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Abstract

This thesis seeks to improve low latency application performance via architectural improvements

in reconfigurable devices. This is achieved by improving resource utilisation and access, and by

exploiting the different environments within which reconfigurable devices are deployed.

Our first contribution leverages devices deployed at the network level to enable the low la-

tency processing of financial market data feeds. Financial exchanges transmit messages via

two identical data feeds to reduce the chance of message loss. We present an approach to

arbitrate these redundant feeds at the network level using a Field-Programmable Gate Array

(FPGA). With support for any messaging protocol, we evaluate our design using the NASDAQ

TotalView-ITCH, OPRA, and ARCA data feed protocols, and provide two simultaneous out-

puts: one prioritising low latency, and one prioritising high reliability with three dynamically

configurable windowing methods.

Our second contribution is a new ring-based architecture for low latency, parallel access to

FPGA memory. Traditional FPGA memory is formed by grouping block memories (BRAMs)

together and accessing them as a single device. Our architecture accesses these BRAMs in-

dependently and in parallel. Targeting memory-based computing, which stores pre-computed

function results in memory, we benefit low latency applications that rely on: highly-complex

functions; iterative computation; or many parallel accesses to a shared resource. We assess

square root, power, trigonometric, and hyperbolic functions within the FPGA, and provide a

tool to convert Python functions to our new architecture.

Our third contribution extends the ring-based architecture to support any FPGA processing

element. We unify E heterogeneous processing elements within compute pools, with each el-

ement implementing the same function, and the pool serving D parallel function calls. Our

implementation-agnostic approach supports processing elements with different latencies, im-

plementations, and pipeline lengths, as well as non-deterministic latencies. Compute pools

evenly balance access to processing elements across the entire application, and are evaluated

by implementing eight different neural network activation functions within an FPGA.
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Chapter 1

Introduction

1.1 Motivation

Field-Programmable Gate Arrays (FPGAs) are reconfigurable computing devices composed

of a number of digital logic resources. These resources may be general-purpose, or highly

specialised blocks for data processing, storage, or routing. FPGAs can be programmed to

implement a desired function by configuring and connecting together these blocks to form

processing elements and data processing pipelines.

In a simplified comparison to other processing platforms, Fig. 1.1 shows that FPGAs serve as a

middle ground between the pure hardware implementations of Application-Specific Integrated

Circuits (ASICs), and the often slower, but easier to develop software implementations based

around Central Processing Units (CPUs) and Graphics Processing Units (GPUs).

ASICs offer an optimised hardware solution tailored to either an application domain or a

single application implementation. As a result, they provide better performance and lower

power designs compared to FPGAs or software-based implementations. Alternatively, software

solutions for CPU and GPU platforms are designed to run on general-purpose processors and

so are much simpler and faster to develop. Software can easily be updated or improved should

27
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Figure 1.1: Comparison of different processing devices.

errors emerge in the design, or new application or implementation improvements be developed.

We discuss the composition of FPGAs and their application development process in more detail

in Sections 2.1 and 2.2.

Whether we view FPGAs as either a more flexible, reconfigurable version of an ASIC, or as

a higher-performing, lower-power platform for software-based designs, FPGAs bring their own

benefits and challenges. Modern FPGAs offer a large number and wide range of resources with

which to construct and run applications. How then do we simplify and streamline develop-

ment of this fundamentally hardware-oriented platform, and how do we leverage the unique

computing opportunities that FPGAs provide?

This thesis seeks to improve the operation of low latency applications via new architectural

frameworks and optimisations. Rather than simply optimising the design of just a single ap-

plication or domain, we look to improve resource use within the FPGA itself. Through the

creation and examination of these new low-level architectures, we seek to address a range of

higher-level application requirements.

Low latency focused designs prioritise reducing the end-to-end processing time of their appli-

cation. Within the domains of automated driving [1] [2] and robotics [3] we face strict safety

requirements on the time taken to process, analyse and react to new data. High frequency

financial trading [4] [5] [6] is another area that prioritises low latencies, but here latency is
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directly tied to the profit generating ability of a trading strategy. Real-time video and audio

processing technologies—such as those in online gaming [7] or new 5G networks [8]—is another

area of interest that instead relies on lower latencies to provide a good user experience, or to

accurately portray the continuously changing conditions of a shared, virtual environment.

FPGAs are an attractive platform for such applications as they offer low-level control of com-

puting hardware, thus allowing for the creation of more optimised and customised designs.

However, our original challenges remain: facilitating the creation of a high-performing, be-

spoke design, while simplifying the traditionally complex and time consuming development

process.

The above examples of low latency applications rely on and prioritise low latency, but as real-

world applications they will have additional requirements that must be met. This may be a

minimum level of data processing accuracy or throughput, or to work within the more common

limitations of available resources and costs. If our aim is to create architectures that offer

improvements to a wide range of low latency applications, we will need a general framework

that prioritises latency, but is also able to account for, and support, these other factors.

1.2 Identifying Challenges

When examining low latency applications within FPGAs, this thesis looks at challenges stem-

ming from a few key areas: (a) exploiting the different environments within which FPGAs

may be tasked with serving low latency applications—whether this be at the network level,

infrastructure level, or when serving as the primary processing device within a system; (b) the

heterogeneity present within FPGA devices themselves, due to their many different types of pro-

cessing elements; and (c) the high degrees of parallelism present, and increasingly demanded,

within FPGA applications.

From an examination of these key areas we will identify 3 challenges to motivate our 3 contri-

butions, described in Section 1.3.
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Within a data centre, the edge computing model [9] seeks to more efficiently meet the processing

needs of applications by placing processing elements closer to their sources of data. This sees

many small processing elements placed within the infrastructure layer. These form part of the

communication network, storage system, or some other subsystem or service offered by the data

centre.

For our first key area (a), FPGAs placed at the network level of a data centre provide us

the opportunity to process and act upon incoming data streams with much lower latencies

than if using traditional processing models. In addition, in-network processing allows us to

meet the processing needs of multiple downstream applications. For example, should incoming

data require an initial processing step—such as verification, normalisation, etc—then each

application that uses this data must perform this step. In-network processing lets us remove this

redundant functionality from applications, simplifying development, and provide a dedicated

and optimised solution to this shared problem.

In-network processing also provides the opportunity to permanently move processing away from

traditional computing nodes. With automated trading systems, for example, the application

will look for a signal within a data feed—say a stock price crossing some threshold value—to

which they will quickly react by placing a buy or sell order with a broker. As well as removing

this workload from the data centre’s dedicated computing nodes, we also reduce our response

and network transmission times by performing this function, in its entirety, at the “edge” of

the data centre.

When tackling key area (b), it is the heterogeneous nature of FPGAs themselves we must look

to address. As well as Look-up Tables (LUTs), Digital Signal Processors (DSPs) and Block

memories (BRAMs), which together serve as the more general and configurable backbone of

FPGA designs, newer FPGAs include an increasing number of additional resources.

From Intel and Xilinx, examples of embedded cores within or accompanying FPGAs include

CPUs [10] [11], GPUs [12], as well as domain-specific digital signal processing [13] and cores

targeting Artificial Intelligence (AI) [14]. Additional types of existing resources are also being
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added. New memory storage, like UltraRAM [15] and High Bandwidth Memory (HBM) [16] [17]

offer greater storage, but less scope for configuration and parallelism over BRAMs.

LUTs are also advancing between generations. Older FPGAs from Xilinx made use of 4-input

LUTs [18], while newer devices use 6-input LUTs [19]. Different LUT configurations are also

possible. The Adaptive Logic Modules (ALMs) [20] within Intel FPGAs have 8 inputs and can

implement two 4-input LUTs, one 6-input LUT, or some overlapping combination of 3, 4, 5,

and 6 -input LUTs if they share one or more inputs.

This device heterogeneity complicates and extends development time. Developers must seek to

both integrate and manage all of these elements in some high-level, general manner, while also

fully utilising each resource’s unique strengths. Managing heterogeneity is not only a problem

for FPGAs, but also for the research and development of many-core systems in general [21].

High degrees of parallelism within FPGA designs is the final key area (c) as this is one of

the main design patterns employed when developing for FPGAs. A processing core is created

to perform some function or operation, then simply duplicated to provide additional, parallel

data-paths. Bottlenecking issues then arise when these parallel data-paths seek to access or

make use of a limited or finite resource. Within highly parallel designs, the performance penalty

from routing alone can be significant [22]. In general, resource bottleneck issues are not limited

to FPGAs, however, their fine-grained, granular construction of processing elements provides

new opportunities to explore this topic.

This thesis aims to improve the performance of low latency applications within reconfigurable

devices through improved architectures and a more optimised use of resources. Given the

issues described above, we can now formally identify the challenges we will look to address and

categorise them into three main areas:

• Low latency processing of financial data in edge computing environments

• Shared, parallel access to memory resources

• Shared, parallel access to all the heterogeneous FPGA processing elements
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C1: Low latency processing of financial data in edge computing environments

We first look at exploiting the different areas within a system, or data centre, where an FPGA

may be deployed. When placed at the infrastructure level, particularly the network level,

FPGAs and their applications can serve as an initial, low latency data processing or filtering

step to other applications.

As we discussed previously with edge computing, FPGAs may be placed at the data entry point

of a single computing node, or as part of a larger system that serves an entire computing clus-

ter. This provides us the opportunity to remove common functionality from the downstream,

latency-sensitive applications we serve, group these together, and perform these functions at

the network level.

We choose to focus on the processing of financial data due to its high requirements for (a) low

latency processing, (b) data reliability, and (c) predictable and consistent performance. Specif-

ically, we look to the processing of data feeds from financial exchanges. CPU-based approaches

can see non-deterministic processing times, suggesting the dataflow model of FPGA processing

would be of benefit. Existing works also tend to be highly application-specific, or support a sin-

gle message communication protocol. We discuss these issues further in Sections 2.2.1 and 2.5.

When employed at the network level, a more general and flexible framework is needed.

Edge processing has seen success in many areas [23] including the Internet of Things (IoT) [24] [25],

deep learning [26]—for both inference and training—and mobile networks [27]. However, when

we seek to reduce the data processing workloads of multiple, downstream applications, simply

de-duplicating the common functionality is not sufficient.

For a robust, general-purpose framework we must look to not only improve performance through

the creation of a lower latency design, but also support the different processing requirements of

different downstream applications. The operation of these in-network functions may be tied to

the downstream applications themselves, thus those same applications must be provided some

means of controlling the in-network processing at run-time.
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C2: Shared, parallel access to memory resources

For applications that make use of high degrees of parallelism, a key challenge is to reduce

latency when multiple, parallel accesses are required to a shared resource. This can be multiple,

independent applications seeking access to a limited resource, or just one application which

itself contains multiple, parallel data-paths. Neural networks are a prime example of this

latter application. A single neural network may make use of thousands of parallel neurons, all

potentially performing the same function [28] [29].

We identify memory access as a key component in lowering latency. This applies not only

to traditional memory reads and writes, but also to memory-based computing. Memory-based

computing pre-computes the values of a given function and stores these results in memory to be

read out at run-time. This effectively lowers the processing latency of any deterministic function

to that of a single memory read operation. Compute-bound operations are then converted to

memory or I/O-bound ones.

We describe memory-based computing in greater detail in Section 2.4. It is shown to be of

particular importance to low latency applications whose operation or optimisations are typically

improved by latency costly means, such as via iterative operations. Improving the latency of

parallel memory accesses can thus benefit both memory and processing.

Schemes for sharing access to a shared resource have been explored using time-multiplexing and

dynamic reconfiguration [30], as well as through context switching within more coarse-grained

FPGA frameworks [31]. Techniques for the sharing of individual FPGA resources have also

been introduced [32] [33]. The choice of connection topology is also a key consideration. We

examine this further in Section 4.3.3.

The main challenges when reducing latencies for parallel accesses to a shared resource lie in

scaling our framework to both: (a) large numbers of parallel accessing data-paths, and (b)

large numbers of accessed resources, in this case, memory.
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C3: Shared, parallel access to all the heterogeneous FPGA processing elements

A natural progression from managing and optimising parallel accesses to shared memory is

to extend this framework to cover all processing elements within the FPGA. However, simply

replacing our memory resources with “processing elements” will not be sufficient.

FPGAs contain a large number of different resources from which we can form any number

of different processing elements. Even when designed to perform the same function, these

different processing elements may have different implementations, latencies, pipeline depths, or

operating frequencies.

Different processing elements may also have different data connection schemes, or inherent

levels of parallelism that we must take into account. For example, some memory resources may

have more than one read port, while embedded CPUs may offer multi-threaded operations. The

individual benefits these heterogeneous elements provide must not be lost when incorporated

into a larger, more general framework.

Past approaches often take a broader view, seeking to unify FPGA development with that

of CPUs. Examples include ReconOS [34], which uses a multi-threading programming model

with software threads and hardware threads, while FUSE [35] provides an abstract view of

processing resources to CPU-based applications.

Past works that promote abstraction within the FPGA, such as overlays and coarse-grained

architectures, are discussed and compared in greater detail in Section 2.3. These group together

FPGA resources in order to define new processing units, and thus create a more homogeneous

layout. FPGA applications are then built atop this new framework. This sees issues with low

utilisation when an application’s resource requirements do not exactly match the composition

of these new processing units. Entirely new application development tools and toolchains may

also be needed. These problems should be minimised or, ideally, eliminated.

A unified means to model the processing performance of different resources will also be required.

This general model would classify resources using a standard metric, allowing us to quantify
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their performance, as well as compare and trade-off any type of FPGA resource. We could

therefore support both the wide range of resources within an FPGA, as well as new resources

included in future FPGAs

1.3 Research Contributions

Our aim is to improve the performance of low latency FPGA applications through improved

architectures and an optimised use of resources. When considering the challenges we identify

above, the three main contributions of this thesis are:

Low latency, network-level processing of financial data feeds

To capitalise on the increasing use of FPGAs operating at the network level, the first con-

tribution of this thesis (Chapter 3) examines lowering the latency of multiple, downstream

applications by pre-processing a shared, incoming data feed. For this we focus on processing

the market data feeds provided by financial exchanges. These message feeds are used in time-

critical automated trading applications, and two identical feeds (A and B feeds) are provided

in order to reduce the risk of message loss. A key challenge is to support A/B line arbitration.

This unifies the A and B lines into a single, consistent feed able to compensate for missing,

duplicate, and out-of-order packets.

As every trading application that relies on this data feed must perform this arbitration, it is

only natural to consolidate this shared functionality. The FPGA forms part of the Network

Interface Card (NIC), so our arbitration forms a natural extension to the existing packet-

processing pipeline. The challenge of non-deterministic processing times can then be solved by

employing the FPGA’s more data-driven, dataflow model of processing.

As well as lowering the latency of A/B line arbitration, we provide support for any messaging

protocol, and output two simultaneous modes of operation: one prioritising low latency, and

one prioritising high reliability with three dynamically configurable windowing methods. The
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latter windowing modes can be altered by downstream applications in real-time to account for

the ever-changing market conditions.

This addresses the issues of providing a network-level service that is both (a) flexible and

supporting of different communication protocols, while also (b) able to provide low latency,

application-specific functionality.

We implement and assess the NASDAQ TotalView-ITCH, OPRA, and ARCA market data

feed protocols on the Xilinx Virtex-5 and Virtex-6 FPGAs, reporting deterministic processing

times of 1 cycle for our low latency output and 7 cycles for the high reliability output. This

corresponds to latencies of 6ns and 42ns for the TotalView-ITCH data feed, and 5.25ns and

36.75ns for OPRA and ARCA, respectively.

Reduce memory access latencies for highly parallel, latency-sensitive functions

The second contribution of this thesis (Chapter 4) is a novel ring-based architecture to reduce

latency when multiple, parallel accesses are required to FPGA memory. We target low latency

designs that are implemented using memory-based computing. Here, the results for a given

function are pre-computed and stored in FPGA memory. The function is then “called” at

run-time by reading results from memory.

Memory is formed within FPGAs by grouping together multiple BRAMs then accessing them

as a single, monolithic device. Our architecture accesses these constituent BRAMs indepen-

dently, and can thus benefit low latency applications that rely on: highly-complex functions;

numerical precision via iterative computation; or high degrees of parallelism, where many par-

allel data-paths access a shared memory resource. An automated tool is developed to convert

any deterministic function or existing memory structure to our new, memory-based computing

architecture.

We are able to reduce any 16-bit function to a 1 cycle memory read. High degrees of paral-

lelism are also supported, with 1024 parallel function calls able to be processed at 300MHz on

the Xilinx Alveo U280 accelerator card. Large numbers of parallel accesses now play to our
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advantage as we can reduce the average access time further to 0.5 cycles per function call by

using the BRAM’s dual read ports.

In contrast to the O(N2) scaling of point-to-point and crossbar schemes, or the O(NlogN)

scaling of multi-stage interconnects, our ring-based architecture’s resources and number of

links scale linearly, O(N). This applies both to higher degrees of parallelism, i.e., more calls

to the implemented function, and the number of BRAMs accessed in parallel. Our access

times also scale linearly, while our interconnection scheme requires little logic and routing, and

automatically arbitrates parallel accesses between the multiple function calls and BRAMs.

The Xilinx Alveo U280 accelerator card is used to evaluate and assess our approach using square

root, power, trigonometric, and hyperbolic functions.

Centralised compute pools for shared access to FPGA processing elements

The third contribution of this thesis (Chapter 5) is to extend our ring-based architecture

beyond memory to support any FPGA processing element. Our new architecture unifies het-

erogeneous processing elements into compute pools formed of E processing elements, each

implementing the same function. A compute pool is then able to serve D parallel calls to its

implemented function.

Through a call-and-response approach to computation, we develop a model based solely on

the processing latency of each element in the pool. This addresses the challenge of forming a

resource and implementation agnostic view of processing elements. A compute pool can support

processing elements with different: implementations, connections, pipeline lengths, latencies,

and non-deterministic processing times. Through this latency-oriented model we allow the plug-

and-play of mismatched processing elements, and are able to easily add or remove processing

elements from the compute pool for a known performance cost.

We focus on unifying existing implementations of processing elements, rather than follow the

model of coarse-grained architectures and define our own. We therefore place no limits on the
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composition of processing elements, greatly improving resource utilisation, where we demon-

strate 96.2% utilisation for 1024 parallel data-paths.

This approach also solves the problem of requiring new development tools and toolchains for

our new architecture. The use of existing processing elements mean we support the use of all

existing application design, development, and analysis tools.

We also explore new avenues of performance improvements. A centralised pool of processing

elements evenly balances the use of all FPGA resources across the entire application. Our data

routing scheme is able to reduce the bottleneck associated with multiple data-paths accessing

a centralised pool, and almost eliminates it entirely for designs with known latencies. Addi-

tionally, as individual processing elements no longer have the sole responsibility for serving the

entire range of possible function calls, new, specialised processing elements can be added to a

compute pool to improve performance.

Rather than serve every possible input, these new fractional processing elements target a set

range of possible function inputs—such as individual sections of a function curve—and can

therefore be both smaller and more optimised towards their given operation. Fractional pro-

cessing elements collectively serve the entire range of function inputs, so can individually

be formed of fewer resources, providing a more fine-grained means of forming FPGA resources

into processing elements.

We explore this new architecture and the formation of processing elements through an exami-

nation of neural networks. We assess 8 neural network activation functions with different levels

of computational complexity, demonstrating an average 21% improvement in throughput, and

29% for latency when implemented on the Xilinx Alveo U280 accelerator card.
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Chapter 2

Background

This chapter gives a brief overview of the background work that forms the basis of this thesis.

Section 2.1 describes FPGAs, their resources, and the computer systems in which they are

deployed. The design and development of FPGA applications is explored in Section 2.2, then

Section 2.3 discusses the use of coarse-grained FPGA architectures.

Section 2.4 describes memory-based computing, as this means of processing is one of the focal

points of our new FPGA memory interconnect, introduced in Chapter 4. Finally, we describe

two application areas within which we assess our work. Section 2.5 describes the processing of

financial market data feed messages, and Section 2.6 details the layout and operations of neural

networks, with a focus on their activation functions.

2.1 Field-Programmable Gate Arrays

FPGAs are reconfigurable semiconductor devices. In contrast to ASICs, whose functionality is

defined at fabrication, FPGAs instead contain a mix of fine and coarse grained programmable

logic elements. These elements can be configured, and reconfigured, after manufacture to

implement arbitrary hardware circuits.

When categorising their performance and functionality, FPGAs are typically seen as sitting

between ASICs and CPUs. Indeed, one of first use cases of FPGAs was for the design, testing,

40
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emulation, and verification of ASIC designs. However, the performance and flexibility of FPGAs

have made them a recognised computing platform in their own right.

ASICs offer a dedicated hardware solution. This may be for a single problem, or within some

domain—like audio, video, networking, etc. At the other end of the scale, CPUs instead enable

software solutions by providing a defined set of instructions upon which applications can be

built and run.

Rather than regarding FPGAs as the “third option”, sitting between hardware-oriented ASICs

and software-oriented CPUs, FPGAs should be viewed as an extension of each domain: hardware-

augmented software, or software-augmented hardware. For hardware, FPGAs trade-off perfor-

mance to provide more flexible designs, deliverable within a shorter time frame. While for

software, an increase in development time and hardware requirements for FPGA applications

can ultimately lead to higher performing, lower power applications, particularly when deployed

at scale.

No single computing platform, CPU, FPGA, or ASIC, offers a universal solution to maximising

performance. The diversity of application requirements—i.e., choosing to prioritise latency,

throughput, power, area, etc—combined with the diversity of computing environments—from

small IoT devices, to phones, laptops, and data centres—require a corresponding diversity in

hardware. ASICs, CPUs, GPUs, FPGAs, Tensor Processing Units (TPUs) [36], and others all

have roles to play.

2.1.1 Development Comparison

When it comes to application development, FPGAs boast a faster and cheaper development

process compared to ASICs. ASIC designs must be extensively tested and simulated before

final deployment as, once the chip has been fabricated, its functionality is unchangeable. FPGA

development does not bear the cost of fabricating the design onto a dedicated chip.

The FPGA development process will instead see applications designed and tested with the same

hardware, and in the same environment, in which they will ultimately be deployed. In this way,
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the FPGA development process aims to more closely align itself with the simpler design flow

used by CPUs.

Such issues are of particular concern for ASICs when bugs or security vulnerabilities are iden-

tified. Spectre [37] is a recent example of a side-channel attack that exploits branch prediction

mechanisms in Intel, AMD, and ARM microprocessors to read the private memory of other

processes. As the development life cycle of CPU hardware is typically measured in years,

addressing such hardware vulnerabilities can be very costly and time consuming.

One of the main strengths of CPUs lie in their application development process. A well-

defined and understood instruction set, ubiquity within the larger market, and a long history

of development have resulted in a large volume and range of programming models, languages,

and development tools. In comparison, FPGA development is less mature, and applications

take longer to develop. Many different tools and approaches exist, and we discuss these in

greater detail in Section 2.2.

The CPU’s general-purpose approach to application design offers a greater range of application

support and flexibility, but this comes at the cost of application-specific optimisations. For

example, 16 or 32-bit applications running on a 64-bit processor do not require 64-bit arithmetic

and logic operations, 64-bit registers, or the 64-bit data-paths these processors provide.

We desire both high performing applications, and a simple application development process.

However, FPGA performance stems from customisation, while providing a simpler development

process comes through increased abstraction. Resolving these conflicting desires is a large and

active area of research.

2.1.2 FPGA Resources

There is diversity between computing platforms—FPGAs, ASICs, CPUs, etc—but also diversity

within the computing devices themselves. This is perhaps most apparent with FPGAs. A

single FPGA contains many different processing elements, memories, and interfaces, as well as

a configurable interconnect that allows for a range of different routing schemes.
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(a) Xilinx FPGAs [38]. (b) Intel FPGAs [39].

Figure 2.1: FPGA resource columnar layout.

This thesis looks to improve low latency applications within reconfigurable devices. As the

fastest path through a system is not necessarily the shortest, an examination of processing

elements is needed to better understand their benefits, drawbacks, and the functionality trade-

offs we make when designing FPGA applications.

The two main FPGA manufacturers, Xilinx [38] and Intel [39], lay out resources within the

FPGA using a columnar architecture. Fig. 2.1 shows examples of such a layout from both Xilinx

and Intel. We can then identify 3 general sources of dataflow and processing heterogeneity: (1)

the high volume, general-purpose reconfigurable fabric composed of elements such as LUTs,

BRAMs, and DSPs; (2) the specialised, embedded cores and processor blocks that offer more

rigid functionality, but with higher performance; and (3) the many dedicated I/O connections,

and accompanying control logic that routes data into and out of the FPGA.

There is also heterogeneity between and within generations of FPGAs. Every new generation

sees the release of multiple devices from FPGA manufacturers. Devices within the same FPGA

family can offer widely differing types and quantities of processing elements.

Fig. 2.2 shows a selection of the resources present within Xilinx’s 14nm UltraScale+ Virtex [40]

range of FPGAs. Individual devices typically target specific markets—science [41], robotics [42],

networking [43], etc—or specific domains—signal processing, low latency, high throughput, low

power, etc. FPGA resources and interfaces are then included within the device to best address

these requirements. This is another example of heterogeneity being a well-entrenched feature

of FPGAs.
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Figure 2.2: Xilinx UltraScale+ Virtex FPGA resources. Source: Xilinx [40].

A more subtle difference lies not just in the resources present, but in the relative ratio of these

resources. For example, Fig. 2.2 shows that the VU3P FPGA has about 6 DSPs per 1000 LUTs

(5.79:1000), while the VU19P has fewer than 1 DSP per 1000 LUTs (0.94:1000). Resource ratios

are an important consideration.

Ultimately, the FPGA will host and run an application, and this application will make use

of one or many FPGA resources. The required ratios of these resources is highly application

and implementation specific, and may not be known until the final design is coded and tested.

Should an application require a 1:1 ratio of DSPs to BRAMs, for example, this leads to unused

resources if this resource ratio is not exactly matched by the target FPGA. This results in lower

performance, or may mean a design cannot be built at all should it require more resources than

are present on the FPGA.

Problems then lie in both resource heterogeneity, and in balancing resource use across larger

applications. Solutions have been proposed for transforming functionality between different

FPGA resources. Moving functionality between LUTs and DSPs can be trivial for simple

operations, while memory-based computing—explored in Section 2.4—can convert any function

to a memory look-up. More complex function approximations can even see memory look-ups

converted to DSPs [44].

Others have looked to tackle this problem at the development stage, and also within the FPGA
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itself via dedicated frameworks. We discuss this further in Section 2.2, and propose our own

approaches in Chapters 4 and 5.

In this section we examine the FPGA resources themselves. We describe their functions and

performance strengths, and also identify problems that may arise when looking to group and

manage these disparate elements within a singular, unifying framework.

1: The Common Reconfigurable Fabric

Basic, configurable logic blocks form the backbone of most FPGA devices. In contrast to larger

FPGA resources, such as embedded CPU cores, these resources are small, highly configurable

and appear throughout the FPGA device in large numbers. There are 3 main types of common

resource: (a) LUTs, (b) memories, and (c) DSPs.

As briefly described earlier, LUTs (a) are Look-up Tables that function as small memories,

mapping an n-bit input to an m-bit output. When followed by a flip-flop to preserve this value,

we are able to create synchronous circuits.

Current LUTs within Xilinx [19] and Intel [20] devices see the use of a 6-input LUT, for which

a 6-bit input produces a 1-bit output. Other configurations are also possible, with multiple

LUTs acting together within a larger configurable logic block able to produce a wider range of

outputs. Intel’s configurable ALMs have 8 inputs and can implement two 4-input LUTs, one

6-input LUT, or some overlapping combination of 3, 4, 5, and 6 -input LUTs if they share one

or more inputs.

The exact mapping of a function or operation to LUTs is typically performed by compilers and

build-time tools. While possible with low-level FPGA development flows, developers do not

usually design applications with this level of specificity. LUTs typically implement control flow

operations, like comparators, as well as simple arithmetic and logic functions.

Memory (b) exists within the common reconfigurable fabric as BRAMs and distributed mem-

ory. The latter repurposes LUTs as a memory resource, and is therefore faster than BRAM,

but offers much less storage. Instead BRAMs are the more commonly used memory resource.
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A BRAM’s performance and flexibility come from their configurable width and depth. For

example, Xilinx’s 18kbit BRAMs [45] can store 512x36-bit data down to 16384x1-bit data.

Dual read ports are also a standard feature of BRAMs. These offer true, independent read and

write access to data with single-cycle latencies. Such is the degree of customisation, developers

are even able to specify the read and write policy should the same address be read from and

written to memory in the same cycle [45].

Total BRAM capacities are typically small compared to external memory, such as DDR. Xilinx

BRAMs offer 18kbits of storage, while Intel’s M20K BRAMs [46] provide a comparable 20kbits.

When larger on-chip memory capacities are needed, multiple BRAMs are connected together.

In Chapter 4 we propose a new architecture for multiple parallel accesses to these many, small

FPGA memories.

DSPs (c) are data processing blocks composed of a sequence of multipliers and adders. They

offer high-performance implementations of one or more arithmetic operations, such as multi-

plication, multiply-accumulate, comparison, and concatenation. Data widths are configurable,

but maximum widths exist for each operation. For example, Xilinx DSP48 blocks [47] see limits

of 27x18-bits for multiplication and 48-bits for simpler logic operations.

The optional use of internal registers at different processing stages allows for the creation of

high frequency, pipelined data-paths. While it is possible to replicate the functionality of DSPs

with LUTs, DSPs are a dedicated hardware solution. They are therefore more power efficient,

require less area on the FPGA, and can operate with higher clock frequencies. When allowed

by the application, DSPs are then the preferred choice of processing element.

Finally, although not a processing element, the routing required to connect these elements

should also be considered a resource. This is implemented as a 2D lattice within the FPGA.

Horizontal and vertical wires are used to connect different FPGA resources, with switch boxes

located at wire crossover points. These switches are configured as part of the final build process.

The relative placement of resources and the routing of data between them are two major

factors in determining a design’s attainable clock frequency. Smaller, less congested designs
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are therefore more likely to offer lower latencies and shorter build-times. In this case, higher

performance stems purely from the fact that such designs allow greater choice of resource

placement and data routing.

2: Specialised Embedded Cores

If the resources in the general reconfigurable fabric are able to implement the arithmetic,

logic, memory, and control flow operations of applications, why then would we need additional

specialised cores within an FPGA? The inclusion of these embedded cores within the FPGA

serves two functions: to provide performance improvements within the FPGA, and to facilitate

larger, external system design goals.

In the same way that DSPs improve on LUT implementations of functions, dedicated embedded

cores offer higher performing, and more power and area efficient implementations of a function,

domain, or entire application. Some functionality may be required within the FPGA, and it

therefore makes sense to include this as a dedicated core. For example, the command, control,

and processing logic for external interfaces, or the hash functions and/or error correction needed

for data storage and high-speed communication.

From an external, system design perspective, the drive to provide a single System On Chip

(SoC) solution naturally means the conglomeration of many heterogeneous elements. The

general reconfigurable fabric of LUTs, memory, and DSPs will then serve these central elements,

providing peripheral functionality such as control flow system, glue logic, or as simple FIFO

buffers or registers.

If viewing FPGAs as a middle ground between ASICs and CPUs, then the inclusion of embedded

CPU cores in FPGAs is a natural step. CPU applications can be more easily ported to FPGAs,

and their functionality incrementally extended with new instructions implemented using FPGA

resources.

Communications and signal analysis have been a long-term beneficiary of dedicated cores. These

dedicated cores may be present to simply facilitate communication and control for Ethernet [48],
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DDR memory [16], or Peripheral Component Interconnect Express (PCIe) [49]. Cores can also

tackle more specific applications like multimedia processing [12] or telecommunications [13].

More specialised cores are becoming common. The increasing popularity of machine learning

is seeing dedicated cores included in FPGAs to better serve this domain. Xilinx’s new Versal

AI cores [50] are one such example, reporting throughputs of 3-17 TFLOP/s.

3: Dedicated I/O Connections

The final source of FPGA resource and operational heterogeneity we will examine concerns the

many different types of connections into and out of the FPGA device itself. In the previous

section we saw how FPGA device specialisation is seeing the inclusion of dedicated embedded

cores. The processing of radio frequency or network data, for example, will then require the

corresponding interfaces to be present on the FPGA.

As well as being used for their described purpose, the inclusion of these connections allows for

new use cases, applications, and the re-imagining of existing resources and interfaces. Alachi-

otis [51] uses Ethernet, rather than the traditional PCIe interface to communicate between an

FPGA and its host computer. In a similar vein, Gong [52] develops a new PCIe communication

standard for FPGA-host communication, and provides it as an open-source library.

One example we explore with our new interconnect and memory architecture in Chapter 4 is

the expansion of memory-based computing. This sees memory used as a processing element,

rather than for data storage, and is examined in greater detail in Section 2.4. Memory-based

computing designs have been explored in past works, such as table-based methods for function

approximation [53], or when used as part of new computing strategies, such as distributed

arithmetic [54]. We instead look to tackle the case of many parallel accesses being required of

memory, for which memory interfaces can form a key hurdle.

The I/O connections play an important role in memory-based computing as we desire low

latency access to memory. Our approach looks to BRAMs to solve this, but their low storage

capacity can be a limitation. Larger memories are typically based on DDR-RAM, and therefore

operate best when performing sequential reads.



2.1. Field-Programmable Gate Arrays 49

Memory-based computing instead prioritises random read performance, and is much more sen-

sitive to access latencies. Memory-based computing solutions will ideally place no conditions

on the spatial or temporal relationship of read addresses, i.e., our “memory processing element”

input data.

Multiple memory ports further increase access to stored data, improving parallel processing per-

formance. The memory interconnect also plays an important role in determining performance,

and in defining the practical limits of adapting memory to serve as a processing element.

Recently introduced High Bandwidth Memory (HBM) [16] [17] provides a new interface to

memory, adapting the multi-bank architecture of DDR memory with an interconnect able to

access each memory bank independently. Although promoted as a high throughput solution,

this interconnect strategy brings a higher capacity for parallelism and opens the door for an

expansion of memory-based computing approaches.

From this we can see that the number and type of dedicated I/O connections on the FPGA

is an important factor in application design, and will continue to be so as new interfaces are

added, and existing interfaces updated.

2.1.3 FPGA Deployment

We now look at how FPGAs are actually used within computing systems. They may serve a role

as the primary means of processing within a system—as we saw earlier with SoC solutions—or

FPGAs may function as application or domain specific accelerators, sitting alongside other

compute devices like CPUs or GPUs.

Modern FPGAs are typically seen within dedicated cards or accelerators. These are con-

nected to host computers via PCIe, and commonly have external network interfaces, such as

Ethernet or InfiniBand. After configuration, FPGA processing may then be driven by data

received via these external connections, or host-driven, with workloads determined by the sys-

tem CPU. The FPGA is then just one processing element within the host computer, sitting

alongside the CPU, and potentially a GPU or other accelerator.
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In cloud and computer cluster environments, FPGAs are represented as compute nodes [55],

with the same FPGA card configuration described above. This FPGA node is present in the

larger cloud alongside CPU-centric and GPU-centric nodes. FPGA cloud services are available

from a number of vendors, including Amazon [56], Alibaba [57], and Microsoft [58].

Direct communication with the FPGA may be possible, but this is typically achieved via the

host computer. Dedicated, FPGA-only communication networks have also been explored. In

our past work we find customised, inter-FPGA communication networks can result in lower

latencies and reduced transmission protocol overheads [59] [60].

Within these clouds composed of CPU, GPU, and FPGA nodes, applications can make use

of any or all of these computing resources. Models have been proposed to optimally partition

workloads across these heterogeneous computing devices based on desired trade-offs between

cost and performance [61]. Although adopting a multi-device architecture may seem like an

overly complex design choice, it is in fact quite well suited to the growing trend of micro-service

use within large cloud computing environments.

With a micro-service model, applications make use of existing, turn-key software solutions to

common application problems. Examples include data storage and processing, user manage-

ment, and network and infrastructure configuration. Forming a larger application from these

micro-service building blocks means the services themselves can run on different processing

devices, each chosen and optimised for that service.

This then brings us to the next area where FPGAs are deployed, the infrastructure level.

More commonly known as edge computing [62], this decentralised approach places computing

elements closer to their sources of data. This may be a database, memory, networking or some

other subsystem or service.

Our work in Chapter 3 looks to exploit in-network processing as a means of serving multiple

downstream applications. By pre-processing data as it arrives on the network, then forwarding

this to one or more applications, we remove the need for this processing in the multiple, receiving

applications. Additionally, by choosing to directly process network data, the FPGA design is
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Figure 2.3: Intel’s Infrastructure Processing Unit model. Source: Intel [63].

itself more efficient. This is because the FPGA’s dataflow model of processing is an excellent

fit to the existing pipeline flow of network data.

Such edge computing FPGA devices are common, with smart-NICs present in both data centres

and clusters. Intel is also placing a growing focus on their own Infrastructure Processing Units

(IPUs) [64]. Shown in Fig. 2.3, these CPU or FPGA based processors aim to (a) offload

processing from traditional compute nodes, (b) provide lower latency application solutions, as

well as (c) serve as a means of controlling data flow, and managing the complex infrastructure

of large cloud applications.

When looking to improve low latency applications, the placement of FPGAs at the infrastruc-

ture level provides an excellent opportunity for quickly accessing incoming data. In addition,

this placement provides a shorter transmission path should the device also output data, rather

than simply routing it within the cluster.

The inclusion of additional, dedicated processing hardware means all computing devices will

see less competition for their resources. Having to share processing time and resources between

applications can lead to unknown, non-deterministic processing times. This creates difficulties

when looking to return a result within a given time limit, or if we simply aim to achieve the

lowest possible processing time. We explore an application for such in-network processing with

the arbitration of financial market data feeds in Chapter 3.
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2.2 FPGA Application Design and Development

In this thesis we target the improvement of low latency applications. This means not only

improving the latency aspect of application performance, but also helping to streamline the

overall development process. Even when prioritising low latency, applications must also tackle

other application considerations, such as managing high degrees of parallelism, guaranteeing a

given level of data accuracy or precision, and/or ensuring a functional, error-free design.

In Chapter 4 we describe an interconnect for low latency, multiple parallel accesses to memory.

Chapter 5 extends this architecture to support any processing element with the creation of

compute pools. Each pool can be accessed by multiple data-paths in parallel, with each pool

performing a single function, e.g., trigonometric, probability, scientific, or some user-defined

function.

How these new architectures are used in practice, and how they can be integrated into appli-

cation designs, is an important consideration. This section looks at the programming models

and tools used for developing FPGA applications. We seek to understand where application

development problems may lie, and what form current and future solutions may take.

2.2.1 Design Flows

When creating a program for a general-purpose or domain-specific processor—such as a CPU,

or GPU—we typically make use of a control flow computing model. With this model, the flow

of data through the system is determined by the program itself. The processor will provide a

set of instructions and a computer program is then formed as a list of instructions to be carried

out.

For FPGA applications—defined as circuits in hardware—their decentralised nature, and sup-

port for high degrees of parallelism, mean a dataflow model is the more natural fit. The dataflow

model is that of a directed graph, where nodes represent some processing element or operation

to be performed, while edges represent the routing of data between these processing nodes.
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1 y = A(x) + B(x);

2 if (y > 0)

3 return C(y);

4 else

5 return D(y);

Figure 2.4: Simple code example.

Colloquially, dataflow can be thought of as resembling an assembly line: processing elements

are fixed and sequential, with the application data flowing from one processing stage to the

next. Instructions are therefore inherent, i.e., if there is data present at a processing element

then it should be processed by that element.

This assembly line approach still allows for branches in the code: given some condition, one

pipeline is chosen over another. In the control flow model used by CPU applications, branches

in the code come at a cost of wasted time: we don’t know which branch will be taken so

must either (a) delay work on the following operations, or (b) work on many possible future

operations, discarding incorrect operations, and wasting CPU cycles.

In contrast, code branches in the dataflow model incur costs measured in wasted space, i.e.,

processing elements go unused when data are not routed down that path. This model can

therefore be of benefit to applications that place a premium on latency: data processing costs

traditionally paid in time can instead be paid in unused resources.

Given the simple code example in Fig. 2.4, for the control flow model, the functions A, B, C,

and D are either provided directly by the processor, or are themselves composed of multiple

processor instructions. This also applies to the branching comparison y > 0. For a dataflow ap-

proach there is no centralised processor, and each function is instead performed by an individual

processing element.

The CPU provides a set of instructions, but not all available instructions may be used by an

application. With the dataflow model, only the functions present in the application are present

in the hardware, i.e., only A, B, C, D, and the branching comparator in Fig. 2.4. The downside

of such a model is then the added complexity in developing applications: the developer must

implement all functionality themselves, compared to it already being present within the CPU.
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For general application development, this provides the freedom to include: (a) only the oper-

ations our application requires; (b) those operations not provided by the CPU; as well as (c)

the opportunity to customise an operation’s data precision, parallelism, latency, or any other

parameter we value. However, this places a larger burden on the developer, as they must, again,

define all operations themselves.

The use of libraries for common functions can help mitigate this, but the newly added emphasis

on freedom of design, and support for customised hardware implementations, mean bespoke

designs tend to be the rule rather than the exception.

2.2.2 Application Description and Development

A number of design tools and practices have been created to aid in FPGA development, both

for control flow and dataflow FPGA designs. In this section we look at how programming

languages and models aim to simplify the application creation process, as well as examining

the FPGA design process itself.

In Section 2.1 we describe FPGAs as, essentially, a collection of resources. These resources can

be configured and connected together to form processing elements. The granularity at which we

define these elements—and with them, our application—differs depending on the development

process. This begins with the programming language.

Hardware Description Languages

Hardware Description Languages (HDLs) operate at the Register-Transfer Level (RTL). Here,

data are stored in registers, with data processing and control flow between registers defined

using low-level, logical operations. The most commonly used languages are Verilog and the

Very High Speed Integrated Circuits Hardware Description Language (VHDL).

From an electrical engineering perspective, HDLs may be considered a higher-level language

since operations are defined at the logic level, rather than at the transistor level. However,

when considered from the perspective of computer science, HDLs are very low-level languages,
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Figure 2.5: The HDL design flow.

operating well below the levels of abstraction of languages typically considered low-level, such

as C. For example in VHDL, representing data more than 1 bit in length requires the use of the

std logic vector data type. This must be imported from a common library as it is not a data

type native to VHDL. In fact, arrays of any type require some degree of manual definition.

At this lower level we have more control when defining functions and managing data flow. This

added control can, by itself, lead to performance improvements. For example, a logical shift of

data by N places may take 1 or more cycles on the CPU. However, when defined in hardware,

this same shift will take 0 cycles, requiring only that we connect the input wires to the output

wires with an offset of N, setting the remaining output wires to zero.

This greater degree of control comes at the cost of a much longer and more complex development

process. The inherently parallel nature of hardware-described designs can also make them very

difficult to simulate and debug. Therefore, the current trends for HDLs promote code reuse,

well established libraries of processing elements and functions, and for connection schemes using

common interconnects, such as the Advanced eXtensible Interface (AXI) [65].

Tools that build FPGA applications, i.e., generate the final bitstream to configure the FPGA,

typically require an HDL definition of an application. As such, higher-level compilers and code

generators for FPGAs almost universally output HDL files, which then follow the existing build

process.

Fig. 2.5 shows how the final FPGA bitstream is built from one or more HDL source files.

Combined with timing and placement constraints, the logic-level application description is
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mapped onto the available FPGA resources, a physical placement for it chosen on the target

device, then the routing between these resources is configured.

In general, when developing applications, the HDL development approach can lead to more

efficient, higher performing designs, as well as a more comprehensive insight into the cycle-level

flow of data within the application. This latter consideration is a critically important factor in

the development of low latency applications.

However, the difficulty when expressing higher-level functions and design patterns can lead

to not only longer development times, but also an increased risk of introducing bugs into the

application. For financial trading applications in particular, this can be incredibly costly [66].

High-Level Synthesis

High-Level Synthesis (HLS) builds upon the HDL approach by providing a development flow

that either: (a) translates existing, CPU-style code to an FPGA-compatible implementation;

or (b) uses a new or existing programming framework to make FPGA development more in

line with current CPU or GPU programming trends.

McFarland [67] presents a survey and discussion on the translation-based (a) approach, showing

how data and control flow tasks are to be identified, broken down, and mapped into hardware.

SPARK [68] and AutoPilot [69] are examples of HLS frameworks and languages that make

use of this approach. They translate C code to lower-level, RTL code, in some cases needing

minimal alteration of the initial, CPU-based design.

While code alteration is likely required for larger, more complex applications, the main challenge

with a translation-based approach arises due to fundamental differences between higher-level

and FPGA programming models. Higher-level programming models are typically sequential,

while FPGAs are instead inherently parallel computing devices. It can be difficult to auto-

matically adapt existing sequential code to a parallel model without loss of performance, or

requiring some degree of additional, manual configuration.

To tackle this, translation-based languages, and most HLS languages in general, provide mech-

anisms for developers to specify areas of sequential and parallel operation. This helps compilers
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convert from the imperative, control flow model of the source design to the more parallel and

dataflow approach of an FPGA application.

Rather than the creation of optimal, high performing designs, the goal of such translation-

focused approaches is to help ease the transition of existing CPU-based applications to operate

within the FPGA. Once a legacy application is operational within the FPGA, developers would

use the newly provided pragmas and FPGA-specific processing elements to make the applica-

tion’s performance approach that of a native FPGA application. This would occur through

iterative improvements, restructuring, and more specific code optimisations.

Instead of this translation-based approach, current development tools and trends focus on

providing more general programming frameworks (b). Here, an application is defined using

a common language, such as C or Python, then its workload distributed among one or many

processors. With this model, FPGAs are just one possible processing device, sitting alongside

CPUs, and sometimes GPUs.

Examples include the widely used Open Computing Language (OpenCL) [70] [71] which origi-

nally targeted CPUs and GPUs, and has expanded to include FPGAs. There are also tools from

the two main FPGA manufacturers: the Vitis [72] and Vivado [73] development suites from

Xilinx, and Intel’s Quartus Prime [74] and HLS Compiler [75]. Both manufacturers support

OpenCL and HDL based development, along with tools to simulate applications, and perform

power, area, and performance analysis.

Third-party companies either extend the existing manufacturer processes—such as the cloud-

based FPGA platforms from Amazon [56] and Microsoft [58]—while others introduce their own

development flows for their FPGA platforms, such as Maxeler’s Java-based MaxCompiler [76].

When following this more general programming framework model, the FPGA is viewed as a

more abstract processing device. Instead of defining processing elements explicitly, the language

charges the device with performing a given function with some defined degree of parallelism.

A vector multiplication of N elements by some constant value, for example, may be defined

as a simple for loop in C, but realised on the FPGA with N parallel operations. If the same
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code were instead targeted towards a GPU, the compiler would make use of the GPU’s SIMD,

multi-core architecture.

For FPGAs, this approach sees the higher-level language—aided by the accompanying pragmas—

being converted into lower-level RTL code to run on the FPGA. This code is typically Verilog

or VHDL. Higher-level development tools and toolchains can then make use of the lower-level

HDL development flow described in Section 2.2.2.

This allows for the use of existing HDL simulation and code analysis tools. More importantly,

these higher-level approaches are then able to make use of existing, low-level libraries of common

processing elements. Our above vector multiplication example could then simply be defined

within the FPGA as a series of N DSPs. The alternative would see the HLS provider defining an

entirely new processing element themselves which they must continually update and support.

HLS approaches still face the original underlying problem of high-level FPGA application de-

velopment: that FPGA performance stems from customisation, while ease of application de-

velopment arises from increasing abstraction. An easier development process therefore comes

at the cost of a lower performing design.

BDTI [77] find that the conversion process from C to lower-level HDL can be highly efficient,

but studies by Winterstein [78] and Nane [79] highlight the superior performance of manually

generated HDL code. Nane notes that this is a function of both the tools and developers, con-

cluding: “software engineers need to take into account that optimizations that are necessary to

realize high performance in hardware (e.g., enabling loop pipelining and removing control flow)

differ significantly from software-oriented ones (e.g., data reorganization for cache locality).”

As perfection is an unrealistic goal, we must instead strive for an optimal balance of development

considerations. Combining higher-level function definitions with additional lower-level pragmas

to boost performance, has shown to be both a practical and effective choice. With a growing

developer community, a greater adoption of combined CPU/GPU/FPGA design flows, and new

improvements to compilers and common libraries, we are seeing the continued improvement and

simplification of the FPGA development process.
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Development Tools Within This Work

As part of our work, we make use of Xilinx’s Vitis and Vivado design tools. Vitis is primarily an

HLS development environment, while Vivado focuses on HDL applications written in Verilog

and VHDL. Vivado is our main development environment, as we create low-level architectures

and therefore need greater, fine-grained control of the design. The built-in simulator and library

of IP cores also aid in the overall development process.

In Chapters 4 and 5 we develop architectures that are designed to be used by higher-level tools

and processes. Chapter 4, sees the creation of an interconnect facilitating many parallel access

to FPGA BRAMs, and provides an automated tool to open up this new architecture to other

developers.

This tool translates a Python function into a memory-based computing module that employs

our new architecture and interconnect. In line with the general programming frameworks (b)

described above, we provide an additional configuration file for the developer to describe their

desired data types, widths, and precision.

After processing and converting the given input code, our automated tool, like most HLS,

outputs HDL code in the form of Verilog files. This makes it a simple matter to incorporate

this common format into existing HLS toolchains. We describe this tool further in Section 4.5.

2.3 Coarse-grained FPGA Architectures

Section 2.1.2 described the many different types of resources present in an FPGA: (a) the

common, reconfigurable LUT, BRAM, and DSP resources; (b) the specialised processing cores

and memories; and (c) the configurable interconnect for routing data between them. Rather

than dealing with these resources individually, a more coarse-grained architectural approach is

also possible.

When used within an FPGA, coarse-grained architectures [80] group multiple FPGA resources

together into larger, higher-level processing elements. These architectures may be referred to

as overlays, frameworks, or sometimes virtual FPGAs. The central idea of this approach is to
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define new functional units—i.e., higher-level processing elements—using this coarse-grained

methodology, and use these as the fundamental building blocks upon which to build an FPGA

application. The newly defined functional units—or sometimes, groups of these units—now

serve as our quantum of processing.

In addition to these new functional units, a simplified, common interconnect is developed to

link them together. Such schemes include the establishment of communication protocols and

topologies, and also define the width and format of communicated and processed data. In

the same way functional units build upon the basic FPGA resources—LUTs, BRAMs, DSPs,

etc–to define a new processing element, these new communication and interconnect operations

will similarly use the FPGA’s built-in routing framework to create the new interconnect.

The simplest example of such a coarse-grained architecture is that of a CPU soft core. This

seeks to build a traditional control flow CPU using the FPGA’s LUT, BRAM, and DSP re-

sources. The new functional unit of this architecture will then be the CPU itself, or perhaps

the individual execution units that make up the ALU. This new platform, aka the CPU core,

then processes data according to its established parameters. For example, with a standard

16-bit or 32-bit data width, or using a Very Long Instruction Word (VLIW) instruction set.

Applications designed for this new CPU core will then also be radically different to that of the

traditional FPGA development process. We discuss this further in Section 2.3.3.

2.3.1 Functional Units

Within a coarse-grained architecture, the newly defined functional units may be composed of

one or many FPGA resources. Past works have seen functional units constructed around a

single resource type. ZUMA [81] makes use of LUTs with the aim of developing applications

using a newly defined, higher-level LUT. DeCO [82], as well as the overlay in [83], instead

choose the DSP block as the focal point of their functional units.

Another option sees functional units containing a mix of common resources—LUTs, BRAMs,

and DSPs—in some pre-determined ratio and connection configuration, such as FPCA [84].
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TILT [85] uses these elements to form functional units with simple processing cores that im-

plement a VLIW instruction set. Application-specific functional units are also explored [86].

Rarely are functional units formed from resources other than LUTs, BRAMs, and DSPs. These

resources are both highly configurable and present in large numbers on FPGAs, so this is a

logical choice. However, such coarse-grained architectures will struggle to make use of all

FPGA resources. If specialised, embedded processing elements—such as embedded CPU cores

or domain-specific processors—are available in the FPGA, but not included in the functional

units, then these processing elements are wasted.

Resource utilisation within functional units is also an issue. For example, if an FPGA applica-

tion built upon a new coarse-grained architecture requires 10 LUTs for every DSP, i.e., a 10:1

ratio, then this will result in wasted LUTs when functional units have a 20:1 ratio of LUTs to

DSPs. Similarly, a 5:1 ratio of resources within the functional units will see wasted DSPs.

The functional unit’s design can also place limits on functionality. The DSP-centric units in

DeCO [82] fix data widths at 16-bits, while FPCA [84] fixes this at 32-bits. We then lose the

ability to exploit the FPGA’s support for arbitrary data width storage, routing, and processing.

In Chapter 5 we introduce our own coarse-grained architectural approach with new, function-

specific compute pools. Each pool may contain multiple processing elements, similar to that

of a functional unit, but our units are homogeneous in function, not resource composition.

A multiplication compute pool, for example, will only carry out the multiplication function.

Within the pool, the one or more processing elements that perform this function may be

composed of LUTs, BRAMs, DSPs, specialised cores, or any other FPGA resource.

More than one multiplication compute pool could be defined within the FPGA. However, if

defining just a single pool, our minimal data routing scheme reduces the bottleneck associated

with multiple data-paths accessing a single, centralised pool, and can almost eliminate it entirely

for designs with known latencies.

With this approach we aim to overcome the limitation of rigidly defined functional units, while

still offering a higher-level view of application development.
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(a) 2D grid connecting functional units. (b) Internal functional unit connections.

Figure 2.6: An example of a coarse-grained architecture interconnect.

2.3.2 The Interconnect

A new coarse-grained architecture also requires the creation of an interconnect to route data

between the newly defined functional units, or groups of functional units. This interconnect

will typically be of an island, or grid configuration, with neighbouring nodes connected via

switch boxes. Connections within the functional unit may have different topologies or degrees

of complexity, depending on the resources present. An example of a simplified coarse-grained

interconnect is shown in Fig. 2.6.

When building an FPGA application, finding the best paths for routing data between resources

can be costly in both time and processing power. The use of a higher-level, pre-built and routed

interconnect can greatly reduce these costs. For combined place and route times, intermediate

fabrics [87] averaged a 554x speed-up across 12 case studies, with a maximum speed-up of

2407x, but at the cost of a 30-40% area overhead.

Grid topologies, like that in the example in Fig. 2.6a, are common as they mimic the existing

crossbar routing of the FPGA. However, the use of a higher-level fixed topology will create

problems for applications that do not match its configuration. A 2D grid or ring topology is

ill-suited to more centralised applications or communication patterns. A star topology will be

similarly inefficient within a purely sequential, dataflow pipeline.



2.3. Coarse-grained FPGA Architectures 63

Again, we see the use of a more rigid framework comes at the cost of design customisations

and performance. It is then important that the correct coarse-grained architecture is chosen to

match the operation and performance goals of the target application.

2.3.3 Application Development and Tools

The use of a new FPGA architecture necessitates the creation of new development tools and

processes. Existing development, simulation, and performance analysis tools may be incom-

patible, so developers of any new coarse-grained architecture must provide these tools. Some

architectures, such as TILT [85], are designed with existing development and programming

models in mind. In the case of TILT, which implements simple CPU-like cores, they follow

the model of OpenCL where data workloads occur across many parallel threads. Existing tools

and design flows can then be reused.

One advantage of adopting a higher-level architectural approach is the improved ability to sim-

ulate and test FPGA applications. With HDLs, application testing is done using waveforms,

which track the bit-level movement of data across the entire FPGA. This can be very com-

putationally intensive, and also a time-consuming task for the developer. Higher degrees of

abstraction mean fewer processing elements to simulate, reducing the computational burden on

the simulator. This also hides low-level data movements from the developer, making the design

process more akin to software development rather than that of digital hardware, lowering the

barrier of entry for FPGA application development.

A major disadvantage however is the need to fundamentally rewrite existing applications for

these new coarse-grained architectures. This can include even the most basic, common library

functions. Bespoke solutions that address application-specific problems may also no longer

be possible. Examples of these include table look-up methods that combine memory and

processing elements, like distributed arithmetic [54], or communication protocols and topologies

that optimise for specific network traffic patterns, or for the access of sparse memory structures.

An advantage of coarse-grained architecture development is that many aspects of the initial

application development process have already been carried out. The coarse-grained architecture
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can provide a common communication protocol and interconnect, and may offer guarantees of

data processing throughput or latency. The new functional units themselves may also offer new

higher-level, optimised, or domain-specific operations.

2.3.4 Summary

In grouping together FPGA resources into new functional units, coarse-grained architectures

provide a higher-level, abstracted view of the FPGA. While this can reduce or remove some of

the customisation provided by the FPGA, these types of architectures offer a new approach to

the high-level design and development of FPGA applications.

Application development within coarse-grained architectures can see boosts from higher-level

implementation and simulation. This reduces the need for more low-level and manual processes.

However, we must depend on the architecture creator providing these tools and functionality.

When part of a full and more established ecosystem, development times can be improved, but,

because of our dependence on the architecture provider, we may find that less used, or more

bespoke, architectures may suffer from lack of support. Application developers would then

need to spend additional time converting designs to operate within the new coarse-grained

architecture.

From our examination of coarse-grained architectures, we find the main aims for new, higher-

level architectures are then: (a) a higher-level view of processing elements within the FPGA;

(b) minimal constraints and limitations on resource use, i.e., allow the developer to make

use of all FPGA resources; and (c) the ability to integrate the new architecture into existing

development flows and toolchains. We look to tackle these issues with our new interconnect

and compute pool architecture, outlined in Chapter 5.

2.4 Memory-based Computing

Rather than using conventional processing elements, memory-based computing implements

functions through the use of memory look-ups. A function, y = f(x), is represented in memory



2.4. Memory-based Computing 65

Figure 2.7: General approach for representing the function y = fn(x) in memory.

by converting the function input, x , to a memory address, then storing the pre-computed

function result, y , at the corresponding memory location. A user is then able to “call” this

function by reading out the result from memory.

The goals of memory-based computing are similar to function approximation schemes, but

with a greater focus on exploiting the features and opportunities present in memory. These

include: multiple, parallel access ports; Non-uniform Memory Access (NUMA) hierarchies; and

end-to-end processing latencies determined by memory access times, not function complexity.

Converting memory to act as a processing element can also make use of otherwise unused mem-

ory resources. This is of particular benefit to compute-bound operations. Alternatively, employ-

ing a memory-based computing architecture can free up conventional processing resources—

such as LUTs, DSPs, or embedded cores—for use in other tasks.

A generalised example of a memory-computing architecture is shown in Fig. 2.7. From the

figure we see that, compared to traditional computation, improvements and optimisations arise

from 3 areas:

• how we map function inputs to memory addresses (Section 2.4.1);

• the way we represent the function result in memory, and the time and logic required to

restore this data to its original format (Section 2.4.2);

• the composition, implementation, and hierarchy of the memory itself (Section 2.4.3).
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2.4.1 Mapping Function Inputs

Given one or more inputs to a function, memory-based computing must first convert this

function input into a memory address. The scheme used can be a straightforward, direct-

mapping of function inputs to addresses, or we may choose to employ any number of range

reduction methods. Reducing the range of possible inputs is desirable as this subsequently

reduces the number of function results we must store in memory.

This initial step may go further and return results for simple or known inputs. For example,

when one input to a multiplication operation is zero the output will also be zero, so no memory

look-up is needed. This may increase routing complexity in hardware, but can see significant

memory storage savings for functions with a wide range of inputs, but a small range of outputs.

In this section we give a brief overview of input mapping approaches.

Direct-mapping

Direct-mapping is the most straightforward and computationally efficient approach to function

input mapping. Here, we simply present the n-bit function input to the memory as an n-bit

integer address. Should there be multiple function inputs, i.e., y = f(x0, x1, ..., xn), all inputs

are simply concatenated.

This method is the easiest to implement in hardware and also the fastest, requiring 0 cycles

to map input values. While other schemes may require 1 or more cycles to check or convert

inputs, direct-mapping will simply route input data through as a memory address.

Custom Mapping

More complicated, bespoke mapping schemes are also possible. The goal remains the same: to

map a function input to a memory address. However, a more in-depth understanding of the

target function may provide range reduction optimisations, reducing the amount of memory

required to store function results.
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Other than limitations due to data width, it is typically the operation and limitations of the

function—rather than the memory hardware—that will play the biggest role in determining

the efficacy and efficiency of the input mapping.

One example is the case where different inputs produce the same output data, such as arith-

metical multiplication, where X × Y = Y ×X. For such 2-input functions we can almost half

the amount of memory required.

Periodicity within the data can also be exploited. A simple example is sin(x), which is periodic

about [0, 2π). We would then only need to store results for inputs within this range. Input

values outside this range would be converted by reducing them modulo 2π.

Conventional hashing functions are typically not suitable. These are primarily designed to

map arbitrarily sized data to a fixed data width. While they aim to minimise collisions, a 1:1

mapping is not guaranteed, even when the input and output data widths are the same. For

input mapping within memory-based computing, this means different function inputs will map

to the same address, returning an incorrect result.

Our choice of mapping function must also consider that it must be implemented in hardware.

This mapping must be performed every time we address memory, thus requiring both resources

and extra computing cycles. While a robust mapping step can reduce the number of function

results we must store in memory, the latency it adds will reduce the performance gained from

a memory-based computing approach.

2.4.2 Data Storage and Representation

The way we represent function results in memory also offers chances for performance optimi-

sation. Function results for all possible inputs are pre-computed at build-time, then stored in

memory. This stored data can be of any type or format. For example, while a function may

operate on 16-bit floating-point numbers, we have no obligation to store data in memory using

this format.

As we are not actually performing mathematical operations, just memory reads, the memory
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address (function input) and memory data (function output) formats can be selected indepen-

dently.

Data compression is an obvious first step. This helps mitigate one of the main downsides of

memory-based computing: the large amount of memory required to store large functions. The

data conversion unit in Fig. 2.7 would serve this role. Like the address conversion step men-

tioned previously, this data conversion operation will require additional resources and processing

cycles. A reduction in memory storage then comes at a cost of this reduced performance.

The data conversion stage can also make use of the input x to modify the retrieved data,

providing a lightweight means of exploiting data patterns. For example, with X × Y , the final

result can be negated should one of the two inputs be negative. Such mirroring will be present

in periodic functions, and also within certain ranges of non-periodic functions.

In addition to compression and exploiting patterns in data, the use of different data formats

is another interesting proposition. Instead of simply reducing our memory footprint, we can

exploit arbitrary data formats to enhance the precision and operation of the function itself.

Arbitrary Data Formats

We can hard-code our desired data format during the pre-computing step, i.e., when we initially

calculate all the function results to be stored in memory. This is a build-time operation,

so additional analysis and problem-solving steps are also possible. Conventional computing

methods must recognise and handle problem inputs and edge cases at run-time, but we can

address these during the pre-computing stage.

A common problem with floating-point numbers is recognising and accounting for invalid num-

bers. FloPoCo [88] uses 2 extra bits to encode for exception numbers—zero, infinities, and Not

a Numbers (NaNs). This is used to reduce the logic burden when identifying these cases at

run-time. Memory-based computing lets us identify these situations at build-time, without the

run-time performance penalty, or the overhead from the additional bits.

In addition, for floating-point numbers, their validity and precision can be guaranteed. With
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memory-based computing, the run-time computation of such numbers mean we will return

consistent and faithfully rounded results [89].

Arbitrary data formats also let us introduce control flow operations into memory look-ups. As

an example, consider converting the Gaussian function to a memory-based implementation.

Image processing Gaussian filters [90] [91], LaPlace of Gaussian, and Difference of Gaussians

in object recognition [92] take only a handful of precise values for the standard deviation.

Gaussian(µ, σ, x) =
1√

2πσ2
e(− (x−µ)2

2σ2
) (2.1)

The Gaussian probability density function, defined in Eqn. 2.1, takes three inputs. The first

of these, the mean, µ, and standard deviation, σ, define the shape of the distribution, while

the final variable, x, is the value we are interested in finding within this distribution. If our

application uses only σ ∈ {1, 2, 3, 4}, for example, then we would only store results for these

distributions, rather than all possible values of σ.

For this example, the standard deviation can then be replaced by a 2-bit toggle, t, for selecting

which of the pre-computed standard deviation value to use. In this way, control flow is optimised

and represented entirely within the memory itself.

In a similar manner, discontinuous functions benefit from this combined operation/look-up

table setup. For such functions we can hard-code the function’s responses to discontinuities,

such as those of jumps or divisions by zero.

Such hard-coded responses can then be application specific. While the result of a division by

zero is undefined, the zero-value input to the function may originate from a sensor. From our

understanding of this particular system, we may know, for example, that such values instead

represent “a small value” rather than a literal zero, and can select the appropriate output value

accordingly.
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2.4.3 Memory Architectures

The memory architecture we use when storing function results in memory provides another

area to explore for performance improvements. We have seen that implementing a function in

memory involves mapping function inputs to an address, then returning the function results

from memory. Function “performance” is therefore independent of our implemented function,

and dependent on the performance of the memory itself.

In this section we look at how memories are formed within the FPGA, the role memory read and

write patterns can play in enhancing performance, and how memories can aid in computation

by working alongside traditional processing elements.

Memory Composition Within an FPGA

Within an FPGA, LUTs are memories that translate a given n-bit input into a m-bit output.

These small memories serve as the backbone of the FPGA’s reconfigurable fabric, and are

bundled into logic blocks alongside other resources. Due to their limited storage capacity

and close-knit integration with other resources, we will instead only be considering the larger,

dedicated memory resources.

FPGAs contain a number of memory resources, with the two main vendors, Xilinx and In-

tel, offering similar types of memory. Xilinx provide LUT-based, distributed memory [93],

BRAM [45], UltraRAM [15], and HBM [17]. Intel devices have similar LUT-based, distributed

memory [46], BRAM [46], and HBM [16] resources. Direct interfaces to DDR memory are also

commonly available from both vendors.

A user-defined memory is created within the FPGA by grouping together one or more of

these memory resources. BRAMs are the best memory type for the task as they: (a) are the

most versatile, having configurable address and data widths; (b) are present in large numbers

and spread throughout the FPGA; and (c) do not have the operational overhead of dynamic

memory, which must periodically refresh its memory contents.
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Figure 2.8: Forming a user-defined memory by grouping many, smaller memories together.

Fig. 2.8 shows an example of forming a user-defined memory by grouping together a collection

of memory blocks. For a user memory with a capacity of C bits, formed of B-bit memory

blocks, we will require
⌈
C
B

⌉
memory blocks. For example, using Intel’s M20K BRAMs with

20kbit storage, a user memory of C=1Mbit thus needs
⌈

1M
20k

⌉
= 52 BRAMs.

While before we had B individual memories, the newly constructed user memory is now accessed

as one single unit. This offers a standardised, straightforward approach to working with FPGA

memory, and helps simplify application development. However, we replace the previous B

memory interfaces with a single interface, reducing opportunities for parallelism.

While understandable as a general approach, this configuration removes the option for application-

specific optimisations and performance improvements. In Chapter 4 we introduce a new archi-

tecture for forming larger memories from BRAMs while maintaining their independent, paral-

lel accesses. We target memory-based computing, and demonstrate improved performance for

highly parallel, low latency applications.

Data Coherency

Memory-based computing “calls” a function by reading out a pre-computed function result

at run-time. Therefore, only memory read operations are needed at run-time. Memory is

written once, during the initial configuration, when function results are loaded into memory.

We therefore avoid issues relating to Read After Write (RAW) and Write and Read (WAR)

dependencies. When using multiple memories as part of some larger memory architecture or
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hierarchy, we also do not face issues with caching stale data.

As data are only read, never written, memory-based computing therefore requires very few

management, arbitration, or control mechanisms. For example, there is no need to support or

enforce write-through or write-back policies within memory hierarchies. Local or distributed

caching schemes can also be implemented without the cache line flags or controllers that ensure

cache coherency.

Hybrid Architectures

When adapting functions to a memory-based computing approach, we do not need to convert

all of the function operations to memory. Functions whose computation are based both on

traditional processing elements and memory-based look-ups, have seen a lot of success.

Distributed arithmetic [54] is a good example of such a hybrid design. For Multiply-Accumulate

(MAC) operations where one of the input vectors is a constant, distributed arithmetic sees

the operation performed bit-wise, rather than element-wise. Multiplication is transformed

and performed using memory look-ups, with a final add and shift operation carried out using

traditional processing elements.

More important than the elimination of the cycle and area costly multiplication operation is

the change in how the MAC scales with larger inputs. With the hybrid memory approach of

distributed arithmetic, the MAC operation now scales with the width of the input data, rather

than the number of N elements in the input vector.

Conventional MACs with N elements require N−1 operations to compute the result, assuming

a combined multiplication and addition operation (FPGA DSPs provide such functions). By

scaling with data width, distributed arithmetic on 16-bit data requires 16 cycles for N elements,

while 32-bit data would require 32 cycles for N elements. Distributed arithmetic then provides

a faster choice when the data width is less than the number of N input vector elements.

Table-based methods are another example of this hybrid approach. In recent work, Barbone [94]

uses cubic spline polynomial interpolation to implement functions on FPGAs using a mixture



2.4. Memory-based Computing 73

of processing and memory resources, reporting orders of magnitude reductions in resource

utilisation compared to direct implementations.

Architecture Summary

The composition, layout, and application-specific use of memory can play an important role in

improving performance. Converting a function, or aspects of a function, to memory presents

new opportunities for optimisations and can also act to change the nature of the problem

we face. We explore this further in Chapter 4 with the introduction of our new memory

architecture.

2.4.4 Performance Improvements

The final aspect of memory-based computing we examine concerns performance improvements

that arise from memory operations and configurations. While we touch on some of these areas

in this thesis, this section serves mainly as an examination of future improvements that may

be applied to memory-based computing architectures.

Multi-pumping

Within an FPGA, the maximum operating frequency of a memory resource will typically be

higher than that of the full application. This is a common occurrence as the full FPGA ap-

plication must contend with many different processing element, routing, interface, and design

considerations. Larger designs in particular are therefore unlikely to reach the maximum op-

erational frequencies achievable by even the slowest FPGA memory. This is typically BRAM,

with Xilinx block memories having a maximum operating frequency of 450MHz, while Intel’s

M20K achieve 600MHz.

One solution for utilising the higher operating frequency of memory is multi-pumping. This

method first isolates memory into its own clock domain, operated at the memory’s maximum
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clock frequency. A memory controller then sits at the new clock boundary and manages the

movement of data—often asynchronously—between memory and the application logic.

Data may face a latency penalty when crossing clock boundaries due to the different clock char-

acteristics in each domain. Solutions exist to hide domain crossing latency by pre-computing

state machine transitions in designs with unknown clock relationships [95]. However, this can

be reduced, or eliminated entirely, when using clocks (a) derived from the same source, and

(b) with frequencies that are rational multiples of each other [96].

In a scenario where user logic operates at 200MHz, and a dedicated memory clock domain

operates at 400MHz or more, the ideal case would see memory able to serve 2 requests within the

space of a single 200MHz cycle. From the perspective of the user logic, we therefore effectively

double the number of memory access ports. In addition to reducing latency, increasing the

number of memory ports is one of the primary means of improving memory-based computing

performance.

Dynamic Reconfiguration

We discuss in Section 2.4.3 that, at run-time, memory-based computing is a read-only operation.

The memory is only written once, during the initial configuration step. While run-time writing

of memory is not performed with memory-based computing, it is still possible. Such operations

are then analogous to dynamic reconfiguration, that is, altering the application’s functionality

at run-time.

Memory-based dynamic reconfiguration can be faster than conventional approaches. The Xil-

inx Internal Configuration Access Port (ICAP) interface is 32-bits wide and operates at 200

MHz for older devices, and 125MHz for newer devices using Stacked Silicon Interconnect (SSI)

technology [97]. This leads to maximum theoretical throughputs of 800 MB/s and 500 MB/s

respectively. The latter, slower interface is in use by Xilinx’s current UltraScale+, and previous

UltraScale architectures [98].

In contrast to conventional dynamic reconfiguration interfaces, the memory-based approach is

limited by the maximum performance of memory. For example, Xilinx’s BRAM with a maxi-
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Figure 2.9: Example Gaussian probability density function with different standard deviations.

mum data width of 36-bits, 2 parallel access ports, and operating at 450MHz, has a maximum

throughput of 36× 2× 450M = 4.05GB/s. On the latest Xilinx Alveo U280 accelerator card,

this memory-based approach translates to an 8.1x speed-up over the ICAP interface.

It is difficult to directly compare approaches, as performance depends on the relative size of

computation logic vs. the amount of stored data. The same BRAM performance for a 16-

bit function, rather than for the theoretical 36-bit one, results in a throughput of 1.8GB/s.

However, when considering configuration interfaces, memory-based computing will tend to see

noticeably higher throughput.

Memory-based reconfiguration can also offer much finer-grained control of the reconfigured func-

tionality, as we can reconfigure at the sub-function level. For example, consider the Gaussian

probability density function defined in Eqn. 2.1. Here, very large and small values of the input

variable, x, result in the function output tending to zero. The example in Fig. 2.9 shows that if

we reconfigure the hard-coded Gaussian(µ, σ=2, x) function to become Gaussian(µ, σ=1, x),

then the new function will share the same results for very large and small inputs. These memory

entries will then not need to be updated, reducing reconfiguration time.

A number of dynamic and partial reconfiguration methods have been explored [99]. Memory-

based methods could see similar benefits.
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Figure 2.10: An example network linking a financial exchange with its members via the internet,
a dedicated microwave network, and co-location.

2.5 Market Data Feed Processing

One area of low latency applications we will be exploring is the processing of financial mar-

ket data feeds. These feeds are transmitted by financial exchanges as a stream of messages,

informing recipients about the current state of the market. Messages describe market events,

such as available and completed trades, as well as information about the state of the exchange

itself [100].

Financial institutions subscribe to these feeds to stay informed about current market prices and

events. These help inform the actions of traders and trading applications, and are therefore

both important, and highly time-sensitive.

This latter time element is a critical component of High-Frequency Trading (HFT) applica-

tions [101]. These seek data receipt, analysis, and trade execution all within sub-millisecond

time frames. Computing hardware is therefore often located as physically close to financial ex-

changes as possible to minimise latency. This co-location sees the trading computers of clients

located within the same premises as the exchange itself.

Where this is not viable, dedicated transmission networks may be used. Multiple line-of-sight

microwave networks exist to transmit low latency messages between financial exchanges in

Chicago and New York [102], exploiting the fact that light travels faster through air, compared

to the glass of fibre-optic cables. Within this domain, low latency is the primary consideration.
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Fig. 2.10 gives an example of a simplified network linking a financial exchange with its clients us-

ing the schemes described above. Future trends will see the creation of new low latency transmis-

sion networks using space-based communications, provided by companies such as SpaceX [103]

and OneWeb [104].

2.5.1 Reliability

Due to errors during transmission, or differences in the paths taken by packets when travelling

through the network, a recipient may fail to receive a message, or messages may arrive out

of order. Reliable communication protocols, like the Transmission Control Protocol (TCP),

provide a means of retransmitting lost packets to ensure a reliable message stream. However,

retransmissions lead to higher latencies, as well as degrading overall throughput.

The time-critical nature of automated trading in particular makes both missing and out-of-order

packets a costly issue to overcome. Since exchanges send multiple messages per packet, any

error during transmission that results in the loss of a packet will result in the loss of all packet

messages. Having more messages per packet increases both the packet’s size and informational

value. Larger packets have a higher chance of experiencing a bit error, and a greater amount

of information is lost with each lost packet.

Fig. 2.11 shows the number of monthly trades on three major stock exchanges: the NASDAQ,

the New York Stock Exchange (NYSE), and the Chicago Board Options Exchange (CBOE).

Financial exchanges are processing an ever increasing number of trades, and this does not

include the many additions, removals, and updates each client may make to their positions

within the order book. The actual number of messages processed and relayed by the exchange

will be much greater. An up-to-date and reliable view of the market is essential.

2.5.2 Multi-stream Arbitration

One method to improve reliability is achieved by duplicating packets and sending them via

multiple communication channels. Multi-path communication is an established method to
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Figure 2.11: Shares trades monthly on the NASDAQ, NYSE, and CBOE exchanges. Source:
CBOE [105].

provide reliable communication for time-critical applications [106]. It has been demonstrated

that dual-path communication with FPGA-based duplication and merging can maintain higher

bandwidths with lower retransmission rates than a single-path solution [107]. Previous work in

the area of multi-path communication typically then focuses on reducing retransmission rates,

maintaining high bandwidths, or providing protection against complete link failure.

Financial exchanges seek to address potential packet loss and reordering by providing two

identical data feeds, termed the A and B streams. Members subscribe to both streams to

reduce the likelihood of message loss, but must now merge and order the two streams, a process

termed A/B line arbitration.

While multi-path communication and subsequent A/B line arbitration cannot eliminate packet

loss, it provides a means for client-side applications to accommodate for missing packets. In-

deed, for financial applications, a missing packet may be defined as a packet that fails to arrive

within a given time frame, rather than a packet that fails to arrive at all. This time frame is

dependent on the given application, and may even fluctuate in real-time corresponding to cur-

rent market conditions. A separate and independent transmission path is therefore an excellent

means to diversify our communication channels and reduce the risk of packet loss.
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2.5.3 Data Protocols

The protocol and data format used by exchanges to transmit market information is also

of importance. Examples include NASDAQ TotalView-ITCH 4.1 [108], OPRA [109], and

ARCA [110].

TotalView-ITCH is a data feed provided by NASDAQ, delivering a range of market data in

variable length messages. The messages include: order book information reflecting the inter-

est of buyers and sellers in a particular financial instrument; trade messages; administrative

messages, such as paused trading on a security; and event controls, such as start and end of

day.

The NYSE ARCA data feed contains similar market information on: depth of book, trades,

order imbalance data, and security status messages. Similarly, OPRA provides information

about transactions in the options markets via its data feed. Variable length packets are used,

so packets may contain different numbers of messages.

Packets transmitted across the network may contain multiple market data messages. While

packets with more messages will take longer to process and route through the system, the

per-message latency may actually be lower for larger packets, as the size of the header data

relative to the message data is reduced. An additional complication is that different messages

may have different lengths—data messages vs. text-based status messages, for example—and

so may have different processing latencies.

The order and “freshness” of data is represented by a unique sequence number. This may

be attached to individual messages, or defined at the packet level for multiple messages. In

the latter case, messages will still be given a sequence number. The first message in a packet

is typically assigned the packet sequence number, with subsequent messages given sequence

numbers counting up from this value.

Technical implementations differ between protocols. This reflects both the different types of

financial instruments traded on the exchange, as well as the design priorities of the protocol

itself. Some protocols make use of small, compressed packet formats to reduce processing
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latency, such as Simple Binary Encoding (SBE) [111]. Others may include broader market

information, and so prioritise information completeness over saving space, such as those based

on sentiment analysis or keyword identification in news feeds and social media [112] [113].

OPRA and ARCA operate on top of the User Datagram Protocol (UDP), while TotalView-

ITCH uses a UDP variant called moldUDP64 [114]. As UDP is a connectionless communication

protocol, it offers no guarantee that recipients will receive a transmitted packet, or that packets

will arrive in order. The use of an unreliable transmission protocol may seem counter-intuitive;

however, as such a high premium is placed on reducing latency, UDP’s minimal communication

overhead offers a significant latency advantage compared to alternative protocols, like TCP.

2.5.4 Related Works

In Chapter 3 of this work, we implement an FPGA solution to A/B line arbitration at the

network level. We support any messaging protocol and output two simultaneous modes of op-

eration: one prioritising low latency, and one prioritising high reliability with three dynamically

configurable windowing methods. The latter windowing modes can be altered by downstream

applications in real-time.

Morris [115] uses a Celoxica board to process financial messages, achieving a throughput of

3.5M messages per second, and hardware latency of 4µs. Their trading platform is one of the

few including line arbitration, but no details of its performance are given. It uses a single,

simple windowing system similar to the high reliability count mode in our work and supports

only the OPRA FAST format. The windowing thresholds are not discussed and cannot be

changed.

Most stand-alone A/B arbitrators are commercial and their implementation details are usually

not presented. They tend to operate within a NIC and communicate with the host via PCIe.

One such arbitrator from Solarflare [116] uses an Altera Stratix V FPGA. It supports either a

low latency mode or a maximum reliability mode; the latter being similar to the high reliability

time & count mode in our work. Multiple message protocols are supported, but no processing
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latency figures are available. Another platform from Enyx [117], also using the Altera Stratix

V, does not give any details regarding the windowing method used or possible configuration

options. It is non-deterministic, with packet processing latencies ranging from 1050 − 3080ns

based on 1500 byte packets. Some protocols, like TotalView-ITCH 4.1, specify 9000 byte packets

must be supported, so it is unclear how this latency will scale with larger packets.

A number of FPGA-based feed processors have been proposed, however the majority do not

mention A/B line arbitration, such as the OPRA FAST feed decoder from Leber [118], and the

NASDAQ data feed handler by Pottathuparambil [119]. Other works describe arbitration, but

do not implement it, like the high frequency trading IP library from Lockwood [120]. This is

an unfortunate omission since line arbitration is an integral part of message feed processing as

it increases the amount of available information and actively prevents message loss.

Platforms incorporating some aspects of data feed processing and trading within an FPGA

are limited in the range of functions they provide, making it difficult to customise desired

features. The flexibility to support applications with different data requirements and different

time scales is not present in past works. Single trading platforms are therefore unlikely to be

deployed within financial organisations unless the design features exactly meet the needs of the

organisation, including the market data feed protocol used.

2.6 Neural Network Activation Functions

Neural network activation functions are used in this thesis to assess the efficacy of our new

compute pool architecture, introduced in Chapter 5. As part of our evaluation, we seek to

determine the computational complexity a function must have to benefit from our approach.

Activation functions were chosen as they are real-world functions, currently used by a number

of applications, and span a wide range of complexities. Additionally, they are a good fit for the

FPGA’s dataflow processing model and, apart from differences in complexity, all other function

aspects—like number and type of inputs, outputs, etc—are the same.
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Figure 2.12: An example of a fully connected neural network with three hidden layers.

This section gives a general overview of neural networks, describes the different types of activa-

tion functions they may employ, and examines areas where neural networks are deployed and

how they may benefit low latency applications.

2.6.1 Neural Networks

Neural networks are a branch of machine learning that take inspiration from the biological

neural networks present in the brain. A neural network is formed of many neurons. Each neuron

calculates the weighted sum of its inputs, passes this value through an activation function, then

outputs a result.

Neurons are arranged into layers, as shown in Fig. 2.12. Each layer may be fully connected,

i.e., connected to all the neurons in the following and preceding layers, or connections between

neurons may be restricted to enhance known patterns in the data.

Before a neural network is able to perform a task it must first be trained. Example input

data are used to teach the layers of neurons how they should react to a given set of data. For

example, an image recognition task would use a series of labelled images to train the network

to identify one or more objects in an image. Once trained to perform this task, the network

is then used to make predictions on, usually new, unseen data. We discuss these two, training

and prediction, stages in greater detail in Section 2.6.3.
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When presented with an input, such as an image or some set of data, the network processes this

data and produces some final output result. Networks may output a discrete classification,

such as determining if one or more types of object are present in an image, or it may output a

continuous regression value, for example predicting the price of a house given information on

its location, age, number of bedrooms, etc.

Confusingly, the discrete classification may also be a continuous value, but in this case it

represents the certainty level for a particular classification, e.g., an object is an 80% match to

an apple, 40% match to an orange, 5% match to a banana, etc. There is also considerable

overlap in the methods and goals of classification and regression. While regression seeks to find

the line of best fit through the data, classification can utilise this same method, but use the

resulting line as a boundary between different classes.

The use, training, neuron connections, and choice of activation function within neural networks

can carry a great deal of nuance, and many different types of neural networks have been

proposed. We give a brief description of the three most popular types of neural network here.

Deep Neural Networks (DNNs) [121] are a class of neural network that contain multiple hidden

layers. “Very” deep neural networks are then simply those with many, often 10 or more, hidden

layers [121]. More layers do not guarantee a deeper insight into the data. The aim instead is for

the network to be of sufficient depth and complexity to represent the desired task or function.

Convolutional Neural Networks (CNNs) [122] primarily target image processing tasks. Neurons

perform a convolution on the incoming data, rather than a weighted sum; the result is then

passed to the activation function. Each layer of neurons therefore builds up a set of features.

As this feature-space is smaller than the original input data, CNNs then also reduce the number

of connections between neurons, allowing for sparser neural networks.

Recurrent Neural Networks (RNNs) [121] are designed to work with time-series data. DNNs

and CNNs are feed-forward networks, i.e., data only travels in one direction, from the input to

the output. In contrast RNNs maintain some internal state, so past data can inform decisions

alongside current data. Some implementations [123] also see future data used to make decisions
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about current data. This reflects patterns in languages where, for example, the words at the

end of a sentence affect the meaning of earlier words.

2.6.2 Activation Functions

The initial processing step of neurons may be different for different types of neural network, and

also for different layers within the same network. DNNs perform a weighted sum of the inputs,

CNNs can instead use convolution, and RNNs incorporate data from some internal memory.

However, for all networks the final step is to pass this data to an activation function, whose

output determines the final output of the neuron.

Despite their differences, these initial processing steps all tend to be highly parallelisable. The

neuron inputs are typically independent, and the final result achieved by a series of MAC

operations. As MACs are a common function within applications, dedicated hardware and

instructions for its use are seen in CPUs [124], GPUs [125], and FPGAs [47] [126].

On the other hand, the activation functions may be more complex. The Rectified Linear Unit

(ReLU) is the most popular activation function used today [127], and is constructed of a very

simple max(x, 0) operation. However, as we describe below, this function is not always suitable.

Larger, more complex functions may be needed, involving floating-point arithmetic, irrational

numbers, or requiring iterative computation.

Given the wide range of possible activation functions, there are rarely common hardware-

accelerated operations or instructions to perform them. This thesis does not focus on neural

networks, but their range of activation functions, with their differing complexities, present

excellent candidates to test our new compute pool architecture in Chapter 5. We examine

two types of activation function: sigmoid functions (Table 2.1), and those based on ReLU

(Table 2.2).
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Table 2.1: Sigmoid activation functions.

sigmoid(x) = 1
1+exp(−x)

tanh(x) = exp(x)−exp(−x)
exp(x)+exp(−x)

swish(x) = x
1+exp(−βx)

Sigmoid Activation Functions

Sigmoid and tanh both have long histories as activation functions [128]. They typically see

use in shallower neural networks as the vanishing gradient problem causes issues when training

large networks [129]. This is because the error value used to adjust neuron weights during the

training stage becomes smaller, the longer it is backpropagated through the network. Neurons

in the early layers of the network are then never updated.

These functions have however seen wider use in RNNs. Their required inclusion in Long Short

Term Memory (LSTM) [130] and Gated Recurrent Units (GRUs) [131]—used to boost inter-

nal memory performance and broaden the time frames of relevant data—has led to increased

interest in their implementation and optimisation.

Developed by Google, Swish [132] is a more recently introduced function. Rather than simply

creating a sigmoid response to input data, it seeks to combine the benefits of sigmoid and

ReLU functions via a trainable parameter, β. This added parameter can also help alleviate the

vanishing gradient problem [132].

ReLU-based Activation Functions

ReLU [133] is one of the most popular activation functions due to its computational simplicity

and ability to solve the vanishing gradient problem. However, it also faces its own challenges,

such as the dying ReLU problem in the training phase [134]. As ReLU outputs zero for negative

inputs (Table 2.2), a large number of neurons with zero outputs can flatten the error gradient,
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Table 2.2: ReLU-based activation functions.

ReLU(x) = max(x, 0) LReLU(x) = max(x, αx)

ELU(x) =

{
x if x > 0,

α(exp(x)− 1) otherwise

softplus(x) = 1
β
× log(1 + exp(βx))

GELU(x) = x
2
× (1 + tanh(

√
2
π
× (x+ 0.044715x3)))

making it difficult for neurons to adapt to new inputs. Some tasks and neural networks therefore

require more nuanced activation functions than the simple ReLU function.

Leaky ReLU (LReLU) [135], Exponential Linear Unit (ELU) [136], softplus [137], and the

Gaussian Error Linear Unit (GELU) [138] functions aim to improve on ReLU. As ReLU has

such a simple implementation, the added performance of these new functions will come at the

cost of additional computational time and complexity. Determining the stage at which this

becomes beneficial is the same complexity vs. performance trade-off we seek to measure within

our new compute pool architecture in Chapter 5. Our work could therefore help guide these

design choices.

2.6.3 Training and Inference

The neural network’s training stage, and its final inference stage where it is deployed, have

different computational and processing requirements. These include different: (a) numbers

of processing resources; (b) time frames of operation, with training requiring many orders

of magnitude longer than inference; and (c) deployment on different computing platforms,

environments, and hardware. This section further explores these training and inference stages.
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Training

Before a neural network can be used to solve a specific task it must first be trained. This process

sees the network presented with an example input, which propagates through the layers of

neurons to produce some final output. With little or no previous training, these early outputs

are essentially random. By comparing the neural network’s output to the correct, expected

output we generate an error value. From this error we are able to update the weights and

biases of each neuron. Given enough training, the network should, ideally, converge on a

configuration that produces the correct output for any given input.

This type of learning is referred to as supervised learning [139]. Here, input data are labelled

with a correct output, and we are therefore able to direct the neural network from its current

state into one able to produce the correct result. Alternatively, unsupervised learning models

use unlabelled data and rely on the training stage to find its own categories or lines of best

fit through the data. This task of finding patterns in the data may itself be the ultimate goal

of the neural network. Finally, reinforcement learning views the output of the network as a

reaction to a given input. A reward is given for correct responses, from which an approach,

similar to supervised learning, is used to update the neural network towards a correct output.

No matter which learning method is chosen, the training stage can be a very time consuming

and processing intensive task. Data must be processed through networks potentially containing

thousands of neurons [29], then each of those neurons updated should the output be incorrect.

This is then repeated many thousands, or millions, of times [140].

Large, high performance computer systems are typically used for this training stage. CPUs and

GPUs are the most common platforms, but FPGAs can offer comparable or better performance,

particularly when it comes to power efficiency [141] [142].

Weight and bias data must also be stored in the network for each neuron, with large networks

then requiring large amounts of storage. As this data are used and potentially updated during

every neuron interaction, they must always be available to the neuron. This is one benefit of

FPGA-based networks, as their small, distributed memories can hold this data close to each
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neuron’s logic. Control flow designs, such as those using CPUs or GPUs, can face a memory

bottleneck if they must constantly move large amounts of data to and from memory.

Within FPGAs, the training stage would see the use of larger devices containing a range of

processing elements: LUTs, DSPs, embedded CPU cores, and dedicated AI cores [14]. Making

use of different processing elements, all working together and performing the same function, is

one of the goals of our new compute pool architecture in Chapter 5.

Inference

Once trained, a neural network is deployed like any other application: it is fed input data,

for which it produces a final output result in line with the task for which it was trained. The

network will no longer be updated. The stage where a trained neural network predicts outputs

given new input data is referred to as inference.

Some training methods actively seek to induce sparsity in neural network designs [143]. This

means the layout of the inference stage may have changed from its initial configuration during

training. Connections between neurons, and neurons themselves, may have been removed. The

final inference design may then have fewer processing stages and connections, increasing its

throughput and latency performance.

While this stage is much less computationally intensive than the training stage, data must still

be processed through hundreds, perhaps thousands of neurons to produce an output. Depending

on our throughput and latency goals, we may use few processing elements, or need many

elements and high degrees of parallelism. The final neural network application may prioritise:

speed for low latency applications, such as robotics or automated driving; accuracy, to more

correctly predict or infer patterns in data; or resources when deployed in smaller, lower power

devices, like those used in edge computing [144].

Our new compute pool approach is such that an application can be designed without specifically

defining numbers or types of processing elements. A neural network—or any application—

can then scale throughput and latency performance up and down on an FPGA by adding or
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removing processing elements from the compute pool. Pools will then automatically arbitrate

the mismatched number of parallel data-paths and processing elements, and support both

performance-oriented and power-oriented processing elements.

2.7 Summary

In this chapter we first describe what FPGAs are, how they fit into the wider field of computing

platforms, and the many different processing, memory, and routing resources they include. We

see that problems arise in both accounting for resource heterogeneity and in balancing resource

use across larger applications. For this, higher-level approaches, such as those we introduce in

Chapters 4 and 5, are needed.

The areas where FPGAs are deployed is also explored. The inclusion of FPGAs at the infras-

tructure level in particular is shown to offer excellent opportunities for the dataflow processing

model used by FPGAs. We seek to capitalise on this at the network level with our A/B line

arbitrator in Chapter 3, and for memory accesses with our low latency memory interconnect in

Chapter 4.

Next, the FPGA application development process is examined. We show that benefiting low

latency applications on FPGAs occurs by both improving their performance, and simplifying

the application design process itself. Our A/B line arbitrator in Chapter 3 operates at the

network level, seeking to remove common functionality from downstream applications. Future

applications will therefore not need to provide their own implementations of this function.

The examination of the development process demonstrates the benefits of higher-level ap-

proaches, such as those adopted by our work in Chapters 4 and 5. The automated tool we

develop in Chapter 4 is also highlighted to show how it can be used within existing development

tools and toolchains.

With our focus on higher-level approaches to FPGA application design, we next describe coarse-

grained FPGA architectures. These look to form higher-level processing elements, called func-

tional units, by grouping together multiple FPGA resources. We examine the benefits and
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disadvantages of such architectures and introduce our new compute pool architecture as a

more flexible, high-level approach. We describe how grouping processing elements by function,

rather than via a rigid set of pre-defined FPGA resources: (a) allows for the inclusion of all

FPGA resources; (b) improves the utilisation of FPGA resources; (c) does not limit routing

and interconnection topologies; and (d) maintains the high-level application design process.

Chapter 4 focusses on improving low latency applications using an architecture targeted to

memory-based computing. We therefore describe the workings of memory-based computing,

and examine its benefits and drawbacks. We detail how functions are mapped to, and stored

in, memory. FPGA BRAMs are shown as the best type of memory for low latency applications

that employ memory-based computing. The small storage capacity of BRAMs mean many will

be needed, providing the opportunity for many parallel accesses to memory. Our architecture in

Chapter 4 is designed to maximise this parallelism, benefiting applications that require highly

parallel, low latency access to this shared memory resource.

The processing of financial market data feeds is described next. In particular, the reliability

of these data feeds, and the need for reliability, is examined. Arbitrating between the two

redundant A and B data feeds to account for missing messages is then a critical task. We

address this with our network-level arbitration of data feeds in Chapter 3. Past works are also

explored. We show that there is a need for different, customisable modes of arbitration, and for

supporting different data feed protocols, both of which we address with our arbitrator. We also

highlight the benefits of deterministic processing times achievable through an FPGA, rather

than CPU, implementation

The final area we discuss is that of neural network activation functions. These are used by our

compute pool architecture (Chapter 5) to determine the level of computational complexity a

function must possess to see benefits with our approach. This general overview and examination

of neural networks and their activation functions, gives real-world examples of applications for

which our new architecture can provide performance benefits. These benefits arise from not

only the improvement of throughput, latency, and resource use, but also via the customisable

nature of the new compute pools themselves.
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A neural network application—or any application—can add processing elements to a centralised

pool to increase performance, or remove elements to reduce resource use. This is particularly

applicable to neural networks which see processing requirements change between the training

and inference stages, and also due to the different environments within which they will be

deployed. The variation in types and tasks of neural networks, the range of possible functions,

and the need for high degrees of parallelism, make activation functions an ideal test-bed for

our new compute pool architecture.



Chapter 3

Network-level FPGA Acceleration of

Low Latency Market Data Feed

Arbitration

3.1 Overview

This chapter seeks to address the challenge of processing financial data feeds in edge comput-

ing environments. Using an FPGA deployed at the network level, we arbitrate between the

redundant data feeds that financial exchanges use to transmit market information. Data feed

arbitration—described in Section 2.5—must be performed by all downstream applications, so

we consolidate this at the network level. Our low latency processing of these data feeds (a)

promote deterministic processing times, (b) support any data messaging protocol, and (c)

provide downstream applications with real-time control of our in-network processing.

With our real-time controls we demonstrate that more general-purpose, network-level processing

can accommodate changing, and application-specific operations. Further, we support different

types of applications by providing two simultaneous output streams: one stream prioritising

low latency, able to process messages in 1 cycle; and another stream prioritising high reliability,

processing messages in 7 cycles.

92
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3.2 Introduction

To allow for market data feed arbitration, financial exchanges provide two redundant data

feeds (A and B) to help guard against message loss. The downstream trading applications that

subscribe to these feeds may find messages are delayed or missing on one, or both, of these

incoming streams. All downstream applications must then arbitrate between the A and B data

feeds to ensure a full and correct view of the market. We look to consolidate this duplicated

work at the network level with a low latency, high performance FPGA implementation.

Financial applications use the messages received on these data feeds to (a) determine the

current state of the market and the institution’s risk, and (b) as signals for buying or selling

financial instruments. For (b), time-critical decisions have to be made based on the received

messages, often involving the analysis of patterns within the data.

This decision making is a critical element for electronic trading and hence, it is vital that

messages are received quickly and in the correct order. Failure to do so will result in the loss

of profit-generating opportunities, provide competitors with an advantage, and create a false

image of the current state of the market, increasing risk.

When considering CPU-based systems, these general-purpose architectures separate data ac-

quisition and processing, leading to latency penalties when processing external data. The

pipelined and parallel nature of A/B arbitration instead provides an opportunity for hardware

acceleration of time-critical processing before the resulting data are passed to the CPU.

While FPGAs are capable of performing this task, achieving a high bandwidth, low latency

solution requires careful consideration of design choices. This is especially true when dealing

with the data-path widths necessary to support the ever-increasing demands on latency and

throughput. The choice, placement and, often times, duplication of processing resources play

a pivotal role in meeting these constraints.

In this work we present an architecture for low latency A/B arbitration, supporting all market

data feed protocols. We provide two simultaneous outputs: one prioritising low latency, and

one prioritising high data reliability.
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These features allow support for both a wide range of downstream applications, and for in-

dividual applications to make trading decisions across different time frames. An application

might act quickly based on incomplete data, such as when a packet is delayed, and then update

or undo a previous action at a later time when the delayed packet has arrived.

We also support dynamically configurable windowing methods so downstream applications can

alter the arbitrator to respond to changing requirements in real time.

The main contributions of this chapter are as follows:

• A new hardware-accelerated, low latency A/B line arbitrator which runs two packet

windowing modes simultaneously. We support three dynamic windowing methods, any

market data protocol, independent memory allocation per input, and configurable data-

path widths (Section 3.3).

• Performance models and examinations of the design considerations necessary to perform

low latency processing of data from multiple inputs. This includes: critical path analy-

sis, guaranteeing deterministic memory access, and the creation of a low latency testing

framework (Sections 3.4 and 3.5).

• Implementation and evaluation of A/B line arbitration using the NASDAQ TotalView-

ITCH [108], OPRA [109], and ARCA [110] market data feed protocols on a Xilinx Virtex-6

FPGA. TotalView-ITCH is also implemented on a Xilinx Virtex-5 FPGA within a network

interface card, where we use our new low latency testing framework and real market data

to measure its performance (Sections 3.6 and 3.7).

3.3 Flexible A/B Line Arbitration

When merging and arbitrating between the A and B data streams, uncertainty regarding the

presence and order of messages gives rise to four possibilities. A message may: (1) arrive on

both streams; (2) be missing from one stream; (3) be missing from both streams; or (4) arrive

out-of-order. For the first and second cases we should pass through the earliest message we

encounter, and have no expectation of seeing it again. However, the third and fourth cases
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Figure 3.1: The layout of our A/B line arbitration design.

illustrate the need for an expectation regarding future messages. We require a centralised

system to monitor the streams and share state information.

It is important at this stage to distinguish between market data messages and packets. Ex-

changes send UDP packets containing one or more messages. This can be viewed as a contin-

uous block of messages, all correctly ordered by sequence number, with no missing messages.

Therefore, when a packet is missing we are in fact dealing with a block of missing messages.

This means packets, rather than messages, are the smallest unit of data we process and store.

In the case where market data protocols do not issue packet numbers—such as OPRA, where

sequence numbers are assigned to messages—we use the sequence number of the first message

in the packet to identify that packet. The next expected packet is then:

SNpkt+1 = SNpkt +Mpkt (3.1)

where SNpkt is the sequence number of the current packet and Mpkt is the number of messages

it contains.

Fig. 3.1 gives our design layout, showing the processing and output of the high reliability and

low latency processing modes. The windowing module supports three high reliability modes
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of operation, for which the windowing thresholds can be set at run-time. An operator or

monitoring function can adjust these thresholds to meet application or data feed requirements.

3.3.1 High Reliability Modes

The high reliability output sacrifices some latency performance in order to account and correct

for packets missing or arriving out of order. An acceptable threshold for this reduction in

latency is application-specific, and indeed may change in real-time.

When we encounter a packet with a sequence number larger than the next expected sequence

number, it has arrived out of order. The missing packet, or packets, may be late or never arrive.

The high reliability mode stores these early packets and waits for the missing packets, stalling

the output.

We decide how long to wait for missing packets using a windowing system, based on either:

the amount of time we have stalled the output, the number of messages delayed, or a hybrid of

both time and message count. Within this window we store any new packets we receive while

waiting for the missing packets. Whatever arbitration or windowing system we use, we must

ensure not to delay a valid, expected packet as this is the most likely case.

Count-based windowing is used by Morris [115], time & count by Solar Flare [116], while

Enyx [117] does not detail their windowing approach. Our work is the first to support all

three windowing methods, provide low latency, application-specific parametrisation, and out-

put a high reliability and low latency stream simultaneously. Furthermore, we offer dynamic

configuration of the three windowing modes so that downstream applications can modify the

arbitration method in real time, a feature not previously available.

Figure 3.2: High reliability time.
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High reliability - time: A time-based windowing approach is good when we want to set a

hard limit on possible delays and define the maximum processing time of packets.

When we delay a packet, P , we assign it a timeout value, T , the maximum number of clock

cycles we will delay it. T is decremented each clock cycle and when it reaches zero we discard

any missing packets and output P . An example with a single input is given in Fig. 3.2, where

packet P2 is late, but arrives before P3’s timeout reaches zero and is thus able to be output. P7

however is too late, so the delayed packets P8 and P9 are output, and P7 is discarded.

Assigning the maximum timeout value to a packet then decrementing it is more beneficial than

incrementing from zero. The timeout check is then simply a zero equality check. The number

of remaining cycles may also be used to predict this condition and pre-compute future data

values, such as the expected number of buffered messages in the next cycle.

Figure 3.3: High reliability count.

High reliability - count: Time-based windowing sets a packet timeout regardless of how

many messages a packet contains. Counting delayed messages—not packets—more accurately

represents processing delay, as the number of messages per packet varies during the day. This

time-independent approach better matches the pace of incoming data.

We output a delayed packet when either: the missing packet or packets arrive, or the number

of stored messages exceeds the maximum-count threshold. Two examples of this are shown

in Fig. 3.3’s single input example. Packet P3 arrives before we exceed maximum-count = 2

buffered messages, so P3 and the stored packets P4 and P5 are output. Packet P7 does not

arrive, so when we receive P10 there are now more than maximum-count = 2 messages buffered,

so we discard P7 and output the stored packets in order.

For simplicity, our example has just one message per packet. When packets contain multiple
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messages, it is possible for our maximum-count limit to be exceeded within a single packet.

This again illustrates the real world disconnect between the number of messages updating

the market state and number of packets that are received via the network. Our multiple

windowing methods, and real-time control of windowing parameters, are then important tools

when processing financial messages.

One issue with count-based windowing occurs at the end of the day. With receipt of the final

packet there will be no more input packets to process, so we cannot output any stored packets.

This windowing is used in [115], but residual packets are not addressed. It is solved in this

work either by use of the hybrid time & count method’s time limit, or by dynamically altering

the maximum-count threshold.

Figure 3.4: High reliability time & count.

High reliability - time & count: Combining the time and count based high reliability modes

provide the most robust solution for processing out-of-order packets. We can utilise the count

threshold’s time-independent ability to follow the incoming packet rate as it fluctuates during

the day, whilst still establishing an upper limit on delay times.

In Fig. 3.4’s single input example, both the time and count windowing thresholds are used to

determine if a stored packet should be output. Packet P4 takes too long to arrive, therefore

exceeding P5’s timeout and resulting in P4 being discarded. Later, P8 is also late, but whilst

waiting for P9’s timeout, the number of buffered messages exceeds maximum-count = 2, and

P8 is discarded.

3.3.2 Low Latency Mode

In contrast to the above high reliability mode, the low latency mode prioritises the receipt of

new packets, rather than all packets. Our design layout in Fig. 3.1 shows that data from the A
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and B streams are not buffered or changed in any way before being output on the low latency

stream. This is arbitration in its simplest form: outputting a stream of unique, ordered packets.

We treat an input packet as valid based solely on whether its sequence number is larger than

or equal to the next expected sequence number. We do not wait for missing packets and hence,

do not require resources for packet storage. Our goal is to minimise transmission latencies.

The Ethernet, IP and UDP packet headers pose a problem when trying to minimise the arbitra-

tion latency. The packet’s sequence number is only visible after we process these headers, which

may take a number of cycles. We solve this by assuming a packet is valid and immediately

output it. When we encounter the sequence number and it is not valid—i.e., less than the next

expected sequence number—we register an output error, causing the packet to be discarded.

Similarly, when packets arrive on both input streams simultaneously, we must make the choice

of which packet we should output without any information on either packet’s contents. There

is no method that can guarantee a priori which stream to select, so we instead select the last

stream on which we encountered a valid packet. This differs from the previous high reliability

modes where we have additional cycles available to process and compare the sequence number.

With these simple operations we reduce arbitration to a single cycle. The user does not need

to choose between the low latency and high reliability modes. Due to the low latency mode’s

minimal resource requirements, it can be output simultaneously with our high reliability mode.

3.3.3 Network-level Operation

By choosing to arbitrate between message streams at the network level we remove the need

for each downstream application to arbitrate between the streams themselves, eliminating this

processing redundancy. However, when processing at the network level, rather than within a

computing node, we must take an active role in routing non-market data packets.

Even within a dedicated market data feed network, routers and NICs will transmit information

requests to other nodes. We must reserve FPGA resources to route these non-market feed
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packets. Network identification packets are typically only hundreds of bits, requiring little

storage space, and are processed at the lowest possible priority to minimise interference with

market packets.

Past works [115] [116] [117] focus on processing market data feeds on FPGAs situated within

computing nodes rather than at the network level. Data are then passed to the CPU or GPU

via low latency DMA transfers. This scales poorly if further nodes are needed as each will need

an FPGA for data feed processing. Our packet-based, network-level arbitrator consolidates

the node-independent arbitration operations. Only the low latency DMA transfers need be

implemented within nodes for us to create a newly scalable system with the same functionality

as past works.

3.3.4 Customisation and Extensibility

As our arbitrator deals with the initial stages of storing, processing, and identifying market

feed packets and messages, it is a simple matter to extend our system to provide additional

functionality within the FPGA. We support the following customisations:

The windowing threshold values can be reconfigured at run-time, as discussed above. The

user, or a monitoring function, is able to tailor the time and number of messages delayed in

order to meet both the changing needs of the market, and those of the downstream applications.

Any physical connection for input and output ports can be used. Our arbitrator can

connect to any commercial or customised network by translating the connection’s interface,

e.g., Ethernet or InfiniBand, to a standard FPGA interface. The arbitrator may also be used

within a computing node, rather than at the network level.

The size and number of packets stored can be configured at compile time, for both market

and non-market packets. The size of the pipeline is adjusted accordingly.

Any market data feed protocol can be adopted, not just those of TotalView-ITCH, OPRA,

and ARCA. The only protocol-specific information required is the maximum packet size, and

the location and bit-width of the sequence number within the packet.
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3.4 Performance Model

Processing FPGA data has many difficulties when aiming to minimise latency. The performance

requirements of A/B line arbitration specifically, pose a number of challenges. In this section

we present a performance model of our high performance, low latency arbitration approach.

Any decision regarding a new packet is dependent on its sequence number, and therefore the

number of cycles we must wait to process it. Given the packet byte position where the sequence

number begins, Possq, its length in bytes, Lensq, and the width of our data-path in bytes, W ,

the number of cycles we must wait to encounter the sequence number is then:

Csq =

⌊
Possq + Lensq − 1

W

⌋
(3.2)

The packet processing latency’s lower bound is achieved when we encounter expected packets.

No further processing is needed, but due to the delay from Eqn. 3.2 the high reliability mode

must still begin storing it in memory and then read it out over Cread cycles. The number of

cycles for an expected packet is then:

Cexp = Csq + Cread (3.3)

The windowing delay, Cwin, is the worst-case time delay we may experience when the windowing

system delays a packet, and depends on the chosen windowing method and its configuration.

With Cwrite as the number of cycles taken to store a packet in memory, we can now define the

upper bound cycle delay for a packet as:

Cmax = Cexp + Cwrite + Cwin (3.4)

For the time mode, the windowing delay Cwin is simply the timeout, while for time & count

it is the lower of the time and count delays. The high reliability count mode is designed to

be time-independent. Here, Cwin is potentially infinite, however, in practice this only occurs

when there are no further packets to process, and can be resolved via run-time alteration of

the maximum-count threshold.
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Table 3.1: Description of symbols for Eqn. 3.5.

Symbol Description
MC maximum-count value
n maximum number of packets that can be stored in the buffer

log2(n) cycles to find the stored packet with the lowest sequence number
λp number of packets per input, per cycle
λm number of messages per packet
I number of inputs

In finding Cwin for the count mode we must take into account the time taken to receive sufficient

messages—not packets—to exceed our maximum-count threshold. We define this based on the

factors described in Table 3.1, from which Cwin for the count mode is then:

Cwin = log2(n) +
MC

I × λp × λm
(3.5)

3.5 High-performance Architecture

Achieving fast, low latency processing in our arbitrator requires careful development of the

overall hardware architecture. From the models described in Section 3.4 we can make a number

of recommendations for arbitrator designs. In this section, we present several architectural

considerations to achieve low latency processing of data from multiple input streams.

3.5.1 Deterministic, Multiple-input Memory Access

Our first recommendation deals with memory access. As all windowing modes rely on reading

and writing packets to memory, low latency memory access (Cread and Cwrite) is essential.

Storing data in DDR memory is unsuitable for low latency applications due its high access

times. In addition, DDR memory locations must be refreshed periodically to maintain their

state, leading to non-deterministic access patterns. High Bandwidth Memory (HBM) follows a

similar design to DDR memory, and thus shares its latency disadvantages.

Other memory types, such as Content-Addressable Memory (CAM) or specialised flash memory,

are not widely available in commercial systems and their access latencies are still higher than
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Figure 3.5: The address generator automatically splitting a large memory.

those required by high performance designs. The internal FPGA BRAMs are the best option to

ensure fast and predictable access times. Their constant-latency random access is of particular

benefit as, when arriving out-of-order, packets will be read from memory in a different order

from which they were written.

When considering multiple input sources and just a single, centralised memory within an FPGA,

we see the number of writers to memory will exceed the number of available memory ports. In

reality, a large memory is formed on the FPGA by connecting together many, small BRAMs.

Many memory ports are then available to us, but micromanaging memory on such a scale

requires a dedicated architecture, such as the one we introduce in Chapter 4. For A/B line

arbitration we instead tackle this problem at the algorithmic level, through the use of memory

address generators.

For our system with multiple inputs, we create a single logical memory that provides the address

of a free memory location to the logic at each input. The simplest case of two inputs is shown

in Fig. 3.5, where the address range of input A covers the first half of the memory, and input B,

the second. When built within the actual FPGA, the two halves of memory will be independent

and so will be mapped close to their respective accessors.

To tackle storage inefficiencies, i.e., when data does not appear uniformly across all inputs, we

must: (a) minimise data duplicated across inputs; (b) ensure the initial memory allocation

reflects the percentage of total data originating at each input; and (c) make sure data are

removed from each memory in proportion to that memory’s occupancy.

Our approach in Chapter 4 describes a more general solution to the problem of facilitating

multiple, low latency accesses to memory. However, that is not required here. For (a), we have

no duplicated data in memory as we guarantee packets are globally unique by checking packet

sequence numbers.
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Given the nature of our duplicated market data feeds, (b) is tackled by evenly allocating

memory to each input. If packets were instead more likely to appear on feed A rather than

feed B, for example, then the proportion of memory allocated to feed A could be increased

accordingly.

Finally, for storage inefficiencies arising from (c), arbitration provides for a well-defined, ordered

removal of packets, for which our packet windowing methods establish an upper bound.

3.5.2 Optimising Packet Accesses

With multiple packets stored in memory, we select a packet to output by finding the smallest

sequence number using a binary search, requiring log2(n) cycles for n packets. Binary search

is pipelined, and uses a BRAM for storing packet numbers. Sequence number comparison is

performed with a simple comparator and a register storing the search key.

The search index calculation uses two registers for the upper and lower search index, an adder

and bit-shift for the midpoint calculation, and a comparator. We choose this method, rather

than sorting packets before writing them to memory, as the log2(n) cycles required for a binary

insertion is the same as for a binary search, but does not scale well with multiple inputs.

Now that data access is predictable and can be easily scaled for multiple writes, we must deal

with read latency. Our design makes use of an additional buffering stage, meaning BRAMs

require two clock cycles for their data to be available. This allows us to maintain a high clock

rate and support our extended 128-bit data-path, but makes packet comparison in memory

very costly, especially if both packets are stored within a single BRAM. A small meta-data

cache in registers will instead allow immediate access to packet-specific information, reducing

latency.

The meta-data cache is shown in Table 3.2, with example data widths for the larger, TotalView-

ITCH protocol. To be effective the cache must be small, fast, and contain all necessary packet

information. A cache line is 128 bits wide and utilises dual-port distributed RAM so it can be

written and read in the same clock cycle.
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Table 3.2: Meta-data cache contents.

Name Bits Description
Number of Data 10 Size of packet/data-path width
Sequence Number 64 Packet’s unique sequence number
Cycles Remaining 32 Cycles until this packet times out
Number of Messages 16 Total messages in this packet
Final Byte Enable 4 Enable signal for final packet bytes
Packet Being Input 1 Is this packet still being input
Cache Line Free 1 Is cache line available or occupied
Total 128

3.5.3 Improving Throughput and Latency

Improving the throughput and latency of a design can be accomplished by widening the data-

path or increasing the clock frequency. A wider data-path requires more resources and routing

at each stage of the design, but fewer clock cycles are needed to process packets (see Eqn. 3.2).

The critical path is defined by operations with the largest combined logic (Tl) and routing (Tr)

delays. The maximum clock frequency is then:

Fmax =
1

Tl + Tr
(3.6)

Logic delays are reduced by increasing parallelism, and using multi-staged pipelines to spread

processing over multiple cycles. Our log2(n) binary packet searcher and multi-stage input

packet processing are targeted at minimising this delay.

Routing delays are reduced by using fewer resources, placing interconnecting resources physi-

cally closer together, and using additional data buffering stages. Routing delays are harder to

reduce and depend heavily on the FPGA utilisation and the design’s interconnections.

We tackle this by separating data processing streams and treating them as independent data-

paths. As shown in Fig 3.1, the logic and memory for each stream do not interact, and can

therefore be more freely placed and routed within the FPGA.

Our design’s critical path comes from packet storage and sequence number comparisons. Any

resource/frequency trade-offs to improve throughput and latency must then be made by modify-

ing these design elements: either storing fewer packets or comparing shorter sequence numbers.
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Figure 3.6: The cycle-accurate testing framework.

3.5.4 Cycle-accurate Testing

The difficulty in testing low latency designs is that many of the corner cases occur within

nanosecond time frames. Missing packets can simply be modelled by the sender skipping

sequence numbers. However, it becomes difficult to arrange specific packets, from multiple

feeds, to arrive at the arbitrator at precise times. We therefore create a testing framework

within the FPGA using two wrappers around our design, as shown in Fig. 3.6.

The outer, splitter wrapper takes a packet from one input and mirrors it on the others, either

in the current cycle or delayed one or two cycles. The splitter can increment or decrement

the mirrored sequence number so it appears as a new packet. The inner, timer wrapper notes

incoming packet sequence numbers, counts the cycles until it appears on the output, and writes

this latency into the packet header.

The testing framework only requires the packet’s sequence number location, and is otherwise

application and protocol independent. We do not interfere with the arbitrator’s operation or

affect the critical path as all measurements are performed outside of the arbitration module.

3.6 Implementation

We verify our proposed design and low latency architecture by implementing an A/B line

arbitrator for each of the TotalView-ITCH, OPRA, and ARCA market data feed protocols.

For each protocol we require knowledge of the maximum packet size, the sequence number

width, and the byte position of the sequence number in the packet. This is determined by their

specifications, and is given in Table 3.3.
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Table 3.3: Packet protocol specifications.

Protocol
Max Packet
Size (bytes)

Sequence Number
Width (bits) Position

ITCH 9000 64 53
OPRA 1000 31 47
ARCA 1400 32 46

To reduce latency we make use of a wide 128-bit data-path, double the 64-bit width commonly

used. This 64-bit convention comes about due to the 64-bit width multiplied by the commonly

used 156.25MHz reference frequency for processing 10Gbps Ethernet data. Our wider 128-bit

data-path has the disadvantage that it may negatively affect the routing delay, but with our

low latency architecture we achieve latencies an order of magnitude lower than Enyx [117] while

maintaining at least 20Gbps throughput.

Our wider, 128-bit data-paths allow us to support higher Ethernet line rates, or to arbitrate

data feeds originating from other interfaces. This could be another type of network, such as

InfiniBand, or data coming from the local computing node itself, such as via PCIe.

We verify and test our design in two ways. First, we implement an arbitrator for each of our

chosen protocols within a Xilinx Virtex-6 LX365T FPGA on an Alpha Data ADM-XRC-6T1

card. As our processing rate is greater than the 10Gbps Ethernet connections used by each

protocol, we transfer data via PCIe. We configure each arbitrator for their respective protocols

by entering the values from Table 3.3 into our configuration file. Adopting a new protocol in

the future requires only that we indicate where the equivalent fields are located within the new

packet format.

For our second design verification we implement our arbitrator on a Xilinx Virtex-5 LX330T

FPGA within an iD ID-XV5-PE20G NIC. This card receives a duplicated data feed over two

10Gbps Ethernet connections, more closely matching the configuration of real-world trading

systems. The high reliability and low latency outputs are transmitted to the host via PCIe,

with the layout given in Fig. 3.7. The TotalView-ITCH protocol is used to test this design as

it is the most resource and processing intensive. Trading messages from 9 September 2012 are

used to test the system.
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Figure 3.7: The layout of our arbitrator module within the FPGA.

OPRA and ARCA operate on top of UDP, while TotalView-ITCH uses a UDP variant called

moldUDP64 [114]. Our design stores 8 packets, each with sufficient space for the Ethernet (14

bytes), IP (20 bytes), and UDP (8 bytes) headers, as well as the packet payloads from Table 3.3.

Each packet has an associated meta-data cache entry, for which the entire cache will require

only 4 FPGA slices.

With our deterministic, multiple-input memory architecture we can simultaneously write pack-

ets from each input feed and read packets out. The high-level nature of the architecture also

makes it simple to expand or contract the memory size at compile time to suit our specific

market protocol.

3.7 Results

Our Virtex-6 implementation found TotalView-ITCH, with its 64-bit sequence numbers, achieved

a single cycle latency of 6ns. OPRA and ARCA both achieved 5.25ns with sequence number

widths half that of TotalView-ITCH. Section 3.5.3 and Eqn. 3.2 describe how sequence num-

ber comparisons are one source of our critical path, suggesting that artificially truncating the

sequence numbers of packets can benefit arbitration. This would come at the cost of additional

logic to deal with packets that straddle the new sequence number boundary.
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Figure 3.8: Resource usage for the three messaging protocols.

TotalView-ITCH’s 6ns latency results in a 166MHz FPGA design with a maximum throughput

of 21.3Gbps, while OPRA and ARCA’s 5.25ns latency means a 190MHz design and a maxi-

mum throughput of 24.3Gbps. Both designs are fast enough to satisfy our targeted 20Gbps

processing.

With financial markets making greater use of higher throughput connections, our design will be

well placed to capitalise on this increased throughput capacity. Indeed, the TotalView-ITCH

message feed is already available via both 10Gbps and 40Gbps connections. However, only a

fraction of this throughput is currently used by the message feed.

TotalView-ITCH’s requirement for 9000 byte packets is multiple times that of OPRA (1000

bytes) or ARCA (1400 bytes). Fig. 3.8 shows TotalView-ITCH’s resource usage within our

arbitrator does not increase in proportion to this requirement. For example, when processing

TotalView-ITCH data, we do not need 9x the registers, LUTs, or BRAMs of OPRA, or 6.4x

that of ARCA. This is mainly due to buffering host communications. Buffering plays a larger

role in our second verification design, as it is implemented within a network interface card and

must process two bi-directional 10Gbps Ethernet connections.

3.7.1 Real-world Performance

Our second design, implemented within a network interface card, serves as an important test of

real world performance. When analysing the TotalView-ITCH messages from the two redundant
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Figure 3.9: Market data feed throughput during the day.

10Gbps Ethernet links, we find we process about 322 million messages throughout the day. This

would require 29 bits for message sequence numbers, demonstrating that it is possible to safely

truncate TotalView-ITCH sequence numbers without affecting performance.

When describing market data feed processing in Section 2.5, Fig. 2.11 shows that the number of

trades in 2022 is nearly 4x those processed in our example data. This would then mean 31 bit

sequence numbers are needed, still well below the full 64 bits required by the TotalView-ITCH

standard. Later, in Section 3.7.3, we demonstrate this increased throughput is also well within

the processing capacity of our arbitrator.

This second design also allows us to verify our latency calculations by making use of our cycle-

accurate testing framework. By inspecting packets on the host after they have been arbitrated

we can easily read out the number of cycles it took for each packet to be processed. For the high

reliability mode we find it takes 7 cycles to process expected packets, i.e., packets not needing

to be buffered. For the low latency mode we find packets are processed in 1 cycle. Both of these

results match those determined during simulation. These real-world latency measurements also

succeed in demonstrating the resolution of our testing framework as we are able to measure

processes that occur within one cycle.



3.7. Results 111

Fig. 3.9 illustrates the market activity for TotalView-ITCH at different times of the day, showing

the total throughput per second. The rate of incoming messages changes throughout the day,

illustrating the need for run-time configuration of the high reliability mode thresholds. For

example, the acceptable delay between the busy 9.30-16.00 market hours will be less than in

the pre and post market hours.

At peak times we find that we must process 73Mbps (or 1000 packets per second). Our imple-

mentation is more than capable of meeting existing demand, so we must focus on shortening

our processing latency, i.e., the time taken to react to packets and messages. Previous works

often emphasise the fact that their designs operate at the 10Gbps Ethernet line rate, but this

is not required to meet the rate of current market data feed messages.

3.7.2 Latency

We measure our packet processing latency by analysing our implemented design and making

use of the formulae we derive in Section 3.4.

Our implementation takes 2 cycles to write to the packet buffer (Cwrite): one cycle to trigger

a write operation, and one cycle to write to the memory. Memory reads (Cread) take 4 cycles:

one cycle to trigger an output operation, one cycle to specify the memory location, one cycle

for the data to appear on the memory output, and one cycle to output the data. Each packet

is broken up into smaller segments equal to the data-path width, W , and subsequent packet

segment reads are pipelined.

For each of the three protocols—TotalView-ITCH, OPRA, and ARCA—we plug in the values

for the position (Possq) and length (Lensq) of their sequence numbers from Table 3.3 into

Eqn. 3.2, along with the width (W ) of our 128-bit (16 byte) data-path. From this we find the

number of cycles to encounter the sequence number for each protocol to be:

TotalView-ITCH: Csq =

⌊
53 + 8− 1

16

⌋
= 3

OPRA: Csq =

⌊
47 + 4− 1

16

⌋
= 3

ARCA: Csq =

⌊
46 + 4− 1

16

⌋
= 3
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Despite having different message formats, the sequence numbers of all three protocols happen

to be visible in the same cycle. This is surprising as we make use of a comparatively wide data-

path compared to other, current works. This suggests it is the format of the market data feed

protocols themselves that lead to this additional processing latency. From Eqn. 3.2, an optimal

format would see the sequence numbers: (1) present closer to the beginning of a packet, and

(2) use as few bits as possible.

The lower bound packet processing latency for all three message protocols is then found as

Cexp = 3 + 4 = 7 cycles.

We can compare this to a software arbitrator using the IBM PowerEN processor [145], with

out-of-order packets stored in L2 cache and using a time-based windowing mechanism similar to

the high reliability time mode in this work. Here, arbitration is performed using only the OPRA

protocol and has a best-case performance of 150ns, compared to 7 cycles × 5.25ns = 36.75ns

in our design: a 4.1x latency reduction.

The upper bound latency, Cmax, requires knowledge of the windowing method’s worst-case time

delay, Cwin. For the high reliability time mode, Cwin is the user-defined timeout value for a

stored packet, therefore, Cmax = 3 + 2 +Cwin = 5 +Cwin. To delay a packet for a maximum of

50 cycles, for example, we set the timeout to 50− 5 = 45 cycles.

As the high reliability count mode is time-independent, Cmax serves as a poor measure of

upper bound latency. As an example, lets us consider operations at the peak performance for

TotalView-ITCH messages, where we receive around 1000 messages per second. From this we

obtain: n = 8, I = 2, λp = 6.5 × 10−6 packets per cycle and λm = 9000
6

= 1500 messages per

packet. Here, λm assumes the worst-case scenario of 100% packet utilisation, modelling a fully

saturated market feed.

Using Eqn. 3.5 and setting the maximum-count threshold MC = 10 messages, we find Cwin =

log2(8)+ 10
2×6.5×10−6×1500

= 516 cycles. The upper bound latency is then Cmax = 3+(2−1)+516 =

520 cycles, where Cwrite = 1 as one of the write cycles is performed in parallel. A worst-case

delay of 520 cycles is a long time for TotalView-ITCH messages, but for OPRA we find an even



3.7. Results 113

 1

 10

 100

 1000

 10000

 100000

 0.001  0.01  0.1  1  10  100  1000

W
o

rs
t 

c
a

s
e

 t
im

e
 d

e
la

y
 (

c
y
c
le

s
)

Messages/cycle/input

Maximum-count = 100

Maximum-count = 10

current message rate
10x current message rate
100x current message rate

Figure 3.10: Worst-case time delay as an indicator of arbitrator saturation.

longer 10125 cycles. For MC = 10 it is possible for this threshold to be exceeded multiple time

over within a single cycle, and indeed, this is the most likely scenario.

It is therefore best that Cmax is not used as an indicator of upper bound latency, but rather

as a measure of the incoming message rate. This suggests two possible uses for Cmax: (1) a

short-term measurement of message rates, or (2) as a measurement of throughput saturation

within the arbitrator. We explore (2) in greater detail in Section 3.7.3.

For (1), measurements of the current message rate align with traditional measurements of

market trading activity performed by trading applications. Downstream applications could

then use existing market analysis methods to set our arbitrator’s windowing parameters in

real-time, or conversely, the message rate, Cmax, may itself be used to help inform trading

decisions.

3.7.3 Saturation Estimation

To measure throughput saturation within our arbitrator, Fig. 3.10 uses Cmax as a measure of

the message rate to calculate the worst-case time delay, Cwin. This is done for maximum-count

values ranging between 10 and 100 messages. As the rate of incoming messages increases, Cwin

tends towards log2(8) = 3 cycles, indicating the arbitrator is becoming saturated. In this state,
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the high reliability mode effectively functions as a higher latency version of the low latency

mode.

The value we calculated for Cwin using our real market data implementation is plotted in

Fig. 3.10 as a square symbol. From this we see that current market rates are well within the

range that allows the high reliability modes to work effectively.

To model future message rates we take the rate of our test data—600 thousand messages per

second—and increase it by one and two orders of magnitude. These are plotted as circle and

triangle symbols, representing 6 million and 60 million messages per second, respectively.

We see that 6 million messages is over an order of magnitude away from saturation, meaning our

arbitrator is well within its operational limits. The triangle, at 60 million messages per second,

is closer to saturation, but has not yet crossed the inflection point. For such high message rates,

the effectiveness of arbitration can then be increased using a higher maximum-count.

As even a message rate of 60 million messages per second is still less than the 10Gbps line rate

of Ethernet, it is possible for our arbitrator to process 100 times the current market data rate

using current technology.

3.8 Summary

In this chapter we outline an A/B line arbitrator for market data feeds, operating at the

network level. We present an architecture that simultaneously produces a high reliability and

a low latency output stream.

A key novelty in this work is the ability to dynamically configure the high reliability output

stream’s windowing methods. We can therefore adapt to the requirements of downstream

financial applications in real time.

Our architecture is able to support any market data protocol, can be configured for different

data-path widths, and can be deployed either at the network level, or within an individual

computing node.
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We present a model describing message and packet processing latencies, and discuss archi-

tectural considerations of efficient low latency designs. We discover latency measurements can

indicate message feed saturation, providing a quantifiable method to indicate the point at which

the low latency windowing mode becomes the optimal approach.

An implementation of our architecture on the Xilinx Virtex-6 FPGA demonstrates a lower

bound latency of 7 cycles for high reliability processing, achieving latencies of 42ns for TotalView-

ITCH message feeds, and 36.75ns for OPRA and ARCA feeds. Our new low latency mode

performs simple arbitration within 1 cycle, corresponding to latencies of 6ns and 5.25ns re-

spectively.

Finally, the most resource intensive protocol, TotalView-ITCH, is also implemented on a Xilinx

Virtex-5 FPGA within a network interface card. We evaluate our design using real market

data, and verify its operation using our new cycle-accurate testing scheme. Using our newly

introduced models and performance estimators, we demonstrate the effectiveness of our design

at message rates 100 times the current market level.

For the three messaging protocols examined, TotalView-ITCH, OPRA, and ARCA, we offer

latencies 10x lower than an FPGA-based commercial design and 4.1x lower than the hardware-

accelerated IBM PowerEN processor. Our arbitrator achieves throughputs of 21.3Gbps for

TotalView-ITCH, and 24.3Gbps for OPRA and ARCA, more than double the 10Gbps network

line rate.



Chapter 4

Maximising Parallel Memory Access

for Low Latency FPGA Designs

4.1 Overview

In this chapter we look to reduce latency when one or more applications require parallel access to

FPGA memory. When addressing this challenge, we tackle the issue of scaling to higher degrees

of parallelism with the introduction of our new ring-based architecture. This scales linearly

with both higher numbers of parallel accesses, and higher numbers of the FPGA BRAMs that

collectively form the larger memory unit. Our interconnect requires little logic and routing,

and automatically arbitrates parallel accesses to all BRAMs.

With a focus on memory-based computing—described in Chapter 2.4—our approach can reduce

the latency of any 16-bit function to that of a 1 cycle memory read. With support for 1024

parallel function calls, the average latency becomes 0.5 cycles per function call by making use of

the BRAM’s dual read ports. An open-source tool is also provided to convert any deterministic

Python function to our new architecture.

116
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4.2 Introduction

In general, when designing applications, latency may be sacrificed for data precision in itera-

tive operations—such as CORDIC-based implementations [146]—or traded for throughput by

increasing the number of pipeline stages to allow for higher operating frequencies [147]. Appli-

cations that depend on low latencies are then at a disadvantage if they employ operations that

are typically improved by these methods, or require higher degrees of numerical precision that

can only come from latency-costly computation.

Such latency-dependent designs play a key role in real-time applications, like teleoperations

and automation, as well consumer and business applications, from robotics to high frequency

trading. These functions may be: formed of a chain of multiple, elementary operations; involve

floating-point, multi-cycle, or other computationally expensive operations; or bespoke, user-

defined functions for which no standard approximation will apply. For brevity, we will term

these simply as “complex functions”, and quantify them further during our implementation.

Traditional function optimisation, evaluation, and approximation can offer latency improve-

ments, such as those based on distributed arithmetic [148], polynomial evaluation [149], or

table-based methods [53]. However, pre-computing function values and storing them in low

latency FPGA BRAMs is a much lower latency approach.

While costly in terms of memory resources, this method can be applied reliably to any deter-

ministic function. BRAM also offers a dedicated memory solution, rather than the LUT-based

approach taken by distributed memory. BRAMs can therefore boast both a high operating

frequency, and a 1 cycle latency when returning the result of a given function input.

This approach can suffer when: (a) scaled to larger numbers of BRAMs; (b) we require higher

degrees of data-path parallelism; or (c) there are limited options for parallel accesses to memory.

For parallel access in particular, the unbalanced nature of available memory ports not matching

the required number of parallel accesses also becomes an issue.

We describe in Section 2.4.3 how a large memory is traditionally formed within the FPGA by

grouping together NSM smaller sub-memory units. This new, larger memory is then accessed
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as a single, monolithic structure. With this scheme, independent access to the constituent

BRAMs is no longer possible. Storing pre-computed values in look-up tables is not new, but

little work has been done to leverage parallel accesses to the underlying BRAMs to benefit low

latency designs.

To address the second challenge area we identify in Section 1.2, this chapter introduces a novel

approach for highly parallel function evaluation that exploits the capability and parallelism

of BRAMs on recent FPGAs. Our memory-compute core is able to serve multiple, parallel

calls to its implemented function by independently accessing the BRAMs that are traditionally

accessed as a single memory unit.

Our architecture’s resource use and access times scale linearly to both higher degrees of par-

allelism, i.e., more calls to the implemented function, and the number of BRAMs accessed in

parallel. The interconnection scheme requires little logic and routing, and automatically arbi-

trates parallel accesses between the multiple incoming function calls and their target BRAMs.

Our approach decouples latency from the complexity of the implemented function, allowing for

higher clock speeds and improved throughput.

In summary, the main contributions of this chapter are:

• a novel, minimally routed and interconnected architecture that independently accesses

the multiple BRAMs that collectively serve as a function look-up table;

• an architecture that scales linearly to both larger numbers of incoming, parallel accesses,

and to larger numbers of target BRAMs without the resource, routing, and latency costs

seen by traditional approaches;

• a ring-based topology facilitating multiple, parallel calls to the implemented function,

decoupled from the number of underlying BRAMs and available memory ports;

• a simple, tool-based design flow for implementing arbitrary functions as memory-based

compute elements, along with an implementation and evaluation of square root, Gaussian,

trigonometric and hyperbolic functions on an FPGA, showing enhanced performance,

scalability, and resource utilisation over existing designs.
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4.3 Targeting Low Latency Applications

We seek to benefit low latency applications through the use of a new architecture that leverages

parallel accesses to FPGA memory. To achieve this, we break down the challenges we face

into 3 areas: (1) which latency-sensitive functions within the application are best suited for

memory-based computing (Section 4.3.1); (2) what type of memory should be used with such

an architecture (Section 4.3.2); and (3) what form of memory interconnect should we use to

meet our need for many parallel, low latency accesses (Section 4.3.3).

4.3.1 Function Choice

To benefit from our approach, designs require one or more of the following: (A) complex, multi-

cycle functions; (B) high levels of data precision, but lacking the latency budget for iterative

solutions; or (C) high levels of parallelism.

A: Complex, Multi-cycle Functions

The first group of functions that will benefit from our approach are those we termed complex

functions in Section 4.2. These are formed of: a chain of multiple operations; involve compu-

tationally expensive operations; or are bespoke, user-defined functions. We later quantify this

complexity when implementing and assessing our approach in Section 4.7.2.

With our approach we reduce the latency of such multi-cycle operations to that of a single

memory read operation. When using fast, low latency memory accesses, this becomes the

optimal design for low latency applications. However, a question remains in how we should

manage the many, parallel accesses now required of memory. This is the challenge we seek to

address with our architecture.

Our chosen memory-compute approach also see benefits when porting existing applications

to the FPGA. Many library functions—such as those used by languages like C or Python,

for example—may not have a corresponding FPGA implementation. If we pre-compute these
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function values in software, then load the results into FPGA memory, we remove the need for

a new FPGA implementation, significantly reducing development time.

B: High Data Precision

The next set of functions that will benefit from our approach are those relying on high levels

of data precision, but lacking the latency budget for iterative solutions. As well as requiring

multiple cycles to arrive at an acceptable level of precision, such iterative solutions may also be

non-deterministic. Instead, by using a pre-computed result stored in memory, we can guarantee

a targeted level of both precision and time taken to return a result. The latter being a simple

memory read.

Additionally, the repeated operations within an iterative solution may see the introduction of

rounding errors. To reduce resource use, a traditional FPGA-based implementation—using

DSPs, for example—may employ processes with lower levels of numerical precision compared

to CPUs [150], compounding this error.

If we obtain pre-computed results from the higher-precision CPU implementation, then access

these results from FPGA memory at run-time, we achieve more precise, reliable, and consistent

results for FPGA applications. We examine and measure the benefits for data-precision with

our approach in Section 4.7.1.

C: High Degrees of Parallelism

Finally, with our highly parallel memory-compute architecture, we look to benefit applications

that require high degrees of parallelism. This includes scenarios in which many application

instances run concurrently and independently—like multi-sensor robotics or monitoring sys-

tems [91] [92]—or where a single application may itself comprise many parallel computations,

like neural network inference’s [151] non-linear activation functions. In both cases, a single

function is called many times in parallel, whether originating from one or many instances of an

application.
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One approach to scale logic-based designs to higher degrees of parallelism is to create a sin-

gle data processing pipeline, then instantiate this pipeline multiple times. The availability of

resources then becomes the limiting factor. Alternatively, multiple data-paths may share com-

mon resources, minimising resource use, but increasing latency and requiring the inclusion of

arbitration logic.

Both are standard approaches supported by existing tools and compilers, such as FloPoCo [152].

Our architecture offers a different approach. Using independent, parallel accesses of sub-

memories, and employing a greatly simplified control and routing scheme, our architecture

scales much more favourably to higher degrees of parallelism. We explore this in greater depth

in Section 4.3.3.

Addressing the challenges of parallel, memory-based computations outlined in Section 4.2, our

approach therefore:

• uses less logic and memory, scaling more favourably to higher degrees of parallelism

compared to the simple approach of duplicating processing pipelines;

• requires substantially less arbitration, routing, and control logic than that typically used

to sequentialise accesses to a shared resource;

• minimises the latency penalty incurred when routing multiple data-paths to and from a

shared resource, with the potential to eliminate it entirely.

4.3.2 Memory Type

When looking to optimise highly parallel, low latency access to memory, the type of memory

we employ is an important factor. Different types of memory provide and prioritise different

storage, access, and resource use requirements. As FPGAs offer a variety of memories, we

review and assess their suitability for our approach. The important features to consider are:

• low latency access: minimising the number of clock cycles required to read a result

from memory;
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• configurable interfaces: implementing arbitrary functions requires the memory inter-

face support a range of address and data widths;

• available read ports: more memory access ports means more parallel function calls can

be performed per cycle, increasing performance, resource utilisation, and overall efficiency;

• maximum operating frequency: as well as faster access times, we can use techniques

such as multi-pumping (Section 2.4.4) to increase the number of memory accesses per

cycle.

Memory within an FPGA can be divided into two categories: latency-oriented, and bandwidth-

oriented memories. LUT-based distributed memory, as well as block memories—like Xilinx’s

BRAMs and Intel’s and M20K memory—would be classified as latency-oriented memories.

Xilinx’s UltraRAMs would also fall into this category. While the new HBM, along with con-

ventional DDR memory, would be considered bandwidth-oriented.

Random read accesses suffer a high latency cost within bandwidth-oriented memories. La-

tency reduction is then more commonly explored for these memories via new interconnects and

optimised multi-bank accesses. Within the FPGA, both HBM and DDR memory experience

prohibitively long latencies, making them unsuitable for our goal of highly parallel, low latency

accesses. Shuhai [153] finds HBM access to take 48+ cycles (106.7ns) and DDR4 22+ cycles

(73.3ns) on the Alveo U280 accelerator card, both of which are non-deterministic due to pos-

sible bank conflicts and additional cycles needed for data refreshing, column/row switching,

etc.

BRAMs have an operating frequency of 450MHz compared to 900MHz for HBM. However,

when accessing the HBM, user logic is limited to 450MHz [154], so this benefit is reduced.

HBM offers up to 32 parallel memory banks for 16GB memory, while BRAMs offer 2 read

ports for their 18kbit (2.25KB) memory. This translates to 1 port per 4Gbits for HBM, and

1 port per 9kbits for BRAMs. This large comparative difference reflects the different goals of

these memory types.
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BRAMs are better aligned with our goals of maximising memory access parallelism and min-

imising latency, and are therefore the best choice for memory-based computation. BRAMs

offer low latency, decentralised storage, and the ability to customise their address and data

port widths. While the 288kbit UltraRAM has 16x the storage of BRAMs, it offers much less

flexibility due to its fixed address and data widths. They are also available in fewer numbers

on the FPGA itself, outnumbered by BRAM 4-to-1 on larger UltraScale+ devices, and 15-to-1

on smaller devices [40].

BRAMs are widely distributed throughout the device, allowing them to better serve as their

own isolated processing elements. This improved localisation helps lower the routing cost when

memory is used to supplement or replace existing LUT or DSP -based logic.

Forming Sub-memories

As we describe in Section 2.4, memory-based computing pre-computes all possible results of a

given function then stores these values in FPGA memory. To map function inputs to mem-

ory addresses, our approach adopts the direct-mapping conversion method described in Sec-

tion 2.4.1. Function inputs are concatenated into a single bit sequence of width Wip, while at

the output, the final function result has a width of Wop. To implement this function in memory

using FPGA sub-memories of size SSM bits, the number of sub-memories NSM required is given

by:

NSM =

⌈
2Wip ×Wop

SSM

⌉
(4.1)

For example, a Xilinx BRAM holds 18kbits—which we will simplify as 214 for this example—

so a function with two 8-bit inputs and a 16-bit output will need: NSM =
⌈

28+8×16
214

⌉
= 64

sub-memories.

Assuming a 1-cycle read latency for BRAMs, D data-paths accessing a single memory unit

would normally require D cycles to serve all of the data-paths. However, by independently

interrogating each of the constituent NSM BRAMs in parallel—each holding 1
NSM

th of the pos-

sible function results—it now takes D cycles in the worst case, and d D
NSM
e in the best. When
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the number of NSM BRAMs is larger than or equal to the number of incoming D data-paths,

it is even possible—with ideal data alignment—to serve all D data-paths in a single cycle.

Sub-memories serve as our quantum of memory, but the actual hardware definition of this varies

between platforms. We primarily consider Xilinx’s 18kbit block memories [45] here, but Intel’s

M20K [46] range of memory is equally applicable, and is available on the newest Stratix 10

series [155] of FPGAs. Intel’s M9K [156] would provide twice the level of granularity, but this

memory is only offered in lower numbers on smaller, low power Cyclone 10 devices, reducing

this benefit.

4.3.3 Sub-memory Interconnect

To connect D incoming memory reads with NSM sub-memories, we build upon a uni-directional

ring topology. The exact operation of our ring-based architecture is described in Section 4.4, but

we consider its connections and behaviour here, and compare it to other common topologies.

Point-to-point, crossbar, multi-stage, and our ring-based topology are shown in Fig. 4.1. Each

seeks to connect D=4 data-paths with NSM=8 sub-memories. The exact connection scheme

of multi-stage networks is not shown as this differs across different implementations, such as

Clos [157], Benes [158], and Omega [159] networks. Such topologies traditionally connect

N ×N networks, so an asymmetric, D×NSM, interconnect leads to additional challenges when

configuring and balancing links.

Table 4.1 highlights the three key areas we seek to minimise in regards to memory interconnect

topologies: (a) the number of links; (b) the latency when traversing the interconnect; and (c)

the need to arbitrate and manage memory accesses.

Links

The number of links (a) determines how our interconnect will scale to larger numbers of sub-

memories. A link is defined here as a connection between resources, for example a direct
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(a) Point-to-point. (b) Crossbar.

(c) Multi-stage. (d) Ring-based (this work).

Figure 4.1: Four memory interconnect topologies.

Table 4.1: Comparison of memory interconnects with D data-paths and N sub-memories.

Interconnect Links
Latency Arbitration

LogicBest Worst
Point-to-Point O(ND) 1 O(D) O(N)
Crossbar O(ND) 1 O(D) O(ND)
Multi-Stage O(N logD) O(logD) O(logD) O(N logD)
Ring-based (this work) O(D) 1 O(D) O(1)

connection between logic and memory, or an intermediate connection between switch boxes.

From Eqn. 4.1 we see that for memory-based computing, the number of sub-memories required

scales exponentially with the width of the function’s input data. Moving from an 8-bit input

function to a 16-bit input function, for example, requires 216−8 = 256x the storage. Our

requirements for large numbers of links mean point-to-point and crossbar are not viable due to

their O(N2) link scaling.

We show in Section 4.4 that our ring-based architecture connects one-to-one with the incoming

D data-paths. We therefore scale linearly with the D data-paths, and independently of the

number of NSM sub-memories when D > NSM.
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Latency

Regarding latency (b), i.e., the number of cycles required to traverse the interconnect, the best

case latencies will occur when all D incoming reads are served immediately and independently

by the N=NSM sub-memories. The worst latencies are seen when all D memory reads target

the same sub-memory.

Interconnect latencies occur both when addressing memory and returning the result. As latency

scales with the number of NSM sub-memories, not the number of D parallel data-paths, this

added minimum level of latency can be significant in practice. This is the primary motivation

for not basing our architecture on traditional multi-stage interconnects.

Multi-stage interconnects can have lower latencies [160], but these never fall below O(logN),

even in the ideal case where incoming reads and the sub-memories they target are perfectly

aligned. The topology of our ring-based architecture matches the best and worst-case latencies

of point-to-point and crossbar networks, leaving the possibility open for correctly aligned data

to provide optimal application performance.

Arbitration

Arbitration (c) relates to the need for an interconnect to manage the physical connections of

different, possibly conflicting, routes parallel data will take through the network. For point-

to-point this can be via a global controller, or on a peer-to-peer basis. Crossbars typically

see routing decisions made at the individual switch points. The complexity of these schemes

scales with both D data-paths and NSM sub-memories. Multi-stage networks use a pipelined

approach to route data, increasing latency but greatly simplifying arbitration.

The ring-based topology we employ rotates data past all NSM sub-memories. While the length

of the ring increases with the number of D data-paths, the amount of arbitration is constant.

As each NSM sub-memory is connected to a single D data-path, multiple data-paths cannot

access the same sub-memory. There is therefore no possibility for conflicting memory accesses,

greatly reducing our use of arbitration logic.
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In summary, our ring-based architecture has low latencies, does not suffer from prohibitive

scaling and routing requirements for NSM sub-memories, and does not require arbitration to

manage the D parallel data reads traversing the interconnect.

4.4 Ring-based Architecture

Our proposed architecture is based on a unidirectional, ring-based topology. It connects every

parallel data-path, i.e., each call to the memory-based function, to a set of sub-memories in

one cycle, and then a different set of sub-memories in the next cycle. All D parallel function

calls are initially loaded into a circular shift register, and data are rotated from one data-path

to the next every cycle.

We employ two circular shift registers, one at the input for the memory addresses, and one at

the output for results (Fig. 4.2). These two registers are synchronised and rotate together, one

data-path per cycle. The data in the input shift register, and the result in the output shift

register, are then always aligned.

With our architecture, memory and logic connections are fixed to specific input and output

registers, and the data themselves rotate around them. This enables concurrent lookup in all

sub-memories, maximizing parallelism while reducing latency. This one-to-one connection of

data-paths and sub-memories means there is no connection fan-in and fan-out to memory. We

require no arbitration logic, and only a small amount of control logic for the two circular shift

registers. This significantly reduces the logic and routing overhead traditionally seen when

controlling parallel accesses to a shared resource.

With this uni-directional ring topology we provide additional “capacity” for parallelism. Ad-

ditional sub-memories can be added and more data-paths can be served using fewer resources

compared to the traditional approach of simply duplicating existing cores or pipelines. Since

we decouple the number of available sub-memories from the number of data-paths, we can alter

each independently.
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(a) Processing 4 function calls with 2 sub-memories. (b) Processing 4 function calls with 8 sub-memories.

Figure 4.2: Examples of ring-based architecture configurations.

4.4.1 Configuration and Operation

Fig. 4.2 gives two example configurations of our ring-based architecture, each with D=4 par-

allel data-paths sharing a memory-compute unit. Function calls not initially served by sub-

memories, such as Fn Call 2 and Fn Call 3 in Fig. 4.2a, are rotated past these memories

in future cycles. Where sub-memories outnumber calls, like Fig. 4.2b, multiple sub-memories

serve each call. The maximum latency is then bounded by the number of data-paths, rather

than the number of sub-memories. In the extreme case, all sub-memories can be connected to

a single data-path.

An example memory-compute unit is given in Fig. 4.3, containing NSM=4 sub-memories, and

processing D=4, 8-bit function calls. Each sub-memory then holds the full result for 1
NSM

= 1
4
th

of the possible inputs. Each cycle the sub-memories interrogate the data in their connected

register. When data in a register targets the sub-memory connected to that register—i.e., its

address is within the range the sub memory can serve—, we indicate this in the figure with a

green tick.

In the initial cycle, cycle 0, the data in register R2 targets the connected sub-memory, and the

corresponding result is read out on the next cycle. The data in the remaining registers do not

target their currently connected sub-memory, and so are not served. Each cycle the function

call data are shifted one place to the right, so all data can ultimately be presented to each

sub-memory.
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Figure 4.3: An example of our ring-based architecture processing four 8-bit inputs.
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In cycles 1 and 2 respectively we see multiple function calls, or none, can be served each cycle.

The memory-compute unit outputs the final result on the requesting data-path as soon as it is

available. When all function calls have been fulfilled, requiring a maximum of D=4 cycles in

this example, a new batch of D inputs are loaded into the input ring-register. This simplifies

input routing, allows results to be output as soon as possible, and ensures the input pipelines

remain synchronised.

4.4.2 Latency

We now look to determine the latency cost of our ring-based architecture. For traditional,

pipelined architectures accessing a shared resource, the latency to process D data-paths is:

LPIPE = D +NST − 1 (4.2)

where NST is the number of pipeline stages. BRAMs can support multi-stage pipelines through

the use of internal registers. These longer pipelines allow for higher frequency designs and

improve throughput, but can be detrimental to designs that: require low latencies; access a

shared resource; or deal with non-streaming, irregular data.

With our ring-based architecture and decision to implement 1-cycle read latencies, the worst-

case latency is D cycles for D function calls. As we can serve multiple calls at once, the

lower-bound latency for any degree of parallelism approaches the 1-cycle sub-memory access.

This opens up a new opportunity for latency optimisation. By ordering parallel function calls

within the input shift register to align, or be more likely to align, with their targeted sub-

memories, then results will be present within the first sub-memories we check. This lowers

expected latency when serving the D parallel function calls. Future work will explore methods

for achieving latency reductions based on the distribution and access patterns of the incoming

function calls.
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As discussed in Section 4.3.2, the memory architecture itself plays a key role in improving

latency and resource utilisation. Additional read ports for each sub-memory effectively increases

the number of sub-memories. That the contents of this memory are already present in our

architecture does not result in redundant accesses. When interrogating each sub-memory in

turn—i.e., when rotating data within the input and output ring-registers—our step-size is then

just equal to the number of available memory read ports, P . Thus, the worst-case latency for

our architecture when processing D parallel calls to a function is found to be:

LMEM =

⌈
D

P

⌉
+ 2 (4.3)

The additional 2 cycles of latency are a result of architectural overhead (not present in the

Fig. 4.3 example), and become an increasingly negligible factor at higher levels of D parallelism.

4.5 Automated Tool

A tool 1 was developed to convert any arbitrary function or existing memory structure to our

new architecture. To support a wide range of high-level functions we opt to convert functions

written in Python. Python’s use is particularly important due to its wide range of existing

libraries. Packages such as NumPy [161], Scikit-learn [162], and SciPy [163] offer tried and

tested, industry-standard implementations of common functions.

Porting these library functions to FPGAs has been explored before [164] [165], often necessitat-

ing the transformation or approximation of the underlying function. This is also the approach

used by tools such as FloPoCo.

As mentioned in Section 4.3.2, our architecture adopts the direct-mapping conversion method to

map function inputs to memory addresses. Our tool must therefore account for every possible

combination of inputs when converting a function, so we opt for a brute-force approach to

conversion. This method places no requirements on the function itself, such as being continuous

or periodic, and does not limit the format or numerical precision of data.

1github.com/sdenholm/memory-compute
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(a) 4-bit unsigned integer multiplier. (b) 16-bit floating-point implementation of NumPy’s tanh.

Figure 4.4: Examples of Python function and configuration files for our automated tool.

We therefore (a) guarantee accurate and consistent results, (b) provide a high degree of function

compatibility, and (c) lower the barriers for entry when porting new or modified versions of

existing functions to FPGAs.

4.5.1 Function Conversion

A configuration file is used to describe the number of function inputs, as well as the width, type,

and precision of all inputs and outputs. We support any degree of precision for floating-point

numbers, not just those of IEEE 754 [166].

Example functions and their corresponding configuration files are shown in Fig. 4.4. In Fig. 4.4a

we show a simple multiplier, taking two 4-bit unsigned integer inputs and producing an 8-bit

unsigned integer result. Fig. 4.4b converts NumPy’s implementation of tanh to our memory-

computing architecture, using 16-bit, half-precision floating-point numbers.

We place no limitations on the implementation of the Python function. Developers are able to

make use of any Python libraries, functions, and data structures, as well as connect to external

resources, such as databases. We require no new or proprietary interfaces or external tools, so

any existing Python function is compatible with our tool.
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The tool converts a function into a mapping of input to output values, storing the results in

memory configuration files targeting Xilinx’s Vivado 2019.2 Design Suite. A Verilog module

is created to group the NSM sub-memories together and connect them using our new ring-

based architecture. The user sets the number of required D parallel function calls using the

instantiation parameters of the Verilog module. As Verilog is a commonly supported language,

and the memory configuration files use a simple comma-separated-values (CSV) structure, it is

straightforward to integrate our tool into other development tools and toolchains.

There are multiple ways of arranging sub-memories within the architecture. In the case of

fewer data-paths than sub-memories (D < NSM) we must determine how many sub-memories to

connect to each incoming D data-path. When sub-memories outnumber data-paths (D > NSM)

the spacing between sub-memories is our main concern, i.e., which data-paths are not connected

to any sub-memory.

Our tool automatically makes an optimised arrangement. We evenly distribute and space out

sub-memories across all available data-paths, with the goal of maximising the chance a function

call will be served, thus lowering the overall expected latency. When sub-memories outnumber

data-paths, we first populate every data-path with a sub-memory, then evenly space out the

remaining sub-memories, overlapping those placed earlier.

4.5.2 Hybrid Computation

For memory-based computing, “computation” is now defined simply as reading a value from

memory. The original function’s internal structure and control flow have no effect on the

latency, resources, or overall performance of our new computation process.

Fig. 4.5 gives an example hybrid function we can convert with our automated tool. The function

has two inputs: a 2-bit selector and a 12-bit floating-point variable. The function uses the 2-bit

selector to choose both the operation to perform, and which pre-defined constant to use.

With such a configuration we can control the use of different function configurations at run-

time. For example, selecting the use of different operations, filter parameters, input and output

data formatting, etc.
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Figure 4.5: Example hybrid function with a 2-bit selector, 12-bit input, and 16-bit output.

The example function’s input is a non-standard 12-bit float with 7 bits of precision, while its

output is a 16-bit float with 11 bits of precision—the IEEE 754 standard for half-precision

floating-point numbers. By setting such a configuration using our tool, and through the use

of pre-computed values, we effectively define a function that creates an additional 4 bits of

precision at the output. Mixing and matching data types can be accomplished without com-

promising the precision or accuracy of the original calculation. We explore this idea further

when analysing our results in Section 4.7.1.

4.6 Implementation

To assess our memory-based architecture we implement a range of design configurations on the

Xilinx Alveo U280 accelerator card. Designs are built using the automated tool we describe in

Section 4.5, and developed using the Xilinx Vitis and Vivado 2019.2 design tools.

We test functions possessing the features identified in Section 4.3.1: high function complexity,

requiring high levels of data precision, and used within applications employing high levels of
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(a) Varying input data widths. (b) Varying output data widths.

Figure 4.6: Relationship between function input and output widths and LUT utilisation.

parallelism. Tests are performed for D=2 to D=1024 parallel data-paths, with all designs

operating at 300MHz.

We use Xilinx BRAMs for memory, but for Intel devices the M10K and M20K [46] block

memories are also suitable. Our approach is extendable to any uniform-latency memory.

4.6.1 Data Width and Resource Scaling

Fig. 4.6 plots resource use versus data width. From Eqn. 4.1 we expect the required memory to

scale exponentially with the data width of the function’s input, and linearly with data width of

its output. While the function’s output data width should not be discounted, we expect input

width to be the dominant factor in determining our overall resource use, and this is reflected

in our results.

We see an inflection point at 12-bit inputs. Below this we use only a single BRAM to store

function values so cannot leverage our ring-based architecture’s parallel accesses. Functions with

data widths less than this will therefore see little or no resource reduction with our approach.

16-bit input and output functions do not require significantly more resources than 12-bit, and as

a commonly used data width is the more practical choice to consider when adapting functions

to our architecture.
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Given the data width budget, the use of univariate functions is recommended to maximise data

precision per function argument. Multivariate functions are supported as long as total data

width is below our target limit, e.g., one 16-bit input is equivalent to two 8-bit inputs.

INT8—for 2-input functions—and 16-bit are common formats in GPU processing and machine

learning [167] [168]. Gupta [151] finds 16 bits sufficient for training some deep neural networks,

while Chu [169] shows that progressively decreasing data widths within a neural network has

little effect on performance due to the corresponding decrease in the range of feature sets.

4.6.2 Resource Use and Parallelism

As the most practical choice, we now focus on supporting 16-bit functions. Table 4.2 shows the

LUTs required by our architecture increases from 889 to 75,080 when moving from supporting

D=2 to D=1024 parallel function calls. A 512x increase in parallelism sees only a 85x increase

in LUTs, while the number of required 18kbit BRAMs remains constant. Our approach becomes

more resource efficient as the required degree of parallelism increases, maintaining its 300MHz

operating frequency up to D=1024 parallel function calls.

Linear regression analysis was performed on our LUT and register use on the Alveo U280, given

in Table 4.2. As we scale to higher numbers of D function calls we find:

LUTs = 72.3×D + 1320 P-value < 0.001

REGs = 66.6×D + 2690 P-value < 0.001

We plot the results from Table 4.2 in Fig. 4.7 and overlay the best-fit lines from our linear

regression analysis. The X and Y axes are scaled logarithmically to better highlight the areas

where our resource use deviates from that predicted by the regression model.

Table 4.2: Our ring-based architecture’s resource use for any 16-bit function.

Data-paths
2 4 8 16 32 64 128 256 512 1024

LUTs 889 1,152 1,450 2,072 3,412 7,231 11,000 20,506 38,398 75,080

Registers 2,419 2,749 3,020 3,639 4,170 7,296 11,898 20,279 37,246 70,487

18kbit BRAMs 64 64 64 64 64 64 64 64 64 64
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Figure 4.7: Resource use and best-fit linear regression predictions for the Alveo U280.

Register use closely matches predictions at all degrees of parallelism, but the model overesti-

mates LUT use for D < 32 parallel data-paths. Below this level, resource use scales much less

favourably, with the inflection point occurring around D = NSM.

From both our implementation and Eqn. 4.1, we note that 16-bit function implementations

require NSM =
⌈

216×16
214

⌉
= 64 BRAMs. Our approach targets functions with high degrees of

parallelism, i.e., many D parallel function calls and/or data-paths. Based on these results, we

can more formally quantify our definition of “high degree of parallelism” to be D ≥ NSM.

4.7 Results

4.7.1 Pre-computed Values and Data Precision

Memory-based computing converts function inputs to memory addresses, and function out-

puts to data stored in memory. We therefore represent functions at the function level, rather
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tanh(x) = ex−e−x
ex+e−x

(a) tanh(x) function.

Gaussian(x, σ) = 1√
2πσ2

e(− x2

2σ2
)

(b) Gaussian(x, 1) function.

Figure 4.8: Comparing 8-bit input functions when outputting with 8-bit and 16-bit data widths.

than as a collection of constituent computations. This is important when considering the com-

plex functions we discuss in Section 4.3.1. Such functions may use a number of intermediate

calculations—multiplication, divisions, square roots, etc—that are performed before returning

the final result.

Should we wish to use 16-bit floating-point representations on the FPGA, for example, the

traditional computing approaches see us perform all these intermediate calculations with this

16-bit data width and its 11 bits of precision at run-time. With our approach we can instead

achieve a higher level of accuracy by pre-computing function values on the CPU with arbitrary

precision, then converting only the final result to a 16-bit representation.

Consider that Eqn. 4.1 and Fig. 4.6 show our architecture scales exponentially with a function’s

input data width, but linearly with its output data width. As discussed in Section 4.5.2, our

tool supports the use of different data formats for input and output data. Our approach is

therefore able to decouple the data widths of a function’s input and output.

With wider output data widths we increase the fidelity of our result. Fig. 4.8 shows the tanh(x)

andGaussian(x, 1) functions with 8-bit inputs and their corresponding 8-bit and 16-bit outputs.

The outputs are derived using 128-bit floating-point representations, then the final results are

converted down to 8-bit or 16-bit respectively. This simple example shows that even with a

limited input range, a wider output width has a noticeable effect on our ability to accurately

represent our underlying function.
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For some functions this additional fidelity is achievable with other approaches, such as CORDIC

using iterative calculations to increase precision. However, only with pre-computed results can

this opportunity be made available to every function.

Differences in input and output data widths are also useful when converting between data

types, such as calculating the square root of an integer to produce a precise, floating-point

result. Alternatively, when used at the terminal stage of a neural network, it could directly

feed quantised INT8 data into later, de-quantised stages of an application pipeline.

4.7.2 Latency Reduction of Complex Functions

By following a generalised roofline model for FPGAs [170], we determine function complexity

using computational intensity, i.e., the number of operations per byte. The more operations a

function performs on each datum, the more cycles it is likely to require. In the context of an

FPGA, this metric sees an operation occur every cycle, which is then normalised by dividing

by the width of the data-path.

By averaging 2 function calls per cycle, i.e., 0.5 cycles per function call—described below—our

architecture offers a uniform computational intensity of 0.25 ops/byte for any 16-bit function,

doubling to 0.5 ops/byte for 8-bit functions. This sets the minimum boundary for performance

improvement.

Our approach is function agnostic, but simple functions like integer arithmetic (0.17 ops/byte)

or more “fundamental” operations supported by DSPs—like multiply-accumulate (0.33 ops/byte)—

see little benefit from memory-based computing in general. The complex, low latency functions

we aim to improve with our architecture are then those with higher computational intensity,

such as square root, sinh, cosh, tanh, or any user-defined, multi-cycle function. With our

approach, these will see their computational intensity reduced, and latency lowered to just 1

cycle.

Table 4.3 compares past works to a parallel, 16-bit implementation of our memory-compute

architecture on the Xilinx Alveo U280. Assessed against interpolation [165], function approxi-
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Table 4.3: Our approach vs. common FPGA functions in past works.

Comp.
Inten.

Width
(bits)

Per Function Call
Platform Process

Latency
Improv.

LUTs DSPs
Memory
(kbits)

Cycles Latency

square root
CORDIC [171] 4.0 16 247 0 0 16@330MHz 48.48ns UltraScale+ 16nm 29.0x

sin, cos
CORDIC [172] 3.5 16 697 0 0 14@421MHz 33.32ns Cyclone II 90nm 20.0x
CORDIC [171] 5.0 16 995 0 0 20@720MHz 27.78ns UltraScale+ 16nm 16.6x
FloPoCo [152] 1.0 16 297 5 0 4@298MHz 13.42ns Virtex-5 65nm 8.0x
CORDIC [152] 1.0 16 713 2 0 4@238MHz 16.81ns Virtex-5 65nm 10.1x
CORDIC [152] 3.3 16 719 2 0 13@368MHz 35.33ns Virtex-5 65nm 21.2x

sinh, cosh
CORDIC [171] 5.0 16 1,143 0 0 20@720MHz 27.78ns UltraScale+ 16nm 16.6x

tanh
Fn. Approx. [164] 1.5 13 137 0 - 5@436MHz 11.47ns Virtex-4 90nm 6.9x
DCT Interp. [165] 0.5 16 129 0 1250 2@264MHz 7.60ns Virtex-7 28nm 4.6x
CORDIC [171] 5.3 16 550 0 0 21@720MHz 29.17ns UltraScale+ 16nm 17.5x

atan2
Taylor [173] 1.3 16 329 6 72 5@220MHz 22.73ns Virtex-6 40nm 13.6x
Taylor [173] 1.3 16 331 6 72 1@135MHz 7.41ns Virtex-6 40nm 4.4x
CORDIC [173] 2.0 16 796 0 0 8@389MHz 20.57ns Virtex-6 40nm 12.3x
CORDIC [173] 2.0 16 816 0 0 2@191MHz 10.47ns Virtex-6 40nm 6.3x

Gaussian
FloPoCo [174] 2.8 16 770 0 32 11@300MHz 36.67ns UltraScale+ 16nm 22.0x
any function
This Work 0.25 16 81 0 1152 0.5@300MHz 1.67ns UltraScale+ 16nm

mation [164], CORDIC [152] [172] [173] and FloPoCo [152] [173] [174], we see that it is difficult

for other function implementations to match the 1-cycle latency of memory look-ups.

Memory choice—described in Section 4.3.2—plays an important role in our results. By using

the 2 read ports of BRAM we are able to further lower our latency, averaging just 0.5 cycles

per function call (Eqn. 4.3).

We achieve up to 29x latency reduction, as well as a 37-92% reduction in LUTs per function

call using our new architecture. Our resource use in Table 4.2 and linear regression results from

Section 4.6.2 show we scale favourably to higher degrees of parallelism.

Highly pipelined applications—typically identified in Table 4.3 by their higher cycle count and

operating frequency—are able to approach our per cycle latency. However, their long pipelines

result in a higher overall latency and, as discussed in Section 4.4.2, also incur higher resource

costs.

Memory use itself can also be improved compared to past works, as our ring-based architecture

facilitates more efficient and streamlined access to shared memory resources. Abdelsalam [165]
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uses 1250kbits of memory to store approximations for a single tanh function, while we use

1152kbits to support the entire function. Their memory use can be reduced at the cost of data

precision.

The improvements with our approach do not come just from the inherent benefit of memory. A

lowered computational intensity makes functions more sensitive to I/O bandwidth limitations.

Our choice of a simplified uni-directional ring interconnect, described in Section 4.3.3, ensures

we maintain a high 300MHz operating frequency up to D=1024 parallel data-paths. This is

the key benefit to our approach: a 0.5-cycle average latency and a high, sustained 300MHz

operating frequency at higher degrees of parallelism for any 16-bit function.

4.8 Summary

In this chapter we present a novel architecture to improve highly parallel memory access for

low latency applications. Using pre-computed function values and memory-based look-ups, we

use a new, ring-based topology to arbitrate independent access to the NSM individual BRAMs

that are traditionally grouped together and accessed as a single, monolithic memory unit.

Our interconnect requires less logic and routing compared to point-to-point, crossbar, and multi-

stage networks. We scale linearly with both higher D degrees of parallelism, i.e., more calls to

the implemented function, as well as the number of BRAMs accessed in parallel. For such an

interconnect, we find this scaling is most efficient when the number of D parallel function calls

exceed the number of NSM sub-memories.

We target low latency applications with: (a) complex, multi-cycle functions, (b) high data pre-

cision requirements, and/or (c) high levels of parallelism. We determine that functions require

a computational intensity—i.e., the number of operations per byte—of at least 0.25 ops/byte

for 16-bit functions, or 0.5 ops/byte for 8-bit functions to see benefits from our approach.

An automated tool is introduced to convert existing Python functions to our new architecture.

No function transformations or approximations are used, and we support both integer and

arbitrary precision floating-point numbers. This guarantees (a) accurate and consistent results,
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(b) a high degree of function compatibility, and (c) low barriers for entry when porting new

or existing functions to our FPGA architecture.

We implement our new architecture on the Xilinx Alveo U280 accelerator card, finding 12-bit

functions to be the most resource efficient, but 16-bit designs are preferred due to their align-

ment to standard data formats. When assessed against square root, Gaussian, trigonometric,

and hyperbolic functions, we see a 37-92% reduction in LUTs per parallel function call, and a

4.4x to 29x reduction in latency.

A key benefit of our approach is support for any 16-bit function, offering a 1-cycle latency and

a sustained 300MHz operating frequency for up to 1024 parallel function calls. Using the 2 read

ports of Xilinx BRAMs we further lower latency, averaging just 0.5 cycles per function call.



Chapter 5

A Unified Approach for Managing

Heterogeneous Processing Elements on

FPGAs

5.1 Overview

In this chapter we extend our ring-based architecture from Chapter 4 to support shared, par-

allel access to all of the FPGA’s heterogeneous processing elements. A key challenge lies in

supporting processing elements with different implementations, connections, pipeline lengths,

and latencies. We address this with our implementation-agnostic, call-and-response approach

to computation. We also define a latency-centric performance model that is able to quantify

and compare the performance of current, and future, processing elements.

Where past works unified access to processing elements by defining new “functional units”

composed of FPGA resources, we unify processing elements according to their function, not

their resource composition. We group elements that implement the same function into compute

pools, with each pool able to serve multiple, parallel function calls. We see greatly improved

resource utilisation, demonstrating 96.2% utilisation for 1024 parallel data-paths accessing our

new compute pool architecture.

Our function-oriented approach also means we do not require the creation of new development

143



144 Chapter 5. A Unified Approach for Managing Hetero. Processing Elements on FPGAs

tools or design flows. All existing design, development, and analysis tools are compatible with

our architecture.

When evaluating applications using our architecture, we see an average 21% improvement in

throughput and 29% in latency for 8 neural network activation functions, when compared to the

traditional dataflow processing model. We also explore new avenues of performance improve-

ments with our fractional processing elements, which we describe more detail in Section 5.5.

5.2 Introduction

To meet the challenge of supporting processing elements with different implementations, con-

nections, pipeline lengths, and latencies, we must first examine the processing elements them-

selves. Modern FPGAs increasingly see the addition of specialised processing elements targeting

specific domains, such as audio, video, and communications [8], and more recently, artificial

intelligence, machine learning, and autonomous robotics [50]. These processing elements take

the form of hard-coded, embedded cores and are present alongside the traditional LUT, DSP,

and BRAM resources.

Developers will not typically utilise all available FPGA processing elements when creating ap-

plications. When making use of many different processing elements, additional work is required

to manage their different: operating frequencies, end-to-end latencies, pipelining capabilities,

and individual customisation options.

If we adopt a simple dataflow approach to manage heterogeneous processing elements, we face

difficulties balancing parallel pipelines if elements have different numbers of pipeline stages, or

stages have different degrees of internal complexity. A more robust and unified approach is

needed to balance and manage these different processing elements.

A common, high-level approach to unify and manage processing elements is to adopt a more

coarse-grained approach to FPGA development. For this, new overlays or virtual FPGAs may

be developed, which we describe in greater detail in Section 2.3. Such architectures create a

more homogeneous layout within the FPGA by defining their own functional units composed of

multiple FPGA resources. User applications are then defined using these new functional units.
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However, when such frameworks are configured with a user application [31] [175] we see wasted

resources, as not all of the resources within each functional unit are used. Similarly, as func-

tional units are now the only available processing element, FPGA resources not included within

functional units cannot be used. These excluded resources are typically newer, or less ubiq-

uitous FPGA processing elements, or specialised, high performance resources, such as memo-

ries [16] [17], or domain-specific cores [176].

Instead, we introduce a novel architecture to group heterogeneous processing elements into a

unified compute pool. Rather than defining new functional units, we provide a unified means

of managing existing implementations of processing elements.

The E elements in a pool will each implement the same function—such as tanh, for example—

with a compute pool serving D parallel function calls to the pool’s implemented function. The

number of D parallel function calls is then independent of the number of E processing elements.

This approach follows the recommendations of past works [177], which show the aim of coarse-

grained architectures should be to maximise logical functions compared to their associated

routing. Our compute pool architecture is therefore designed to de-couple the number of E

processing elements from the D accessing function calls, letting us scale them independently.

We deal with processing elements based solely on their total, end-to-end latency by employing

a call-and-response approach to computation. This creates a resource and implementation

agnostic view of processing elements, simplifying development. It also allows any type of

processing element to be easily added to the pool, even those with non-deterministic latencies.

The D parallel function calls—or data-paths—will often outnumber the available E processing

elements, requiring the use of an interconnect to route and manage accesses. This asymmetry

is typically due to (1) designers limiting the number of processing elements to save resources,

and/or (2) the application demanding high levels of parallelism.

Neural network activation functions are an ideal candidate and test-bed for such an architec-

ture. As described in Section 2.6, neural networks are formed of many interconnected neurons,

typically grouped into layers. All neurons in a layer implement the same activation function,
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and layers can be repeated multiple times within a single network. This leads to high levels

of data parallelism, with each neuron calling the same activation function. We then collect

together the different FPGA processing elements that implement this activation function into

a compute pool, and manage access for all the connected neurons.

Our compute pools are able to support a range of processing element implementations. A cen-

tralised pool also provides a simple means for designers to add processing elements to improve

performance, or remove them to reduce resource use. Our data routing scheme—described in

Section 5.4.2—is able to reduce the bottleneck associated with multiple data-paths accessing a

centralised pool, and almost eliminates it entirely for designs with known latencies.

Our compute pools are then logically, rather than physically, centralised. This allows for more

decentralised designs and routing, while maintaining centralised arbitration of incoming function

calls. We can therefore balance the use of all processing elements across the entire application.

The main contributions of this chapter are as follows:

• a new architecture where compute pools of E heterogeneous processing elements, each

implementing the same function, serve D parallel function calls to their given function,

thus evenly sharing and balancing access to all FPGA resources;

• a call-and-response approach to computation to support processing elements: with differ-

ent implementations; formed of different resources; operating with different latencies; and

those elements targeting only a narrow range of all possible inputs, such as fast function

approximations;

• an efficient and scalable interconnection framework supporting high degrees of parallelism,

and flexible enough to implement applications with different design latency, throughput,

and resource use goals;

• new opportunities to trade-off performance with resource use, described with a generalised

model, and assessed on an FPGA using ReLU, LReLU, ELU, GELU, sigmoid, swish,

softplus, and tanh functions.
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5.3 Motivation and Challenges

For simplicity, we can classify our general-purpose compute pool architecture as performing

three functions:

• evenly share E processing elements within a compute pool among D accessing data-paths;

• support different types, implementations, and functionality of processing elements within

an FPGA;

• define compute pool elements by function, rather than resource composition, creating a

higher-level view to unify heterogeneous processing elements.

Here we look at past works to see how they address these challenges and to identify areas where

our new architecture can provide improvements to performance and resource use.

5.3.1 Evenly Sharing Processing Elements

FPGAs contain a large number of processing resources, such as LUTs, DSPs, BRAM, and em-

bedded processors. These resources may be grouped together to collectively form a processing

element. Alternatively, some resources, such as embedded processors, can serve as stand-alone

processing elements.

When using a dataflow model of computation, processing elements will serve one or more

incoming data streams. Matching the D incoming data-paths with the E available processing

elements is one of the problems we seek to solve with our centralised compute pool approach.

Past works that deal with multiple parallel accesses to a shared resource include HBM [16] [17]

interconnects [153], and packet switching and time-multiplexing within FPGA overlay net-

works [178]. Multiple-Input, Multiple-Output (MIMO) queues also focus on this issue [179],

both in the context of data routing and variation tolerant processing.
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When assessing these different topologies we find three areas to minimise when creating our new

interconnect: (a) the processing element access latency, achieved by reducing the number of

links, i.e., hops, required for data to pass from the incoming data path to an available processing

element; (b) the number of connections as we scale to more D data-paths and E processing

elements in the compute pool; and (c) the arbitration logic used when managing the many

parallel data movements within the interconnect.

We seek to address these points with our new compute pools and interconnect.

5.3.2 Utilise and Support FPGA Resources

In Section 2.3 we describe how coarse-grained architectures define new functional units within

the FPGA. They do this by grouping together FPGA resources into new, homogeneous func-

tional units. This approach sees wasted resources when an application built atop this new

architecture has resource requirements that differ from those within these new functional units.

For example, the application may require a higher ratio of LUTs to DSPs than are available in

a single functional unit.

There is no universal resource ratio that will satisfy every application. This utilisation penalty

is then an important metric within coarse-grained architectures, with utilisations of 22% [83]

or lower being reported. This is accepted because the goal of these past works is typically not

maximising performance, but simplifying development and speeding up device configuration.

The latter being of particular importance in fields benefiting from fast configuration times.

Additionally, at higher levels, coarse-grained architectures tend to be formed ofM×N grids [82] [180]

of functional units, or groups of units. This limits the granularity of the overlay or framework

when applied to an FPGA. If there is only space for N − 1 additional functional units, then an

additional row/column cannot be added.

We therefore see the need to create a scalable and flexible architecture to support large, and

potentially non-uniform configurations of heterogeneous processing elements. Our approach is
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not to define new functional units, but bring together existing implementations of processing

elements, whether formed of one or many FPGA resources.

Our new compute pools contain different implementations of processing elements, but each el-

ement performs the same function. A simple example would be a compute pool that performs

multiplication. It would include one or more DSP-based, LUT-based, and/or BRAM-based

processing elements, all accessed as a single pool of processing elements. Each element would

perform the multiplication function, but perhaps with different implementations and/or laten-

cies.

Our compute pools not only tackle the problem of supporting processing elements with different

implementations and latencies, but also those with different functionality. Our approach

allows the inclusion of new fractional processing elements: elements that only serve a limited

range of function inputs.

We describe these new processing elements in more detail in Section 5.5. Such fractional

elements—with limited functionality—will be common if they are formed from surplus or unused

FPGA resources, or if the resources themselves offer reduced functionality. For example, using

a single Xilinx DSP multiplier—which is limited to 18-bit operands—as part of an otherwise

32-bit design. The DSP could then only carry out multiplications of smaller numbers.

Such configurations provide a way for traditionally unused resources, such as memory in

compute-bound applications, to be used to improve performance. Additional arbitration and

routing logic must be provided to support such a system. This is achieved with our new

interconnect, described further in Section 5.4.

5.3.3 A Unified View of Processing Elements

Rather than form new functional units from FPGA resources, we bring together existing imple-

mentations of processing elements into centralised compute pools. Given their different imple-

mentations and connection schemes, how then do we unify access to heterogeneous processing

elements?
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A scheme or protocol to handle access to all of these elements must consider that process-

ing elements formed of different resources will naturally operate best under different condi-

tions. Within Xilinx UltraScale+ devices, for example, DSPs achieve over 590MHz when fully

pipelined [181], while a BRAM’s maximum operating frequency is 450MHz [45]. However,

BRAMs produce results in one or two cycles, while DSPs require multiple cycles at higher

frequencies. The full functionality of both resource types must be supported.

Coarse-grained architectures typically avoid this issue as their functional units provide a more

homogeneous environment and routing structure. This is one of the main benefits of their

approach, and can greatly reduce build-time [87].

Due to the heterogeneous nature of the processing elements we support, we must instead look to

higher-level solutions. Examples include communication protocols used by cluster/distributed

systems, such as MQTT [182], or lower, transport layer schemes like UDP [183]. We take

inspiration from these higher-level protocols to create a new communication model for lower,

architecture-level processing.

Finally, within the compute pool itself, we must consider the optimal connection scheme when

positioning and routing E processing elements in a pool with D incoming/outgoing data-paths.

When E 6= D, how spread-out or clustered should our processing elements be in relation

to the accessing data-paths? What role does element sparsity play—i.e., when E � D—

in determining overall application performance? A high-level performance model must be

developed so different pool configurations can be planned and tested, and their performance

determined at build-time.

5.3.4 Assessment and Evaluation

Neural network activation functions have been chosen to help evaluate our new architecture, and

are described in greater detail in Section 2.6. While this work does not focus on neural networks,

their activation functions provide an ideal test-bed for fully utilising all resources on an FPGA.
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Activation functions are compatible with our dataflow model of processing, and cover a wide

range of different: computational complexities; implementations; and mathematical operations.

Our compute pool model supports high degrees of parallelism and aims to decouple the number

of D data-paths from the available E processing elements. Activation functions are again an

ideal candidate to evaluate our new architecture as: (1) they are called by many neurons

in parallel, requiring high degrees of parallelism; and (2) the desired parallelism may be so

high that parallel data-paths may need to share FPGA resources. High parallelism is not an

uncommon requirement with neural networks. Indeed, the “deep” aspect of DNNs refers to the

number of layers, with ResNet [29] originally demonstrating up to 1202 layers.

In regards to processing elements within an FPGA, activation functions may be implemented

using newer AI cores [176], CPU hard and soft cores [184] [185], or conventional LUTs and

DSPs. A single, unified means of utilising all of these resources is an ongoing challenge. In

this regard, FPGAs have high processing potential, but require additional work to account for

different processing elements implementations, latencies, and physical placement within the

FPGA. Our higher, function level approach can meet this need.

5.3.5 Summary

Given the above examination, we can now formally identify the challenges we seek to address

in this chapter. Create a unified compute pool of E processing elements, each performing the

same function, with the compute pool able to serve D parallel function calls such that we:

• C1: scale favourably with high degrees of D parallel calls to the compute pool;

• C2: support processing elements with different implementations, latencies, and connec-

tions, as well as those elements targeting only a limited range of possible inputs;

• C3: allow the plug-and-play of mismatched processing elements, easily adding or remov-

ing elements for a known performance cost;

• C4: are flexible enough to implement functions with different resource use, latency, or

throughput priorities.
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We address challenge C1 in Section 5.4, where we describe our interconnect and compute pool

model as a means of serving D data-paths with E processing elements. We then begin exploring

challenge C2 in Section 5.5, where we describe and classify different processing elements. This

section also outlines the use of new fractional processing elements. These small, resource-

efficient elements that target a limited range of function inputs, require additional arbitration

that our compute pool model can automatically provide.

Having now presented our new architecture and more formally defined different processing

element types, we continue addressing challenge C2 and progress to challenge C3 in Section 5.6.

This section describes our call-and-response approach to computation, supporting processing

elements with non-deterministic latencies, thus facilitating latency-insensitive computation.

Section 5.6 also presents a general-purpose performance model for optimally adding/removing

processing elements to/from a compute pool. We earlier describe, in Section 5.4, how each

processing element is connected to just one data-path. This newly introduced performance

model can now tell us how best to position processing elements within a pool when presented

with a mismatched number of processing elements and data-paths, i.e., D 6= E.

The behaviour and performance of multiple, successive compute pools is then explored in

Section 5.7. This expands on our solution to challenges C1 and C2, and looks at the new

opportunities for performance improvements that our architecture opens up.

The final sections evaluate our new architecture, addressing challenge C4 and proving the

efficacy of our overall design by implementing it on the Xilinx Alveo U280.

We look at the resource use and scaling performance of our interconnect and rotating sched-

uler in Section 5.9; compare our approach to past works in Section 5.10; and examine the

latency, throughput, and resource use of functions implemented using our compute pool model

in Section 5.11.
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5.4 The Compute Pool Model

Incorporating different types of processing element into a design can be difficult if they have

different implementations, end-to-end latencies, or connections. Additional development time

and FPGA logic must go towards managing access to these different elements. We must also

contend with the demands of the user application. For highly parallel applications, the number

of available processing elements E may not match the required level of D parallel calls to the

compute pool.

5.4.1 Rotating Architecture

We propose the use of a centralised compute pool to bring together and manage the different,

heterogeneous processing elements within an FPGA. These new compute pools make use of

the ring-based interconnect we introduce in Chapter 4. The previous chapter has already

explored this interconnect, including its: linear scaling; low latency performance; and minimal

requirements when arbitrating multiple, parallel accesses to a shared resource.

In the same manner as our interconnect in Chapter 4, data from the D data-paths enter the

pool and are stored in one of D registers. In each subsequent cycle, data are moved one

position to the right within the input and output rings, connecting them to the next processing

element. We now build upon this interconnect architecture to facilitate shared access to the

many heterogeneous processing elements within a compute pool.

For a simplified example of our new compute pool architecture, suppose we wish to implement

the neural network activation function G, composed of DSPs. The function will be accessed

by D=4 neurons, therefore requiring 4 parallel data-paths and E=4 copies of G. However, the

number of DSPs in our FPGA limit us to only 3 copies of G.

This is typically solved in one of two ways—illustrated by the left-hand side of Figs. 5.1a

and 5.1b: (1) schedule the 4 parallel data-paths to share the 3 processing elements; or (2)

create a 4th processing element G’ using available resources: LUTs and BRAMs in this case.

For the first case we encounter a latency penalty when sharing our 3 elements between the 4

data-paths; data-path 2 or 3 must wait 1 cycle to be served. In the second case, the pipeline
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(a) Sharing three DSP-based processing elements (G) across 4 data-paths.

(b) Three DSP-based processing elements (G) and one LUT-based element (G’ ) serving 4 data-paths.

Figure 5.1: Serving 4 data-paths with different numbers and types of processing elements.

has become unbalanced as the new LUT/BRAM processing element has more pipeline stages

compared to the existing DSP elements.

We propose the creation of a centralised compute pool and novel rotating architecture to auto-

matically schedule D data-paths accessing E elements. Each processing element is connected

to a single data-path, but now the data can be rotated through all the data-paths using a

repeated circular shift. In the first case in Fig. 5.1a, our rotating architecture acts as a simple

scheduler, allowing data-path 3 to be served by data-path 0’s processing element after a 1 cycle

delay. When the inputs have all been served, the results are restored back to their original

data-path.

5.4.2 Minimising Routing While Supporting Non-determinism

For the second case, given in Fig. 5.1b, we solve the problem of unbalanced pipelines through

the use of a call-and-response protocol. This places no limitations or expectations on the
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processing latency of elements, and we describe this in greater detail Section 5.6.1. However,

for the interconnect itself, the routing of data and connection of elements within the pool still

sees challenges from non-deterministic latencies. We solve this using our rotating scheduler.

Our scheduler shifts input data from one data-path to the next until it is served by a processing

element. After every input has been served, and the results stored in the output shift register,

all data must then be shifted back to their original data-path. For a deterministic processing

latency, L, we will know at build-time to simply shift all data back by L mod D places,

requiring a simple 1-to-1 routing scheme for this final “corrective shift”.

However, for non-deterministic L latencies, this final shifting distance will vary, and can only

be known at run-time. Routing all D data-paths to each possible output becomes costly for

even moderate degrees of parallelism, but this is not the case for our rotating scheduler.

Our key benefit is that the order of parallel data-paths is maintained as we shift data between

registers. Therefore, after N cycles, all results must be shifted N positions to find their original

path. Final pool results can then be shifted bitwise. For example, with D=16 data-paths, a

final shift of 12 (1100b) places is achieved with log2 16 = 4 shifts:

1 : 20 × 0 = 0 positions

2 : 21 × 0 = 0 positions

3 : 22 × 1 = 4 positions

4 : 23 × 1 = 8 positions

Each D result now has 2 connections at each stage, rather than D. By making use of the

variable shifting distance of barrel shifters, we can increase to 4 connections at each stage, and

therefore reduce the number of required shifting stages by half. Using 8 connections further

reduces the number of stages required to shift all data back to their original data-paths. This

number of connections adds minimal logic overhead, and thus does not affect our critical path.

ForD=1024 data-paths, using 8-way routing, our architecture can now support non-deterministic

processing elements with at most dlog8 1024e = 4 additional cycles of latency.
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5.5 Classifying Processing Elements

Looking again at Fig. 5.1b, rather than create a new element G’ , it is actually faster to delay

data-path 3 so it can be served by data-path 0’s processing element. However, this may not

be the case if the 4 processing elements serve more than 4 data-paths, or the elements had

non-deterministic latencies, or were unable to be pipelined.

We also cannot assume the inclusion of a processing element will automatically improve per-

formance. Conversely, we cannot assume such a determination will apply to all applications

and degrees of parallelism. In this section we look to more accurately define and categorise

processing elements and so begin to address the challenge of supporting different processing

element implementations, identified in Section 5.3.

We begin by classifying processing elements as falling into one of three categories: full processing

elements, fractional processing elements, and targeted processing elements.

A full processing element is simply the full implementation of a function, whether a simple

multiplier or a larger, bespoke function. This element provides an output given one or more

inputs, and serves the entire range of possible inputs to its given function.

In contrast to a full processing element, a fractional processing element serves only a limited

range of all possible inputs. Following on from our previous example in Fig. 5.1, a third (3)

solution to our problem of insufficient DSP resources is illustrated in Fig. 5.2. Here we use

LUTs and BRAMs to form a fractional processing element that replicates some, but not all, of

the original processing element’s functionality.

The new fractional element G” uses fewer resources as it only carries out 24-bit operations,

compared to the 32-bit operations of the other G elements. In this example, should the upper

8 bits of data-path 3’s input be zero, then we can process it using this new fractional processing

element. The obvious limitation being that we are unable to serve the full range of all possible

inputs: if the upper 8 bits are not zero, then data-path 3 cannot proceed.
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Figure 5.2: Three 32-bit DSP-based processing elements and one 24-bit fractional element
serving 4 data-paths.

This uncertainty is the key problem facing fractional processing elements, however, our new

architecture is automatically able to address this issue. If the new processing element G” is

unable to serve data-path 3 then, with our rotating scheduler, data-path 3’s data must only

wait 1 cycle to be served by data-path 0’s processing element.

Assuming uniform random data, this example gives a 1
256

th chance for the processing time to

be reduced by 1 cycle compared to the traditional approach in Fig. 5.1a and case (1) above.

While small, this improvement is “free”, as the resources were otherwise unable to be used

to create a full processing element. This situation is common within applications as resource

requirements—LUTs, DSPs, memory, etc—are unlikely to match the exact number and ratio

of available resources of a specific FPGA device [186].

We later show in Section 5.11.4 that the benefits of these smaller, fractional elements become

more pronounced when the number of parallel, accessing data-paths outnumber the available

processing elements.

The final processing element classification are those we term targeted processing elements.

These are not processing elements in the traditional sense, but instead leverage the strength of

individual FPGA resources to improve application performance. For example, unused BRAMs

could act as caches, serving function calls based on past results, or LUTs may form simple

comparators to serve function calls where the input is invalid—like floating-point infinities or

NaNs—or if the input has a simple, known solution.
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Examples include compute-in-memory [187], table-based look-ups [53], and piece-wise function

curve approximations [188]. These can provide significant performance improvements, but may

only be applicable to certain function inputs or data widths. Caches in particular will target

and exploit recurring data patterns, and so are unable to serve unexpected function inputs.

In the case of piece-wise function approximations, multiple processing elements are tasked with

each approximating one section of a function curve. Here, N processing elements will each

only be able to serve 1
N

inputs. Processing element uncertainty, unbalanced pipelines, and

non-deterministic latencies are therefore an inherent part of such a solution. Our approach is

designed to make such solutions both resource-efficient and applicable to highly parallel designs.

With fractional processing elements, and targeted elements in particular, we are able to make

full use of all resources available on the FPGA

5.6 Heterogeneous Processing Elements

Now that we have a general outline of both the compute pool model and what constitutes

a processing element, we now describe how our compute pool architecture: unifies access to

processing elements with different implementations, latencies, connections, etc; manages and

connects elements within a compute pool; and optimises the parallel accessing of elements

within a pool.

5.6.1 Supporting Different Processing Element Implementations

Each processing element in a pool performs the same function, e.g., the tanh(x) activation

function. Functions should be chosen such that their processing elements are stateless as we

cannot guarantee if, and in what order, processing elements will serve incoming data. To operate

within our new compute pool architecture, stateful functions must then either be modified, or

broken down into more fine-grained, stateless operations.

If processing elements are formed from different resources, then elements with different latencies

will be the norm, so we must support different or unknown processing latencies. For this we

adopt a call-and-response approach to computation.
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Figure 5.3: A call-and-response compute pool with 3 elements, serving 4 parallel data-paths.

Each processing element is represented in a pool by two units: a call unit and a response unit.

A function call is made to the call unit in one cycle, and the result provided by the response

unit L cycles later.

Fig. 5.3 shows an example of a pool serving 4 parallel function calls to 3 processing elements,

A, B, and C. We will look at only full processing elements, with each element able to serve any

function call. The end-to-end latency for element A is L=3 cycles, L=2 for element B, and

L=1 for element C.

For simplicity, just the connections to each element’s call and response units are shown: Call A

and Resp A for element A, and so on. Since multiple call and response units can be connected

to a single data-path, the dotted boxes show how units are grouped together at each position.
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(a) Processing elements that have single or multi-cycle latencies.

(b) A 2-port processing element, with a multi-cycle latency.

Figure 5.4: Connecting processing elements within a pool.

The call unit accepts function input data, and the processing element begins processing it as

normal. In Fig. 5.3, element A serves Fn Call 0 in the first cycle, but the result is not written

to the output until it passes A’s response unit in cycle 3. Element C on the other hand serves

Fn Call 3 in the first cycle and the result is written on the next cycle.

We handle the different latencies of processing elements by the spacing of their call and response

units within the pool. Multiple elements can serve a single data-path’s function call, as shown

by the response units for elements A and B in Fig. 5.3. We therefore have no issue with

conflicting latencies causing elements to overlap. Elements with non-deterministic processing

times must then only cache their results and wait for the requesting function call to be rotated

past their response unit.

5.6.2 Supporting Different Processing Element Connections

Fig. 5.4 shows how different types of processing element can be connected into a common pool.

Some processing elements, such as embedded CPUs or multi-port memories, may accept more

than one data-path in parallel. All available inputs to a processing element can therefore be

independently connected within a pool.
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Elements can have any number of call and response connections into a pool, as shown in

Fig. 5.4b. These units are best connected as far apart as possible within the pool. If placed

side-by-side, it is possible for the left-most call unit to constantly starve the right-most unit.

We discuss the optimal placement of elements in Section 5.6.3.

Call-and-response uses a standard valid/ready handshake, in which elements inform the pool

if they can serve a given input. This is true for call and response units, but call units do not

produce results. If a response unit indicates it can serve the incoming data, it must produce a

result on the next cycle.

The position of call and response units in the pool is defined at build-time by the designer. A

pool serving D data-paths will have D possible connection positions, with any number of call

or response units able to be connected to each pool position. For example, in the extreme case,

a pool with D=1 data-path can have all E processing elements connected to its data-path.

5.6.3 Latency-centric Model of Processing Elements

Like DSPs, LUTs, embedded cores, or any other FPGA component, routing is also a finite

resource. Designs will fail if there are insufficient paths to route data, or may see a reduction

in the operating frequency, slowing the entire application. If our goal is to minimise routing,

then a mismatched number of D data-paths and E processing elements should be considered

the standard case.

To deal with this asymmetry we introduce a general-purpose performance model for optimally

adding or removing elements from a compute pool. Within a pool containing E processing

elements, each with their own latency Le, we see that the expected latency L̄e is simply:

L̄e =
1

E

E∑
n=1

Len (5.1)

Processing elements are connected to data-paths. In a pool with D data-paths there are D

positions for a processing element to be connected. If pools have fewer processing elements
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than incoming function calls, i.e., E < D, then some data-paths will encounter a “missing”

processing element. If this occurs, the incoming data on this data-path must wait Lwait cycles

for our architecture to rotate it past an actual processing element. This waiting latency is an

important consideration.

When data enters a pool, the best case waiting latency occurs when it immediately encounters

a processing element, i.e, Lwait = 0 cycles. In a pool with E evenly spaced processing elements,

the worst case waiting latency occurs when the data must rotate for Lwait = D
E
−1 cycles within

the compute pool until it encounters an element.

As D parallel data-paths enter the pool at once, each data-path will experience a different

waiting latency. With the E processing elements evenly spaced within a pool, the D data-paths

are now essentially formed into E queues. If a data-path in this queue must wait between 0

and x = D
E
− 1 cycles, then the average waiting latency for a data-path is found to be:

L̄wait =
1

x

x∑
n=0

n

=
1

x
× x(x+ 1)

2

=
x+ 1

2

=
(D
E
− 1) + 1

2
(substituting x =

D

E
− 1)

=
D

2E

(5.2)

The latency required for a data-path to be served within a pool, Lfn, i.e., a function call, is

found by considering these two forms of latency: the latency of the processing elements, Le,

and the latency to encounter an element within the pool, Lwait. Taken together we find the

latency of a function call to be:

Lfn =


Le if element present,

L̄e + L̄wait if no element present

(5.3)
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Removing a processing element from the pool can then be viewed as simply replacing its latency

with the pool’s average latency, L̄e, and the average number of cycles to rotate data to another

element, L̄wait. The placement of processing elements within a pool is the primary means of

reducing this latter factor.

Within a compute pool with D parallel data-paths, there is no global starting position for input

data. Data on data-path 0 is first stored in position 0, whilst data-path 1’s data are stored

in position 1, and so on. Rotation direction determines the order that processing elements are

likely to be accessed.

We rotate data from left to right, so must therefore place elements in ascending order of latency

from left to right. We evenly space “missing” elements, i.e., gaps in the compute pool, so as to

minimise the average distance data must travel to encounter a processing element.

Following this, when adding new processing elements to a pool, we can now determine that new

elements must have a latency of no more than L̄e + L̄wait cycles to improve pool performance.

If the latency of an existing element is greater than this, then its removal would improve

average latency.

The example in Fig. 5.3 does not follow these recommendations. A closer look shows processing

element A is redundant, as element B could also have served Fn Call 0 in cycle 3. With just

elements B and C, the maximum allowed latency is L̄e + D
2E

= (1+2
2

) + 4
2∗2 = 2.5 cycles, to

element A’s 3 cycles.

5.7 Multi-pool Routing and Performance

Having defined compute pools in Section 5.4, processing elements in Section 5.5, and the means

by which we connect elements within pools in Section 5.6, we now look at routing schemes and

dataflow between compute pools. Our ability to arbitrate D data-paths being served by E < D

processing elements, along with our support for non-deterministic processing latencies, provides

opportunities to improve application performance via our architectural choices.
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5.7.1 Inter-pool Routing

In order to support processing elements with different implementations and formed of different

resources, we deal with processing elements based solely on their latency. When considering the

compute pool as a whole, Eqn. 5.3 sees the latency of a function call as arising from both the

latency of the E processing elements and the time required to route data to the next element

within the pool. This second, newly introduced factor provides an additional way to improve

performance: by reducing this “waiting latency”.

When an application uses multiple, successive compute pools, one method of improving perfor-

mance is to allow the D data-paths between successive compute pools to become out-of-sync.

Rather than each successive pool waiting for all D data-paths to be served before advancing

the pipeline, results from pool Pn immediately feed through to pool Pn+1.

We are then effectively combining successive rotating schedulers, and so also combining the

average post-processing wait time for pool Pn with the average pre-processing wait time for

pool Pn+1. After passing through N pools, the data-paths will meet a barrier point and be

synchronised again. For P pools, and an average latency of all pool elements L̄Pe , the average

latency for each pool to serve all of their D data-paths is then:

L̄P = L̄Pe +
D − E
EP

(5.4)

Eqn. 5.4 assumes the same number of D data-paths and E processing elements across the

successive pools. Should this not be the case, then the latter factor, D−E
EP

, should instead be

calculated on a per-pool basis, rather than using global values for D and E.

If all processing elements have known latencies then the layout of each pool can be optimised

at build-time by cascading the result from pool Pn directly into a processing element in pool

Pn+1. Fig. 5.5 shows examples of two cascading configurations, each with three compute pools.

They contain one and two processing elements respectively, and for simplicity have a latency

of Le = 1 cycles.
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(a) One processing element per pool. (b) Two processing elements per pool.

Figure 5.5: Cascading routing between three function pools.

With a latency—and initiation interval—equal to 1 cycle, we would normally expect a pool with

E=1 processing element to take 4 cycles to serve the D=4 data-paths: 1 cycle for processing, 3

cycles for waiting pre/post -processing. However, in Fig. 5.5a we find that with our cascading

routing it takes each pool L̄P = 1 + 4−1
1×3

= 2 cycles to serve the 4 data-paths.

This improvement is achieved solely through architectural choices. Without affecting data or

processing elements, we reduce the total latency across the three pools from 3× 4 = 12 cycles

to 3× 2 = 6 cycles.

5.7.2 Non-deterministic Latencies

The above scheme of chaining together the output of a processing element in pool Pn with the

input of an element in pool Pn+1 requires knowledge of Pn’s processing latency. A more general

configuration is required to support non-deterministic latencies.

Unknown latencies introduce a degree of randomness into our overall processing time. This
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(a) Serving 32 data-paths. (b) Normalised.

Figure 5.6: Latency improvements when de-synchronising multiple compute pools.

arises from two sources: (1) the compute pool containing fewer E elements than there are

D data-paths, i.e., a data-path may have to wait to access an element; and (2) processing

elements, like fractional elements, may not serve the given function input. A cycle-accurate

simulator was developed in Python to examine these effects, and we explore them here.

Probability 1: Fewer Elements than Data-paths

When D data-paths share access to E < D processing elements, each D data-path faces a

random chance of being the last path served by the pool. However, it is unlikely the same path

will be delayed in subsequent compute pools. This follows the central limit theorem [189], where

multiple, independent random events tend towards a Normal distribution. More extreme events,

such as the same data-path facing successive worst-case delays, become increasingly unlikely.

To reduce the risk of a data-path facing multiple worst-case delays as it passes through succes-

sive compute pools, we must simply de-synchronise more compute pools. We will therefore

gradually tend towards the optimised, cascading design, improving the average performance of

all compute pools.

Fig. 5.6a shows the results of de-synchronising multiple pools, each with D=32 data-paths and

a function latency Lfn = 1. With 32 data-paths a pool occupancy of 1
8

means there are E=4

processing elements per pool, while an occupancy of 1
16

translates to E=2 processing elements,
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and so on. When tested with uniform random input data, Fig. 5.6a shows the average pool

latency tends towards ∼4.5 cycles, rather than the expected 32
4

= 8 cycles. Like the optimised

cascading approach, this latency reduction comes from effectively combining the post and pre

processing wait times of successive compute pools.

Fig. 5.6b shows a normalised comparison for D=128 data-paths with different pool occupancies.

Here, a pool with 1
2

occupancy has E=64 processing elements, while 1
4

has E=32 elements, and

so on. For pools with lower occupancy rates, i.e., fewer elements, de-synchronisation has a

much greater effect. In the extreme case of E=1 element serving all D=128 data-paths, the

average pool latency improves 22% by de-synchronising just 2 successive pools, and climbs to

a 41% improvement with 5 pools.

Probability 2: Elements Able to Serve a Function Call

The second source of randomness we identified—that a processing element in the pool may be

unable to serve a given function input—comes from our support for fractional and targeted

processing elements. The inclusion of such elements can either provide additional processing

performance by making use of otherwise unused FPGA resources, or may in fact be required

as part of the function solution. For example, a design with multiple processing elements, each

of which are optimised to serve a set range of function inputs.

The distribution of these random accesses depends on: (a) the likelihood of a function input

being seen; and (b) the relative availability of different fractional processing elements within

the pool, i.e., how many processing elements are able to serve a given function input. Despite

this randomness being entirely application-dependent, our compute pools are still able to offer

performance and resource benefits.

With our rotating scheduler, individual processing elements do not have the sole responsibility

for serving the entire input space of their connected data-path. Function calls from all parallel

data-paths are rotated past each element in a compute pool, meaning elements can specialise

in serving specific aspects of a function call without fear of starving the non-supported inputs.
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Figure 5.7: Relative latency reduction when increasing the input space each element can serve.

This processing element specialisation is a standard approach taken by some function approx-

imation methods. Here, functions are broken down into smaller ranges or sub-functions that

collectively serve the whole input space, such as representing small sections of a curve with

linear approximations. This solution-by-parts implementation can provide better performance

and use fewer resources than a full function implementation, and so is ideally placed to make

use of fractional compute elements and our compute pool architecture.

To model such configurations, Fig. 5.7 shows the normalised case where D data-paths feed into

a single compute pool of D=E processing elements. In this configuration, each element starts

out serving a different 1
D

fraction of the possible input space. In a pool with D=32 data-paths

each element would serve 1
32

th of the input space, while for a pool with D=128 data-paths each

element would serve 1
128

th, and so on.

Tested using uniform random input data, the time taken to process the D data-paths falls

as we increase the percentage of the input space each processing element can serve. This is

achieved by either (a) the processing elements serving a greater range of inputs, or by (b)

adding more fractional elements to the compute pool. As with Fig. 5.6, we see in Fig. 5.7 that

de-synchronising just 2 pools has a noticeable effect on the processing latency.

Rather than E=1 full processing element with 100% input coverage serving D=128 data-paths,

we now have E=128 smaller, fractional elements. While there is a small chance any single

element will serve a specific data-path, we are now performing 128 checks at once. We may
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now serve multiple paths in parallel, therefore reducing the average latency. Fig. 5.7 shows

increasing the input space coverage by only ∼1% per element can significantly reduce latency.

As these improvements are averaged across one or more compute pools, it is possible to see

some worst-case spikes in latency, creating problems for latency-sensitive applications. With

our approach, strategically spacing one or more full-function processing elements in a pool thus

guarantees a known upper-bound latency for such applications, ensuring correct performance.

5.8 Implementation

We implement and evaluate our architecture using the Xilinx Alveo U280 accelerator card. As

described in Section 5.3.4, we evaluate our approach using a range of neural network activation

functions. A compute pool design is created for each activation function. Each pool is accessed

by D=1024 parallel neurons, using 32-bit data-widths. Development and testing are done with

the Vitis and Vivado 2019.2 design tools.

Pipelined, floating-point processing elements are constructed using FloPoCo [174]. While these

processing elements are not optimal, they provide a fair baseline from which to measure the

efficacy of our architecture, rather than the function implementations themselves.

Our evaluation is broken down into 3 sections. Section 5.9 evaluates how our interconnect and

rotating scheduler scale with different D data-paths and E processing elements. Section 5.10

compares our architecture to current and past works, examining it as a general-purpose means

of unifying heterogeneous processing elements and its ability to maximise resource utilisation

within an FPGA. Finally, Section 5.11 examines the performance of applications implemented

using our compute pool model, specifically throughput, latency, and the effect fractional pro-

cessing elements have on performance and overall design choices.
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Development and Toolchains

As we discuss in Section 2.3.3, new coarse-grained architectures, such as overlay frameworks and

virtual FPGAs, require entirely new development tools and processes. Many, like ZUMA [81]

provide open source compilers, but additional analysis, modelling, and development tools for

new frameworks are rarely seen. Wijtvliet [80] highlights this in their review of coarse-grained

architectures over the past 25 years. They specifically note the lack of new design space explo-

ration tools and tool-flows for designers to make use of the new architectures that researchers

introduce.

Our compute pools unify existing elements, without the need for a new underlying, more

coarse-grained framework. Our new architecture therefore does not require the creation of new

development platforms, tools, or toolchains. We support all existing methods for the creation,

analysis, and design space exploration of processing elements.

While our implementation uses FloPoCo to create processing elements, we equally support

existing soft IP cores, embedded processing cores, or memory-based processing. Indeed, a

virtual FPGA itself would be a valid processing element within our compute pools.

5.9 Architecture Evaluation

In this section we assess how well our architecture and interconnection scheme (A) scales with

increasing D data-paths and E processing elements, and (B) balances different degrees of

parallelism for the D data-paths and E processing elements.

5.9.1 Resource Scaling and Arbitration

The resource use and operating frequencies of our architecture, without processing elements, is

given in Table 5.1. Regression analysis of our resource use is reported in Fig. 5.8. From these

results we see resources scale linearly with the number of successive P compute pools and D

data-paths.
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Table 5.1: Compute pool framework resource use and operating frequencies on the Alveo U280.

Data-paths (32-bit)
Pools 16 32 64 128 256 512 1024

LUTs 1 2,146 3,314 5,003 7,427 14,139 27,316 49,592
2 2,817 4,542 7,534 12,564 23,820 47,879 88,721
3 3,478 5,837 10,042 17,529 33,695 67,745 126,510
4 4,125 7,105 12,560 22,515 43,681 87,686 167,563

Regs 1 4,339 5,978 8,292 12,909 22,034 42,568 81,430
2 5,542 8,294 12,966 22,402 41,516 79,585 157,225
3 6,749 10,753 17,794 31,798 60,605 117,298 232,524
4 7,968 13,158 22,559 41,413 79,590 156,197 308,318

Freq
(MHz)

1 412 350 350 295 290 256 227
2+ 350 300 275 280 255 214 201

LUTs = D(38.5P + 8.37) + 2040 P-value < 0.001

REGs = D(73.9P + 2.24) + 3280 P-value < 0.001

Figure 5.8: Regression analysis for compute pool framework resource use on the Alveo U280.

For example, when moving from pools balancing and arbitrating D=16 data-paths to D=1024

data-paths, we achieve a 64x increase in parallelism at a cost of only 23.8x the resources. This

D=1024 data-path framework uses just 3.8% and 3.12% of available LUTs and registers on the

Alveo U280, respectively.

We now populate our compute pools with processing elements; one compute pool implementa-

tion for each of the 8 activation functions. Fig. 5.9 shows the resource use for each activation

function when D=1024 parallel data-paths access a pool comprised of E=1024 down to E=8

processing elements. For reference, the horizontal, dotted lines show the available resources

within the Alveo U50, U200, U250, and U280 accelerator cards.

If using a simplified dataflow approach we would require 1 processing element per neuron,

D=E. Any other approach requires some form of additional arbitration overhead. For all

but the smaller LReLU and ELU functions, the D=E=1024 configurations use more LUTs

than are available on the Alveo U280. The standard, non-arbitrated dataflow approach is

therefore unable to support 1024 neurons if each requires its own independent pipeline. For

such applications, a management and arbitration architecture is required.

Our rotating scheduler is modelled on a uni-directional ring topology, with data passed between

data-paths using shift registers (Fig. 5.3). If, instead, we had chosen point-to-point or crossbar
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Figure 5.9: Activation function resource use on the Alveo U280.

topologies, the number of required connections and switches would scale with O(N2). This

would create a large number of switching positions, i.e., points of possible collision, requiring

arbitration. This makes such topologies unsuitable for high degrees of either D data-path or E

processing element parallelism.

Another option, multi-stage topologies, like Clos [157], Benes [158], and Omega [159] scale

more favourably at O(NlogN) and require much less arbitration logic. However, this is less

than our chosen ring-topology’s O(N) scaling, and greater than our required arbitration logic.

Additionally, multi-stage topologies traditionally connect N×N networks, so an asymmetric

D×E interconnect leads to additional challenges when configuring and balancing links.

5.9.2 Higher Data-path Parallelism with Fewer Elements

With our compute pool approach we decouple the number of E processing elements from the

number of D data-paths they must serve. It is therefore a simple matter of supporting arbitrary

degrees of parallelism using the processing elements available within our target FPGA.

For example, by reducing to E=512 processing elements, Fig. 5.9 shows all but GELU and

tanh will now fit on the Alveo U280. The D=1024 data-paths will automatically be balanced

across the remaining elements. Section 5.6.3’s performance model lets us predetermine the 1

cycle latency cost this incurs.
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While maintaining our D=1024 data-paths, we can further reduce our number of processing

elements to E=256. This drastically lowers the resource footprint, putting all functions but

GELU within the capabilities of the smaller and cheaper Alveo U50 card. Following this

method, a neural network could be trained using a large number of processing elements, then

deployed on a smaller FPGA by reducing the number of processing elements.

5.10 Framework Performance Evaluation

Providing a general comparison to past overlays, coarse-grained architectures, and virtual

FPGA can be difficult. This is due to both the different designs and design goals of these

past works, as well as our ability to normalise the reported results to provide an equal compari-

son. We therefore look to compare our work to past frameworks according to three criteria: (A)

resource utilisation, (B) throughput, and (C) processing element extensibility and support.

5.10.1 Utilisation

Overlays and virtual FPGAs provide new functional units composed of one or more FPGA

resources. This more coarse-grained approach suffers wasted resources when the applications

that are built atop these new frameworks do not use 100% of the resources within the new

functional units. These unused resources—DSPs, LUTs, CPU cores, etc—are locked away in

the functional units.

FPCA [84] reports 61% utilisation within their design. The overlay in [83] reports 22% utilisa-

tion, but this approach prioritises faster run-time reconfiguration times, for which it achieves a

1000x speed-up over conventional methods. DeCO [82] reports 40-90% utilisation, depending

on the benchmark.

With a focus on maximising the use of FPGA resources, the framework for our compute pool

architecture is constructed with just LUTs and registers, as reported in Table 5.1. This leaves



174 Chapter 5. A Unified Approach for Managing Hetero. Processing Elements on FPGAs

the remaining FPGA resources available to be formed into processing elements for use within

our new compute pool structure.

As we standardise processing elements based on their end-to-end processing latency, not their

implementation, we therefore do not need to define our own functional units. Based on our

reported architectural overhead, we find an effective utilisation of 96.2% for D=1024 data-paths,

rising to 99.8% if instead choosing fewer, D=16 data-paths.

5.10.2 Overlay Throughput

Our compute pool’s unified support of heterogeneous processing elements lets us make use of

all the processing resources available on the FPGA. Combined with our rotating scheduler’s

efficient O(N) scaling to high degrees of parallelism, we are able to achieve higher performance

than past works.

Table 5.2 provides a normalised comparison to recent overlay frameworks and virtual FPGAs.

We measure maximum framework throughput (independent of any implemented application) in

billion operations per second (GOP/s). Some works report their throughput [82] [83] [180] [190],

while for others we determine OP/s by the number of n-bit operations their functional units

perform, then multiply this by the total size of the overlay.

Throughput is normalised based on LUTs or ALMs, rather than per unit area, as an area com-

parison may prove misleading. Past works define their functional units as collections of LUTs,

DSPs, and/or BRAMs, whilst our “functional units” are function implementations. Different

transistor technologies should be taken into account, however, a throughput per area metric

would overly benefit our approach for simple functions—such as those requiring few LUTs—

and those functions using specialised cores—such as Xilinx’s new 7 nm Versal AI cores [50],

which report throughputs of 3-17 TFLOP/s [193]. Our comparison therefore focuses on the

throughput of the frameworks themselves.

Our 32-bit floating-point implementations see normalised throughputs matching and surpassing

those of past 16-bit frameworks. When comparing to 32-bit frameworks we find a 10.9x-
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Table 5.2: Throughput comparison to past overlays and frameworks.

Throughput
G(FL)OP/s

Work
Data
Type

Freq
(MHz)

LUTs\
ALMs

DSPs Raw
per

k-LUTs
16-bit

Zynq-7000 [180] Int 338 28,000 128 64.90 2.32
Zynq-7000 [83] Int 300 37,000 128 115.20 3.11
Virtex-7 [83] Int 380 228,000 800 912.00 4.00
Zynq-7000 [82] Int 395 6,156 90 28.44 4.62
Alveo U2801 Float 300 82,944 0 614.40 7.41

32-bit
Stratix IV [191] Int 355 162,376 204 60.40 0.37
simulator [190] Int 757 - - 177.20 -
Stratix IV [191] Float 312 161,415 264 32.40 0.20
Stratix V [192] Float 223 51,000 N/A 22.98 0.45

This Work (Alveo U280)
1 Pool Float 227 49,592 0 232.45 4.69
2 Pools Float 201 88,721 0 411.65 4.64
3 Pools Float 201 126,510 0 617.47 4.88
4 Pools Float 201 167,563 0 823.30 4.91

24.4x increase in normalised throughput. For this comparison we limit our framework to just

4 compute pools, as this uses ∼12% of available resources on the Alveo U280, leaving the

remaining 88% for processing elements. When implementing simpler functions, fewer FPGA

resources would be needed, and thus higher throughputs achieved by using more than 4 compute

pools.

The 16-bit Alveo U280 framework we reference is our own past work, described in Chapter 4.

In contrast to the work described in this chapter, the earlier version of our interconnect was

limited to connecting BRAMs, and offered no support for non-deterministic latencies. Our

current work sees an increase in raw throughput, but a drop in normalised throughput. This is

due to the additional resource overhead of compute pools now supporting higher data widths,

heterogeneous processing elements, and non-deterministic latencies.

Podobas [194] surveyed a wide range of 27 coarse-grained FPGA architectures. They report the

highest framework throughputs as 100 GOP/s for 32-bit integer operations and 50 GFLOP/s

for floating-point. Exact figures and methodologies for these results were not provided, so could

not be individually included here.

1Our past work, described in Chapter 4.



176 Chapter 5. A Unified Approach for Managing Hetero. Processing Elements on FPGAs

5.10.3 Processing Elements

One of the recommendations from Wijtvliet’s [80] survey of 35 coarse-grained FPGA architec-

tures is that frameworks should aim to unify resource use and processing elements at a higher,

function level. The functional units of past works can be rigid in terms of their supported re-

sources and interconnections. Instead of forming functional units from LUTs, DSPs, BRAMs,

etc, functions serve as the functional units within our compute pool architecture. This provides

a more generalised, higher-level means of both defining and working with all types of FPGA

resource.

In our handling of heterogeneous processing elements, our approach looks to mimic the col-

lection of function-specific execution units within CPUs. Such architectures also allow one or

more parallel data-paths to access and share a common pool of processing elements. At still

higher levels, we see similarities to the workload sharing models of thread pools. We aim to

combine these higher-level, abstract structures with the more customised, application-specific

approach of dataflow computing.

When defining their processing elements, past works also see difficulty supporting data widths

above 16 bits as DSP blocks typically form the processing backbone of functional units. Xil-

inx [47] and Intel [126] DSPs are limited to 18x27 bits so expanding beyond this incurs high

utilisation and performance costs, as shown in Table 5.2. Our work does not face these limita-

tions

5.11 Application Evaluation

We now look at how our architectural approach affects application performance. If we can

easily add or remove processing elements, what performance improvement would this provide?

We might expect that adding more elements would lead to improved throughput and latency,

but this may not be the case with FPGAs. Placing and routing these additional elements can

lower the maximum operating frequency, thereby slowing the entire design.
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Our ability to add or remove processing elements from the pool then provides an additional

resource to trade-off: data routing. Fewer processing elements mean fewer connections within

the FPGA, resulting in less congested designs and faster build-times. When considering routing

as a resource, we maximise the routing performance by minimising its use.

5.11.1 Functions and Methodology

As previously mentioned, we use neural network activation functions as a test-bed for our design,

however, this work does not focus on neural networks or activation functions themselves. We

instead look to fully utilise all available resources within an FPGA. Our new compute pools

and rotating scheduler introduce additional resource overhead. This must be offset by gains in

overall performance, therefore, not all functions are suitable for this architecture.

As we manage processing elements at a higher, function level our evaluation should therefore

look to determine at what level a function is too simple for our approach. For this, we follow a

generalised roofline model for FPGAs [170] to quantify functions based on their computational

intensity. The more operations a function performs per datum, the greater its computational

intensity. This metric is highly implementation-dependent, and is the main reason we have

implemented our test functions using the general-purpose FloPoCo framework, thus ensuring

a fair comparison.

Throughput (Section 5.11.2) and latency (Section 5.11.3) are evaluated by varying the number

of E processing elements in a compute pool serving D=1024 data-paths. Table 5.3 shows the

computational intensities for each of the activation functions we test. The functions cover a

range of intensities, letting us not only evaluate throughput and latency, but also how complex

or resource-intensive a function must be to benefit from our approach.

Table 5.3: Computational intensity of functions (ops/byte).

ReLU LReLU ELU softplus sigmoid swish tanh GELU

0.25 1.00 2.75 5.50 6.75 6.75 6.75 10.50
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Figure 5.10: Throughput for pools with 8-1024 processing elements.

We find that basic functions, like ReLU, are too computationally simple to see many benefits

with our architecture. Formed of just a 1-bit comparator, ReLU is a widely used activation

function, although not suitable for all applications or types of neural network. We instead focus

on the remaining 7 activation functions to evaluate the latency and throughput performance of

our architecture.

5.11.2 Throughput

Fig. 5.10 shows the throughputs achieved for pools comprised of E=8 to E=1024 processing

elements. The associated heat map gives exact throughputs for each function when E elements

serve the D=1024 data-paths. The higher the throughput, the lighter the colour, with black

squares being designs that failed to build due to resource constraints. Results are ordered by

the function’s computational intensity, with the lowest, LReLU, at the bottom, and largest,

GELU, at the top.

The simplified, non-arbitrated dataflow approach sees one processing element per data-path,

i.e., D=E=1024. However, for most functions we find maximum throughput occurs when the

D=1024 data-paths are served by about E=64-128 processing elements, with improvements

averaging 21% compared to the traditional dataflow case.

With just E=64-128 elements we are far from using all available FPGA resources. What then

facilitates this increased performance? Eqn. 5.3 offers some insight. Removing an element from
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Figure 5.11: Latency for pools with 8-1024 processing elements.

the compute pool simply replaces its latency, Le, with the pool’s average processing latency

plus the time taken for the data to be shifted to the next element: L̄e + L̄wait.

The increase in latency from removing a processing element is more than offset by the higher

operating frequency achieved by the less congested design. Fig. 5.9 shows the effects of this

congestion with rising resource costs, which will also result in a subsequent increase in inter-

connection and data routing.

5.11.3 Latency

Higher operating frequencies also benefit latency. While removing processing elements from

the pool increases the total number of cycles to process the D data-paths, a higher operating

frequency makes each cycle shorter. We might expect the benefits of such an improvement to

be limited to the more computationally intensive functions, i.e., those requiring many cycles to

produce a result, such as GELU and tanh. However, we see improvements even for simple

functions, like LReLU.

Neural networks require all neuron outputs to be calculated before the network produces a final

result. That is, latency is determined as the time taken to serve all data-paths, rather than

at the level of any one individual data-path. For our compute pool approach, we therefore

measure latency as the total time taken (ns) to process all D=1024 accessing data-paths.
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Fig. 5.11 examines the latency in compute pools comprised of E=8 to E=1024 processing

elements. Similar to throughput, latencies reach minimums when about E=64-256 processing

elements serve the D=1024 data-paths. We average a 29% reduction in latency, with sigmoid

achieving a 57% reduction, compared to the traditional D=E=1024 dataflow case.

5.11.4 Fractional Processing Elements

Section 5.5 described how fractional processing elements can provide additional computation by

making use of otherwise unused resources. Of these new elements, targeted processing elements

in particular can leverage the strength of the individual FPGA resources to improve application

performance.

However, Sections 5.11.2 and 5.11.3 show that just maximising the number of processing el-

ements is not the best way to achieve better performance. What role then can fractional

processing elements play?

Individually, fractional elements serve only a small range of all possible inputs. The compute

pool, as a whole, is tasked with serving all calls to the pool’s implemented function. Numerous

methods exist for decomposing and approximating a function into multiple fractional processing

elements. Examples include cubic spline interpolation [195], least-squares approximation [196],

and the Remez algorithm [197].

With a unified, compute pool approach we can not only decouple the number of D parallel data-

paths from the number of E processing elements, but also the pool’s implemented function from

the individual processing elements. For example, a pool performing the tanh function can use

cubic spline interpolation to assemble N processing elements, each tasked with serving 1
N

th of

the function curve. This pool would then serve D parallel calls to the full tanh function.

To test the behaviour and efficacy of such a model we identify the primary drivers of perfor-

mance as: (1) the percentage of the pool composed of fractional elements, i.e., E
D

; and (2) the

range of the input space covered by each fractional element. In performing our analysis we do

not consider specific functions (such as tanh) or implementations (such as cubic spline interpo-
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Figure 5.12: Adding fractional elements to compute pools with different initial occupancies.

lation). Instead we look at how our identified drivers affect performance using our approach.

Tests are performed using both Gaussian and uniform random input data.

Fig. 5.12 shows the latency improvements when adding fractional elements to a compute pool.

The pool is initially populated with processing elements that serve 100% of the input space, but

not enough elements to simultaneously serve all the incoming D=1024 data-paths, i.e., E < D.

Pool occupancy rates (E
D

) of 64
1024

, 32
1024

, 16
1024

, 8
1024

are tested. Tests are performed by adding

increasing numbers of fractional processing elements to the pool, with each new element only

able to serve some percentage of the total input space.

The greatest latency reductions are seen after adding 128-256 fractional elements to the pool,

but the input coverage of each fractional element plays a greater role in reducing latency.

This suggests performance driver (2) is more important than (1), i.e., quality, rather than

quantity of processing elements is a key factor. When forming new fractional elements within
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the FPGA, resources should then be combined to serve more targeted operations within

a pool, rather than simply attached on an individual basis.

While adding 128 fractional elements to a pool may seem large, this is relative to the number

of D data-paths. For D=32 data-paths, this translates to just 4 fractional elements.

When using fractional elements, pools with lower occupancy see the greatest improvement.

Serving D=1024 data-paths with 256 fractional elements sees up to 50% reduction in latency

when added to pools with E=32 full elements, 75% reduction for pools with E=16 full elements,

and 85% reduction for pools with E=8 full elements.

Such configurations benefit smaller FPGAs, or those with a limited number of dedicated pro-

cessing elements, like embedded CPUs or newer AI cores. These FPGAs can augment their

limited number of full processing elements with many small, fractional processing elements,

thus providing support for high degrees of data-path parallelism. Additionally, due to their

smaller, specialised nature, the new fractional and targeted elements are likely to have lower

latencies than their full element counterparts, further benefiting latency-bound applications.

One unusual feature we see when adding more fractional elements is that elements with 25%

coverage of the input space outperform those elements with 30% coverage. This suggests a

limit to simply maximising coverage, i.e., performance driver (2). We observe this for

pools with both high and low occupancy rates, suggesting this limiting factor is a product

of the processing elements ability to serve a data-path, rather than due to a feature of our

architecture.

When considering full processing elements, operating at 100% coverage of the input space,

these elements appear well past the point of diminishing returns. This suggests compute pools

formed solely of fractional elements may then be the more resource-optimal designs. Future

work will explore this further.
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5.12 Summary

In this chapter we present a novel architecture for incorporating processing elements with

different implementations, latencies, and connections into a unified compute pool. Each het-

erogeneous processing element within a pool performs the same function, with a pool able to

serve multiple, parallel calls to its implemented function.

Pools with 32-bit data-paths are implemented and evaluated on the Xilinx Alveo U280 ac-

celerator card. We show that our new architecture and rotating scheduler scale linearly with

parallelism. When scaling from 16 parallel function calls to 1024, we see a 64x increase in

parallelism needing only 23.8x the resources.

Past coarse-grained overlays and virtual FPGAs see problems with low resource utilisation when

applications are built atop these new frameworks. In contrast, we demonstrate 96.2% utilisation

for 1024 parallel data-paths and 99.8% for 16 data-paths. Our maximum throughput for 32-bit

floating-point implementations also sees a 10.9x-24.4x improvement over past approaches.

To determine application performance within our architecture, we evaluate 8 neural network

activation functions, with 8-1024 processing elements serving 1024 parallel neurons. By classi-

fying functions based on their computational intensity, i.e., number of operations per datum, we

find basic functions like ReLU are too simple for our approach. However, all tested functions of

higher computational intensity see improvement, with the sigmoid, swish, and tanh functions

benefiting most.

Compared to a traditional, simplified dataflow approach, where each of the 1024 parallel data-

paths require a dedicated processing element, we see an average 21% improvement in throughput

and 29% for latency in pools with 64-256 processing elements serving 1024 data-paths.

With our approach, FPGA applications can scale performance up or down by adding/removing

processing elements from compute pools. An application can be designed (or a neural network

trained) on a larger FPGA, then deployed on smaller devices at a known performance cost,

determined by our described performance model. We demonstrate that a mismatched number
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of data-paths and processing elements is both expected and required for optimal performance.

We find maximising performance is achieved by supporting access to FPGA processing elements,

not simply maximising resource use.

We demonstrate support for non-deterministic processing elements within our new compute

pool architecture, and explore a new inter-pool routing scheme for successive compute pools.

By allowing the parallel data-paths between pools to become temporarily out of sync, compute

pools with few processing elements will see average latencies reduced by at least 11% for 2

successive pools, rising to over 40% for 5 pools.

As processing elements in a compute pool are collectively responsible for serving a function, we

are able to provide support for new, fractional processing elements. These elements specialise

in serving a set range of incoming function calls, with the limitation that an individual element

may not be able to serve all possible function inputs.

In pools serving many parallel data-paths with few, full processing elements, the addition of

these new fractional processing elements can see upwards of 85% reductions in expected latency.

By tailoring both the number of small, fractional elements and the range of inputs they cover,

we also provide a more fine-grained means of adding and removing FPGA resources to/from

an application.



Chapter 6

Conclusion

In this thesis we look to improve the performance of low latency applications within recon-

figurable devices through improved architectures and a more optimised use of resources. This

chapter describes the contributions we make towards achieving this goal, discusses our results,

and outlines possible areas of future work.

6.1 Summary of Achievements

Low latency applications implemented within FPGAs face a number of challenges. These stem

from both traditional latency reduction challenges, as well as when deploying such applications

within an FPGA. Although FPGA development can be slower and require more specialised,

low-level design knowledge compared to CPU-based solutions, it offers a number of unique

advantages and opportunities.

In Section 1.2 we identify 3 challenges for low latency applications within FPGAs: (C1) the

low latency processing of data in edge computing environments, with a focus on financial data;

(C2) facilitating low latency, shared access to memory resources; and (C3) a unified means of

sharing access to all of the heterogeneous processing elements on an FPGA. In this section we

describe the contributions we have made towards addressing these challenges.
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Low latency, network-level processing of financial data feeds

The first challenge lies in exploring ways of leveraging FPGAs deployed at the network level.

In Chapter 3 we describe an FPGA design for in-network arbitration of the redundant A/B

data feeds provided by financial exchanges. This arbitration function must be carried out by

all downstream applications, so we consolidate this functionality, and perform it only once at

the network level.

Our key goals here were: (a) low latency, deterministic performance; (b) provide a general-

purpose solution, supporting a wide range of communication protocols; and (c) allowing for

application-specific optimisations and control in the more general-purpose, network level appli-

cation.

For (b) and (c), we support the different priorities of different downstream applications by

providing two simultaneous output streams: one prioritising low latency and one prioritising

high message reliability. An important addition to this is the ability for downstream applications

to control, in real-time, the windowing method used by the high reliability output stream. These

modes are based on timeouts, the number of messages received, or both.

Performing arbitration at the network level also allows a broader, less application-specific view

of data streams. As part of our work we present a model to describe message and packet

processing latencies. This can indicate data feed saturation within the windowing methods,

i.e., the point at which network, communication, or traffic volume issues, begin to degrade

arbitration performance. When analysing network traffic, the model provides a quantifiable

means of identifying when use of the low latency output stream, rather than the high reliability

stream, becomes the optimal approach.

In addressing goal (a), we implement our arbitrator on a Xilinx Virtex-6 FPGA, demonstrating

latencies of 7 cycles for the high reliability mode, while the low latency mode requires just 1 cycle

for simple arbitration. High reliability therefore achieves latencies of 42ns for TotalView-ITCH

data feeds, and 36.75ns for OPRA and ARCA feeds. The low latency mode then corresponds
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to latencies of 6ns and 5.25ns respectively. In addition, our dataflow design means latencies

are deterministic. This improves on CPU-based designs that see uncertainty from caching

issues, DDR memory operation latencies, and possible CPU scheduling conflicts in multi-user

computing environments.

For the three messaging protocols examined, TotalView-ITCH, OPRA, and ARCA, we offer

latencies 10x lower than an FPGA-based commercial design and 4.1x lower than the hardware-

accelerated IBM PowerEN processor. Our arbitrator achieves throughputs of 21.3Gbps for

TotalView-ITCH, and 24.3Gbps for OPRA and ARCA, more than double the specified 10Gbps

network line rate.

The most resource intensive protocol, TotalView-ITCH, is also implemented on a Xilinx Virtex-

5 FPGA within a network interface card, and tested using real market data. Through use of

our model, performance estimators, and our new cycle-accurate FPGA testing framework, we

demonstrate the effectiveness of our design at message rates 100 times their current level.

Reduce memory access latencies for highly parallel, latency-sensitive functions

The second challenge involves reducing latency when multiple, parallel accesses are required

to a shared resource. This parallelism may come from many independent applications or from

just one application which itself contains multiple, parallel data-paths, like a neural network.

Chapter 4 describes our focus on lowering memory access latencies and how we apply this to

memory-based computing. Using pre-computed function values and memory-based look-ups,

we use a new, ring-based topology to provide independent access to the NSM individual BRAMs

that are traditionally grouped together within the FPGA and accessed as a single, monolithic

memory unit.

Here, our key goals were for: (a) the consistent, low latency performance of any function

implemented with memory-based computing; (b) a high-level, automated tool for developers

to make use of our approach; and (c) favourable performance, routing, and arbitration logic

when scaling to both higher numbers of parallel function calls, and higher numbers of BRAMs.
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For (a), when looking to memory-based computing, we target low latency applications: em-

ploying complex, multi-cycle functions; requiring iterative computation, but lacking the latency

budget for such solutions; and/or relying on high levels of parallelism.

As compute-bound functions will be converted to memory-bound look-ups, we see the latency

of any function reduced to just a single cycle. This is of particular benefit to latency-sensitive

applications which are improved by latency-costly methods, such as the higher degrees of nu-

merical precision that come from iterative computation.

We find functions require a computational intensity—i.e., the number of operations per byte—

of at least 0.25 ops/byte for 16-bit functions, or 0.5 ops/byte for 8-bit functions to see benefits

from our approach. For goal (b), an automated tool is provided to convert existing Python

functions and memory structures to our new architecture. Both integer and arbitrary precision

floating-point numbers are supported. As no function transformations or approximations are

used we guarantee: accurate and consistent results; a high degree of function compatibility;

and low barriers for entry when porting new or existing functions to our architecture.

Low latency performance and resource use are factors when scaling to increased levels of paral-

lelism (c). Our interconnect scales linearly with both the many D memory reads—i.e., function

calls—as well as to the many NSM BRAMs that collectively store the function data. We find

this scaling is most efficient when the number of D parallel function calls exceed the number of

NSM sub-memories. Our interconnect is also found to require less logic, routing, and arbitration

compared to point-to-point, crossbar, and multi-stage networks.

The width of the function’s input data is shown to be the main limiting factor to a memory-

based computing approach. When implementing our new architecture on the Xilinx Alveo

U280 accelerator card we find 12-bit functions to be the most resource efficient. However,

16-bit designs are preferred due to their alignment to standard data formats.

When assessed against square root, Gaussian, trigonometric, and hyperbolic functions, we see

a 37-92% reduction in LUTs per parallel function call. This demonstrates our approach can
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efficiently free up these resources when transitioning to a memory-based computing solution.

For performance, we also show a 4.4x to 29x reduction in latency compared to past works.

The key benefit of our approach is the support for any 16-bit function, offering a 1-cycle latency

and high, sustained 300MHz operating frequency for up to 1024 parallel function calls. By using

the 2 read ports of Xilinx BRAMs we can further lower latency, averaging just 0.5 cycles per

parallel function call.

Centralised compute pools for shared access to FPGA processing elements

As a natural extension of the previous challenge, the third challenge identifies a broader need

for facilitating shared, parallel access to all FPGA resources, not just memory. This requires

a much more robust, generalised framework able to support any type of processing element,

while still scaling favourably to higher degrees of parallelism.

Our goals were to: (a) support all of the different types of processing element available on

the FPGA; (b) unify them into a scalable, high-level architecture; and finally, when building

applications with this new architecture we should (c) efficiently utilise all FPGA resources and

(d) facilitate high throughput, low latency, and resource-efficient designs.

Chapter 5 introduces a latency-centric, call-and-response model that allows us a single, unified

view of the many heterogeneous processing elements within an FPGA (a). From this model we

create a new compute pool architecture, where each compute pool contains many different types

of processing element, each implementing the same function. Our approach unifies processing

elements based on function, not implementation. A compute pool therefore supports processing

elements with different implementations, connections, pipeline lengths, latencies, as well as non-

deterministic latencies.

For (b), we see that when implemented on the Xilinx Alveo U280 accelerator card, our new

compute pool architecture and rotating scheduler scale linearly with parallelism. When scaling

from 16 parallel function calls to 1024, using 32-bit data-paths, we can achieve a 64x increase

in parallelism with only 23.8x the resources.
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Past coarse-grained architectures within FPGAs can suffer from low resource utilisation when

applications are built atop their new frameworks. In contrast, by supporting any processing

element implementation we achieve goal (c) by demonstrating 96.2% utilisation for pools with

1024 parallel data-paths, and 99.8% for 16 data-paths. Our maximum throughput for 32-bit

floating-point implementations also sees a 10.9x-24.4x improvement over past approaches.

Expanding on our model, we explore a new inter-pool routing scheme for designs employing

multiple compute pools. By allowing the parallel data-paths between successive pools to become

temporarily out of sync, compute pools with few processing elements serving many parallel

paths see average latencies reduced by at least 11% for 2 successive pools, rising to over 40%

for 5 pools.

To determine application performance within our architecture for goal (d), we evaluate 8 neural

network activation functions on the Xilinx Alveo U280. We find basic functions like ReLU—

composed of just a 1-bit comparator—are too computationally simple for our approach. How-

ever, all other tested functions see improvement, with the sigmoid, swish, and tanh functions

benefiting most.

When testing 8-1024 processing elements serving 1024 parallel neurons we see an average 21%

improvement in throughput, and 29% for latency. A traditional, simplified dataflow approach

would see 1024 processing elements serve the 1024 data-paths, but we see these improvements

when only 64-256 processing elements serve the 1024 data-paths. We demonstrate that a

mismatched number of data-paths and processing elements is both expected and required for

optimal performance. Maximising performance is therefore achieved by supporting access to

FPGA processing elements, not simply maximising resource use.

With our new architecture, the multiple processing elements within a compute pool are collec-

tively responsible for serving the pool’s implemented function. We explore this idea, and expand

on goal (d), by introducing support for new, fractional processing elements. These elements

specialise in serving a set range of incoming function calls; however, individual elements may

be unable to serve all function inputs. This model allows individual elements to become more

specialised, opening the door to the use of more optimised and targeted processing elements.
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Adding these new fractional elements to compute pools containing small numbers of conven-

tional, full processing elements, sees upwards of 85% reductions in expected latencies. By

tailoring both (1) the number of small, fractional elements and (2) the range of inputs they

cover, this approach provides a more fine-grained means of adding/removing FPGA resources

to/from an application.

6.2 Future Work

When describing our work in this thesis we have also looked to outline its limitations. Some

of these may be addressed in future work, either through new solutions, new design choices, or

via the use of a more general-purpose tool for implementing FPGA designs using our ideas.

In regards to in-network processing, our arbitrator is implemented as an application for bespoke

clusters. It may therefore be unsuitable for deployment in a cloud computing environment

without additional care taken to ensure we do not interfere with background network traffic.

We seek to improve low latency applications via memory-based computing and our new rotating

scheduler and architecture, described in Chapter 4. While not only applicable to memory-based

computing, we see promising results when it is used in this context. However, the small BRAM

storage elements we use limit us to smaller data widths. This approach may then not be

applicable to more general-purpose computation, such as those based on common 32-bit and

64-bit data widths.

In regards to the compute pools we introduce in Chapter 5, the definition and use if processing

elements should be more strictly codified. How best do we include processing cores, such as

those of CPUs, GPUs, and AI Engines, if they contain functionality—such as accumulators—

that may be incompatible with a compute pool model?

In this section we will address these issues and discuss the areas where our existing work could

be further developed or improved. We will also look to highlight some possible directions for

future research.
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6.2.1 FPGA Processing at the Infrastructure Level

Adoption of the Micro-service Model

The message data feed arbitrator we describe in Chapter 3 allows downstream applications

to control aspects of the arbitrator’s operation, specifically, the threshold values for the high

reliability windowing modes. This should be expanded to allow (a) downstream applications

a greater range of control, and (b) the arbitrator itself to act as a source of information.

For (a), an increased range of control could see an expansion of our 3 windowing methods such

that determinations are made based on message contents, rather than the message meta-data of

timeouts and message counts. Meanwhile, for (b), Section 3.7 shows message rates can act as

an indicator of the arbitrator becoming saturated, leading to reduced performance. This insight

can also be of benefit to downstream financial applications, or even to network monitoring and

management tools.

Future applications should then look to follow the micro-service model [198], which sees common

schemes and protocols for transaction-based—often stateless—communication between services.

Alignment with this model ensures both compatibility with wider industry practices [199], and

that there is some common mechanism for other applications to interact with, control, and

access useful information within these new, in-network applications.

In-network Pre-processing of Data

In addition to financial data feed arbitration, we can consolidate other common financial func-

tions at the network level. One example is on-the-fly calculation of financial indices. These

track the price of a group of assets, normally as a weighted sum. The index price is updated

when the price of any constituent asset changes, so index price calculations must be performed

regularly. Common signal analyses, such as tracking the moving average price or volatility of

some security, could also be consolidated at the network level.

Other financial data processing approaches might see these common calculations performed

on dedicated compute nodes, stored in a central database, then later read out by interested
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applications. We can instead perform calculations on messages as they pass through the FPGA

NIC, then append results to the end of the message packet itself. This lowers processing latency

and reduces the total amount of network traffic.

The consolidation of common functions in other domains is also possible. For example, with

distributed data storage, the integrity of data can be verified as it passes through the network.

An appropriate error detection and correction scheme could see errors fixed automatically [200].

Data security and encryption policies can also be checked and enforced in real-time [201].

The inclusion of FPGAs as the network level processing device, rather than CPUs, brings

additional benefits for such in-network processing. A CPU-based control flow model might see

transmitted packets written to and read from a storage buffer. In contrast, the dataflow model

of execution within FPGAs mean the contents of each packet will always be streamed through

the FPGA. A deeper inspection of packets then comes at a minimal cost. The dataflow model

can also help provide tighter bounds when guaranteeing deterministic behaviour due to the

integrated nature of memory and processing resources.

Stand-alone In-network Applications

Rather than just acting to process data within a data centre environment, in-network processes

can instead be classed as an application in their own right. The micro-service model sees

applications formed from the coordinated effort of many, smaller services. However, for simple

applications, the use of a single, small service may be sufficient.

The Internet of Things (IoT) refers to the growing number of small, internet-connected devices

that serve a simple function. Examples include consumer devices, such as “smart” thermostats,

refrigerators, doorbells, etc, as well as enterprise devices such as security, monitoring, and

industrial control equipment. Such devices may depend on cloud computing environments for

computing tasks, or for some additional form of coordination or control. These simple needs

can be met by equally simple applications.

FPGAs contain many resources that can be formed into independent processing elements. The

inherently parallel nature of FPGAs mean many small packet processing applications can be
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hosted on a single FPGA device. Multiple FPGA applications can then query the packet as

it passes through the network pipeline. For comparison, the CPU-based control flow model

is limited by the centralised nature of the processing elements, and faces a memory access

bottleneck when multiple processes operate in parallel. FPGAs are the natural choice for such

stand-alone in-network applications, and are the ideal platform for exploring such future work.

6.2.2 Optimising Parallel Access to Shared Resources

Improving the Alignment of Function Calls

When introducing our new low latency interconnect in Chapter 4, we show that the lowest

latencies are achieved when each of the D parallel function calls are exactly aligned with the

sub-memory they target. That is, when the function call first stored in register 0 targets sub-

memory 0, the function call in register 1 targets sub-memory 1, and so on. As all function calls

can then be served immediately, such a configuration would require only 1 cycle to process all

of the D parallel function calls.

It is difficult to ensure this alignment with real-world data; however, even small efforts towards

optimising alignment can see large improvements. For this, future work should explore the use

of pre-sorting methods for the D parallel function calls to memory. As multiple function calls

may target the same sub-memory, a complete sort of all parallel calls should not be our goal.

We must instead look to reduce overall latency by rearranging function calls so that they align,

or are more likely to align, with the correct sub-memory.

In Section 4.7 we evaluate our interconnect using D=1024 parallel data-paths. 1024 calls to a

traditional, monolithic memory would typically require 1024 cycles. Using our new architecture,

it is worth spending 10s or even 100s of cycles to align, or more favourably align, these function

calls if it can lead to greater latency savings. The nature and performance of such sorting

methods is an interesting avenue to explore for optimising the use of our new architecture.

Support for Different Types of Memory

The goal of the new interconnect we introduce in Chapter 4 is to facilitate many parallel, low
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latency accesses to memory. For choice of memory, we therefore focus on FPGA BRAMs due

to: (a) the large number of BRAMs available on FPGAs, (b) their 2 independent access ports,

and (c) their 1-cycle access times. However, the small storage capacity of BRAMs is a limiting

factor in supporting higher data widths.

As part of our work, we looked to memory-based computing to offer memory access improve-

ments to low latency, compute-bound applications. As storage constraints caused resource use

to scale exponentially with data width, we chose to support up to 16-bit functions. Supporting

higher data widths would make our architecture available to a greater range of functions, make

it easier to transition existing designs to our architecture, and lower the level of computational

complexity required to benefit from our approach. For this we must look beyond BRAMs.

DDR memory has greater storage capacity, but suffers due to the limited number of access ports

and high latencies for random memory accesses. HBM is a promising candidate. Its storage is

comparable to DDR memory, but offers independent access to its multiple memory banks. The

Xilinx Alveo U280 accelerator card used to evaluate our work in Chapters 4 and 5 includes 8GB

of HBM [202], with 32 independent access ports. The reduced number of access ports compared

to BRAM becomes a limiting factor. From Eqn. 4.1 we find that a 16-bit function would use

64 BRAMs, and therefore possess 128 access ports. Another issue with HBM is that it uses

DDR memory for storage, leading to the same high latencies for random memory accesses.

These factors, combined with the many different types of memory on the FPGA, mean a hybrid

approach is the next logical step when expanding our use of memory. This opens up traditional

FPGA memory resources—such as UltraRAMs, distributed memory, DDR, and HBM—but

also network-attached storage. For such an architecture, a more general NUMA [203] model

is needed. The interconnect we develop in Chapter 4 requires deterministic read latencies,

however, we can make use of the framework developed in Chapter 5 to overcome this limitation.

Adopting a memory hierarchy approach would provide a sliding scale of performance. The

storage requirements for 16-bit functions, for example, could be met entirely by BRAMs.

Functions with wider data widths would require more storage. Thus, additional memory—
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like HBM—would be needed to serve some function calls. Traditional memory improvements,

like caching [204], can also aid in lowering access latencies. We discuss a number of different

possible improvements in greater detail in Sections 2.4.3 and 2.4.4.

The evaluation of such a multi-memory architecture would seek to determine both the efficacy of

the approach, and the stage at which the support for higher data widths begins to compromise

our goal of low latency memory access.

6.2.3 The Compute Pool Model

Greater Focus on Processing Elements

The compute pools introduced in Chapter 5 support any number of heterogeneous processing

elements. We place no limits on the implementation or behaviour of processing elements. If

we extend the traditional definition of a “processing element” we can open up access to a more

diverse range of current and future resources.

An extended processing element may be a gateway to some system or network level resource,

such as a shared database, or an external hardware accelerator. The extended element may also

simply be a communication channel to other compute devices; we would pass function input

data to this processing element, wait L cycles, then retrieve the result.

For such a system, the latency-centric, call-and-response model we describe in Section 5.6, forms

the heart of this new architecture. Its unified, implementation-agnostic view of processing

elements means we are able to support any processing element. By using latency as our

“common currency” for determining performance, low latency applications will see particular

benefit from this increased processing element diversity.

Further Examination of Fractional Processing Elements

From Fig. 5.12, we see that the performance of fractional elements peak when serving only

25-30% of all possible function inputs. Serving a wider range of function inputs does not lead

to higher throughputs or lower latencies. Large numbers of these smaller, more optimised
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processing elements may then be the optimal model in terms of both performance, power, and

resource use.

Traditional, fully implemented processing elements may then be long past the point of di-

minishing returns. We only briefly explore this within the context of evaluating these new

fractional elements in Section 5.11. An interesting research question remains in how effective

these fractional elements will be in completely replacing traditional, full processing elements.

FPGA-agnostic Application Development

Our new compute pool architecture would benefit from a more formal application development

process. This would both streamline application design, and improve our compatibility with

HLS development flows.

A key benefit of our approach is that while the number of parallel data-paths connected to a

pool is exactly defined, the number of processing elements within a pool is not. An application

can be designed, simulated, built, and tested using a minimal design, i.e., just one processing

element in each compute pool. We can then demonstrate the correctness of a design without

the long build-times typically associated with FPGA application development.

As a final step, the number of processing elements in each pool is increased until optimal

performance is reached for our target FPGA. If we generalise this approach, we can provide

a tool for the automatic design space exploration of mixed-resource designs. Given a target

FPGA and resource budget we could, for example, (a) promote the use of all the processing

elements on large, heterogeneous FPGAs, or (b) create a high performing, minimalist design

so the application can fit on smaller devices.

As we mention in Section 5.9, neural networks in particular would see benefits from such a design

flow. Neural networks could be trained on a large FPGA with many processing elements, then

deployed on a smaller FPGA by using fewer elements in the compute pools. Since activation

functions have shown such promise with our new architecture, a more in-depth examination

should be carried out.
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With our implementation-agnostic compute pools, we could provide developers with parametric

libraries of common neural network activation functions. Each function would be implemented

on, and optimised for, multiple sets of FPGA processing elements. These new parametrised

library functions can then automatically populate a compute pool with processing elements

to fit a desired throughput, latency, or resource use goal. The low-level implementation and

management of these functions is then fully abstracted away from the developer.

Existing libraries of processing elements can also be used without modification, along with the

long established and well supported development and analysis tools developed by Xilinx [72],

Intel [74], and third-party developers [205].

Run-time Control of Compute Pools: Performance

Our evaluation of compute pools in Chapter 5 looked at design space exploration for throughput,

latency, and resource use, but not power. Compute pools provide an excellent mechanism for

dynamic power control. A pool with N full processing elements can disable 1 or more elements

to reduce power use. The application will naturally see a reduction in performance, the latency

penalty for which can be determined by our model described in Section 5.6.

Another area where dynamically enabling or disabling pool elements can be of benefit is within

elastic processing environments. Here, the number of processing elements in a compute pool is

used to determine application performance. A user will configure their application or system for

an initial level of performance, then when workloads increase, this performance can be scaled

up in real-time by enabling additional processing elements within a compute pool.

Similar setups are used by cloud computing [56] [57] [58] regarding virtual CPUs, the number

of which can be scaled up or down at run-time. With our new compute pool model we can

extend this level of fine-grained control to FPGA-based applications.

Run-time Control of Compute Pools: Applications

Run-time control can also be applied to fault tolerance in safety-critical systems. Here, we can

modify the level of processing redundancy within a compute pool. Instead of being served by 1
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of N processing elements, each function call could be served by k of the available N elements.

The k results would then be compared using a standard majority-rule to produce a single, final

result. This level of k redundancy may then be time, application, or function specific, and can

allow failing processing elements to be easily removed and replaced within the compute pool.

Run-time control of processing elements can also have wider-reaching application benefits. One

example is helping protect against side-channel attacks on cryptographic functions. Processing

time and power use are two of the main indicators that may leak information to potential

attackers [206].

By randomly enabling/disabling processing elements in a pool that perform some cryptographic

function, we make processing time and power use less predictable. Uncertainty is introduced

both between repeated calls to the same function, as well as within the function itself. The

heterogeneous nature of processing elements in the pool also adds uncertainty due to their

different implementations, resources, latencies, and power use.

6.3 Final Thoughts

FPGAs provide a powerful and highly varied platform for computer processing, bringing to-

gether many different memory resources, processing elements, and architectural ideas. The

inclusion of many different interconnected and configurable resources mean FPGA designs can

often blur the line between hardware and software solutions.

This latter point means application development on FPGAs can tend to be more time con-

suming and requiring of specialised hardware knowledge. We must therefore ensure that the

benefits and possibilities of FPGAs are not overshadowed by the often longer and more involved

development process. For this goal, we see our higher-level, general-purpose approach to FPGA

processing elements and application design as the way forward.

Our performance and resource models, described in Chapters 4 and 5, allow us to efficiently, and

scalably, unify current and upcoming processing elements—like Xilinx’s new AI Engines [14]—
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while also allowing for the inclusion of future memory and processing resources. Unifying

access to FPGA resources, streamlining development, and more closely aligning to existing

HLS development flows, will mean the potential of FPGAs as a dedicated computing platform

can be more fully realised.

With the introduction and examination of our new architectures and ideas, we hope this thesis

can make progress towards this goal, and look forward to continuing this research into the

future.
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