x 180, application 2 that submits requests for a video with the resolution of 480 x 360,
and application 3 that submit requests for a video with the resolution of 960 x 640. Then
we considered three different scenarios (Figure 4.6). In scenario a, we ran only one of the
applications at a time and measured the throughput of the accelerators for each application.
In scenario b, we ran two different applications simultaneously and we considered all the
three possible combinations of two applications from three applications. In scenario ¢, we
ran all the applications simultaneously. Considering the throughput of the processed frames
for each application in these three scenarios, presented in Figure 4.6, we can see how the
accelerators are evenly shared among the applications. Although due to the different input
sizes the number of processed frames for the different applications are different (when the
input size is larger, it takes longer time to be processed), Figure 4.7 scenario ¢ shows that
the accelerator usage for all the three applications is equal. In another word, the difference in

throughput is due to the different request sizes which require different computation latency.
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4.4 Conclusions

In this chapter, we proposed UltraShare, an FPGA-based accelerator hardware controller to
enable dynamic accelerator sharing among multiple host applications. UltraShare provides
a scalable dynamic accelerator allocation scheme to exploit dynamic parallelism for the re-
quests from a single application. Using an accelerator grouping scheme, UltraShare removes
accelerator idle times to improve the total throughput gained from a multi-accelerator sys-
tem. UltraShare also deploys a single command-based request mechanism that addresses a
non-blocking accelerator sharing environment for different host appellations to share FPGA
accelerators. Experimental results show that in a simple scenario with 9 accelerators from 3
different types, UltraShare provides up to 8x throughput improvement for streaming appli-

cations comparing to a single-queue non-blocking implementation.
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Chapter 5

UltraShare Express: Bandwidth
Aware Ultimate Sharing of
FPGA-based Accelerators

5.1 Introduction

In cloud, edge, and datacenters, various applications with different computational kernels
are being executed. In many scenarios, these applications need to share the same acceler-
ators while they still have requests for different types of accelerators. In previous chapters
we discussed the advantages of FPGAs for accelerating cloud, edge, and datacenters appli-
cations. However, FPGAs have a limited number of resources. Thus, to be able to respond
appropriately to the accelerator demands in cloud, edge, and data centers, accelerators need
to be shared among various tenants and user applications. To address this demand, a soft-
ware/hardware integration framework is needed to manage accelerator requests from user

applications to FPGA accelerator [78].
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In Chapter 3, we introduced MQMAT [80], our multi-queue software stack, that offers a
congestion-free environment for different cores running different threads in a host computer
and each thread requests for accelerators on an FPGA. MQMAI deploys the concept of
single-command based for submitting each individual accelerator request. We also designed
a hardware controller that processes commands sequentially and allocate accelerators to
them if there are available accelerators from the same types. To evaluate this design we used
mimicking accelerators with the same types that receive input data, add some delay, and

forward back the input data to the host.

In Chapter 4, we focused on the hardware controller to provide a fully shared environment
for accelerators being invoked from host applications [78]. In this chapter, we proposed
an accelerator grouping mechanism that eliminates commands blocking situations. This
blocking is caused by other commands that are waiting for other types of accelerators that
none of their instances are free. This grouping mechanism is extendable for supporting

commands with priorities and commands with a guaranteed processing rate.

In this chapter, by combining our proposed techniques in Chapter 3 and Chapter 4, we
introduce UltraShare Express that inheritances the advantages of both frameworks. In Ad-
dition, through investigating the multi-queue structure in the software stack, we propose a
new architecture for a multi-queue structure that removes additional existing conflicts and
blocking among user applications. In this chapter, we also expand our experiments with dif-
ferent real accelerators and propose a scheduling algorithm to resolve data-link bandwidth
starving. We show that due to the different processing times of different accelerator types,
accelerators with lower processing times can suffer from data bandwidth starving while other
accelerators are receiving higher portions of the data-link bandwidth. We propose a data-link
bandwidth balancer mechanism to fairly distribute the bandwidth of the data-link among

different accelerator types.
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5.2 Motivation

Despite the promising performance and power efficiency of FPGAs, it is still very difficult
and challenging to efficiently use them for different purposes and applications in datacenters
and cloud computing. As described in Chapter 2, there have been attempts to ease using
FPGAs. However, many of the available and proposed works fail to support unique features
of FPGAs. There are essential expectations that the currently available frameworks do not
or fail to fully support for efficient access to FPGA accelerators. Following we list these

expectations.

The support for multiple user applications to access the same accelerators: To the best of
our knowledge, none of the previous works support multiple user applications accessing and
sharing the same accelerators. Due to the limited number of resources on FPGAs and the
time-consuming reconfiguration of FPGAs, sharing same accelerators among different ap-
plications is very important toward minimizing accelerators’ stall times, while they are on
demand. Because of their fundamental architecture, in OpenCL based frameworks, accel-
erator allocation is handled by user applications, and the permission of using accelerators
is held until the application releases the permission. During this time no other application
is allowed to submit a request to the accelerator. This drastically degrades the efficiency
and performance of using FPGA accelerators in a multi-core system that each core executes
threads/applications with acceleration demands. The general open-source frameworks like
Riffa [46], JetStream [105], and fHlink [25] use memory mapped I/O mechanism to manage
accelerators from the host device driver. This mechanism ends up with the policy of reject-
ing a new request for an accelerator that is allocated, and processing a previous request.
The same as the OpenCL programming model, ST-Accel [84] requires a series of APIs to be
called by a user application for each accelerator invocation. This programming model blocks

requests to currently busy accelerators.
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Benefit from the maximum acceleration capacity: In deploying any hardware accelerator, the
maximum gain is achieved when all available accelerators can service their corresponding
requests. Thus, an accelerator manager needs to be able to distribute requests among the
available accelerator as much as possible. In the currently available PCle based frameworks,
managing FPGA accelerators including OpenCL based frameworks, regardless of the number
of instances of each accelerator, users need to specify which instance of accelerators they want
to use. This imposes huge performance degradation to the whole system due to the static

allocation of accelerators to the applications.

Support for streaming applications: Despite the drastic increase of using FPGAs for the ac-
celeration of streaming kernels in high-demand applications [84], the OpenCL programming
model is not efficient for streaming applications. An accelerator invocation in OpenCL in-
cludes four main steps controlled by user applications: accelerator allocation, data transfer
from host main memory to the on-board DDR, initiation of the process by the accelerator,
and reading back the results from the on-board DDR to the host’s main memory. Due to
the hierarchical memory architecture of OpenCL, these four steps must be executed sequen-
tially and cannot be overlapped. This makes OpenCL based frameworks very inefficient for
streaming applications [84]. Besides the inefficiency of data movement in using the currently
available frameworks, exploiting an available streaming accelerator (as an IP core) is chal-
lenging. For example, Xilinx SDAccel requires users to have hardware design knowledge
since they are restricted to use AXI4 wrappers. Thus, users need to properly handle the
controlling signals of AXI4 to AXI4-Stream to allow SDAccel components to equip the pos-
sibility of accessing accelerators. While this process is feasible, it is very time consuming,
and it needs hardware design knowledge. Open-source frameworks like Riffa mainly focus on
the data transferring part and leave the challenges of integrating accelerators and hardware

managers to developers.

Dynamic distribution of data-link bandwidth: Various accelerators have different latencies. In
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an FPGA, there are ideally different instances of different types of accelerators. However, the
bandwidth of PCle is limited and would be saturated when multiple streaming accelerators
are being in use simultaneously. We show that when different numbers of instances of each
accelerator type are implemented on an FPGA, some accelerators can face data starving
due to the saturation of data-link bus by other accelerators. In this chapter, we show that
with our proposed accelerator grouping mechanism, a fair bandwidth distribution is possible

while different instances of each accelerator type are available.

5.3 UltraShare Express: Policies and Protocols

Figure 5.1 shows a high-level block diagram of UltraShare Express. UltraShare Express
is a hardware/software integration framework. The current version of UltraShare Express
only supports FPGA streaming accelerators while it can be extended with the same ad-
vantages to support other types of accelerators. Through comprehensive management of
commands (acceleration requests) and data transfers, UltraShare Express introduces a fully
shared conflict-free environment for user applications to benefit from FPGA accelerators.
To the best of our knowledge, UltraShare Express is the first hardware/software integra-
tion framework for FPGA accelerators that deploys a single-command-based mechanism to
submits accelerator requests from host applications to the corresponding accelerators. Be-
ing single-command-based enables the possibility of adding many features including fully
sharing of accelerators among host applications that are explored in this chapter. A detailed
description of UltraShare Express main protocol is presented in Section 3.2.2. In this section,
we present UltraShare Express policies and protocols and introduce the contributions that

it offers to the field of FPGA-based acceleration.
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Figure 5.1: High-level block diagram of UltraShare Express
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5.3.1 Congestion-free Multi-core access

There are two types of conflicts that happen among multiple cores of a multi-core system
requesting external operations. The first conflicts happen in submitting requests and the
second conflicts happen in receiving their completions. These conflicts are not limited to
FPGAs but, we focus on FPGA accelerators and more specifically on UltraShare Express.
In our proposed protocol in Section 3.2.2, conflicts on submitting requests happen when
multiple threads try to access the same submission queue and its accessories to submit their
accelerator requests. In such a scenario, to avoid data corruption, a locking mechanism is ne-
cessitated. This locking mechanism causes performance degradation. To address this issue,
UltraShare Express deploys a multi-queue mechanism that dedicates at least one submission
queue for each core in a multi-core processor [80]. In this case, threads that are being exe-
cuted simultaneously on different cores would submit their acceleration requests to different

submission queues with no conflict.

Conflict on completions happens when a single core receives interrupts for all the comple-
tions, and by running the interrupt routine, it reads the completion command. However,
a single-core being responsible for handling interrupts imposes a considerable latency and
performance degradation to specific applications being executed on that core [3]. Also, there

should be communication mechanisms between cores to provide the required information re-
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garding a completion command to the CPU core that has issued the corresponding request.
These communication mechanisms also needs shared resources that a locking mechanism
must protect them. To address this issue, UltraShare Express deploys Message Signalled
Interrupts (MSIs) to interrupt the corresponding processing core for each request being com-
pleted. However, yet accessing a single completion queue by multiple processing cores causes
performance degradation due to the locking mechanisms required to protect the shared re-
sources. To overcome this issue, UltraShare Express dedicates a single completion queue for

each processing core.

5.3.2 Accelerator Sharing

UltraShare proposes a harmonic mechanism to allow accelerator sharing among multiple ap-
plications executed simultaneously. The very basic concept that equips UltraShare to enable
accelerators sharing is the single-command-based concept for submitting requests. Ultra-
Share’s single-command-based mechanism allows requests to be processed independently of
the host applications. It means there is no interaction/handshaking between processing cores
and hardware components on the FPGA right after a request is submitted to a submission
queue as a submission command. After a command is submitted to a submission queue,
the hardware controller interacts with the commands regardless of the source of requests.
It enables the possibility that all commands be processed by all the available corresponding

accelerators one after each other.

To eliminate the delay of fetching commands, multiple commands need to be fetched and
queued to the hardware controller in a command queue while previous commands are being
processed by the accelerators. Despite commands with the same accelerator requests have
equal opportunities of being processed, a single command queue in the hardware controller

can cause significant performance degradation when various types of accelerators exist. Mix-
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ing commands with different types of requests in a single command queue imposes a huge
stall time to the accelerators with faster processing time. The reason is that the commands
with the requests to the slower accelerators block other commands to reach the top of the
queue to be scheduled for being processed in the accelerators, while their corresponding

accelerators are available.

There are two different approaches that can be considered to address this issue: 1) proposing
a scheduler that travels in the queue and is not restricted to only process the command on
top of the queue, and 2) dedicating a single command queue for each accelerator type.
Despite the feasibility of the first mechanism, it requires a more complicated scheduler and
also suffers from imposing a not negligible latency to the system for finding a command to

match an available accelerator.

To address this issue, UltraShare proposes an accelerator grouping mechanism that is based
on a multi-queue architecture. In this way, accelerators are classified into different groups
and for each group of the accelerators, a single command queue is allocated. A simple
grouping architecture is to classify accelerators with the same type in the same group. Thus,
a single command queue will be allocated to each type of accelerator. This allows commands

to be processed as soon as their corresponding accelerators are available.

The accelerator grouping mechanism equips UltraShare with other features as well including
the partial reconfiguration of accelerators to change the accelerators, and the possibility of
using the multi-layer grouping. UltraShare uses a lookup table programmable from the host
to manage accelerator grouping. Using UltraShare, users can easily partially reconfigurable
the accelerator’s area and by submitting a control command program the lookup table to
reflect the changes in the accelerator’s arrangement. The multi-layer grouping can be used

for many reasons including providing priority and guaranteed processing rate.
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5.3.3 Minimizing Accelerators Stall Time

While in storage systems due to the similarity of requests (being a read or a write and both
need the same resources to be accomplished) resolving conflicts between cores trying to reach
resources is very important to gain the maximum throughput [103], in the FPGA acceleration
with various types of accelerators another conflict arises that ends up blocking requests. In
the FPGA acceleration, each command can only be processed by the accelerators with the
same type that it is requested. Thus, as long as commands are not blocking each other
to reach their requesting accelerators, the maximum throughput is achievable. However, in
the FPGA acceleration mixing commands with different request types can ultimately block
those that target accelerators with higher throughput. On the other side, since commands
in the submission queues are fetched by the hardware controller, the hardware controller is
not aware of the type of accelerators that commands are requesting. That means, to fetch
new commands, the hardware controller needs to make sure that there are enough spaces
available for the new commands in the hardware controller. Thus, the hardware controller
always considers the minimum available space among all command queues in the hardware
for fetching new commands. This ultimately results in a huge throughput degradation for
faster accelerators and limit their throughput to the slowest accelerators. To address this
issue and take advantage of no-conflict between cores trying to reach the same accelerators
(explained in Section 5.3.1), UltraShare Express proposes a new multi-queue architecture. In
this architecture, for each processing core, a single completion queue and multiple submission
queues are introduced. The number of submission queues per each core is equal to the
number of accelerator types that are implemented on the FPGA and each submission queue

is allocated to an accelerator type.
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Figure 5.2: The throughput of different accelerator types with different processing delay
(presented as clock cycle) for different number of instances implemented on a single FPGA.

5.3.4 Dynamic data-link Usage Balancing

Our motivation for this contribution comes from the fact that different accelerator types have
different processing times. Therefore, to gain the best performance from each accelerator
type, different instances of each need to be implemented. For more clarification, we conducted
an experiment that presents a visual observation. In this experiment, we explore different
accelerators with different processing times. To do so, we implemented a simple IP core
based on the behavior of some real accelerators that we used in the experimental section
from Xilinx® and MVD®. this IP core can be configured to introduce different delays as the
processing time on each window of input data (each window has 128 bits of data). Figure 5.2
shows the throughput of this IP core with different configured delays for different numbers of
instances. As the figure shows, when the number of instances of each accelerator increases the
throughput increases linearly until saturating the bandwidth of the PCle data-link. Figure
5.2 shows that accelerators with longer processing time, saturate the PCle bandwidth with
larger numbers of instances. Thus, as it can be observed, to gain the best performance
from each accelerator, a different number of instances of that accelerator type needs to be

implemented.
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On the other side, when multiple accelerator types are implemented on an FPGA, due to
the different number of instances, a round-robin scheduler fails to fairly share the data-link
bandwidth among different type of accelerators, i.e. accelerator types with higher numbers
of instances (slower accelerators) have more opportunities to receive higher portions of the
bandwidth. To address this issue, UltraShare Express uses a dynamic bandwidth balancer
mechanism using two modules performing Algorithms 2 and Algorithm 1 explained in detail
in section 5.4. We show that by deploying the load balancer, UltraShare is capable of

managing data-link access and allowing different types of accelerators to use it fairly.

5.4 UltraShare: Hardware and Software Design

To fulfill the policies and protocols presented in Section 5.3, we developed UltraShare Ex-
press in two main subsystems: a software stack and a hardware controller. These subsystems
work together to integrate user applications and FPGA accelerators in a fully shared envi-
ronment. In this section, we provide a detailed explanation of both subsystems. It can help
users and researchers who are willing to use or expand UltraShare Express to have a better

understanding of the way that UltraShare Express works.

5.4.1 Software Stack

UltraShare’s software stack is composed of two parts: a library and a device driver called
UltraShare driver. UltraShare driver is responsible for building commands and queuing them
in the submission queues, pushing doorbells, receiving completions, and making applications
aware of the completions. At the initiation, in the Linux kernel, UltraShare driver regis-
ters itself as a character driver and through I/O registers handshakes with the hardware

controller. UltraShare driver is composed of three main parts: 1) command submission, 2)
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interrupt and completion handler, and 3) wait completion.

Command submission part: For this part, the UltraShare driver allocates two main data
structures at the initiation time: 1) submission queues and 2) record queues. Record queues
keep the track of submitted commands. As we discussed in Section 5.3.1 and Section 5.3.3,
the number of submission queues is the production of the number of host processing cores
and the number of FPGA accelerator types. The number of FPGA accelerator types comes
from the hardware controller at the handshaking time. The number of record queues is
based on the number of host processing cores. Command submission part is responsible
for generating and pushing commands to the corresponding submission queues and ringing
their doorbells. Each submission command includes all the information that is needed for
hardware accelerators to process the request including pointers to specify the input and

output addresses on the host main memory.

For each submitted command, a record command is queued in the proper recording queue
to be used at the completion time. The record command includes command id, process id,

and accelerator type.

completion command and interrupt handler: Based on the number of host processing
cores, the UltraShare driver allocates completion queues and message signaled interrupts
(MSIs) and through handshaking reports them to the hardware controller. When a command
is completed in the hardware controller, using the core id, the hardware controller writes the
completion command to the corresponding completion queue through a DMA request. Then
an interrupt is generated by the hardware controller to aware of the corresponding core of
the completion. At this point, the corresponding core runs the interrupt routine and reads
the completion command. Then by matching the completion command and record command,
UltraShare driver keeps the track of the completed requests of a specific type for a specific
process id. Due to the per processing core multi-queue structure of the completion handler,

there is no contention on accessing resources, and therefore, no need for locking mechanisms.
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Table 5.1: UltraShare Express software stack API table

API Arguments Return Explanation
open_fpga * intfpga_num fpga* fpga
close_fpga  fpga* fpga void

» fpga* fpga
* intacc_type

« char* input Non-blocking function to submit

acc_fpga . e | bool success a request for accelerator type of
int input_len acc_type
* char* output
* int output_len
 fpga*fpga Blocking function for waiting for
wait_fpga * intacc_type int num_succeed | the completion of num_waiting
* int num_waiting number of submitted requests
reset_fpga * fpga* fpga void Reset the hardware controller

* int group_number To program the accelerator
group_ bool success prog

group_acc_fpga |, .0 Umber grouping table

wait completion: User applications essentially need to be informed of the finishing time
of the accelerator requests that they submit. UltraShare introduces a waiting mechanism
that allows users to wait for a specific number of requests that have been submitted. The
waiting mechanism is blocking on a conditional kernel routine wait that wakes up by a kernel
internal signal. The wake-up signal is issued when the condition of the number of received
completion greater than the number of waiting completion is satisfied. Thus, wait completion

part is directly actuated by the updates from interrupt and completion handler part.

UltraShare library interfaces UltraShare driver by introducing APIs to allow user applications
accessing 1/0O controllers of the driver. Table 5.1 presents the main APIs of UltraShare. In
the library, besides providing a set of user-friendly APIs, the process id of the threads
invoking FPGA accelerators is extracted and forwarded to the device driver to be used for

tracking the requests from individual threads.
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5.4.2 Hardware controller

We designed UltraShare’s hardware controller in the pure Verilog programming language.
The hardware controller is composed of five main blocks: 1) memory mapped 1/O controller,
2) doorbell controller, 3) command controller, 4) data manager, 5) accelerators controller.
The command controller block is composed of two main parts: multi-queue grouping, and
dynamic accelerator allocator. The data manager also block is composed of two main parts:
scatter-gather manager, and data transfer. Following we provide a detailed discussion about

each part and block.

Memory mapped I/O Controller (MMIC):

This part is responsible for handshaking and passing control signals between the hardware
controller and host processing cores. MMIC uses the programmed I/O (PIO) mechanism for
transferring data and signals. This mechanism is under device driver control through reg-
isters on the FPGAs. Doorbell signals are transferred through MMIC. In the handshaking,
information like the number of accelerator types, and the number of accelerators are trans-
ferred from FPGAs to the host, and information like the base physical address of submission

and completion queues, and length of submissions and completions queues are transferred

from the host to FPGAs.

Doorbell controller:

The doorbell controller is responsible for receiving doorbell signals, and scheduling command
fetch with regards to the available spaces for new commands in the hardware command
queues. Each doorbell signal is a single physical address of the host’s main memory that pints

to the command of the top of a submission queue. In doorbell controller, for each submission
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Figure 5.3: UltraShare hardware controller

queue, a module called register_controller exist that manages three registers. These registers
respectively store the first address of the submission queue, the last address of the submission
queue, and the current position of the submission queue. Each doorbell signal updates the
value of the last register (the current position of the submission queue). Doorbell controller
has a module called fetch_command that deploys a round-robin scheduler to circle around
register_controllers and with the respect of the available spaces in the hardware command

queues, initiates command fetches.

Multi-queue grouping:

Multi-queue grouping is responsible for managing and queuing commands to the correspond-

ing commands queues based on their specified group. Figure 5.3 shows a high-level block
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diagram of parts of the hardware controller that are related to the processing steps of a
command. As it is showed in Figure 5.3, Multi-queue grouping is Part 1 of the command

controller block, and it is composed of the following components.

o Command detector: Based on the information provided in a command, the command
detector pushes the command into one of the command queues. In this chapter, this
information only includes the accelerator type that the command is requesting, how-
ever, as we mentioned in section 5.3.2, UltraShare framework allows more sophisticated
scenarios, for example, a multi-level priority-based grouping. In this way, some of the

accelerators can be reserved for high-priority requests.

e Command queues: Each command queue is a FIFO implemented with BRAMs. For

each group of accelerators, there is one dedicated command queue.

Dynamic accelerator allocator:

Along with Multi-queue grouping, Dynamic accelerator allocator is responsible for accelerator
grouping and accelerator allocation to commands as explained in Section 5.3.2. This part is

composed of the following units.

o Allocation unit: The main unit of the dynamic accelerator allocation part is the Al-
location unit. This unit assigns an accelerator to the command on top of a command
queue. Allocation unit circles around the queues in a round-robin scheduling mech-
anism. The inputs to the Allocation unit are accelerators’ status and the output of
accelerator grouping table that represents the mapping of accelerator numbers to the

accelerator groups.

o Accelerator grouping table: Accelerator grouping table is basically a programmable

lookup table that provides the mapping information of accelerators to the accelera-
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tor groups. This lookup table is programmable from the host through a software API;
thus, a user can rearrange the accelerator groups, removes an accelerator from a group,
or adds an accelerator to a group. This allows users to benefit from the partial recon-
figuration of accelerator regions, i.e. with a simple software API, users can rearrange

the accelerator groups after replacing an accelerator with another.

e Command requester: After assigning an accelerator to a command, the command re-
quester programs the DMA to fetch input data (RX) and output data (TX) scatter-

gather lists.

e SGL Request information queue: The information related to each processed command

will be stored in a queue to be used when the associated scatter-gather lists arrive.
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Scatter-Gather (SG) manager

SG manager is responsible for receiving and decoding the arriving SG Lists (SGLs) and
distributing them to the associate accelerators. SG manager is composed of the following

components.

e SG decoder: A SGL is structured of a list of paged aligned memory addresses with
their associated data lengths; while usually, the lengths of the first and last SGs are
less than a memory page size, the lengths of the other SGs are equal to the page size.
To shorten the size of the SGL, we compress it with not including the lengths of the
middle SGs. When an SGL arrives, SG decoder extracts pairs of addresses and lengths
from an SGL. We call each pair of address and length an SG element (SGE).

e SG distributor: This component uses the information queued in the SGL Request

information queue to send SGEs to their assigned accelerator.

Accelerators controller

Accelerator controller: An accelerator controller allocates two main buffers: one RX data
buffer and one TX data buffer. Figure 5.4 shows a detailed block diagram of the accelerator
controller and data transfer parts. To optimize the size of RX and TX buffers, we define one
RX SG queue and one TX SG queue for each input and output, respectively. Thus, each
accelerator controller stores the whole list of SGEs. In this way, an accelerator issues one RX
request if there is enough space available in the RX data buffer, and issues one TX request
if there is enough data available in the TX buffer. This mechanism allows defining RX/TX
data buffers with much smaller sizes. This size must be at least equal to the size of one
memory page of the host (usually 4KB) which is the maximum length of one SG element.

To prevent an accelerator stall due to waiting for RX data or a free TX buffer, we define
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buffers with the size of a few numbers of memory pages.

Besides resolving the problem with large buffer sizes, our mechanism of fetching the data for
each SGE allows providing a scheduling strategy for serving different accelerators. It allows
serving SGEs from different accelerators with different weights that are explained in more

detail in the data management part (section 5.4.2).

Interfaces: axi4 stream and axi4 lite

Data transfer

The data transfer part is responsible for moving RX and TX data through programming
the DMA based on the SGEs from Accelerator controllers. Notably, the path for RX and
TX data is completely separated and at the same time, an RX and a TX request can be
responded to. Data transfer is also responsible for dynamic data-link usage balancing, as
discussed in Section 5.3.4. Different components of the Data transfer are introduced in the

following.

e RX/TX manager: This component responds to an accelerator and programs the DMA
based on the SGE from that accelerator. Addressing the data-link usage balancing,
RX/TX manager respond to the accelerator-based on their group weights coming from
Group weight table using the algorithm presented in Algorithm 1. In this algorithm,
based on the specified weights in Group weight table, each group of accelerators is
served to transfer data through PCle. In Algorithm 1, a circular FIFO is defined,
called Responded SGE_window, that keeps a window of last C' x N accelerator types
that have been served by RX/TX manager for a data transfer. By reporting this
window to Dynamic weight updater, Group weight table is updated dynamically to

balance the data-link bandwidth usage.
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e Data request information queue: For each RX request, a data request information
queue stores the information related to the request to be used when the corresponding
data arrives. This information allows the data distributor component to submit the

data to the correct accelerator.

o Group weight table: The Group weight table is a lookup table that represents the
weights that the RX/TX manager unit uses for responding to the accelerator requests

for data transfers.

e Dynamic weight updater: Working together with Rz/Tz manager, this component up-
dates Group weight table. Algorithm 2 represents the main routine of Dynamic weight
updater to update Group weight table based on the amount of bandwidth that each
accelerator type receives. For simplicity, we keep the record of last C' x N responded
SGEs and based on that we dynamically update the weights and allow accelerator

types with less being served to have higher weights in the next rounds.

Algorithm 1: Rx/Tx data manager

1 Inputs: weight[], NumAcc|]

2 Outputs: Responded_SGE _window|head|, Responded_SGE window|tail]
3 //IN: Number of accelerator groups

4 //weightli]: weights

5 //NumAccl[i]: Number of accelerators of type i
6 Define Responded SGE window[C x N]

7 for i : 0 to N do

8 | if Reqfi/ == 1 then

9 for w : 0 to weight[i] do

10 for j: 0 to NumAcc[i] do

11 Response to the request from accelerator]i][j]
12 Responded_SGE _window|head] =i
13 end

14 end

15 end
16 end
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Algorithm 2: Dynamic Weights Updating

1 Inputs: Responded_SGE _window|head], Responded_SGE window[tail]
2 Output: weight]]

3 while True do

4 Updating Response_count|Responded_SGE _window|head)]

5 Updating Response_count|Responded_SGE _window|[tail||
6

7

8

9

for i:0to N do
| weight[i] = 2 x C' — Response_count]i]
end

end

5.5 Experimental

5.5.1 Experimental Setup

UltraShare’s hardware controller is designed in Verilog programming language and we used
Xilinx® Vivado design suite 2018.3 to synthesis it and generate its bitfile. To evaluate
UltraShare, we used a 7v3-alpha-data board which has a Xilinx® Virtex 7 XC7VX690T
with a PCle Gen3. UltraShare’s software stack that includes a library and a device driver is
designed in C programming language. The device driver is a kernel module that is inserted
into the kernel of the host Linux Ubuntu operating system. We use a host with an Intel Core
i5-4590 3.30GHz CPU. Our host has an 8GB memory. In our experiments, to read video

streams in host applications we use the OpenCV library.

To evaluate UltraShare, we use three different streaming accelerators: an image/video pro-

cessing accelerator, an FIR filter, and a network packet encryption algorithm.

Image/video processing accelerator: We exploited an RGB-to-YCrCb image/video con-
verter from Xilinx® ip libraries which is included in Xilinx® Vivado design suite 2018.3. RGB
is not an efficient representation for images and videos for storage because it has a lot of
redundancy. YCbCr is a practical approximation for images and videos that is suitable for

being processed and stored. An RGB-to-YCrCb is an important operation that is on-demand
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in datacenters and cloud to store streaming images and videos captured from end-devices

[45].

The RGB-to-YCrCb image/video converter that we exploited is a streaming IP core with
the standard AXI4-Stream input and output interface. This accelerator is configurable at
the design time to be exploited for different resolutions of images/videos. For the evaluation,
we use videos with resolutions of 240 x 180 and 480 x 320. Thus we configure two different

accelerators with resolutions of 240 x 180 and 480 x 320 from the RGB-to-YCrCb converter.

FIR Filter: We exploited the Xilinx® FIR Filter compiler 7.2 IP core which is included
in Xilinx® Vivado design suite 2018.3. We configured a single rate, one channel instance of
the FIR Filter compiler. The input and output of this accelerator use the standard interface
of AXI4-Stream. The conventional single-rate FIR version of the IP core computes the

convolution sum which is shown in Equation 5.1, where N is the number of filter coefficients.

y(k) = a(n) x x(k—n), k=0,1,... (5.1)

This IP core can process any size of input data with the same configuration. To make the
analyses easier, in our experiments we supply this core with video streams with the resolution

of 240 x 180.

Network packet encryption: Packet encryption/decryption is a streaming computation-
intensive algorithm. This algorithm is a good candidate for being accelerated on FPGAs
[84]. We exploited the AES-128 encryption/decryption IP core from MVD®. This core uses
the AXI4-Stream interface for input/output data and an AXI4-lite interface for controlling
the IP core. This core can operate over different input sizes with the same configuration.

The same as FIR Filter, we only use video streams with the resolution of 240 x 180 to supply

79



this IP core.

The pseudocode presented in algorithm 3 is used to measure the data rate process reported in
our experiments. In this algorithm, we use a while loop to submit FPGA acceleration requests
for a period of time, and then using the wait_fpga() function we wait for the completion of
all the submitted requests. The submission time is measured in the points that are shown
in the algorithm 3 in line 7 and 16. In line 18, the throughput is measured by dividing the

number of processed requests by the processing time.

Algorithm 3: Programming model and measuring the end to end delay

1 Function main():

2 buf fer **A, **B

3 | fpgat*fpga

4 int ¢ =0 // i1is the number of submitted requests
5 mt fpgaad =0

6 | fpga= fpga_open(fpga_id)

7

8 // Start of measuring the delay

9 while Time < MeasuringPeriod do

10 // Ali] : frame ¢ of a video stream

11 // Bli] : Result of frame A[i] being processed
12 if acc_fpga(fpga, acciid, Ali], lengthap), Bli],lengthpy) > 0 then
13 1+ +

14 end

15 end

16 wait_fpga(fpga, acc_id, 1)

17 // End of measuring the delay

18 // Calculating the throughput

19 throughput = i/delay

20 fprga = fpga_close(_id)

End Function

N
frt

5.5.2 The impact of deploying a single command based structure

Using a single-command-based structure allows accelerator requests from different applica-

tions to be queued without any interaction with the processing cores until they are processed
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Table 5.2: The impact of single command-based invoking of FPGA accelerators

Throughput (frame/sec)
each thread | Total processed by

Framework | # of Threads average the accelerator
1 4560 4560
RIFFA 2 648 1296
4 75 300
1 4562 4562
UltraShare 2 2288 4576
4 1143 4572

by the corresponding accelerators. However, in the previous works including industrial and
academic works, a one to one allocation of accelerators to the applications results in drop-
ping requests from other applications to the same accelerators. To show the impact of this
behavior we compared UltraShare with RIFFA since RIFFA is the closest framework to our

framework considering the data path for moving data from/to FPGAs.

For this experiment, we implanted a single instance of the RGB-to-YCrCb converter with
the resolution of 240 x 180. By increasing the number of applications requesting submitting
video streams to this single accelerator we show the data process throughput that each
application receives in Table 5.2. As Table 5.2 shows, using RIFFA with increasing the
number of applications a huge performance degradation will occur due to failure to resolve
the conflict among the applications. In this case for each accelerator call, the software stack
is executed and when the target accelerator is busy the request is rejected. Thus, the user
application requires to call the accelerator again rerun the software stack until the request
is accepted. While due to the similarity of data path we compared UltraShare only with
RIFFA, the other existing frameworks including industrial frameworks like SDAccel suffer

from the same shortcoming.
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Table 5.3: Dynamic allocation of accelerators vs. static allocation in previous works

# of Threads To each accelerator
AES AES AES AES Throughput
Decryption | Decryption Decryption Decryption (frame/sec)
Framework 1 2 3 4
1 1 1 1 4716
User defined 2 ! ! 0 2983
allocation in 2 2 0 0 2359
previous works 3 1 0 0 2112
4 0 0 0 1180
UltraShare Dynamic allocation within the hardware 4721
controller

5.5.3 The impact of dynamic accelerator allocation

To the best of our knowledge, all the previous works including industrial and academic works
require users to determine the target accelerator in the application code. In an interactive
system with multiple accelerator types with different numbers of instances, it is impossible
or very difficult for users to be aware of all the applications’ behavior requesting FPGA
accelerators. In Table 5.3 we show the impact of dynamic allocation of available accelerators
vs. a static allocation defined in the user applications. To simplify the experiment and avoid
confusion we consider four different applications requesting AES encryption accelerator for
video streams with the resolution of 240 x 180. We implemented four instances of the AES
accelerator on the FPGA. In the first experiment, we use the static allocation of accelerators
in the user applications and we explore all the possible scenarios. For example in Table
5.3, for RIFFA the first row reports that when each application requests for different AES
accelerators a throughput of 4721 is achieved, while the second row reports that when two of
the applications submits requests for AES number 1 and the other two applications submit
their requests for AES number 2 and AES number 3, respectively, a throughput of 2983 is
achieved. The reported throughput in this table is the summation of the throughput of all
four accelerators. As Table 5.3 shows, for this simple scenario the throughput can degrade

up to 4 times due to a static allocation of accelerators.
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Figure 5.5: Accelerators throughput (req/sec) of submission queue per core vs. submission
queue per accelerator type.

5.5.4 The impact of different multi-queue architectures in the soft-

ware stack

To show the impact of different architectures for multi-queue structure in the software stack
we implemented two different scenarios: 1) defining a single submission queue for each core
of the host processing unit; and 2) defining A submission queues for each processing core,

while A is equal to the number of accelerator types.

In Figure 5.5, the throughput of 4 different accelerators is presented for different numbers

of requests to each accelerator when each accelerator is invoked by a different application.
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In this experiment for each accelerator type 3 instances are implemented. Figure 5.5.a
represents the throughput for the structure of a single queue for each processing core and
Figure 5.5.a represents the throughput for the structure of a single queue for each accelerator
type. As Figure 5.5.a shows, with increasing the number of requests for each accelerator, the
throughput of faster accelerators degrades drastically and saturated to the throughput of the
slowest accelerator. The reason is that since the hardware controller is not aware of the types
of accelerators that each command in the submission queues is requesting, the maximum
number of commands that can be fetched are equal to the minimum spaces available in the
command queues in the hardware controller. Thus, the rate of fetching commands from the
submission queues is saturated to the rate of processing commands in the slowest command
queue in the hardware controller. Consequently, the throughput of all the accelerators will
be saturated to the throughput of the slowest accelerator when the number of requests is
high enough to fill up the command queues in the host controller. However, by defining the
number of submission queues based on both the number of processing cores and accelerator
types, due to not having mixed commands in the submission queues, the hardware controller
can fetch commands with respect to the accelerator types and the processing rate of those
accelerators. Thus, as Figure 5.5.b shows, the throughput of accelerators remains the same

for any type of accelerators.

5.5.5 The impact of enabling accelerator grouping in the hardware

controller

Accelerator grouping is one of the main advantages of UltraShare that provides a fully shared
environment for different applications to access FPGA-based accelerators. Despite all the
benefits that accelerator grouping can propose, in this experiment, we only consider a single
scenario of grouping based on accelerator types. For this purpose we consider two different

architectures for the hardware controller: 1) hardware controller with a single command
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Table 5.4: The throughput multiple accelerators being invoked by multiple applications
simultaneously

Throughput (frame/sec)
Accelerator N%Tg;gﬂ;:’:g UltraShare
RGB to YCrCb video 240x180 670 6542
RGB to YCrCb video 480x360 651 2058
FIR Filter video 240x180 622 619
AES decryption video 240x180 632 2839

queue shared among all the accelerators which are our baseline; 2) hardware controller with
a single command queue for each group of accelerators (more specifically for each type of
accelerators). Deploying a single command queue in the hardware controller forces the
queue to match the processing rate of the slowest accelerator. Thus, the throughput of
all the accelerators would be limited to the throughput of the slowest accelerator. Table
5.4 shows the throughput of 4 different types of accelerators while 3 instances of each type
are implemented on an FPGA. As the results show, while in a single queue none-grouping
architecture all the accelerators are limited to the throughput of the FIR Filter accelerator
(the slowest accelerator), UltraShare allows different types of accelerators to reach their
ultimate processing power by removing the stall time of the accelerators resulted from the
interaction of all accelerators with a single shared command queue. It worth mentioning
that in this experiment, for example, for RGB-to-YCrCb accelerators with the resolution of
240 x 180 the ultimate processing power is more than 6542 frame/second, however, due to
saturating the bandwidth of the PCle when all the 12 accelerators (3 instances of 4 types
of accelerators) are processing simultaneously, the throughput of these accelerators lowered

down.
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Figure 5.6: Accelerators throughput for different number of accelerator instances

5.5.6 Balancing data-link usage

Figure 5.6 shows the throughput for different instances of three different accelerator types
when each type is examined alone with no existence of other accelerator types processing.
It is notable that for each of these accelerators 240 x 180 video streams were used as inputs.
In Figure 5.6, for the accelerators with higher processing delay, the maximum throughput
appears for a larger number of the accelerator instances. For example, in our case study,
an RGB-to-YCrCb accelerator will gain the maximum throughput with 4 instances, and
deploying more instances won’t help to increase the throughput. In fact due to adding more
complexity to the system for accelerator allocation and data management, instantiating more
instances slightly degrades the throughput. Thus, to gain the best performance one can find
the best number of instances of a specific accelerator type. Using the information from

Figure 5.6 we can find the optimum number of instances for each type of accelerators.

To evaluate the balancing data-link usage in UltraShare, we conducted an experimental
result by exploiting two different types of accelerators. By considering Figure 5.6, we im-

plemented the optimum instances of the faster accelerator among the two. Then we started
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Figure 5.7: Fair allocation of PCle bandwidth among accelerator groups
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implementing the number of instances of the second accelerator from zero. We experimented
this experiment with different combinations of choosing two accelerators from three different
accelerator types. Figure 5.7 shows the throughput of two accelerator types implemented on
a single FPGA. In this figure, the number of instances for the faster accelerator is the opti-
mum number to gain the maximum throughput. For the slower accelerator, we increase the
number of instances (the x-axis). In Figure 5.7, the left diagrams show the throughput using
the none data-link usage balancing mechanism, and for the right diagrams, the data-link
usage balancing mechanism is enabled. As this figure shows, with increasing the number of
the slower accelerator, the throughput of the faster accelerator continues to decrease until
from some points, it delivers less throughput comparing to the slower accelerator. It hap-
pens because of the saturation of data-link bandwidth by the higher number of instances of
the slower accelerator. As the right diagrams show, our proposed data-link usage balancing

mechanism does not allow the faster accelerator to face data starving in such scenarios.

5.6 Conclusion

In this chapter, we proposed UltraShare Express a scalable dynamic multi-application to
multi-accelerator integration framework. UltraShare Express inherited the advantages of
our previously proposed frameworks MQMATI [80] and UltraShare [78]. In addition, through
our experiments, we detected a new blocking situation in the existence of mixed requests
from each application. We proposing a new architecture for multi-queue structure in software
stack to overcome this performance degrading issue. In this chapter, we also showed that in
FPGAs, due to the diversity of accelerators, data starving can happen for accelerators with
higher throughput. To overcome this problem, we introduced an algorithm to measure the

data rate of different accelerators and fairly distribute data-link bandwidth among them.
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Chapter 6

Conclusions and Future Directions

6.1 Conclusion

In the era of big-data applications with the high demand for processing power, clouds and
datacenters are becoming the main places for processing data. Thus, in the new future, end-
devices and personal and commercial computers send huge amounts of data continuously to
clouds and datacenters for both processing and storing. Reaching close to the end of Dennard
scaling and multi-core processors, heterogeneous architectures and hardware accelerators are

playing an eminent role to accommodate the demanding processing powers.

Among hardware accelerators, FPGAs attracted the attention of researchers and industries
due to being flexible, reconfigurable, energy-efficient, and potentially performance efficient.
However, because of their different nature of programming comparing to software program-
ming, FPGAs are complicated to be used by application designers. Also, as opposed to
other peripherals, FPGAs are reconfigurable hardware devices that interfacing them is not
as simple as the other hardware devices because, for each specific design, an appropriate way

of communication is needed. To enable using FPGA accelerators, an interfacing framework
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is needed to integrate host running applications to FPGA accelerators.

In clouds and datacenters, various applications with different computational intensive kernels
are being executed. Unlike GPUs, since various independent accelerators can be implemented
on FPGAs, a single FPGA has the potential of responding to the requests from multiple
applications simultaneously. Due to the limited number of resources on FPGAs, it is very
important to share FPGA resources among different applications to avoid under-utilization
of resources. However, the currently available frameworks for the integration of software
applications and FPGA accelerators either fail or cannot fully support efficient accesses to

FPGA accelerators.

In this dissertation, we discussed the limitation of the available industrial platforms and
research-based frameworks that provide application-to-accelerator integration. Then through
realizing the major flaws, we introduced three major frameworks. In Chapter 3, we in-
troduced Multi-Queue Multi-Accelerator Interface (MQMAI) that focuses on resolving the
FPGA access conflicts among multiple applications running simultaneously on host comput-
ers. MQMAI deploys a single-command based protocol that enables two main characteristics:
1) accelerators are not bounded to applications (instead they are bounded to commands),
and 2) removing additional interactions between FPGAs and host processing cores while a
request is being processed (this avoid host processing core blocking or interrupting). MQMAI
also introduces a multi-queue architecture in the software stack to avoid conflicts between
cores submitting their FPGA accelerator requests. Our experimental results show huge im-
provements in FPGA acceleration comparing to the state-of-the-art frameworks in multi-core

processors in the existence of multiple FPGA accelerators.

In Chapter 4, we introduced UltraShare to enable full-sharing of FPGA accelerators among
various applications. There are three main features that an accelerator sharing scheme re-
quires to support: 1) exploiting dynamic parallelism of multiple accelerators, 2) sharing

accelerators among multiple applications, and 3) providing a non-blocking congestion-free
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environment for multiple applications to call multiple accelerators. UltraShare proposes an
accelerator grouping mechanism in the FPGA side of the integration framework (hardware
controller) that eliminates commands to be blocked by accelerators with lower processing
throughput. UltraShare also standardizes the connection of the hardware controller to accel-
erators by AXI4-Stream standard connection. Our Experimental results show a considerable
performance improvement (on real accelerators from major companies in the field) comparing

to MQMALI as the closest framework to UltraShare.

In Chapter 5, we introduced UltraShare Express that inherits the advantages of MQMAI
and UltraShare through combining them. Also, we further improved the software stack
multi-queue architecture of UltraShare Express to overcome the blocking issue that happens
in the existence of various accelerator requests from single applications. UltraShare Express
provides a fully shared non-blocking congestion-free environment for datacenters and cloud
applications to exploit streaming FPGA accelerators. In Chapter 5, we also showed -through
real acceleration scenarios- that in the existence of diverse accelerators a starving situation
is very common to happen to accelerators with higher throughput. To overcome this issue,
we proposed our data link usage balancing algorithm that is implemented in the UltraShare
Express hardware controller. Our Experimental results show the performance advantages

and fair distribution of data link bandwidth among various accelerators.

6.2 Directions for Future Work

UltraShare Express is an open-source framework with a huge potential for expansion. To de-
velop UltraShare many obstacles have been passed. While HDL programming and operating
system kernels design are very challenging and time-consuming, we developed UltraShare
Express in a pure Verilog code with a rich supporting device driver. Other researchers can

benefits from UltraShare express to either use it for FPGA accelerations of their specific
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streaming applications or expand it for more general purposes. Following we suggest some

opportunities and directions for the future of UltraShare Express to other researchers.

6.2.1 Immediate extensions of this dissertation

Some applications, like real-time object detection algorithms, require a guaranteed rate of
data process that sharing accelerators can not necessarily assure that. In this case, the
dedication of one or more accelerators to an application can resolve the problem while it raises
the problem of under-utilization of accelerators. Using the accelerator grouping mechanism
that we proposed in UltraShare in Chapter 4, we can provide the possibility of prioritizing
commands. This can happen through a multi-layer grouping with the first layer of priority
and the second layer of accelerator types. Using the multi-layer mechanism, besides the
guaranteed rates of throughput, we can promote it to provide the possibility of prioritizing

requests. Thus, each user can define the priority of their request in a static priority system.

While our proposed framework is originally developed for streaming accelerators, all types of
accelerators can benefit from our proposing architectures and protocols. Another immediate
extension to our proposed framework can be providing supports for general accelerators.
To do so, some changes are required in the hardware controller to support address-based
interfaces like AXI4. The general path is through control signals from the host; these control

signals can be encapsulated in acceleration commands.

Our proposed accelerator grouping mechanism in Chapter 4, can open up an interesting path
toward interactive use of FPGA accelerators in clouds and datacenters. We have proposed
and implemented a grouping-based mechanism that allows host servers to have control over
the grouping accelerators together. Taking advantage of this novel feature, by defining
partially reconfiguration accelerator regions, it is possible to manage the throughput of each

type of accelerators based on the demand. To do so, for reconfiguration of an accelerator
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region, a control command is needed to be issued to eliminate that accelerator from the list
of its current group, and after the reconfiguration, a control command needs to add that
accelerator to the new group. All these processes happening while the rest of the accelerators
are working with no interruption. After the changes also the gaining throughput changes

dynamically for all the affected accelerator groups.

6.2.2 Novel research directions

The exploiting of FPGA accelerators remains a challenging process, until powerful platforms
provide efficient automated mechanisms to implement complete enough libraries to support a
vast range of operations. In this dissertation, we proposed a platform that is open-source and
expendable. Expanding UltraShare Express to support general accelerators besides stream-
ing accelerators, and providing a rich library of common accelerator IPs with automating

their controlling signals can lead to a huge change in the area of FPGA acceleration.
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