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Abstract

Dynamically partially reconfigurable FPGAs (Field-Programmable Gate Arrays) allow
hardware modules to be placed and removed at runtime while other parts of the sys-
tem keep working. With their potential benefits, they have been the topic of a great
deal of research over the last decade. To exploit the partial reconfiguration capability of
FPGAs, there is a need for efficient, dynamically adaptive communication infrastruc-
ture that automatically adapts as modules are added to and removed from the system.
Many bus and network-on-chip (NoC) architectures have been proposed to exploit this
capability on FPGA technology. However, few realizations have been reported in the
public literature to demonstrate or compare their performance in real world applica-

tions.

While partial reconfiguration can offer many benefits, it is still rarely exploited in prac-
tical applications. Few full realizations of partially reconfigurable systems in current
FPGA technologies have been published. More application experiments are required to
understand the benefits and limitations of implementing partially reconfigurable sys-
tems and to guide their further development. The motivation of this thesis is to fill this
research gap by providing empirical evidence of the cost and benefits of different inter-
connect architectures. The results will provide a baseline for future research and will
be directly useful for circuit designers who must make a well-reasoned choice between

the alternatives.

This thesis contains the results of experiments to compare different NoC and bus in-
terconnect architectures for FPGA-based designs in general and dynamically partially
reconfigurable systems. These two interconnect schemes are implemented and eval-
uated in terms of performance, area and power consumption using FFT (Fast Fourier
Transform) and ANN (Artificial Neural Network) systems as benchmarks. Conclusions
drawn from these results include recommendations concerning the interconnect ap-
proach for different kinds of applications. It is found that a NoC provides much better
performance than a single channel bus and similar performance to a multi-channel bus

in both parallel and parallel-pipelined FFT systems. This suggests that a NoC is a better
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Abstract

choice for systems with multiple simultaneous communications like the FFT. Bus-based
interconnect achieves better performance and consume less area and power than NoC-
based scheme for the fully-connected feed-forward NN system. This suggests buses
are a better choice for systems that do not require many simultaneous communications
or systems with broadcast communications like a fully-connected feed-forward NN.
Results from the experiments with dynamic partial reconfiguration demonstrate that
buses have the advantages of better resource utilization and smaller reconfiguration
time and memory than NoCs. However, NoCs are more flexible and expansible. They
have the advantage of placing almost all of the communication infrastructure in the
dynamic reconfiguration region. This means that different applications running on the
FPGA can use different interconnection strategies without the overhead of fixed bus

resources in the static region.

Another objective of the research is to examine the partial reconfiguration process and
reconfiguration overhead with current FPGA technologies. Partial reconfiguration al-
lows users to efficiently change the number of running PEs to choose an optimal power-
performance operating point at the minimum cost of reconfiguration. However, this
brings drawbacks including resource utilization inefficiency, power consumption over-
head and decrease in system operating frequency. The experimental results report a
50% of resource utilization inefficiency with a power consumption overhead of less
than 5% and a decrease in frequency of up to 32% compared to a static implementation.
The results also show that most of the drawbacks of partial reconfiguration implemen-
tation come from the restrictions and limitations of partial reconfiguration design flow.
If these limitations can be addressed, partial reconfiguration should still be considered

with its potential benefits.
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Chapter 1

Introduction

HIS chapter describes the context and motivation of the research
presented in this thesis. It briefly highlights the development and
advantages of FPGAs and their capacity for dynamic partial re-
configuration. The objectives of the thesis are then stated, followed by an

overview of the thesis structure.
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1.1 Background

1.1 Background

Since their first introduction in 1984, FPGAs (Field-Programmable Gate Arrays) have
become common platforms for a wide range of applications (Trimberger, 2015). By pro-
viding reconfiguration flexibility, hardware parallelism, ease-of-use and time to market
advantages, they are competitive alternatives to ASICs (Application-Specific Integrated
Circuits) and microprocessors (Fawcett, 1994). Over three decades of development,
FPGA capacity and speed have increased by a factor of 10000 and a factor of 100 re-
spectively, while their cost and power consumption per unit have decreased by more
than a factor of 1000 (Trimberger, 2015). Today’s high-end FPGA devices have millions
of LUTs (look-up tables), megabytes of on-chip memory and thousands of DSP (Digi-
tal Signal Processing) blocks. Higher-end FPGAs can contain hard blocks such as high
speed multi-gigabit transceivers, processors, PCI/PCI Express and external memory
controllers. FPGAs are now widely used in a diverse variety of applications in digital
signal processing, computer vision, communications, and other growing applications
in military, aerospace, and consumer electronics (Tessier et al., 2015). The global mar-
ket size of FPGAs was valued at USD 6.36 billion in 2015. It is estimated to reach to
USD 14.2 billion by 2024 according to a report by Grand View Research (Grand View
Research, 2016).

An advantage of FPGAs is their reconfiguration flexibility. An FPGA can be globally or
partially reconfigured for a modified design without the need for re-fabrication. With
a global reconfiguration, the entire design implemented by the FPGA is exchanged for
a modified design. Partial reconfiguration brings this flexibility to a higher level, al-
lowing hardware modules to be placed and removed at runtime while other parts of
the system keep working (Xilinx, 2013). This permits a radical departure from the way
application-specific hardware is usually designed. In a static system, there must be a
tixed set of processing resources sufficient to meet performance requirements under
worst-case load conditions. If the workload changes, processing resources sit idle. A
system that moves through modes with distinctly different processing needs should
provide different resources for each mode. Dynamic partial reconfiguration can: re-
duce power consumption by removing resources not currently required; achieve bet-

ter utilization by changing the mix of processing resources as the requirements of the
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Chapter 1 Introduction

system change; and deliver better performance by using heterogeneous processing re-
sources optimized for particular stages in an algorithm, rather than making do with

static generic processing resources that must serve all stages.

1.2 Research Motivation

With their potential benefits, dynamically partially reconfigurable FPGAs have been
the topic of a great deal of research over the last decade (Zhang et al., 2010; Ahmad et al.,
2010; Bonamy et al., 2012; Dennl et al., 2012; Wang et al., 2013; Ahmad et al., 2013). To
exploit the partial reconfiguration capability of FPGAs, there is a need for efficient,
dynamically adaptive communication infrastructure that automatically adapts as mod-
ules are added to and removed from the system. Many bus and network-on-chip (NoC)
architectures have been proposed to exploit this capability on FPGA technology. How-
ever, few realizations have been reported in the public literature to demonstrate or

compare their performance in real world applications.

While partial reconfiguration can offer many benefits, it is still rarely exploited in prac-
tical applications. Few full realizations of partially reconfigurable systems in current
FPGA technologies have been published. More application experiments are required to
understand the benefits and limitations of implementing partially reconfigurable sys-

tems and to guide their further development.

The motivation of this thesis is to fill this research gap by providing empirical evidence
of the cost and benefits of different interconnect architectures. The results will provide
a baseline for future research and will be directly useful for circuit designers who must

make a well-reasoned choice between the alternatives.

1.3 Research Objectives

The main objective of the research presented in this thesis is to examine different NoC
and bus interconnect architectures for FPGA-based designs in general and dynam-
ically partially reconfigurable systems. These two interconnect schemes are imple-

mented and evaluated in terms of performance, area and power consumption using
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FFT (Fast Fourier Transform) and ANN (Artificial Neural Network) systems as bench-
marks. Based on that, advantages and disadvantages of each of the communication
architectures are clearly pointed out. Conclusions drawn from these results will in-
clude recommendations concerning the interconnect approach for different kinds of

applications.

Another objective of the research is to examine the partial reconfiguration process and
reconfiguration overhead with current FPGA technologies. Reconfiguration overhead
is measured in terms of resource overhead, time and power consumption of the recon-
tiguration process. Based on experimental results, advantages and disadvantages of
dynamic partial reconfiguration are stated. Limitations of current FPGA architectures
and design flows for partial reconfiguration are discussed and some enhancements are

proposed.

1.4 Original Contributions

The examination of different interconnect architectures in fully implemented systems
will provide empirical results for designers who work on FPGA-based design in gen-
eral and dynamically partially reconfigurable systems. Imagine a designer, considering
whether to use partial reconfiguration for a commercial design. There is insufficient in-
formation in the public literature for them to be able to determine whether the approach
is viable without first implementing and testing their own system. This thesis will im-
plement different interconnect approaches in fully realized systems and point out their

benefits as well as drawbacks designers need to consider for an efficient design.

The two case-study systems developed to conduct this research are contributions in
their own right. To the best of my knowledge, the FFT system is the first in the public
literature using different communication approaches to handle the interconnect com-
plexity in a parallel architecture. It is the first reported implementation of an FFT sys-
tem that can exploit dynamic partial reconfiguration. The ANN system is one of the
largest fully realized FPGA implementations of an ANN in the literature. Its architec-
ture is sufficiently general for a wide variety of different kinds of ANN and it is scalable

to the kinds of ANNs now popular for deep learning (Schmidhuber, 2015). The source
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code for both of these systems have been made open source and publicly available for
further research (Bui, 2017).

The results of this thesis have been presented and included in the following papers:

1. A dynamically reconfigurable NoC for double-precision floating-point FFT on FP-
GAs (Bui et al., 2016). This work has been presented in the Ninth International
Conference on Advances in Circuits, Electronics and Micro-electronics (IARIA
CENICS 2016).

2. A scalable NoC-based neural network implementation on FPGAs (ready to sub-

mit).

3. A comparison of NoC and bus interconnect for dynamically partially reconfig-

urable FPGAs (in submission).

1.5 Thesis Structure

The thesis is divided into 6 chapters, including the Introduction and Conclusion chap-

ters. The main contributions of each chapter are highlighted as follows.

¢ Chapter 2 provides a review of the technologies relevant to this thesis. It starts
with a brief overview of FPGA architectures and programming technologies.
Then, a review of NoC and bus interconnect architectures for on-chip systems
is provided. Finally, related works on different NoC and bus architectures for dy-
namically partially reconfigurable systems are presented. These architectures are
clearly classified and organized in sub-categories. Advantages and disadvantages

of each architecture are also discussed.

¢ Chapter 3 presents the implementations of FFT systems using NoC and bus com-
munications on FPGAs. Hardware design of the FFT is discussed in details. Bus
and NoC architectures customized for the FFT systems are implemented and eval-
uated in terms of area, power consumption, and performance. The proposed FFT
systems are also compared with other hardware implementations as well as soft-

ware implementations on CPUs.
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1.5 Thesis Structure

¢ Chapter 4 presents another case study, a feed-forward neural network for hand-
written digit recognition. Dedicated NoC and bus interconnects are implemented
to best suit the massive communication requirements of the network. Different
design configurations are discussed and examined. Experiments are carried out
to compare area, power consumption, and performance of the two interconnect
architectures for the neural network application. The advantages of the pro-
posed NN implementations compared to traditional implementations are also
highlighted. Combining with the results in Chapter 3, this chapter gives recom-
mendations on the applications and communication requirements each intercon-

nect architecture is better used for.

¢ Chapter 5 presents the dynamically partially reconfigurable implementations for
the FFT and the NN systems presented in Chapter 3 and Chapter 4. Experiments
are carried out to measure resources overhead, time and power consumption of
the reconfiguration process. Comparisons between dynamic and static imple-
mentations are made to highlight the advantages and disadvantages of dynamic
partial reconfiguration. Based on experiments with some current FPGA devices,
limitations of current FPGA architectures and design flows for partial reconfig-
uration are also discussed. In addition, the benefits and limitations of NoC and
bus interconnect architectures for dynamic partial reconfigurable systems are also
stated.

¢ Chapter 6 concludes the thesis with a summary of thesis contribution and signif-

icance, and proposes directions for future work and improvements.
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Chapter 2

Literature Review .

HIS chapter provides a review of the literature of technologies
related to this thesis. It starts with a brief overview of FPGA archi-
tectures and programming technologies. Then, a review of NoC
and bus interconnect architectures for on-chip systems is provided. Finally,
related works on different NoC and bus architectures for dynamically par-
tially reconfigurable systems are presented. These architectures are clearly
classified and organized in sub-categories. Advantages and disadvantages

of each architecture are also discussed.
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2.1 Overview of FPGAs

2.1 Overview of FPGAs

FPGAs are pre-fabricated integrated circuits that can be reconfigured to perform almost
any kind of custom digital functions. Commercial FPGAs from different vendors differ

in their underlying programming technologies and their architectures.

2.1.1 Programming Technologies

FPGAs programming technologies have a significant impact on their programmable
logic architectures. There are a number of programming technologies. Some common

approaches are SRAM, anti-fuse and floating gate programming technology.

The SRAM programming technology uses static memory cells as the basic configurable
elements. These are distributed throughout the FPGAs to select control lines of multi-
plexers or to store data in LUTs to implement logic functions (Kuon et al., 2008). Fig. 2.1
shows an illustration of SRAM programmable switches to route signals between logic
blocks on an FPGA. SRAM programming technology is widely used in modern FPGAs
due to its two main advantages: fast reprogramming; and compatibility with standard
CMOS logic process technology. However, it has some major drawbacks. SRAM is
volatile, hence SRAM-based FPGAs must be reconfigured every time the chip powers
up, which requires an external memory to store the configuration data. Another disad-
vantage of this programming approach is its large size. A SRAM cell to store one bit
of configuration data requires 5 or 6 transistors in addition to 1 transistor for routing.
Despite these drawbacks SRAM programming technology is the dominant method in
modern commercial FPGAs. SRAM-based FPGAs are also the main platform that is

used for experiments and evaluation in this research.

An alternative programming technology uses anti-fuses as the programmable ele-
ments. An anti-fuse is a two-terminal device with a fixed state presenting a very high
resistance between its terminals and a programmed state presenting a low resistance
link. It is possible to switch the device from the fixed state to the programmed state
by applying a high voltage from 11 to 20 volts across its terminals (Rose et al., 1993).
Unlike SRAM programming technology, this link is permanent. The main advantages

of the anti-fuse programming approach are its small size and its low capacitance and
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Logic Cell ‘ ‘ e Logic Cell

-

Logic Cell

Logic Cell

Figure 2.1: SRAM programmable switches (Kuon et al., 2008).

resistance. In addition, the non-volatile characteristic allows a programmed device to
work instantly once power is applied. However, its major drawback is that it requires a
non-standard CMOS fabrication process. Note that CMOS currently dominates the IC
industry, especially for high-density devices. Using a non-standard process adds sig-
nificantly to the cost of manufacture and hence to the per-unit cost for anti-fuse FPGA

devices.

The floating gate programming technology is based on the technology used in ultra-
violet EPROM and electrically erasable EEPROM. The programmable switch is a tran-
sistor that can be disabled by injecting a charge onto a floating gate terminal. This in-
creases the threshold voltage of the transistor (Brown and Rose, 1996). An illustration
of EFROM programmable switches is given in Fig. 2.2. The floating gate programming
technology has the advantages of reprogramming ability like the SRAM programming
technology and non-volatility like the anti-fuse programming technology. There is no
need for external memory storage of the configuration data. Similar the anti-fuse pro-

gramming technology, it also has the disadvantage of a a non-standard CMOS process.
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Another significant drawback is its high resistance and capacitance due to the use of

transistor-based switches.

t input wire input wire

product wire

— L L

EFROM ——— EPROM —L—

Figure 2.2: EFROM programmable switches (Brown and Rose, 1996).

2.1.2 FPGA Architectures

An FPGA consists of an array of configurable logic blocks, interconnect resources and
I/O blocks as illustrated in Fig. 2.3. FPGA architectures can be homogeneous or hetero-
geneous. Homogeneous FPGAs contain only general logic blocks. Heterogeneous FP-
GAs contain a mixture of different types of logic blocks such as general logic, memory
and DSP blocks. Many modern FPGAs are heterogeneous with dedicated logic blocks

in addition to general logic blocks for efficient implementations of specific functions.

Logic blocks can be classified as fine-grain and coarse-grain. Fine-grain logic blocks
have only transistors as the basic logic elements. All gates and storage elements are
built from transistors. The main advantage of this kind of logic blocks is its efficient
utilization of transistor resources within used blocks. However, they require a large
amount of routing resources to implement a logic function, which is costly in delay and
area. At the other extreme, coarse-grain logic blocks are made of different types of logic

elements such as transistors, NAND gates, LUTs and multiplexers.
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Figure 2.3: FPGA architecture.

The basic elements of logic blocks in most commercial SRAM-based FPGAs are LUTs
(Lookup Tables). LUTs are actually small memories that can be used to realize com-
binational logic functions. A n-input LUT refers to a memory of 2" elements, which
is capable of implementing any logic function of n Boolean variables. In addition to
LUTs, a logic block can have other elements such as registers, adders or multiplex-
ers. The logic block architectures are distinct among different FPGA device series and
FPGA providers. For example, an Altera Stratix-II logic block consists of an 8-input
LUTs, 2 full adders, 2 multiplexers and 2 registers as shown in Fig. 2.4 (Altera, 2006). A
Xilinx Virtex-5 logic block contains 2 slices, each has a 6-input LUT, some carry logic, 2

multiplexers and 1 register as illustrated in Fig. 2.5 (Borisov and Kukenska, 2009).

Interconnections of logic blocks are provided by programmable routing resources that
consist of wire segments and programmable switches. FPGA routing architectures can
be classified as hierarchical (Aggarwal and Lewis, 1998; Tsu et al., 1999) and island-style
architectures (Betz et al., 1999; Baig and Lee, 2012; Ayorinde et al., 2015). In the hierar-

chical routing architecture, connections between logic blocks are divided into groups
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Figure 2.4: Altera Stratix Il logic block architecture (Altera, 2006).
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Figure 2.5: Xilinx Virtex 5 logic slice architecture (Borisov and Kukenska, 2009).

as shown in Fig. 2.6. Connections within a group use wire segments. This is the lowest
level of the routing hierarchy. Connections between groups are traversed one or several

levels.

In the island-style architecture, routing resources are evenly distributed throughout a

2-D mesh of logic blocks as shown in Fig. 2.7. There are vertical and horizontal routing
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Figure 2.6: Hierarchical routing architecture (Kuon et al., 2008).

channels on four sides of the logic blocks. Connections between the wire segments at
an intersections of a horizontal channel and a vertical channel are formed by a switch
block. Each channel has a set of wire segments of different lengths to provide appro-
priate length for different connections. The island-style routing architecture is used in
most of commercial SRAM-based FPGA architectures (Kuon et al., 2008).

2.2 FPGA Design Flow

An FPGA design flow is as shown in Fig. 2.8 (Xilinx, 2008). It usually comprises the

following stages:
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Figure 2.7: Island-style routing architecture(Kuon et al., 2008).

1. Design entry: At this stage, a design is described using a schematic or a hardware

description language (HDL). HDL is preferred for most contemporary designs.

2. Behavior simulation: This stage verifies the correctness of the design entry by

comparing the outputs of the design model and the behavioral model.

3. Design synthesis: This stage translates the design entry into a so-called netlist.
The synthesis process is performed by a software called a synthesizer. It can reveal

some errors and problems that cannot be found using the behavior simulation.

4. Design implementation: At this stage, a synthesized netlist and its constraints are
firstly combined and translated into a logic design file. Then, the logic defined in
this file is mapped into FPGA logic blocks. Finally, the place and route (PAR) pro-

cess places the sub blocks from the map process into logic blocks on the targeted
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FPGA and connects these logic blocks. Verification can be done at different sub-

stages of the implementation process. Functional simulation can be performed

after the translate process to verify the logic operation of the circuit. Static timing

analysis can be done after the map or PAR processes, which provides a compre-

hensive timing summary of the design. Timing simulation can be done after the

PAR process to verify the functionality in conjunction with timing constraints of

the design.

5. Device programming: At this stage, a bitstream of the design is generated and
loaded on the FPGA. The design functionality can be now verified on the FPGA.

Design Verification

Design Entry
v
v Behavioral
Simulation
Design A
Synthesis
v v
.| Functional
"1 Simulation
Design .| Static Timing
Implementation "l Analysis
Back .| Timing
Annotation "1 Simulation
v
) .| In-circuit
Device > ) ,
: Verification
Programming

Figure 2.8: FPGA design flow (Xilinx, 2008).
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2.3 On-chip Interconnect Architectures

2.3.1 Buses

Buses are commonly used to connect modules in a system-on-chip. A bus architec-
ture is defined by its architectural and physical characteristics that lead to different
implementations. The following overview of bus architectures draws on the review
published by (Pasricha and Dutt, 2008).

Bus Architectures

A bus-based communication architecture provides one or more shared channels among
modules attached to it. Modules that initiate read and write data transfers on the bus
are referred to as masters. Modules that simply respond to the requests from the mas-
ters are referred to as slaves. Some modules can act as both masters and slaves. The
bus channel consists of wires that can be classified into 3 categories: address, data and
control signals. Address signals are used to transmit the address of the destination of a
data transfer on the bus. Data signals are used for data transferred on the bus. Control

signals are used for control and arbitration.

In addition to the bus channel, a bus-based communication architecture consists of
some other components such as arbiters, decoders and bridges. An arbiter determines
which master can have access to the bus when multiple masters want to access the bus
at the same time. Some common arbitration schemes are static priority, round-robin
and time division multiple access (TDMA). In the static priority arbitration scheme,
priorities of the masters on the bus are fixed. This scheme is simple to implement and
can provide high performance. However, it can lead to starvation as masters with lower
priorities can never get access to the bus if there are frequent accesses by masters with
higher priorities. At another extreme, the round-robin arbitration approach grants ac-
cess to the bus to all masters in a circular manner. This ensures that every master can
have access to the bus, hence there is no starvation in the system. However, this ap-
proach suffers a significant drawback in that critical data transfers may have to wait a

long time to be proceeded.
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A decoder selects the appropriate slave to receive the data by decoding the address
signals. It can be implemented in a centralized or distributed manner as shown in
Fig. 2.9 (a) and (b) respectively. In the centralized implementation, the decoder sends
a select signal to the appropriate slave on the bus according to the decoded address.
In the distributed approach, decoding is performed in every slave by its own decoder.
The centralized approach has the advantage of easy expansion. When new modules are
added to the system, only the centralized decoder needs to be adjusted. In addition,
although there are fewer control wires in the distributed approach compared to the
centralized approach as there is no need to select signals from the centralized decoder
to every slaves, the distributed approach usually consumes more logic and area due to

the decoding hardware duplications in every slave.

Bus Topologies

Bus-based interconnect architectures can have different topologies. Common bus
topologies are shared buses, hierarchical buses and rings. A shared bus as shown in
Fig. 2.10 (a) is the simplest scheme. All modules in the system are connected to a sin-
gle shared bus. The main advantages of shared buses are their simplicity and low area
cost. However, they suffer from lower bandwidth when the system size increases. A
hierarchical bus as shown in Fig. 2.10 (b) is a more efficient topology. It consists of
several shared buses connected by bridges. The commercial AMBA bus (ARM, 2017)
is an example of a hierarchical bus. Another common bus topology is a ring topology
as shown in Fig. 2.10 (c). In this scheme, modules are connected using a ring interface.
Data can be transferred in a clockwise or anti-clockwise direction. Ring buses can be
found in many applications such as networks processor and ATM switches (Miti¢ and
Stojcev, 2006).

Physical Implementations

A physical shared bus can be implemented using tri-state buffers, multiplexers and
AND-OR logic as shown in Fig. 2.11 (a), (b), (c) respectively. Tri-state buffer implemen-

tations of buses consume fewer wires and have smaller area; however they have major
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Figure 2.9: Decoder implementation strategies (Pasricha and Dutt, 2008). (a) Centralized decoding.

(b) Distributed decoding.

drawbacks of high power consumption and delay, and debugging problems. There-

fore, they are not commonly used in modern bus-based communication architectures

compared to the other two alternatives.

Another important characteristic of buses is their clocking type. Based on the clock
signal, buses can be divided into 2 categories: synchronous buses that have a clock

signal as a control signal, and asynchronous buses without a clock signal in the control

signals of the buses.

Arbiter/Decoder
Master/Slave I/F

DMA
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2.3.2 Networks on Chip

The advances and developments in semiconductor technologies have made it possi-
ble to integrate hundreds or thousands of cores onto a single chip that contains a very
high level of integration complexity and functionality. These complex systems require
a highly efficient interconnection infrastructure. Traditional bus-based communication
may be insufficient to meet these requirements due to limitations in throughput and
speed that are dependent on physical factors such as the length of bus and the number
of devices. Networks-on-chip (NoCs) have been suggested as a promising alternative
to the bus-based interconnection system. NoCs have has crystallized into a signifi-
cant research domain due to their advantages of scalability, modularity and reusability
(Benini and Micheli, 2002). The following introduction to NoCs draws upon reviews
by (Benini and Micheli, 2002) and (Enright and Peh, 2009). A NoC can be characterized

Master 1 Slave 1 Master 1 Slave 1

Master 1 Slave 1 Master 3 Slave 3

Master 1 Slave 1 Master 3 | Slave 3 i
Master 2 Slave 2 Bridae2

Master 2 Slave 2 Master 4 Slave 4 Master 4 Slave 4 Master 2 Slave 2 Master 4 Slave 4
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(a) (b) (©)

Figure 2.10: Common bus topologies (Pasricha and Dutt, 2008). (a) A shared bus. (b) A hierarchical
bus. (c) A ring bus.
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Figure 2.11: Physical implementation approaches of buses (Pasricha and Dutt, 2008). (a) Tri-state
buffer. (b) Multiplexers. (c) AND-OR.
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by its topology, routing algorithm, flow control and router microarchitecture. The basic
elements in a NoC are routers, which are responsible for transferring messages in the

network.

Topology

A NoC topology is the physical layout of nodes in the network. It determines connec-
tions among the nodes and the number of hops a message must traverse. Therefore, it
has a significant influence on the network latency. NoC topologies can be classified as
direct and indirect. In a direct topology, all routers are attached to their local process-
ing elements (PEs). In an indirect topology, in addition to routers attached to PEs, there
are intermediate routers which are not associated with any PE. These routers simply
switch traffic in the network. Rings, meshes and tori are common direct NoC topolo-
gies. These are shown in Fig. 2.12 (a), (b) and (c) respectively. Butterflies and fat trees,
as illustrated in Fig. 2.13 (a) and (b), are examples of indirect topologies. There are
also irregular NoC topologies, which are customized for heterogeneous systems. For
these systems, a customized topology often provides better performance and power

efficiency. An example of a customized topology is given in Fig. 2.14.

(a) (b) (o)

Figure 2.12: Common direct NoC topologies. (a) A ring. (b) A mesh. (c) A torus.
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Figure 2.13: Common indirect NoC topologies. (a) A butterfly. (b) A fat tree.

Routing Algorithm

A NoC determines the path a message will traverse to reach its destination according to
its routing algorithm. Routing algorithms can be divided into deterministic and adap-
tive. With deterministic algorithms, paths between sources and destinations are prede-
tined without considering the current network traffic. The dimension-ordered routing
algorithm is a common example of a deterministic routing algorithm. With this algo-
rithm, messages traverse in the network dimension by dimension. They reach an or-
dinate matching their destinations before switching to the other dimension. For exam-
ple, with the X-Y routing algorithm, messages travel horizontally through the network
(along the x dimension) before traveling vertically (in the y dimension). Dimension-
ordered routing is simple and deadlock-free. However, with this algorithm, there
is always only one path between every source and destination pair. This eliminates
path diversity in the network, which can lead to congestion, and thus lowers network

throughput.

An adaptive algorithm is a more complex algorithm that takes into consideration the
network congestion. When there is a congestion in the network, messages will be redi-

rected to other paths to avoid congested links. Adaptive routing can reduce congestion
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Figure 2.14: A customized topology for a video object plane decoder (Enright and Peh, 2009)

latency in the network and thus achieve higher bandwidth. However, the main chal-
lenges of deploying an adaptive routing algorithm are ensuring freedom from deadlock
and preserving inter-message orders. In addition, additional circuits are required for

congestion control, and this can increase routing latency and router area.

Flow Control

Flow control determines the rate messages are injected into the network. It allocates
network buffers and links to the messages. Messages transferred in the network are
divided into packets which are then segmented into fixed-length flow-control units, or
tlits. Based on the granularity of flow control units, flow control methods can classified

as message-based, packet-based and flit-based flow controls.
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Circuit-switching is an example of message-based flow control. In this flow control
technique, a link between source and destination is set up before a message is trans-
ferred and it is maintained throughout the transfer. Circuit switching does not require
buffers to hold packets at each node and can reduce latency. However, it can have a

detrimental affect on bandwidth utilization as the links are idle during setup.

Packet-based flow control allocates resources to packets. Packets of a messages are
interleaved on the links, thus link utilization is improved. This flow control technique
requires buffering packets at each node. Store-and-forward and virtual cut-through
are the two common packet-based flow control techniques. In store-and-forward flow
control, each node receives an entire packet before forwarding any part of the packet to
the next node. This requires large buffers and incurs long delay each each hop. Virtual
cut-through can reduce delay at each hop by allowing a packet to proceed to the next
node before the entire packet is received. However, it still requires buffering for an

entire packet at each node.

Flit-based flow control can reduce the buffering requirements of packet-based tech-
nique as it operates at the flit level. Wormhole flow control is a common flit-based
technique. This allows a flit to move on to the next node as soon as a downstream
buffer is available for it. Therefore, it can reduce packet latency as well as buffering

requirements.

Router Microarchitecture

A basic router microarchitecture consists of input/output ports, buffers, a route cal-
culator, an arbiter and a crossbar. The number of input/output ports and buffer re-
quirements at each port depend on the network topology and flow control. The route
calculator determines the path for the current packet in each input port. The arbiter de-
termines which input is selected to proceed to the next stage. Then, a crossbar matches
the successful input with the desired output port. State-of-the-art routers are imple-
mented with virtual channels. A virtual channel is basically a separate queue in the
router. Multiple virtual channels share the same physical link. The implementation
of virtual channels in each input port can reduce head-of-line blocking and deadlocks.

However, virtual channel routers require additional resources for buffers and virtual
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channel arbitration logic. Fig. 2.15 is an illustration of a virtual channel router microar-

chitecture with 5 input/output ports and 4 virtual channels at each input port.
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Figure 2.15: A virtual channel router microarchitecture (Enright and Peh, 2009)

2.4 On-chip Interconnect Architectures for Dynamically

Partially Reconfigurable Systems

2.4.1 Buses

Bus architectures that have been proposed to support partial reconfiguration can be
classified as global shared buses (Hagemeyer et al., 2006; Koh and Diessel, 2006; Silva
and Ferreira, 2008; Koch et al., 2008b; Koester et al., 2011) or segmented buses (Ahma-
dinia et al., 2005).

Fig. 2.16 illustrates a global shared bus system. These consist of shared signals and
dedicated signals. Shared signals are often used for data and address channels while

dedicated signals are used for control and arbitration. In the context of dynamically
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partially reconfigurable systems the shared and dedicated signals are fixedly imple-
mented. Much of the published literature on dynamically reconfigurable global buses
focuses on different approaches of implementing connection points between reconfig-
urable modules and the bus logic. Four different methods for distributed connection
points are introduced and evaluated by (Hagemeyer et al., 2006). These approaches are
based on tristate wires and targeted at Xilinx Virtex-II FPGAs which allowed modules

to span over the horizontal width of the devices.

Module Module Module Module
1 2 3 4
Connection Connection Connection Connection
point point point point
N N N
v vt v v
—
‘a
. - B
Bus Logic <=———1<| Arbiter

Figure 2.16: Dynamically reconfigurable global shared bus architecture.

Modern FPGAs no longer support tristate buffers and do not require modules to span
the full device height. Partial modules can be placed in both horizontal and vertical di-
rections; therefore, more flexible methods for routing connection signals are required.
Linking partial modules using logic resources is an alternative to the tristate driver
approach. In (Koh and Diessel, 2006) partial modules are reconfigured in vertical align-
ment using LUT-based bus macros. This approach allows variable-size modules to
be placed in different slots but does not allow direct communications between partial
modules. A reconfigurable system with partial modules arranged in two dimensions is
proposed by (Silva and Ferreira, 2008). In this system, communications are performed
from the left side to the right side via LUT-based bus macros. Partial reconfiguration
modules are interconnected in a tiled region using embedded communication macros
(Koester et al., 2011). These macros are embedded in the tiles, which provides better

resource utilization than other approaches.
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A complete global shared bus for dynamically reconfigurable systems is proposed by
(Koch et al., 2008b). In this approach, logic and routing resources to implement the com-
munication infrastructure are located in a homogeneous manner. Experiments show
this technique provides high bus bandwidth and flexible module placement with only
low resource overhead. A tool chain to build this bus, called Recobus-Builder, has been
introduced by (Koch et al., 2008a). However, this tool chain supports Xillinx Virtex II
and Spartan-3 FPGAs only. Recent FPGA series are not supported.

Segmented buses are an alternative to global shared buses. They consist of multiple
bus segments that build a complete bus system connecting all modules. RMBoC (Re-
configurable Multiple Buses on Chip) (Ahmadinia et al., 2005) as shown in Fig. 2.17 is
a segmented bus. RMBoC consists of cross-points that interface with the PEs and are
linked to each other by bus segments. The RMBoC routing concept is similar to circuit
switching in a NoC. When a PE wants to communicate with another, it sends a request
message to its local cross-point. Cross-points determine the direction of the request and
forward the request to suitable neighbor cross-points. If the destination is reached and
the request is accepted, a reply message is sent to establish the channel. Otherwise, a
cancel message is sent back to the source PE. When communication finishes, a destroy
message is sent to release the channel. The concept and realization of a RMBoC cross-
point are similar to those of a NoC router. This approach blurs the lines between NoCs

and buses.

Cross Cross Cross Cross
-point -point -point -point
Module Module Module Module
1 2 3 4

Figure 2.17: RMBoC architecture.
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The body of literature on bus architectures for partially reconfigurable systems has
some shortcomings. Most of these architectures are reported on synthesized results
of resources costs and operating frequency on FPGA devices. Only the works by
(Koch et al., 2008a) and (Koester et al., 2011) are mapped on example systems with some
test modules. None of the papers reviewed here presents results from a realistic, fully
implemented case study. This presents a challenge for the current work as there are no

established benchmarks for comparison.

2.4.2 Networks on Chip

Various NoC architectures that exploit dynamic partial reconfiguration of FPGAs
have been proposed (Bobda et al., 2005; Jovanovic et al., 2007; Pionteck et al., 2008;
Krasteva et al., 2010; Devaux and Pillement, 2014).

DyNoC proposed by (Bobda et al., 2005) is one of the first NoC architectures that sup-
ports dynamic reconfiguration. DyNoC has a mesh topology and uses the wormhole
routing method. Modules consisting of several processing elements (PEs) and routers
can be dynamically placed or removed on the chip at runtime. These modules commu-
nicate in the network through the routers attached to their upper right side. The routers
inside modules can be reconfigured as additional resources for the modules. For rout-
ing in the network, an adaptive S-XY (Surrounding-XY) routing algorithm is used. The
major drawback of DyNoC is that a module needs a ring of routers surrounding it to

ensure its reachability; thus, the area ratio of PEs/routers is low.

CuNoC (Jovanovic et al., 2007) is another approach for FPGA-based reconfigurable de-
vices. When a new module is added to the network, one or several routers with the
total area equal to or greater than the module are overwritten. CulNoC uses store-and-
forward switching and arbitration based on the priority-to-the-right rule. It uses an
adaptive routing algorithm that takes into account the current network condition. The
advantage of CuNoC is its light-weight router architecture. However, the adaptive

routing algorithm sometimes results in longer paths than S-XY used in DyNoC.

For the CoNoChi system (Pionteck et al., 2008), as shown in Fig. 2.19, when PEs are
inserted or removed, the number of routers and their positions are adapted. To do

that, the architecture is divided into homogeneous partial dynamic reconfigurable logic
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Figure 2.18: DyNoC architecture (Bobda et al., 2005)

blocks that can be reconfigured as part of a hardware module, a switch or a horizontal
or vertical communication link. This approach uses the minimum number of routers
required for the network and hence saves area. In addition, the CoNoChi topology can
change to adapt to the needs of different applications. CoNoChi uses a deterministic
routing policy that is based on off-line topology. When the topology changes due to
dynamic reconfiguration, a new routing table is calculated and updated to all routers

in the network.

DRNoC proposed by (Krasteva et al., 2010) provides the possibility of implementing
different applications and their communications onto the same system. DRNoC uses
modified HERMES routers (Moraes et al., 2004). These routers incorporate features
from both DyNoC and CoNoChi routers. They have fixed positions in the network
like DyNoC routers, but can be loaded or removed like CoNoChi routers. The DRNoC

Page 28



Chapter 2 Literature Review

Module

(I
Module | 1 1
1 | [+

i
R
bl

A T e e S
o4
]

Figure 2.19: CoNoChi architecture (Pionteck et al., 2008)

topology can be changed to suit a specific application. DRNoC provides a complete
reconfiguration solution compared to other approaches. It is flexible but has a high

hardware cost.

One of the state-of-the-art reconfigurable NoCs, OCEAN (Devaux and Pillement, 2014)
as shown in Fig. 2.20, is a highly flexible NoC that supports a diversity of applica-
tions. It is a fat tree NoC with two sub-networks, one for data and one for control.
The control network is responsible for routing and dynamic reconfiguration processes
while the data network transmits data based on the paths defined by the control net-
work. The use of the control sub-network can accelerate the routing process and ensure
correct asynchronous operation, but it also has a significant hardware cost. Another
particularity of OCEAN is that it uses its own dynamic configuration scheme and test
platform, which is independent from the dynamic reconfiguration limitations of FPGA

technology. Therefore, it cannot be fully realized without a custom integrated circuit.
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Figure 2.20: OCEAN architecture (Devaux and Pillement, 2014)

In summary, most of the studies on dynamically reconfigurable NoCs to date focus
on topology, router architecture and routing strategy. However, one key consideration
when implementing a dynamically reconfigurable NoC is its reconfiguration time in
the context of the target application. Few of the published studies demonstrate the use
of a dynamically reconfigurable NoC in a fully realized practical application. To the
best of the author’s knowledge, only DyNoC has been applied to a traffic light con-
troller and CoNoChi has been demonstrated in a dynamically reconfigurable network
coprocessor called DynaCORE (Albrecht et al., 2006). However, they have not been fully
realized and validated. It is necessary to use these NoCs in realistic applications to ver-
ify their practicality and performance, to demonstrate their potential, and to identify

their limitations.

2.5 Conslusion

This chapter has provided an overview of FPGAs and a comprehensive review of dif-
ferent NoC and bus interconnect architectures for on-chip systems in general and more
specially for FPGA-based dynamically partially reconfigurable systems. Commercial
FPGAs differ in their underlying programming technologies and their architectures.
SRAM-based FPGAs are the main platform that is used for experiments and evaluation

in this research due to their dominance in modern commercial FPGAs.
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Chapter 2 Literature Review

Most of the studies on NoCs and buses to date focus on physical implementation and
routing strategy. Few of the published studies demonstrate this in a fully realized prac-
tical application. In addition, little research has been carried out to examine and com-
pare benefits and limitations of different communication architectures in partially re-
configurable systems as well as in general FPGA-based designs. These problems will

be successively addressed in the next three chapters of this thesis.
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Chapter 3

Interconnect Architectures
for FFT Implementations

THIS chapter presents the implementations of FFT systems using
NoC and bus communications on FPGAs. Hardware design of the
FFT is discussed in details. Bus and NoC architectures customized
for the FFT systems are implemented and evaluated in terms of area, power
consumption, and performance. The proposed FFT systems are also com-

pared with other hardware implementations as well as software implemen-
tations on CPUs.
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3.1 FFT Algorithm and Hardware Implementation

The FFT is chosen because it is widely used in a diverse variety of applications in engi-
neering, science and mathematics (Brigham, 1988). It is commonly implemented using
FPGAs, which can exploit parallel hardware to achieve power-efficient, high-speed per-
formance. In addition, different FFT hardware architectures provide the opportunity

to evaluate the performance of different interconnection architectures.

3.1.1 FFT Algorithm

The Fast Fourier Transform, transforms a vector of N data samples x;, i = 0,..., N — 1
into a vector of Discrete Fourier Transform coefficients X;, i = 0,..., N — 1. The basic
formula of the N-point DFT is:

N-1
Xp= Y x, W (3.1)
n=0

WX are so-called twiddle phase factors defined as:

Wi — =5 (3.2)

The Cooley-Tukey algorithm is the most commonly-used FFT algorithm. It recursively
divides the FFT into smaller FFTs. The smallest unit of operation is called a butterfly.
Different butterfly architectures are possible according to the radix chosen for the FFT.
Radix-2, the best known of the FFT Cooley-Tukey algorithms, divides the FFT by two
at each stage. The operation of a radix-2 butterfly consists of a complex multiplier and
two complex adders as shown in Fig. 3.1. This approach leads to the smallest butterfly
units; hence it provides simplicity and flexibility. Higher radices reduce the number
of operations but increase the complexity of the hardware. The diagram of the FFT
Cooley-Tukey algorithm can be constructed as decimation in frequency or decimation

in time as shown in Fig. 3.2 (a) and (b) respectively.
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Figure 3.1: Radix-2 butterfly datapath.
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Figure 3.2: Two variations of radix-2 8-point FFT. (a) Decimation in frequency. (b) Decimation in

time.

3.1.2 FFT Hardware Implementation

Many different hardware architectures for the FFT have been proposed. These include
the parallel architecture (Palmer and Nelson, 2004), pipelined architecture (He and
Torkelson, 1998; Jung et al., 2003; Garrido et al., 2013; Chang and Parhi, 2003), and com-
bined parallel-pipelined architecture (Ayinala and Parhi, 2012; You and Wong, 1993).

In the pipelined design, one butterfly unit is used at each stage of the FFT. The first unit
reads data from the memory, performs the butterfly operation and outputs the results
to the following unit. The next unit has a memory storage buffer able to store inputs
until its first two corresponding input elements are available. In this way, data is passed
from the first unit to the last unit, from which results are written back to the memory.

Fig. 3.3 is an illustration of a pipelined architecture.
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The major advantages of the pipelined architecture are low external memory band-
width and on-chip memory storage. However, it has a significant disadvantage. The
utilization of butterfly units is relatively low since the real computation time of each
unit is much lower than the total computation time. Many units stay idle at initializa-
tion and after they complete their computation. Some units even sit idle all the time
when the number of FFT stages is smaller than the implemented stages. When the
number of FFT stages is not a multiple of the number of implemented stages, some
units are not used at the final iteration. The low utilization of the pipelined design re-
sults in its high latency. This is especially true when the number of stages in the FFT
is greater than the number of hardware stages. In this case, there is a significant delay

from the last unit to the first unit at the next iteration.

( ) f ) -
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brmmmm e e |
) )
B E E
= B =
= = =
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RAM [ z Datapath 3 £ Datapath
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— —
<
.
. / .

Figure 3.3: Pipelined FFT architecture (Hemmert and Underwood, 2005).

At another extreme, the parallel design exploits the data parallelism within a stage. At
each stage, the input data set is equally divided among butterfly units. After finishing
a stage, each unit stores the intermediate results in its memory storage or sends them
to another unit according to the data scheduling of the next iteration. Fig. 3.4 shows an

example of a parallel architecture with a parallelism of 4.

The main advantage of the parallel architecture is its efficient hardware utilization. All
butterfly units are fully used at all stages of the FFT; therefore the number of compu-
tation cycles of the parallel design is smaller than that of the pipelined design with the
same number of butterfly units. However, the memory bandwidth requirement to en-

sure the parallel operation of all units is much greater. Another disadvantage is that its
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routing complexity increases with the number of hardware butterfly units. With P par-
allel units, there are log, P stages in which each unit needs to communicate with other
units. This significantly affects the design performance. This is the main reason why
the parallel architecture is not as commonly used as the pipeline architecture although

it provides smaller latency.

The parallel-pipelined design as shown in Fig. 3.5 is a combination of the parallel ar-
chitecture and the pipelined architecture. Several butterfly units are dedicated at each
stage instead of only one as in the pipelined architecture. With the same number of but-
terfly units, the parallel-pipelined architecture has lower memory bandwidth require-
ment and routing complexity than the parallel architecture but has the same latency as

the pipelined design.

3.2 NoC-based and Bus-based FFT Implementations

In this chapter, both parallel and parallel-pipelined FFT architectures are implemented.

The pipelined architecture is not used as it requires communications among adjacent

Page 37



3.2 NoC-based and Bus-based FFT Implementations

Number of stages

) )
° °
E E T
3 S
Butterfly © o Butterfly
| eee | & =
Datapath 2 z Datapath 5
= = =
° 8 8 2
=] 5] o] =
£ ] ] 5
Off Chip O : . — : &
&> *
RAM z . - . g
’Q — D
2 £ £ 3
a g £ O
Butterfly & O Butterfly D”_
E | eee | o
Datapath 3 z Datapath
= =
= g L
@ o
[ a
) €

* First log(P) stages must be able to communicate data
between butterfly units in the stage

Figure 3.5: Parallel-pipelined FFT architecture (Hemmert and Underwood, 2005).

PEs only so that point-to-point connections are a better interconnect approach than
NoCs and buses. For each architecture, both bus-based and NoC-based communication
are evaluated for performance and power consumption comparison. The bus and NoC

architectures are customized to best suit FFT communication patterns.

3.2.1 Processing Elements

A processing element (PE) performs a radix-2 butterfly operation on double-precision
tloating-point input data. Each PE consists of: four floating-point multipliers and six
tloating-point adders for the full radix-2 butterfly operation as shown in Fig. 3.6; mem-
ory storage for input data, twiddle phase factors and intermediate results; a local con-
troller; and a NoC /bus interface. The local controller coordinates the read /write mem-
ory operation and defines which PE to communicate with at each stage. The NoC
interface works as a bridge between the PE and the NoC. The architecture of a PE is
shown in Fig. 3.7.

The floating-point multipliers and adders support IEEE 754 double-decision floating-
point normal and abnormal numbers. They are deeply pipelined to improve speed. The

floating-point multiplier is based on the design by (Jovanovic and Milutinovic, 2012).
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Figure 3.6: Radix-2 butterfly implementation.
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Figure 3.7: PE Architecture.

Its operation includes multiplying the mantissas, adding the exponents, calculating
the result sign, normalizing and finally rounding the result according to the IEEE 754

double-decision floating-point standard. The multiplier consists of 17 pipeline stages.

The floating-point adder is also based on the design by (Jovanovic and Milutinovic,
2012). It consists of several steps as follows: ensure that the exponents of the two
operands are equal by increasing the smaller one and shifting right its corresponding
mantissa; add /subtract the mantissas if they have the same/opposite signs; normalize

and finally round the result according to the IEEE 754 double-decision floating-point
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standard. The adder is implemented with 10 pipeline stages. The subtractor can be

simply implemented using an adder by inverting the sign of the second operand.

The on-chip memory storage of each PE is determined according to the number of
block RAMs available on the FPGA and the number of PEs implemented. For example,
a single bus-based PE synthesized for a Xilinx Virtex-7 XC7VX485T FPGA occupies
8670 register slices, 13069 LUT slices and 36 DSP48E1 slices. This accounts for 1%, 4%
and 1% of the available registers, LUT and DSP slices respectively. Up to 25 PEs could
be implemented on a XC7VX485T device. The largest Virtex-7 currently available, a
XC7VHS870T, could implement 45 PEs. In a parallel architecture, the number of PEs
must be a power of two; hence only 16 PEs are implemented. There are a total of 1030
x 36Kb block RAMs; hence each PE can include up to 64 block RAMs.

The total on-chip memory required for an N-point FFT is approximately 2N elements
(including data elements and twiddle phase elements). With elements of 128 bits for
double precision complex numbers (64 bits for the real part and 64 bits for the imagi-
nary part), the maximum FFT size the design can process is (1030 x 36 x 1024) /(2 x
128) = 148320 points. The actual maximum size is 131072 217y points due to the use of

a radix-2 design.

3.2.2 Data Scheduling

Data scheduling is based on the decimation-in-frequency variation of the FFT Cooley-
Tukey algorithm. The twiddle phase factors are pre-calculated and stored in an external
ROM. The input data and twiddle phase factors are loaded from the external memory
to the on-chip memory of each PE by a global controller. To ensure the parallel imple-
mentation of PEs, all input elements are transferred to the PEs before they start their
operation. The number of elements transferred per cycle depends on the bandwidth
of the external memories. In this implementation, one element is transferred per cycle.
If the system runs at 100 MHz, the transfer of two 128-bit elements per cycle requires
the memory bandwidth of 25.6 Gbps. This can be easily obtained by current memory
technology.

With an N-point FFT and P-PE at the first stage, PE; (0 < i < P — 1) is scheduled with
the {x; : j = [i : P : N — P+i]}. With this scheduling strategy, PEs transfer their
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Table 3.1: Communications among 16 PEs in the first four stages of a parallel architecture

Stage Communications among PEs

0 PE; = PEi 4 (i=2j,0<j<7)

1 | PE;=PEi» (i=0,1,4,5,8,9,12,13)

2 PE; = PE; 4 (i=0,1,2,3,8,9,10,11)

3 PE; = PE; 4 (0<i<7)

results to each other in the first log, P stages of the parallel architecture. There is no
communication among the PEs from the stage log, P of the parallel architecture; PEs
feedback their own results to their inputs for the next stage. Fig. 3.8 is an illustration of
data scheduling of a parallel architecture of 4 PEs for a 16-point FFT. Communication
patterns of the first PE are also shown in the figure. In this chapter, the parallel FFT
architecture is implemented with 16 PEs. Table 3.1 provides a summary of communi-

cations among PEs in the first four stages for a parallel architecture of 16 PEs.

In the parallel-pipelined architecture, there are communications among PEs in adjacent
stages of the same pipelined stream in all stages. In the first log, P stages, there are
also communications between PEs in adjacent stages of the different pipelined streams.
Fig. 3.9 is an illustration of data scheduling in a parallel-pipelined architecture of 2 PEs
each stage for a 16-point FFT. In this figure, PE;; is the PE in the stage i of the pipelined
stream j. Communication flow of the the first pipelined stream is also shown in Fig. 3.9.
In this chapter, the parallel-pipelined FFT architecture is implemented with 8 stages and
2 PEs each stage.

This data scheduling requires the smallest memory storage for twiddle phase factors in
a PE. At each stage, the twiddle phase factors are read in a manner so that they can be
reused. Communications among PEs and between PEs and external memory use the
NoC or the bus.
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Figure 3.8: Data scheduling of a parallel architecture of 4 PEs for a 16-point FFT.

3.2.3 NoC-based Communication

The NoC customized for FFT communications is a light-weight 2-D mesh that uses
small routers, circuit switching and deterministic routing. Circuit switching is used for

flow control because it does not require input buffers on the NoC routers. Deterministic

routing is used to maximize the throughput of the NoC.

Each router has five input/output ports: four from the four cardinal directions (North,

East, South and West) and one from the local PE as shown in Fig. 3.10. There are no
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Figure 3.9: Data scheduling of a parallel-pipelined architecture of 2 PEs each stages for a 16-point
FFT.

input buffers at the input ports. Each output port consists of an arbiter and a crossbar
switch. The arbiter determines which input port is selected to proceed in the next stage.
Then, the crossbar switch connects the successful input port to the desired output port.
Each router is connected to its neighbors and local PE through a bidirectional link with
130 bits for each direction.
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Figure 3.10: Router datapath.

In circuit switching flow control, a link between source and destination PEs is set up
before a transfer is performed and is maintained throughout the transfer. Data trans-
ferred in the NoC is in 130-bit flit format. When a PE wants to communicate to another,
it will assert a Send signal and send a set-up flit to its target PE through the NoC. If the
target PE accepts the request, it will assert an Accept signal and a channel is constructed
between the two PEs. Data is transferred and the channel is released when the last flit
is received. There are 4 types of flits defined by the two most significant bits: set-up
flits, data flits, tail flits and control flits.

In the deterministic routing algorithm, the route is defined by the source PE and stored
in the set-up flit from the least significant bit. The routing information is a set of 2-bit
directions from the source to the destination: 00 for North, 01 for South, 10 for East
and 11 for West. When a router receives a set-up flit, it extracts the two least significant
bits to find out the routing direction and then shifts the set-up flit two bits to the right
before sending the flit to the next router. When the output direction is equal to the input

direction, the flit is transferred to its attached PE.

Fig. 3.11 shows the positions of the PEs in the NoC and routes for the different stages in
the parallel FFT as defined in Table 3.1. Using these routes ensures the highest through-

put in the NoC as there will be no collisions in the first three stages. However, in the
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last stage, only four of eight communications can be simultaneously performed. For all
eight simultaneous communications, four additional bidirectional connections need to
be implemented: between north ports of router-5 and router-13; north ports of router-7
and router-15; south ports of router-4 and router-12; and south ports of router-6 and
router-14. The arrangement of the PEs in the parallel-pipelined FFT is as shown in
Fig. 3.12. With this arrangement, communications among PEs are mostly performed by

adjacent routers.

3.2.4 Bus-based Communication

The bus for an FFT implementation is a global shared bus with a 128-bit data channel
and a 4-bit address channel. The bus can connect up to 16 PEs. Bus access arbitration
and address decoding are implemented in a centralized manner as shown in Fig. 3.13.
A simple static priority scheme is used for arbitration, in which PE; has a higher priority
than PE; . A single channel bus is firstly implemented and compared with the NoC in
terms of area, power consumption and performance. Additional channels can be added
to the bus when the performance achieved by a single channel bus is not optimal for
the FFT in comparison with the NoC.

3.3 Area, Power and Performance Comparison

3.3.1 Area and Power Consumption

The design has been implemented using Verilog and verified using Modelsim. Syn-
thesis and power analysis were performed with the Xilinx ISE Design Suite, targeting
a Xilinx Virtex-7 XC7VX485T FPGA. Table 3.2 shows the results. The synthesis results
of a single NoC-based PE and and a single bus-based PE are quite similar. The entire
bus consumes an amount of hardware resources and power even lower than a single
router. It is noted that the bus here can connect up to 16 PEs. Therefore, to compare the
communication overhead of the bus and the NoC, the results of a single router need to
be multiplied by 16. It can be seen that the bus is better than the NoC in terms of area

and power dissipation.
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Figure 3.11: Routes defined for communications among 16 PEs in the NoC-based parallel architec-

ture. (a) Stage 0. (b) Stage 1. (c) Stage 2. (d) Stage 3.

Fig. 3.14 and Fig. 3.15 respectively show the comparison of resource and power con-

sumption between the NoC-based and bus-based FFT systems with different number of

PEs. It can be seen that although the NoC of 16 routers consumes much more resources

and power than the bus, the complete NoC-based systems only consume slightly more

resources and power than the corresponding bus-based systems. This is because the
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Figure 3.13: Bus architecture for FFTs.

interconnects only account for a small portion of the resources and power of the en-
tire system. This proves the need for considering and comparing different interconnect

architectures in the context of an entire system to obtain a more complete comparison.
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Table 3.2: Synthesis and power analysis results
A NoC-based PE || A Bus-based PE || A single router || Bus
Number of slice registers 8670 8670 758 178
Number of slice LUTs 13194 13069 1442 1228
Number of 36Kb BRAMSs 62 62 0 0
Number of DSP48E1s Slices 36 36 0 0
Post synthesis frequency (MHz) 343 343 522 483
Estimated power at 100MHz (W) 0.839 0.837 0.34 0.29
Resource Consumption of Different NaoC-based and Bus-based FFT Systems
A — — — Register usage-MNoC I I I I
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Figure 3.14: Resource consumption of different NoC-based and bus-based FFT systems.
3.3.2 Latency
NoC Latency
The NoC latency L of a transfer can be calculated as:
L=S+I+T (3.3)
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Power Consumption Comparison of Different NoC-based and Bus-based FFT Systems
20

Power Consurnption (W)

No of PEs

Figure 3.15: Power consumption of different NoC-based and bus-based FFT systems.

S is the link set-up time. It depends on the number of hops for the link (k). For each
hop, two cycles are needed to process a Send signal and one cycle to process an Accept
signal, hence S = 3h. The second term, I, is the initial latency, which is equivalent to the
number of hops. The last term, T, is the transfer time, which is the largest contribution
to the NoC latency. The transfer time is equal to the number of flits in each packet. For
the parallel architecture, the transfer time is overlapped with the calculation time as a
PE only transfers one output values to another PE for every operation. Therefore, the
NoC latency of a transfer in the parallel architecture is only 4h, which is insignificant

compared to the total number of calculation cycles.

For the parallel-pipelined architectures, a communication between two PEs consists of
two output values per operation. Only one of these is overlapped with the calculation
time. Therefore, there is an additional % cycles in the NoC latency of each transfer in
the parallel-pipelined architecture. These additional cycles can be saved by doubling

the data width of the routers but at a higher hardware resources cost of the NoC.
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Bus Latency

The bus latency of a data transfer consists of an arbitration time and a transfer time.
The arbitration takes two cycles if the bus is free at the time the transfer is requested.
This time is greater and depends on the priority of the requested PE when the bus is
occupied. Similar to the NoC-based system, the transfer time is overlapped with the
calculation time in the parallel architecture. There is also an additional 1% cycles in the

bus latency of each transfer in the parallel-pipelined architecture.

3.3.3 Performance

In this section, performance in terms of floating-point operations per cycle (FPOPs/cy-
cle) of different interconnection strategies are calculated and compared in each of the
parallel and pipelined implementations of the FFT. Computing an N-point FFT takes
5Nlog, N floating-point operations. With the number of calculation cycles (C) obtained
from simulation, the performance can be calculated as 5Nlog, N /C (FPOPs/cycle). Itis
noted that the calculation time here includes the raw calculation time and the NoC/bus

latency.

Parallel FFT systems

Fig. 3.16 shows the performance of the NoC-based parallel FFT systems with different
numbers of PEs and FFT sizes. It can be seen that the performance increases with an
increase in the number of running PEs and FFT size. The difference in the performance
of different designs also increases with larger FFT size. The highest performance of
33.5 FPOPs/cycle is achieved by the 16-PE design with the 131072-point FFT. It can
be concluded that the use of a NoC for a parallel FFT implementation allows system

scalability with scalable and sustainable performance.

Fig. 3.17 shows the performance of the bus-based parallel FFT systems with different
numbers of PEs and FFT sizes. It can be seen that similar to the NoC-based FFT systems,
the performance of the bus-based parallel FFT also increases with an increase in the
number of FFT size. However, this is not the same with an increase in the number of

running PEs. The performance only increases when the number of PEs increases from
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Performance of MoC-based Parallel FFT Systems
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Figure 3.16: Performance of NoC-based parallel FFT systems.

1 to 4 but the performance increase from the system of 2 PEs to the system of 4 PEs is
smaller than the increase from the system of 1 PE to the system of 2 PEs. Furthermore,
the performance of the systems with 8 PEs is lower than that of the system of 4 PE
for FFT size smaller than 1024 points. It is even higher than that of the system of 16
PEs for all of the FFT sizes except the 131072-point FFT. This is because the decrease
in calculation time gained from using more PEs is smaller than the increase in the bus
latency when the number of PEs increases. It can be concluded that a bus is not a
good interconnect approach for a parallel FFT implementation. It suffers from low

performance when the design size increases.

Fig. 3.18 shows the performance comparison of different NoC-based and bus-based
parallel FFT systems. It can be seen that even the NoC-based system with 4 PEs can
have higher performance than the bus-based systems with 8 and 16 PEs. In order to
obtain a complete comparison of NoCs and buses for parallel FFT implementation, it is
necessary to compare their performance in conjunction with their power consumption.
Fig. 3.19 show the comparison of performance/power of the NoC-based and bus-based
parallel FFT systems with 8 and 16 PEs. It can be seen that the NoC-based systems

have much higher performance/power than the bus-based systems with the same PEs.
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Performance of Bus-based Parallel FFT Systems
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Figure 3.17: Performance of bus-based parallel FFT systems.

Therefore, it can be concluded that a NoC is a better communication scheme for a par-

allel FFT implementation than a bus.

Performance Comparison of Different NoC-based and Bus-based Parallel FFT Systems
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Figure 3.18: Performance comparison of different NoC-based and bus-based parallel FFT systems.
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Perfarmance/Power of Different NoC-based and Bus-based Parallel FFT Systems
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Figure 3.19: Performance/Power Comparison of different NoC-based and bus-based parallel FFT

systems.

The performance of the best NoC-based parallel design can also be compared with with
the Xilinx FFT IP core (Xilinx, 2012a) in terms of calculation cycles to demonstrate the
advantage of a NoC-based parallel FFT implementation to the more common pipelined
architecture in commercial FFT cores. The Xilinx FFT IP core supports the transformed
size of N = 2" (3 < m < 16), data precision of 8 to 34 bits, and fixed-point and
block floating-point data format. The core provides four architectures: Radix-2, Radix-
2 Lite, Radix-4 and Pipelined Radix-2. The Radix-2 Lite and Radix-4 architectures are
not considered here because they have different butterfly structures, either lighter or
heavier than the Radix-2.

The new 1-PE design has similar performance to that of the Xilinx Radix-2 FFT core.
For example, the 1-PE design processes a 1024-point FFT in 7538 cycles; and the Xil-
inx Radix-2 FFT core needs 7367 cycles. The performance comparison between the
dynamically reconfigurable 16-PE design and the Xilinx Pipelined Radix-2 FFT core is
shown in Fig. 3.20. However in making this comparison it should be noted that the
number of PEs in the Xilinx Pipelined Radix-2 architecture in this case is smaller than

16. For example, only 13 PEs are used in the Pipelined Radix-2 architecture to perform
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the 8192-point FFT. This comparison aims to illustrate the advantage of the parallel ar-
chitecture over the pipelined architecture, in which more than n PEs can be used to
perform a 2"-point FFT to achieve smaller latency. Power and area comparison is not
carried out here as the Xilinx FFT cores do not support double-precision floating-point

data format.

Fedpftnance Comparison of MoC-based Parallel FFT design and Xilinx FFT IP
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Figure 3.20: Performance comparison of NoC-based parallel FFT design and Xilinx FFT IP.

Parallel-pipelined FFT systems

Fig. 3.21 and Fig. 3.22 respectively show the performance and performance/power
comparison of the NoC-based and bus-based parallel-pipelined systems of 16 PEs with
different FFT sizes. It can be seen from the figures that performance of the parallel-
pipelined systems increases with an increase in the FFT size. However there is a de-
crease in performance with the 2%-point and 2!7-point FFTs. This is because parallel-
pipelined architecture is implemented with 8 stages only. The implementation of a 2°-
point FFT requires a transfer of the output values in the stage 8 to the external memory
and the implementation of a 2!7-point FFT requires two transfers. This leads to higher

latency in these implementations and results in lower performance. Despite that, a
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NoC still outperforms a bus in terms of both performance and performance/power for

a parallel-pipelined FFT implementation.

Performance Comparison of MoC-based and Bus-based Parallel-Pipelined FFT Systems
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Figure 3.21: Performance comparison of NoC-based and bus-based parallel-pipelined FFT Systems.
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Figure 3.22: Performance/power comparison of NoC-based and bus-based parallel-pipelined FFT
Systems.
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3.4 Multi-channel Buses

The results in the previous section show that buses have lower resource overheads than
NoCs but achieve lower performance due to bus contention. This raises the question:
can additional resources be added to a bus so that its performance matches or exceeds

that of a NoC at lower overhead?

Most publications on buses consider a bus with only one channel (Cordan, 1999; Wine-
garden, 2000; Lahiri et al., 2006; Shanthi and Amutha, 2011); however, (Jung et al., 2008)
describe a bus with multiple channels . Their overall structure is equivalent to using a
crossbar between PEs. For a system with 16 PEs and a 16-channel bus, any PE can send

data to any other without contention.

In this section, a 16-channel bus with 128 bits each channel is implemented based the
work by (Jung et al., 2008). The bus synthesized for a Xilinx Virtex-7 XC7VX485T FPGA
occupies 2661 register slices and 11150 LUTs slices that are respectively 15-times and
9-times higher than those occupied by a single channel bus. These results are much
higher than those of a single router but still lower than a network of 16 routers. The

post synthesis maximum frequency of the 16-channel bus is 480 MHz.

Fig. 3.23 shows the comparison of resource consumption of the NoC-based, single
channel bus-based and 16-channel bus-based FFT systems with different number of
PEs. It can be seen from the figures that the 16-channel bus-based systems consume
more resources than the corresponding single bus-based systems but consume less re-
sources than the corresponding NoC-based systems. The power consumption of the
three kinds of systems at 100 MHz are given on Table 3.3. It can be seen from the table
that 16-channel bus-based systems consume more power than the corresponding single
bus-based systems and also consume more power than the corresponding NoC-based

systems despite of their lower resource consumption.

Fig. 3.24 shows the performance of the 16-channel bus-based parallel FFT systems with
different numbers of PEs and FFT sizes. It can be seen that the performance increases
with an increase in the number of running PEs and FFT size. With the use of a full
16-channel bus for a system of 16 PEs, the performance can now be scalable with the

increase in the number of running PEs.
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Resource Consumption of Different MoC-based and Bus-based FFT Systems
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Figure 3.23: Resource consumption of different NoC-based and bus-based FFT systems.
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Figure 3.24: Performance of 16-channel bus-based parallel FFT systems.
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Table 3.3: Power consumption [W] of different FFT systems at 100 MHz

NoC-based systems || 16-channel bus-based systems || Single channel bus-based systems
1 PE 1.165 1.155 1.149
2 PEs 1.406 1.378 1.374
4 PEs 2.469 2.478 2.458
8 PEs 4.682 4.733 4.651
16 PEs 9.589 9.644 9.415

Fig. 3.25 (a) and (b) respectively show the performance and performance/power com-

parison of the NoC-based, single channel bus-based and 16-channel bus-based parallel

FFT systems with different number of PEs. It can be seen from the figures that the

performance and performance/power of the 16-channel bus-based systems are much

higher than those of the corresponding single channel bus-based systems. The 16-

channel bus-based systems achieve similar performance and performance/power to

the corresponding NoC-based systems. The same results are obtained with the parallel-

pipelined systems of 16 PEs as shown in Fig. 3.26 (a) and (b).
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Figure 3.25: Comparison of different NoC-based and bus-based parallel FFT systems. (a) Perfor-

mance. (b) Performance/Power.
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Performance Comparison of NoC-based and Bus-based Parallel-Pipelined FFT Systems Petorrnance/Power of NoC-based and Bus-based Parallel-Pipelined FFT Systerns
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Figure 3.26: Comparison of different NoC-based and bus-based parallel-pipelined FFT systems. (a)

Performance. (b) Performance/Power.

In summary, the implementation of multiple channels allow a bus to achieve similar
performance to a NoC. A multi-channel bus-based FFT system consumes slightly less
area and more power consumption than a NoC-based FFT system. However, a NoC
still has advantage of system scalability in comparison to a multi-channel bus. It is
noted that only 16 PEs can be implemented in this case. With larger number 1 of PEs,
the bus also needs to be implemented with full n channels to obtain an optimal perfor-
mance. In a NoC-based system, only additional routers need to be added to the NoC
when the system size increases. There is no need for changing the entire interconnect

like in a bus-based system.

3.5 Conclusion

In this chapter, the FFT systems using different interconnection strategies have been
implemented on a Xilinx Virtex-7 XC7VX485T FPGA. NoCs and buses are compared
in terms of area, power consumption and performance. The buses are implemented
with a single channel and multiple channels for comparison. The NoC provides much
better performance than the single channel bus and similar performance to the multi-
channel bus in both parallel and parallel-pipelined FFT implementations. The only

disadvantage of NoCs is their higher area and power consumption. However, this
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disadvantage is not significant when considered in the context of the entire system. The
area and power consumption of a NoC-based system is just slightly higher than these
of a single channel bus-based system but with much higher performance. This leads
to a better ratio of performance/power of the NoC-based system. The performance
and power consumption results for NoCs and multi-channel buses are very similar;
however a NoC-based systems has the advantage of of system scalability. Based on
these analysis and experimental results, it can be concluded that NoCs are a better

solution for the FFT than buses.

The NoC-based interconnect approach provides scalable and sustainable performance
when the design size increases. The best NoC-based parallel design provides smaller
latency than Xilinx pipelined FFT cores. This demonstrates the advantage of using a
NoC for a parallel FFT implementation to provide higher design parallelism and lower
latency than the more common pipelined architecture in commercial FFT cores. Results
of the FFT case study also prove the need for considering and examining different in-
terconnect architectures in fully realized systems for realistic applications to obtain a
complete and comprehensive comparison. The next chapter will examine NoCs and

buses for another case study, a neural network implementation.
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Interconnect Architectures
for Neural Network
Implementations

HIS chapter presents another case study, a feed-forward neural

network for handwritten digit recognition. Dedicated NoC and

bus interconnects are implemented to best suit the massive com-
munication requirements of the network. Different design configurations
are discussed and examined. Experiments are carried out to compare area,
power consumption, and performance of the two interconnect architectures
for the neural network application. The advantages of the proposed NN
implementations compared to traditional implementations are also high-
lighted. Combining with the results in Chapter 3, this chapter gives rec-
ommendations on the applications and communication requirements each

interconnect architecture is better used for.
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4.1 Background

Artificial neural networks (NNs) have been used for a variety of problems that are hard
to solve using other programming approaches and they have proved especially useful
for signal processing tasks such as computer vision and speech recognition (Basheer
and Hajmeer, 2000). NNs can be implemented in hardware or in software on a gen-
eral purpose processor. While software implementations provide flexibility, and have
received the most attention to date, hardware implementations can take advantage of
the inherent parallelism of NNs. There is growing interest in the use of platforms such

as FPGAs for high performance implementations of NNs (Misra and Saha, 2010).

Many FPGA-based implementations of NNs have been proposed for different applica-
tions such as speed estimation for a two-mass drive system (Orlowska-Kowalska and
Kaminski, 2011), face recognition (Sudha et al., 2011), and infant cry recognition (Suaste-
Rivas et al., 2006). Some implementations have been proposed for effective utilization of
the limited resources on an FPGA. (Himavathi et al., 2007) present a layer multiplexing
implementation of feed-forward NNs. In this implementation, only the largest layer in
the network is implemented. This layer is emulated to behave as the other layers by a
control block. Stochastic-based NN implementations are proposed by (Zhang and Li,
2008; Canals et al., 2016) to simplify the computational elements of the NN and reduce
the hardware resources required. Stochastic-based implementations are simple but not
always efficient (Misra and Saha, 2010). Most of these implementations have been de-
scribed in small NN of several tens of neurons. Few have discussed implementations

for large networks of many neurons.

In recent years, the significant increase in hardware resources and computing power
of FPGAs has made it possible to implement many neurons on a single FPGA, but the
interconnect between these neurons has become a challenge. In a fully connected feed-
forward NN every neuron in a layer is connected to all the neurons in adjacent layers
as shown in Fig. 4.1. The mass of interconnections in a large NN can lead to commu-
nication bottleneck. Most current NN hardware implementations use point-to-point
connections but this scheme cannot scale for the massive communication requirements

of a large number of neurons.
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In this chapter, a pre-trained large feed-forward NN is implemented on an FPGA. Ded-
icated NoC and bus interconnects are used for communications among the neurons
in the NN. A large feed-forward NN is chosen as its massive interconnection require-
ments provide the opportunity to evaluate the performance of different communica-
tion architectures. In addition, a full realization of a large NN on a single FPGA is still
a challenging problem due to its complex communication and computation require-
ments. In this chapter, different design parameters are discussed in conjunction with
FPGA resources. The systems are evaluated for performance, area and power con-
sumption. Their performance is compared with a software implementation on CPUs in
an example of handwritten digit recognition. This comparison is useful to confirm that
FPGA realization does indeed have the potential to exceed the performance that can be
achieved on a CPU.

Hidden layer

Input layer Output layer

Figure 4.1: Two-layer feed-forward neural network.

4.2 Neurons and Processing Elements

4.2.1 Neurons

The operation of a N-input neuron is based on the formula:

N
y= K(E w;gi(x)) (4.1)
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where the coefficient w; is known as the weight for the interconnection g;. K is known
as the activation function and is typically the hyperbolic tangent or sigmoid function.

The sigmoid function is used in this implementation.

For these experiments, a single neuron is realized as simply as possible while ensuring
it can be efficiently reused for any layer of the network. It consists of m multipliers,
(m — 1) adders, an accumulator, m sign-magnitude/two’s complement convertors, a
two’s complement/sign-magnitude convertor and a look-up table (LUT) for the sig-
moid function. A neuron processes m input values at a time. Efficient selection of m
will be presented in detail in the next section. An implementation with m = 4 is illus-
trated in Fig. 4.2.

gi | mult ]—)[SM-?.C
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add
ff“ E | mult ]—)[SM-?.C
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S d
| add ]—)[ ace ]—)[ZC-SM 11%%1?1
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Figure 4.2: 4-multiplier neuron implementation.

add

Fixed-point data format with different precisions for each sub-module is used. In this
implementation, weights and outputs of multipliers and accumulators are in 16-bit for-
mat, with 1 bit for sign, a 3-bit integer part, and a 12-bit fractional part. Input data are
in 13-bit format, with 1 bit for sign and a 12-bit data part. Outputs of the activation
function are in 12-bit format with all bits being fractional. These precisions can be ad-
justed according to different application precision requirements. The sign-magnitude
results of multipliers are converted to two’s complement format for addition. The two’s
complement results of the accumulators are converted back to sign-magnitude for the
sigmoid function. This allows us to take advantage of the symmetry in the function
and hence halve the size of the look-up table. The sigmoid activation function is im-

plemented using a look-up table. The size of the look-up table is chosen based on the
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application precision requirements. In this chapter, the look-up table is implemented

with 151 sample values in the range [-7.5 : 7.5] with step 0.1.

Increasing m, the number of multipliers in the neurons, reduces the number of cycles
required to complete the calculations for a layer. However, using too many parallel
multipliers in a single neuron can lead to an inefficient use of hardware resources, es-
pecially the block RAMs (BRAMs) used to store the inputs to a layer and the weights.
BRAMs in the latest devices of the two largest FPGA providers Xilinx and Altera can
be set to dual-port mode with maximum data width of 72 bits. The use of m multipli-
ers requires reading m input values and m weight values from the input and weight

memories at a time. This can be done by two different memory implementations.

In the first implementation, m sub-memories are used for each of the input and weight
memories. Since each BRAM can only have up to two read ports, at least 57 BRAMs
are required. In the second implementation, the data width of the memories is set to
m times the data precision. In other terms, 13m-bit data words are used for the input
memories and 16m bit data width are used for the weight memories. Each BRAM can
have its data width double to 72 bits; hence, a minimum number of 1?—5” BRAMs are

required.

With the same value of m, the latter implementation consumes less than half the num-
ber of BRAMs required by the former one. Therefore, it is used in this paper. Each
BRAM can support a maximum number of 4 parallel multipliers implemented in a sin-
gle neuron. Therefore, m is chosen as a multiple of 4 for efficient use of BRAMs. In
addition, the selection of m needs to be considered in conjunction with the available
hardware resources on the FPGA so that as many neurons and parallel multipliers can

be implemented as possible.

The design is intended for large NNs with hundreds of neurons in each layer. It exploits
the parallelism within a layer to improve end-to-end latency of the network. One layer
is processed at a time. The number of implemented neurons depends on the available
resources of the FPGA and does not exceed the number neurons of the largest layer.
Each implemented neuron can perform the operation of one or several logical neurons

in the NN according to the number of logical neurons in each layer.
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4.2.2 Processing Elements

A PE consists of n parallel neurons. This saves on memory because the neurons in the
PE can share the memory used for input data. In addition, it reduces communication
resources (i.e. NoC routers and bus logic). A router is attached to a single PE rather
than a single neuron. However, too large values of n can also reduce the speed of the
PE. A PE also has memory storage for input data, weights and intermediate results;
a local controller; and a NoC/bus interface as shown in Fig. 4.3. The local controller
coordinates the read /write memory operation of neurons at each layer. The NoC/bus

interface works as a bridge between the PE and the NoC/bus.
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Figure 4.3: PE architecture.

4.3 Interconnect Architectures for Neural Networks

4.3.1 NoC-based Interconnect

The NN implementation involves complex routing infrastructure for transferring in-
put data and weights from external memory to PEs, transferring intermediate results
among PEs, and outputting the final results from each PE to the external memory. These
can all be efficiently implemented by a NoC. Some researchers have mapped NNs on
to a NoC (Theocharides et al., 2004; Mand et al., 2012; Vainbrand and Ginosar, 2010;
Diguet et al., 2013; Dong et al., 2010). However, the NoCs used in these works are
mostly regular NoCs without customized characteristics for NNs. Therefore, perfor-

mance achieved by these systems is usually non-optimal.
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In this implementation, a 2-D mesh topology is used as it is a good match with the orga-
nization of an FPGA. An example of a 4 x 4 mesh NoC is shown in Fig. 4.4. Wormhole
flow control is used to minimize packet latency and input buffers. Two different routing
algorithms are implemented. A broadcast algorithm is used for transferring input data
from external memory to the PEs and distributing intermediate results among PEs.
An all-to-all broadcast algorithm is used for distributing intermediate results among
PEs rather than a multicast algorithm as it can be efficiently used for all layer config-
urations without readjustments. The X-Y routing algorithm is used for transferring

weights from external memory to PEs and results from PEs to external memory.

PE PE PE PE

R_| _R_ R_| |_R
PE PE PE PE

. . -

R LR LR _RJ
PE PE PE PE

| 1
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PE PE PE PE
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Figure 4.4: 4 x 4 mesh NoC.

Each router has five input/output ports as shown in Fig. 4.5: four from the four cardinal
directions (North, East, South and West); and one from the local PE. There is an input
buffer in each input port. Input buffer size is chosen so that it is as small as possible
while ensuring there is no deadlock in the network. The correct size depends on the
NoC size. A router also contains a direction calculator, an arbiter and a crossbar switch.
The direction calculator determines the route for the current packet in each input port.

The arbiter determines which input port is selected to proceed in the next stage. Then,
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the crossbar switch matches the successful input port with the desired output port. For
high speed, the routers are pipelind with 5 stages: buffer write, direction calculation,
arbitration, switch matching and buffer read. Each router is connected to its neighbors
and local PE through a bidirectional link. The link bandwidth is chosen based on the

data requirements of the PEs.
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Figure 4.5: Router datapath and microarchitecture.

y

Wormbhole flow control, a flit-based flow control mechanism is used. This allows a flit
to leave the router as soon as a downstream buffer is available for it. Therefore, this
reduces packet latency as well as input buffer size. There are 3 types of flits identified
by the two most significant bits: 10 for header flits, 00 for data flits and 01 for tail flits.
Header flits contain information for the routing process such as broadcast or XY routing

mode, source node and destination node co-ordinates.

The broadcast algorithm is implemented based on the work by (Yang and Wang, 2001).
Its broadcast pattern is illustrated in Fig. 4.6. In the X-Y routing algorithm, packets are
first sent to the X direction and then the Y direction until they get to their destination
co-ordinates. For both routing algorithms, a priority-to-the-right rule is applied in ar-
bitration. This means a port sets the highest priority for the incoming packets from its

right side port.

4.3.2 Bus-based Interconnect

The bus customized for a NN implementation is a global shared bus with a data channel

width chosen based on the data requirements of the PEs and an address channel width
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Figure 4.6: Broadcast pattern from source node (xo, yo).

chosen according to the maximum number of implemented PE. Bus access arbitration
and address decoding are implemented in a centralized manner. There is an additional
address used for broadcasting mode. When this address is put on the address channel,
the decoder will send a select signal to all PEs attached to the bus. A static priority
scheme is used for arbitration as it is simple but can provide high performance with NN
communication requirements. Multi-channel buses are not considered in this chapter
because the use of multiple channels dedicated to every PE are useless for broadcasting

communications but with additional resource overheads.

4.4 The Handwritten Digit Recognition Case Study

4.4.1 Implementation

The proposed NN can be used for different network configurations and applications.
This section presents the design and evaluation of a NN for handwritten digit recogni-

tion (HDR). This application was chosen because it is a well-known benchmark. The
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focus of this chapter is on the use of NoC and bus interconnects so other aspects of the
NN described here are conventional. I have not, for example, sought to improve imple-
mentation performance by heavily quantizing intermediates, or by using alternative
activation functions. Such optimizations are the topic of related research efforts (e.g.
(Lai et al., 2015; Rastegari et al., 2016; Huang and Babri, 1998)) and are compatible with

the NoC and bus structures described here.

A two-layer network with a hidden layer and an output layer was used. The MNIST
data set is used for training and testing (LeCun et al., n.d.). This provides a training set
of 60,000 handwritten digits and a testing set of 10,000 handwritten digits. The images
have a size of 28 x 28 pixels. Therefore, the network had 28 x 28 = 784 inputs and
10 outputs. 512 neurons were used in the hidden layer. The network was trained in
Matlab with accuracy rates of 92% and 93% for training and testing respectively. The
hardware design of the trained network was expressed in Verilog and verified using
Modelsim. The design verification in Modelsim provides an accuracy rate equivalent to
that achieved by the software implementation in Matlab. There were 702 errors over the
testing set of 10,000 handwritten digits. Synthesis and power analysis were performed
with the Xilinx ISE Design Suite, targeting a Xilinx Virtex-7 XC7VX485T FPGA. Designs
with different implementation parameters are compared below in terms of area, power

consumption, and latency.

For comparison, neurons were implemented with m = 1, 4 and 8 parallel multipliers.
PEs were implemented with n = 1, 4 and 8 parallel neurons. Each PE requires an input
memory of 784 x 13 bits, n weight memories of (784 + 512) x 16 bits each and n output
memories of 1 x 12 bits each. The data width of input and weight memories varies
according to the the neuron type used in the PE. They are proportional to the number
of parallel multipliers in a neuron. The weight and output memories sizes here are for
only one operation in each neuron in each layer. For multiple operations, the size is

properly scaled.

Synthesized results of a single NoC-compatible PE and a single bus-compatible PE with
different configurations (n x m) for a Xilinx Virtex-7 XC7VX485T FPGA are given in
Table 4.1 and Table 4.2 respectively. It can be seen from the tables that the hardware
resources required for a PE increase with an increase in (1 x m). However, better choices
of (n x m) can lead to better use of BRAMs. Firstly, m should be a multiple of 4. A
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PE(n x 4) uses the same amount of BRAM as a PE(n x 1) but the former is 4 times
faster. The number of BRAMs required for m = 8 is double that required for m = 4.
Secondly, for a given value of m, increasing n can save BRAMs. Finally, if we compare
PE(a x b) with PE(b x a) for a > b then we find PE(a x b) uses fewer BRAMs but more
registers and LUTs. Hence the choice of n and m depends on the available resources of
the FPGA and the desired trade between FPGA resource use, power consumption, and
performance of the entire network. A NoC-compatible PE consumes slightly higher

resources and power than a bus-compatible PE.

The maximum number of neurons that can be implemented on the FPGAs for each
type of PE is also given in Table 4.1 and Table 4.2. It is noted that the maximum num-
ber of neurons here is a factor of 512 (i.e. number of neurons in the biggest layer of
the network). All of these measurements take into account all of the resources for the
NN, including the NoC and the bus. Note that different configurations place different
constraints on the data link widths for the NoC and the bus.

The NoC is implemented with different data link widths (18 bits, 66 bits, 130 bits) based
on different data widths needed for the weight memories. Synthesized results of a sin-
gle router are given in Table 4.3. It can be seen from Table 4.3 that a router implemented
with 18-bit link width is quite small and does not use any BRAM. Its buffers are quite
small, so they are implemented using distributed memories to save BRAM resources
on the FPGA. Routers with 66-bit and 130-bit links use 5 and 10 BRAMs respectively.

The bus is implemented with different data link widths (16 bits, 64 bits, 128 bits) and
maximum numbers of attached PEs (32, 64, 128, 256, 512). Synthesized results of differ-
ent bus configurations are given in Table 4.4. It can be seen from Table 4.4 that the re-
source consumption increases significantly with the increase in the bus data link width
and maximum number of attached PEs. The number of registers and LUTs occupied
by a 128-bit bus with 512 PEs are respectively 8-times and 34-times higher than those
occupied by a 128-bit bus with 32 PEs. On the contrary, the maximum frequency of the
bus decreases considerably with the increase in maximum number of attached PEs. A
128-bit bus with 32 PEs can run at the maximum frequency of 249 MHz while a 128-bit
bus with 512 PEs can only run at the maximum frequency of 146 MHz.
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Table 4.3: Synthesis results for a single router

18 bits || 66 bits | 130 bits
Number of slice registers 331 237 237
Number of slice LUTs 992 1127 1447
Number of 36Kb BRAMs 0 5 10
Post synthesis frequency (MHz) 401 399 399

4.4.2 Latency

NoC-based System Latency

The end-to-end latency (L) for the NoC-based network to complete one digit recogni-
tion consists of the total calculation cycles (C) and the NoC latency (T). C is the sum of

calculation cycles of all layers except the input layer. The calculation cycles of layer i is:

(”z’flni)

Ci=1+
l (mr;)

(4.2)
Here, I is the initial delay, which is equal to the number of pipeline registers in a
single neuron. A neuron with 1 multiplier is deeply pipelined with 8 stages for
high speed: 1 for read operation of input data, 1 for multiplication , 1 for sign-
magnitude/two-complement conversion, 1 for addition, 1 for accumulation, 1 for two-
complement/sign-magnitude conversion, 1 for the sigmoid LUT and 1 for the result
write operation. For neurons with 4 and 8 multipliers, the accumulators is separated
in 2 and 3 pipelined stages respectively. n; and r; are the number of logical neurons
and the number of physical neurons in layer i respectively. m is the number of parallel

multipliers in a single neuron.

The NoC latency T is given by:

T = Toup + Tpp + Tpm (4.3)
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Table 4.4: Synthesis results for different bus configurations

(a) 16-bit data bus

Maximum PEs attached 32 64 128 256 512
Number of slice registers 101 || 285 || 428 795 1562
Number of slice LUTs 565 || 866 || 1723 | 5304 || 12545
Post synthesis frequency (MHz) || 254 || 247 || 227 | 171 147
(b) 64-bit data bus
Maximum PEs attached 32 64 128 256 512
Number of slice Registers 145 331 582 483 1610
Number of slice LUTs 1175 || 1922 || 3787 | 21589 || 45309
Post synthesis frequency (MHz) || 249 247 227 171 147
(c) 128-bit data bus
Maximum PEs attached 32 64 128 256 512
Number of slice registers 214 401 650 908 1674
Number of slice LUTs 1999 || 3329 || 6539 || 34664 | 69153
Post synthesis frequency (MHz) || 249 247 227 168 146

Here, Ty, is the one-to-all broadcasting time of input data from the memory to PEs. Itis

the sum of the one-to-all broadcasting routing time and the transfer time of input data

flits. The routing time depends on the hop number and the NoC size. It takes 5 cycles

to proceed and route a packet at each hop or each router. The transfer time of input

data flits is quite significant; however, it is overlapped with the calculation time of the

neurons. A neuron starts its operation right after it receives the first flit. Therefore, for

a h x k NoC, the maximum value of Ty, is 5(h + k) cycles.
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Typ is the all-to-all broadcasting time of intermediate results among PEs at all hidden
layers. This increases with the increase in NoC size and the number of flits transferred

at these layers. In (Yang and Wang, 2001), this time is proved to be no more than:

a+d6+Fy+ (? — 1)max (6, Fy) + min(é, Fy) (4.4)

where «, J, v, F are the start-up time, the switching time, the transmission time per flit,

and the number of flits per message respectively.

Tym is the sum of the output transfer times from each PE to the memory at the output
layer. This depends on the positions of PEs and the memory in the network. The
transfer time of F flits from the PE at node (xp, yp) to the memory at node (x;, ym) is

approximately:

5(1xi = xm| +yi = ym|) + F (4.5)

The latency for recognizing one handwritten digit of different NoC-based design con-
tigurations and running neurons is as shown in Fig. 4.7. It can be seen that the latency
decreases with an increase in the number of running neurons. Fig. 4.7 (a) shows the
latency of designs with 8 parallel neurons in a single PE and (1, 4, 8) parallel multi-
pliers in a single neuron. It can be seen that for a given number of running neurons,
the latency decreases as the number of parallel multipliers in each neuron is increased.
Fig. 4.7 (b) shows the latency of designs with 4 parallel multipliers per neuron and (1,
4, 8) parallel neurons per PE. For a given number of running neurons, the latency de-
creases with the increase in the number of parallel neurons per PE. This is because with
more parallel neurons in a single PE, the number of used PEs is smaller; or in other

terms, the NoC size and its latency is smaller. This leads to lower latency overall.

The smallest latency of 607 cycles is achieved by the NoC-based network of 32 PEs(8 x
8). Running at 100MHz, it takes about 6.07us for 1 digit recognition or 60.7ms for a test
vector set of 10,000 digits. An Intel i7-3.4GHz CPU running Matlab R2014 needs 1.093s
for this job. This time is the average of 100 consecutive measurements. In other terms,
the best NoC-based design is 18-times faster than an i7-CPU running Matlab. It could
be even faster with an FPGA large enough for 512 neurons or 64 PEs(8 x 8).
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Figure 4.7: Latency comparison of different design configurations.

Bus-based System Latency

The end-to-end latency (L) for the bus-based network to complete one digit recognition
consists of the total calculation cycles (C) and the bus latency (B). The calculation cycles

of layer (C) is similar to that of the NoC-based network.

The bus latency B is given by:

Here, By is the broadcasting time of input data from the memory to PEs. It consists
of 2 cycles of initial arbitration and the transfer time of input data. Similar to the NoC-
based network, the transfer time of input data is overlapped with the calculation time
of the neurons. A neuron starts its operation right after it receives the first input data

value.

By is the broadcasting time of intermediate results among PEs at all hidden layers. The
data transfer time can be overlapped with the calculation time of the neurons, hence
the broadcasting time of each PE only includes 2 cycles of arbitration. For a bus-based
network with pj, PEs running in the hidden layers, the total broadcasting time in each

layer is 2py,.
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Bym is the sum of the output transfer times from each PE to the memory at the output
layer. The transfer time of V output values from each PE to the memory is 2 + V.
Therefore, for a bus-based network of p, PEs running in the output layer, By, = po (2+
V).

In summary, the total bus latency is almost proportional to the number of PEs attached

to it, which is calculated as:

B=2+42p+ 2+ V)p, (4.7)

The latency for recognizing one handwritten digit of different bus-based design config-
urations and running neurons is as shown in Fig. 4.8. It can be seen that similar to the
NoC-based network, the latency decreases with an increase in the number of running
neurons as shown in Fig. 4.8 (a) and an increase in the number of parallel multipliers
in each neuron as shown in Fig. 4.8 (b). This is because with more parallel neurons in a
single PE, the number of used PEs is smaller. This leads to lower latency overall as the
bus latency increases proportionally to the increase in the number of PEs. However,
the latency slightly increases between the networks of 256 and 512 PE(4 x 1). This is
because the decrease in calculation time is smaller than the increase in bus latency be-
tween these two networks. It proves that the choice of PE configurations (i.e number
of parallel multipliers per neurons and the number of neurons per PE) has a significant
impact on the overall network latency. The PE configuration should be chosen with

high parallelism in order to increase the calculation speed and reduce the bus latency.

The smallest latency of 383 cycles is achieved by the bus-based network of 32 PEs(8 x 8).
Running at 100MHz, it takes about 3.83us for 1 digit recognition or 38.3ms for a test
vector set of 10,000 digits, which is 28-times faster than an i7-CPU running Matlab.

4.4.3 Performance

The performance of the NoC-based and bus-based designs in terms of fixed-point op-
erations per cycle (FPOPs/cycle) with different PE configurations and running neurons
is as shown in Fig. 4.9 and Fig. 4.10 respectively. Each handwritten digit recognition by
the NN takes 2 x (784 x 5124512 x 10) = 813056 fixed-point operations. With the total
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Figure 4.8: Latency comparison of different bus-based design configurations.

latency cycles (L) obtained from simulation, the performance of the design is 813056/ L
(FPOPs/cycle). It can be seen that the performance increases with an increase in the

number of running neurons and the PE configuration n x m.

The highest performance achieved by the NoC-based and bus-based system are 1339
and 2122 FPOPs/cycle respectively. Both are with the network of 32 PEs(8 x 8). Run-
ning at 100MHz, the NoC-based network of 32 PEs(8 x 8) can perform 133.9 billions
FPOPs per second, which is much higher than the reported performance of 500 mil-

lions operations per second on a regular NoC by (Dong et al., 2010).

The NoC-based system of 64 PEs(8 x 4) achieves a performance of 1011 FPOPs/cycle.
This system has the same parallelism degree of 2048 (i.e. the total of parallel multipliers
in the system) with the system of 32 PEs(8 x 8). However, the NoC size in a 64-PE
network is double that of a 32-PE network, which results in much higher NoC latency
in the 64-PE system compared with the 32-PE system. Hence the system of 32 PEs(8 x 8)
has higher performance than the system of 64 PEs(8 x 4). Similar to the NoC-based
systems, the bus-based system of 32 PEs(8 x 8) also have higher performance than those
of the two systems, 64 PEs(4 x 8) and 64 PEs(8 x 4) due to smaller bus latency of a 32-PE
system compared to a 64-PE system. In addition, the bus-based systems have higher
performance than the same NoC-based system configuration as shown in Fig. 4.11. In

order to obtain a complete conclusion on which system is the best implementation,
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Figure 4.9: Performance comparison of different NoC-based design configurations.
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Figure 4.10: Performance comparison of different bus-based design configurations.

it is necessary to consider the performance in conjunction with the area and power

consumptions of these systems.
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Performance Comparison between MoC-baged and Bus-based Systems
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Figure 4.11: Performance comparison of NoC-based and bus-based systems.

Table 4.5 shows the comparison of performance, area and power consumptions of
the five systems, 32 NoC-based PEs(8 x 8), 64 NoC-based PEs(8 x 4), 32 bus-based
PEs(8 x 8), 64 bus-based PEs(8 x 4) and 64 bus-based PEs(4 x 4). These systems are
the biggest designs that can be implemented on FPGA with these PE configurations
and they have the same parallelism degree. Resources usage here is in terms of per-
centage of the available resources on the FPGA. It can be seen from the table that both
the systems of 32 PEs(8 x 8) with NoC and bus interconnects consume less hardware
resources and power while providing better performance than the other systems using
the same interconnect architecture. It can be concluded that among designs with the

same parallelism degree, the design with smaller NoC/bus size is a better solution.

It can also be seen from the Table 4.5 that the bus-based systems consume less hardware
resources and power and also provide better performance than the NoC-based systems
with the same size and PE configuration. A bus-based interconnect is a better choice
for the fully-connected feed-forward NN in this case study. The broadcasting commu-
nication is more favorable for a bus than a NoC as all PEs connect to the same bus. For

partially-connected NNs or other kind of NNs, the results might be different.
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It can also be seen that the systems with higher parallelism in PE configurations have
lower frequencies than the larger systems with lower parallelism in PE configurations.
Therefore, high parallelism in PE configurations can provide smaller latency but can
also reduce the system frequency. Therefore, the selection of PE configurations should

take into consideration the system latency-frequency trade-off.
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4.5 Conclusion

This chapter has implemented and examined NoC and bus interconnects for a neural
network implementation on FPGAs. The NoC and bus are customized to best suit the
massive communication requirements of the NN. The implementation demonstrates
that the use of both interconnects in a NN brings scalable performance at an accept-
able cost of additional on-chip hardware. In these systems, each processing elements
consists of multiple neurons for efficient use of on-chip memory and routing resources.
Each neuron performs multiple parallel multipliers and adders. Experimental results
show that PE configuration has a significant impact on the overall network latency and
operating frequency. Higher parallelism in PE configurations often provide faster cal-
culation speed and smaller communication latency but can reduce the system operating

frequency.

The designs can be used for different applications with different network configura-
tions. In this chapter, an example of a NN for handwritten digit recognition has been
implemented on a Xilinx Virtex-7 XC7VX485T FPGA. Area and power consumption
as well as latency and performance of the design have been evaluated. Running at
100MHz, the best NoC-based and bus-based designs need only 6.07us and 3.83us re-
spectively for 1 digit recognition, which is respectively 18-time and 28-time faster than
an i7-3.4GHz CPU running Matlab. The best NoC-based design provides the high-
est performance of 1339 FPOPs/cycle or 133.9 billions FPOPs per second at 100MHz,
which is much higher than the published performance on regular NoCs. The highest
performance of 2122 FPOPs/cycle of the bus-based design is even higher. Therefore,
these designs are especially suitable for high-speed accelerators of real-time applica-

tions.

The bus-based fully-connected feed-forward NNs provide better performance and con-
sume less area and power than the NoC-based designs for the case study of handwrit-
ten digit recognition. The broadcasting communication is more favorable for a bus than
a NoC. For partially-connected NNs or other kind of NNs, the results might be differ-
ent. In addition, the bus-based interconnects suffer from lower speed when the design

gets bigger. The NoC-based interconnects are more sustainable and scalable. Therefore,
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a bus is a better choice for similar NN configurations like the one in this chapter. For

even larger NN applications on larger FPGAs, a NoC is still a potential solution.

Combining with the results for the FFT case study in Chapter 3, it can be concluded
that the most important factor that need to be considered when choosing a communi-
cation architecture for a system is its communication patterns rather than the size of
the system. There is a common thought that NoCs are better for large systems than
buses. However, for the case of the FFT systems with only 16 PEs, the performance
achieved by a NoC-based system is better than a bus-based system while for the NN
systems of 32 PEs, the performance achieved by a NoC-based system is worse than a
bus-based system. This is because the FFT requires multiple simultaneous communica-
tions, which a NoC can do better while the broadcast communication in a NN is more

favorable for a bus.

Area and power consumption is also an important factor when selecting a communi-
cation architecture. A bus often consumes lower area and power consumption than
a NoC. However, when considering the area and power consumption in the context
of an entire system, this advantage of the bus can be insignificant, as was seen in the
case of the FFT. Therefore, it is necessary to consider and compare the area and power

consumption in the context of the entire system to obtain a complete comparison.

Page 85



Page 86



Chapter 5

Dynamically Partially
Reconfigurable System
Implementations

HIS chapter presents the dynamically partially reconfigurable im-

plementations for the FFT and the NN systems presented in Chap-

ter 3 and Chapter 4. Experiments are carried out to measure re-
source overhead, time and power consumption of the reconfiguration pro-
cess. Comparisons between dynamic and static implementations are made
to highlight the advantages and disadvantages of dynamic partial reconfig-
uration. Based on experiments with some current FPGA devices, limitations
of current FPGA architectures and design flows for partial reconfiguration
are also discussed. In addition, the benefits and limitations of NoC and
bus interconnect architectures for dynamic partial reconfigurable systems

are also stated.
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5.1 Partial Reconfiguration Design Flow

The partial reconfiguration design flow and practical experiments in this chapter are
based on Xilinx FPGAs as they are the most popular commercial FPGAs providing
partial reconfiguration with fully supported documentation and design tools. They are
also the main platform used in much of the research on partial reconfiguration. The
particular Xilinx FPGAs used is a Virtex-7 XC7VX485T device. The Virtex-7 series is
one of the latest series supporting partial reconfiguration. The transfer of the design
flow from this FPGA series to others can be easily performed by software tools such as

a tool called Dreams presented in (Otero et al., 2012).

Xilinx presents two design flows for partial reconfiguration: module based and dif-
ference based partial reconfiguration (Xilinx, 2004). The difference based approach is
suitable for designs with only small changes. A bitstream to reconfigure the FPGA is
generated based on the difference between two designs. This approach allows a fast
switching from one implementation to another as the difference bitstream is smaller

than an entire device bitstream.

For designs with large logic blocks to be configured, a module-based approach is re-
quired. In this approach, the FPGA is divided in to distinct portions referred to as
reconfigurable modules or reconfigurable regions. The size of a reconfigurable region
depends on the size of different modules that can be implemented in that region. How-
ever, there are some restrictions on the shape and the minimum size of a reconfigurable
region. A reconfigurable region needs to have a rectangular shape. The smallest recon-
figurable region must be equal to a reconfigurable frame of the FPGA. Reconfigurable
frames are the minimum reconfigurable building blocks for performing partial recon-
tiguration. They cannot be split any smaller. Even if a region smaller than a single
reconfigurable frame is chosen, the entire frame is reconfigured. The reconfigurable

frame size varies among different FPGA device series.

For communications between reconfigurable modules and between reconfigurable and
static modules in the module-based partial reconfiguration approach, a special so-
called bus macro is used. These bus-macros are fixedly implemented in the recon-
tigurable regions and they are not affected during the partial reconfiguration. The bus

macros allow signals to cross over the reconfigurable region boundaries and establish
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unchanging routing channels between modules to guarantee the correct communica-

tions between these modules.

For old Xilinx FPGAs such as the Virtex-II the bus macros were implemented using
tristate buffers. A reconfigurable frame was required to span over the full height of the
device (Donthi and Haggard, 2003). In later Xilinx families that no longer supported
tristate buffers such as the Virtex-4, the bus macros were implemented with logic slices.
A slice-based bus macro consisted of 8 CLBs (Configurable Logic Blocks), 4 in the re-
configurable region and 4 in the static region (Lysaght et al., 2006). In the Vixter-4, a
minimum reconfigurable frame height was no longer restricted to the full height of the
device. It was 16 CLBs high. A partial reconfiguration design flow with the use of

slice-based bus macros was presented in (Xilinx, 2006)

In one of the latest Xilinx published documents on partial reconfiguration (Xilinx, 2013),
a bus macro is now called a partition pin. Each partition pin is efficiently implemented
by a 1-input LUT called a proxy logic. A proxy logic is automatically inserted by the
software for each partition pin. It is a fixed and known interface point between static
and reconfigurable regions. An illustration of timing paths to and from a reconfigurable
partition through partition pins is given in Fig. 5.1. Path A is a path from a static net
input to a partition pin. Path B is a reconfigurable net output from a partition pin. Path
C is a reconfigurable net input to a partition pin. Path D is a static net output from a
partition pin. Paths X, Y and Z are the register-to-register paths that contain a partition

pin in the path.

A partial reconfiguration design flow with the use of partition pins based on the PlanA-
head software design tool is presented in (Xilinx, 2012b). It is a module-based approach

with 12 steps as shown in Fig. 5.2

5.2 Xilinx 7-Series FPGA Architecture

The Xilinx 7-series are heterogeneous FPGAs that comprise columns of different re-
sources: CLBs, BRAMs, DSPs, 1/O, CMT (Clock Management Tile), FIFO logic, BUFG
(Global Clock Buffer), MGT (Multi-Gigabit Transceiver). An illustration of a 7-series
FPGA architecture is given in Fig. 5.3.
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Top (static)

A I:‘:l B

Figure 5.1: Timing paths to and from a reconfigurable partition through partition pins (Xilinx, 2013).

In addition to the column-based resource arrangement, the 7-series architecture is also
divided into several rows. The Virtex-7 XC7VX485T device has 7 rows as shown in
Fig. 5.4. The height of a row is equal to the height of a reconfigurable frame. A row by
a column of a resource type is a reconfigurable frame. A reconfigurable frame of the
7-series is 50 CLBs high by a CLB wide. Similar reconfigurable frames exist for differ-
ent resource types such as BRAMs and DSP48s. The amount of some major resources
types and their arrangement in rows and columns in a Virtex-7 XC7VX485T device are

summarized in Table 5.1.

It is noted that reconfigurable frames here are different from reconfiguration frames
that are the smallest addressable segments of the FPGA configuration memory space.
For the 7-series, a configuration frame contains 101 32-bit words (Xilinx, 2017a). Recon-

tigurable frames are built upon these configuration frames.
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Figure 5.2: Dynamic partial reconfiguration design flow (Xilinx, 2012b).
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Figure 5.3: Xilinx 7-series FPGA architecture overview (Xilinx, 2016).

Table 5.1: Amount of resources and their arrangement in a Virtex-7 XC7VX485T FPGA

CLBs | BRAMs || DSP48s
Total amount 37950 1030 2800
Number of columns 113 15 20
Amount per column 350 70 140
Amount per frame 50 10 20

5.3 Dynamic Partial Reconfiguration Implementations for
FFT and NN Systems

In this section partial reconfiguration implementations based on the Xilinx design flow

for the FFT and NN systems in the previous chapters are presented.
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Figure 5.4: A Virtex-7 XC7VX485T row and column arrangement.

5.3.1 Partitioning

To support dynamic partial reconfiguration, the system is divided into two areas: a
static area with functionality unchanged during system operation; and a dynamic area.
An illustration of the NoC-based system is shown in Fig. 5.5. The partial reconfig-
uration approach for the NoC-based systems is based on the approach for DRNoC
(Krasteva et al., 2010). The dynamic area is divided into partial reconfiguration regions
or partitions which can be configured as a PE or a router. Each region must contain

sufficient resources to implement the modules assigned to it.

For the bus-based system as shown in Fig. 5.6, only PEs are implemented in the dy-
namic area. The bus logic including its arbiter and decoder are implemented in the
static area. The connection points between reconfigurable PEs and the bus logic are

implemented using the partition pins proposed by Xilinx instead of embedded macros
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Figure 5.5: Dynamically reconfigurable NoC-based architecture.

(Koester et al., 2011) or 10 bars (Koch et al., 2008b) with homogeneous bus architectures

due to the following reasons:

1. The use of partitions pins is more resource utilization efficient. Only 1 LUT-1 is re-
quired for each 1-bit signal. An embedded macro requires 3 LUTs and 3 registers

for each 1-bit bidirectional signal.

2. Each PE in the FFT and NN systems is a master and also a slave of other PEs. The
homogeneous approaches were proposed and optimized for reconfigurable slave
modules only. For reconfigurable master modules, these approaches come along

with additional latency and more complex logic (Koch et al., 2008b).

3. A point-to-point connection between a reconfigurable module and another mod-
ule through their partition pins results in smaller latency than a shared connection
that passes through the embedded macros /IO bars of all reconfigurable modules

in the system.

Based on the user’s power-performance requirement, a different number of PEs can

be implemented in the dynamic region. With dynamic partial reconfiguration, time

Page 94



Chapter 5 Dynamically Partially Reconfigurable System Implementations

Static Area A Dynamic Area
Reconfiguration Controller -
(Microblaze Processor) PE PE PE PE
Reconfig l}:conﬁg | ]
Y
Memory Controller X
Config PE PE PE PE
— Port 2
(acap E"
Data MData | E
Y
Memory Controller | Global =
Controller PE PE PE PE
Terminal UART | | ,
P
rogram Controller 5 PE PE PE PE
=] X
= v
<

Figure 5.6: Dynamically reconfigurable bus-based architecture.

and power consumption for the reconfiguration process can be reduced significantly
and the system can keep running during reconfiguration. For example, when the FFT
system is running with 4 PEs and the user wants to upgrade to 8 PEs to achieve higher
calculation speed, only 4 additional PEs are configured. This can save half of the time
and power consumption required to fully configure a system with 8 PEs. In addition,
the 4-PE design can keep running until the 8-PE design is completely configured. It is
much simpler when the design is changed from a large number of PEs to a smaller one.

In this case, the unused PEs are reconfigured with blanking bitstreams.

The static area contains a configuration controller, a configuration port, interfaces with
external memories, a serial interface with an external host, and the global controller.
The reconfiguration controller is responsible for loading the partial configuration bit-
streams stored in the configuration memory through the configuration port. It can be
conveniently implemented using a MicroBlaze soft-core processor on the FPGA. The
configuration port transmits the configuration data to the assigned region. The internal
configuration access port (ICAP) primitive is used in this case since it provides access
to the configuration logic of the FPGA from within the FPGA fabric. The terminal pro-

gram with the external host allows users to select the number of running PEs. The
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global controller is responsible for data scheduling and informing PEs when the design

is changed.

5.3.2 Floorplanning

Floorplanning involves placing reconfigurable modules into the physical fabric of the
FPGA. Careful floorplanning can have a significant positive impact on the system rout-
ing, timing and reconfiguration overhead. This section focuses on floorplanning of the
reconfigurable modules in the dynamic region only. Floorplanning of the modules in
the static is automatically performed by the software tool to achieve optimal routing

and timing constraints.

To ensure the correctness of routing in a partially reconfigurable system, a reconfig-
urable region must have a rectangular shape. This leads to an inefficient utilization of
hardware resources especially when there are many reconfigurable regions and each
region has different kinds of resources. The more reconfigurable regions and hetero-
geneous resource types in each region, the more inefficient utilization of hardware re-

sources.

Table 5.2 shows the resources of a physical reconfigurable region that covers all re-
sources necessary for implementing a bus-compatible FFT PE in comparison with the
resources actually used. It can be seen from the table that a region that fulfill the BRAMs
requirement of a bus-compatible FFT PE leaves 75% of registers, 26% of LUTs and 75%
of DSPs unused. The utilization is better in the case of a FFT router as its implemen-
tation only consists of registers and LUTs. However the utilization of registers is only

around 20% for a full utilization of LUTs.

In addition to the restriction on the reconfigurable region shape, the 7-series has another
restriction with interconnect tiles. These tiles are included due to the clock routing re-
quirements in these devices (Xilinx, 2013). Interconnect tiles are structured horizontally
and must not be split when defining the reconfigurable regions. With these restrictions,
only 8 reconfigurable regions can be defined for the FFT PEs. In other terms, only 8 PEs
can be implemented in the partially reconfigurable FFT systems in comparison with 16
PEs in the static systems. It is similar for the NN systems. Only 16 PEs(8 x 8) can be

implemented in the partially reconfigurable NN systems.

Page 96



Chapter 5 Dynamically Partially Reconfigurable System Implementations

Table 5.2: Physically defined resources vs. required resources in a reconfigurable region for a bus-

compatible FFT PE.

Resource Types || Required || Available || Utilization Percentage
Resigters 8670 35328 25
LUTs 13039 17664 74
BRAMs 62 63 99
DSP48E1 36 144 25

In addition to the inefficient utilization of hardware resources, the restriction on the re-
configurable region shape also leads to higher requirements for reconfiguration mem-
ory and higher reconfiguration time. The bitstream size for a reconfigurable regions
depends on the size of that region rather than the resources actually implemented; and
the reconfiguration time depends on the bitstream size. The bitstream of a bus-based
FFT PE with the reconfigurable region defined in Table 5.2 is 1212000 Bytes. It is noted
that the result here is for a particular example of a PE. The results of other PEs can be
different, depending on the size of the reconfigurable regions defined for them. As 7-
series FPGAs are highly heterogeneous, it is impossible to define homogeneous regions

for every PE in the systems.

5.4 Implementation Results

After floorplanning, the partially reconfigurable FFT and NN systems are implemented
on the FPGA. Timing and power analysis is carried out to analyze the benefits and the
costs of partial reconfiguration implementation. The comparison of NoCs and buses
for partially reconfigurable systems is also performed based on these results. Results
that compare the reconfiguration time and energy for different designs like this do not
appear elsewhere in the pubic literature. The results in this thesis provide a useful

guide for designers planning a dynamically partially reconfigurable system.
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5.4.1 Benefits and Drawbacks of Partial Reconfiguration

Benefits

The benefit of implementing partial reconfiguration for the FFT and NN systems is
that users can efficiently choose among different performance/power operating points
at the minimum cost of reconfiguration. Without dynamic partial reconfiguration, the
user can choose between two options. The first one is using a fixed design of the largest
design of 8 PEs for the FFT and 16 PEs for the NN. This option is simple and does not
require hardware reconfiguration but is not power-efficient since the biggest design is
used for all FFT sizes. Fig. 5.7 and Fig. 5.8 respectively show the power consumption
comparison of the static and dynamic FFT and NN systems with different communica-
tion architectures and number of running PEs. It can be seen from these figures that the
power consumption of the largest static design is only smaller than the largest dynamic
design and much higher than the rest of the dynamic design variations. Therefore, it is
not power-efficient to use the largest static design for all performance/power require-

ments.

The second option is using a static design appropriate for each of the desired perfor-
mance/power operating points. The system is fully reconfigured when changing be-
tween design variations. With this option, each design variation is smaller and more
power-efficient than the corresponding variation with dynamic partial reconfiguration.
However, the time and power consumption for reconfiguration process is higher, which

is a disadvantage for real-time applications.

Drawbacks

The first drawback of partial reconfiguration implementation is the inefficient utiliza-
tion of hardware resources as presented in Section 5.3.2. This drawback is mainly due to

the heterogeneity of FPGAs and the restrictions of partial reconfiguration design flow.

Another drawback is the resource and power consumption overhead of partial recon-
tiguration. The resource overhead is for creating partition pins for all ports of recon-
tiguration modules in the systems. However, this resource overhead is insignificant as

only one LUT-1 is required for a partition pin. The power consumption overhead in
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Figure 5.7: Power consumption of static and dynamic FFT systems. (a) NoC-based systems. (b)

Single channel bus-based systems. (c) 16-channel bus-based systems.

this case is also insignificant. It can be seen from the Fig. 5.7 and Fig. 5.8, the power
consumption of the dynamic systems is only slightly higher than the corresponding
static systems. The power consumption overhead is less than 5% of the power con-
sumption of the static system. This is because the power consumption depends on
the actual logic implemented in the reconfigurable regions rather than the size of the

reconfigurable regions.

The final drawback is the decrease in operating frequency of the dynamic systems com-
pared with the static systems. Fig. 5.9 and Fig. 5.10 respectively show the maximum

operating frequencies of the static and dynamic FFT and NN systems. It can be seen
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Figure 5.8: Power consumption of static and dynamic NN systems. (a) NoC-based systems. (b)

Bus-based systems.

from these figures that the decrease in operating frequency of the dynamic system are
more significant than the increase in power consumption. The more number of recon-

tigurable PEs in the system, the higher decrease in system operating frequency.

The percentage of frequency decrease of each system is given in Table 5.3. The highest
decrease in frequency is with the NoC-based NN system of 16 PEs with a decrease of
47 MHz which accounts for 32% of the static system frequency. All dynamic systems of
1 PE have operating frequencies about 10% lower than the static system frequency. It
is noted that the reported operating frequencies of dynamic systems here are not opti-
mal results, as the system frequency is considerably affected by routing and routing is
considerably affected by floorplanning. As the floorplanning process is manually per-
formed by the designer, it is hard to obtain an optimal result especially for the systems
with many reconfigurable regions. However, in general it can be concluded that the

more partially reconfigurable modules in a system, the slower the system.

5.4.2 Comparison of NoCs and Buses for Partially Reconfigurable

Systems

From the results above it can be seen that buses have the advantage of better resource

utilization than NoCs as most of the bus logic is implemented in the static region while
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Figure 5.9: Maximum operating frequency of static and dynamic FFT systems. (a) NoC-based

systems. (b) Single channel bus-based systems. (c) 16-channel bus-based systems.

all of the NoC is implemented in the dynamic region. However, this advantage comes

from the restrictions of partial reconfiguration flow.

Another advantage of buses compared to NoCs is that they have smaller reconfigura-
tion time and memory than NoCs as only PEs need to be reconfigured in a bus-based
system, while both PEs and their attached routers needs to be reconfigured in a NoC-
based system. For example, the bitstreams of a FFT PE and a FFT router are 1212000
Bytes and 132512 Bytes respectively. The reconfiguration memory and the reconfigura-
tion time of a NoC-based FFT system of n PEs are about 1.11 times higher than those
of the bus-based FFT systems. If the ICAP interface is 32-bits wide and clocked at 100
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Figure 5.10: Maximum operating frequency of static and dynamic NN systems. (a) NoC-based

systems. (b) Bus-based systems.

Table 5.3: Percentage of frequency decrease compared with the static system frequency.

1PE | 2PEs || 4 PEs || 8 PEs || 16 PEs

NoC-based FFT 9.88 10.53 18.29 || 24.03

Single channel bus-based FFT || 10.29 || 16.57 16.77 | 30.57

16-channel bus-based FFT 10.29 13.14 9.43 16.56

NoC-based NN 7.56 5.73 20.65 || 25.17 31.97

Bus-based NN 6.98 6.79 7.24 7.43 18.06

MHz, the configuration time of a single PE and a single router is 3.03 ms and 332 us
respectively. The partial reconfiguration time of n PEs is respectively 3.03n and 3.362n
ms for the bus-based and NoC-based FFT systems. The bitstreams of a PE(8 x 8) and a
130-bit router in the NN system are 565600 Bytes and 206848 Bytes respectively, hence
the reconfiguration memory and the reconfiguration time of a NoC-based NN system

of n PEs are about 1.36 times higher than those of the bus-based NN systems.

However, NoCs have the advantage of flexibility and modularity. As the bus logic is
mostly implemented in the static area, the bus needs to be implemented with a config-

uration in the static area that is large enough to be used for all system sizes. Due to the
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modularity of the NoC routers, it is possible to store the bitstream of one router only,
and this bitstream can be relocated for other routers in the network. Approaches for
bitstream relocation have been proposed by many researchers such as (Corbetta et al.,
2009; Ichinomiya et al., 2012; Lalevée et al., 2016). With these approaches, the configura-
tion memory for a NoC can even be smaller than the requirement for a bus as a router

is often smaller than the entire bus logic.

5.4.3 Partial Reconfiguration Design Flow Challenges

The current design flow of partial reconfiguration is more complex and less automatic
than the standard FPGA design flow. Some steps require designers to have a compre-
hensive knowledge of the target FPGA in order to obtain a successful implementation.
The floorplanning step is an example. This step has an significant impact on the entire
design performance and reconfiguration process. However, this step needs to be done

manually by designers.

Some challenges are due to the strict architecture of the FPGA such as interconnect tiles
in 7-series. Interconnect tiles are structured horizontally and must not be split when
creating the reconfigurable regions. However, the granularity required cannot be visu-
alized in the PlanAhead tool, and designers can only adjust the reconfigurable region
size to avoiding splitting these interconnect tiles based on the guide of the implementa-
tion messages. This problem is significantly improved in another Xilinx partial recon-
tiguration design flow with Vivado Design Suite (Xilinx, 2017b) that supports 7-series
and later series only. However, restrictions on reconfigurable region shape and man-
ual floorplanning still exist. The steps of the partial reconfiguration design flow with

Vivado Design Suite are similar with the one with PlanAhead.

Challenges in design flow can be a reason why partial reconfiguration is still rarely
used in realistic applications. More effort is required to simplify and automate the de-
sign flow so that partial reconfiguration can be more widely used. In addition, some
restrictions of partial reconfiguration implementation such as restricted shape of re-
configurable region should be improved to reduce the cost of partial reconfiguration

implementation.

Page 103



5.5 Conclusion

5.5 Conclusion

In this chapter, partial reconfiguration has been implemented for the FFT and NN sys-
tems in the previous chapters. The partial reconfiguration design is based on the Xil-
inx design flow with the PlanAhead software, targeting a Xilinx Virtex-7 XC7VX485T
FPGA. With partial reconfiguration, a user can efficiently change the number of run-
ning PEs to choose an optimal power-performance operating point at the minimum

cost of reconfiguration.

Based on the implementation results, there are some drawbacks that need to be con-
sidered before implementing a partially reconfigurable system. The major drawback is
its resource utilization inefficiency due to the restricted rectangular shape of a recon-
tiguration region. In the case of FFT and NN systems, only half of the static design
size can be implemented with partial reconfiguration. Another drawback is the power
consumption overhead, however this overhead in insignificant. The observed power
consumption overhead for the cases of FFT and NN systems is below 5%. The final
drawback is the decrease in system operating frequency. It is observed that the more
number of reconfigurable modules in a system the slower the system. The decrease in
system operating frequency is quite considerable with the highest decrease of around
32% and the smallest decrease of around 7% compared to the static system frequencies
for the cases of FFT and NN systems. Except for the power consumption overhead, the
two major drawbacks of partial reconfiguration implementation are due to the restric-
tions of the design flow. More efforts is required to improve the reconfiguration design

flow so that partial reconfiguration can be used more widely in realistic applications.

The partial reconfiguration design flow and implementation results have also pointed
out the advantages and disadvantages of NoCs and buses for partially reconfigurable
systems. Buses have the advantage of better resource utilization compared to NoCs as
most of the bus logic is implemented in the static region while all the NoC is imple-
mented in the dynamic region. They also have advantages of smaller reconfiguration
time and memory than NoCs. However, most of the bus logic implemented in the
static region makes the bus inflexible for a dynamic system. NoCs are more flexible
and expansible. They do have the advantage of placing almost all of the communi-

cation infrastructure in the dynamic reconfiguration region. This means that different
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applications running on the FPGA can use different interconnection strategies without
the overhead of fixed bus resources in the static region. In addition, the modularity of
NoC routers allows the ability to reduce the configuration memory requirement by us-
ing bitstream allocation approaches. With these approaches, the configuration memory
for a NoC can even be smaller than the requirement for a bus as a router is often smaller

than the entire bus logic.
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Thesis Conclusion

HIS chapter concludes the thesis with a summary of thesis contri-
bution and significance, and proposes directions for future work

and improvements.
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6.1 Summary

Chapter 2 provided an overview of FPGAs and a comprehensive review of different
NoC and bus interconnect architectures for on-chip systems in general and more spe-
cially for FPGA-based dynamically partially reconfigurable systems. This chapter re-
ported different underlying programming technologies and architectures of commer-
cial FPGAs. SRAM-based FPGAs were the main platform that was used for exper-
iments and evaluation in this research due to their dominance in modern commer-
cial FPGAs. This chapter pointed out that most of the studies on NoCs and buses to
date focused on physical implementation and routing strategy. Few of the published
studies demonstrated this in a fully realized practical application. In addition, little
research had been carried out to examine and compare benefits and limitations of dif-
ferent communication architectures in partially reconfigurable systems as well as in

general FPGA-based designs.

Chapter 3 presented the FFT implementations using different interconnection strate-
gies on a Xilinx Virtex-7 XC7VX485T FPGA. NoCs and buses were compared in terms
of area, power consumption and performance. The buses were implemented with a
single channel and multiple channels for comparison. The NoC provided much better
performance than the single channel bus and similar performance to the multi-channel
bus in both parallel and parallel-pipelined FFT implementations. The only disadvan-
tage of NoCs was their higher area and power consumption. However, this disadvan-
tage was not significant when considered in the context of the entire system. The area
and power consumption of a NoC-based system was just slightly higher than these of
a single channel bus-based system but with much higher performance. This leaded to
a better ratio of performance/power of the NoC-based system. The performance and
power consumption results for NoCs and multi-channel buses were very similar; how-
ever a NoC-based systems has the advantage of of system scalability. The NoC-based
interconnect approach provided scalable and sustainable performance when the design
size increases. The best NoC-based parallel design provided smaller latency than Xil-
inx pipelined FFT cores. This demonstrated the advantage of using a NoC for a parallel
FFT implementation to provide higher design parallelism and lower latency than the

more common pipelined architecture in commercial FFT cores.
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Chapter 4 implemented and examined NoC and bus interconnects for a neural net-
work implementation on FPGAs. The NoC and bus were customized to best suit the
massive communication requirements of the NN. The implementation demonstrated
that the use of both interconnects in a NN brings scalable performance at an acceptable
cost of additional on-chip hardware. In these systems, each processing elements con-
sisted of multiple neurons for efficient use of on-chip memory and routing resources.
Each neuron performed multiple parallel multipliers and adders. The designs could be
used for different applications with different network configurations. In this chapter,
an example of a NN for handwritten digit recognition was implemented on a Xilinx
Virtex-7 XC7VX485T FPGA. Area and power consumption as well as latency and per-
formance of the design were evaluated. Running at 100MHz, the best NoC-based and
bus-based designs were respectively 18-time and 28-time faster than an i7-3.4GHz CPU
running Matlab. The best NoC-based design provided the highest performance of 1339
FPOPs/cycle or 133.9 billions FPOPs per second at 100MHz, which was much higher
than the published performance on regular NoCs. The highest performance of 2122
FPOPs/cycle of the bus-based design was even higher. The bus-based fully-connected
feed-forward NNs provided better performance and consume less area and power than
the NoC-based designs for the case study of handwritten digit recognition. However,
the bus-based interconnects suffered from lower speed when the design got bigger. The

NoC-based interconnects were more sustainable and scalable.

Chapter 5 implemented partial reconfiguration for the FFT and NN systems in the
previous chapters. The partial reconfiguration design was based on the Xilinx de-
sign flow with the PlanAhead software, targeting a Xilinx Virtex-7 XC7VX485T FPGA.
With partial reconfiguration, a user could efficiently change the number of running PEs
to choose an optimal power-performance operating point at the minimum cost of re-
configuration. Based on the implementation results, there were some drawbacks that
needed to be considered before implementing a partially reconfigurable system. The
major drawbacks were its resource utilization inefficiency, power consumption over-
head and decrease in system operating frequency. It was observed that a partially re-
configurable implementation could obtain around 50% of resource utilization with a
power consumption overhead of below 5% and a decrease in frequency of up to 32%

compared to the static system for the cases of FFT and NN systems. Except for the
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power consumption overhead, the two major drawbacks of partial reconfiguration im-
plementation were due to the restrictions of the design flow. This chapter also pointed
out the advantages and disadvantages of NoCs and buses for partially reconfigurable
systems. Buses had the advantages of better resource utilization and smaller reconfig-
uration time and memory than NoCs. However, NoCs were more flexible and expansi-
ble. They had the advantage of placing almost all of the communication infrastructure
in the dynamic reconfiguration region. In addition, the modularity of NoC routers al-
lowed the ability to reduce the configuration memory requirement by using bitstream
allocation approaches. With these approaches, the configuration memory for a NoC
could even be smaller than the requirement for a bus as a router is often smaller than

the entire bus logic.

6.2 Conclusion

The results of this thesis provide some crucial conclusions and recommendations con-
cerning the interconnect approach for FPGA-based designs in general and dynamically
partially reconfigurable systems. Furthermore, these empirical results are important
and beneficial for designers who consider whether to use partial reconfiguration for

commercial designs.

Firstly, the experimental results of NoC and bus interconnect architectures for the cases
of FFT and NN show that the most important factor that need to be considered when
choosing a communication architecture for a system is its communication patterns
rather than the size of the system. NoCs are suitable for systems with multiple si-
multaneous communications while buses are suitable for systems that do not require
many simultaneous communications or systems with broadcast communications like
a fully-connected feed-forward NN. The use of additional channels for a bus allows it
to attain similar performance but also have similar power consumption to a NoC for
systems with multiple simultaneous communications. However, NoCs are still more

sustainable and scalable with system scalability than buses.

By using an appropriate communication architecture, a system can achieve better per-
formance at an affordable cost of resource and power consumption. For example, the

use of a NoC for a parallel FFT can achieve lower latency than the more common
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pipelined architecture in commercial FFT cores. The use of a NoC with a routing al-
gorithm customized for broadcast communications in a fully-connected feed-forward
NN provides better performance with a regular NoC. The use of a bus for a NN is even

better than a NoC and with a lower cost of resource and power consumption.

Area and power consumption is also an important factor when selecting a communi-
cation architecture. A bus often consumes lower area and power consumption than
a NoC. However, when considering the area and power consumption in the context
of an entire system, this advantage of the bus can be insignificant, as was seen in the
case of the FFT. Therefore, it is necessary to consider and compare the area and power

consumption in the context of the entire system to obtain a complete comparison.

In the context of dynamically partially reconfigurable systems, buses have the advan-
tage of better resource utilization compared to NoCs as most of the bus logic is imple-
mented in the static region while all the NoC is implemented in the dynamic region.
They also have advantages of smaller reconfiguration time and memory than NoCs.
However, having most of the bus logic implemented in the static region makes the bus
inflexible for a dynamic system. NoCs are more flexible and expansible. In addition,
some advantages of buses compared to NoCs are because of the limitations of partial

reconfiguration design flow.

Secondly, the implementation of partial reconfiguration and its experimental results for
the FFT and NN systems have clearly pointed out the advantages and disadvantages
of partial reconfiguration implementation. Partial reconfiguration allows users to ef-
ficiently change the number of running PEs to choose an optimal power-performance
operating point at the minimum cost of reconfiguration. However, this brings draw-
backs including resource utilization inefficiency, power consumption overhead and de-
crease in system operating frequency. The experimental results report a 50% of resource
utilization with a power consumption overhead of less than 5% and a decrease in fre-
quency of up to 32% compared to a static implementation. The more reconfigurable
regions in a system and the more heterogeneous resource types in each region, the

more significant drawbacks the system suffers.

These results are very crucial for designers who consider whether to use partial recon-

figuration for commercial designs. With current results, partial reconfiguration brings
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more drawbacks than benefits for designs with many partial reconfigurable regions.
For designs with only few of reconfigurable regions, partial reconfiguration is still ben-
eficial. For example, the FFT and NN systems with only 1 or 2 reconfigurable PEs only
incur a power consumption overhead of less than 5% and a decrease in frequency of

around 10% compared to the static systems.

The results also show that most of the drawbacks of partial reconfiguration implemen-
tation come from the restrictions and limitations of partial reconfiguration design flow
such as the manual floorplanning that need to performed by the designers and the re-
striction on rectangular shape of reconfigurable regions. The current design flow of
partial reconfiguration is more complex and less automatic than the standard FPGA
design flow. If these limitations can be addressed, partial reconfiguration should still

be considered with its potential benefits.

6.3 Future Work

In this thesis, different interconnect architectures have been implemented and exam-
ined for FPGA-based designs in general and dynamically partially reconfigurable sys-
tems. Some topics and problems arose during the study, which could not be investi-

gated due to the limited time.

1. The use of a bus for a fully-connected feed-forward NN provides better perfor-
mance and consumes less area and power than a NoC. Future works will examine
NoCs and buses for partially-connected NNs and other kind of NNs to obtain a
more complete comparison. In addition, the use of both buses and NoCs in a NN
brings scalable performance at an acceptable cost of additional on-chip hardware
for the handwritten digit recognition. More complex NN case studies will be ex-
plored to demonstrate to benefits and limitations of these interconnect approaches

compared to traditional NN implementations.

2. Floorplanning has a significant impact on the system routing, timing and recon-
tiguration overhead. An efficient floorplanning algorithm that takes into con-
sideration the design requirements, the targeting FPGA devices and the timing

constraints will be exploited for optimal implementation results.
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3. The results of the FFT and NN implementations on FPGAs prove their ability for
high-speed accelerators of realtime applications. Future works will demonstrate
the extension use of mulitple FPGAs for supercomputing applications and inves-

tigate the communication architectures inter and between multiple FPGAs.
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