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Abstract

Many algorithms and applications in scientific computing exhibit irregular access

patterns as consecutive accesses are dependent on the structure of the data being

processed and as such cannot be known a priori. This manifests itself as a lack

of temporal and spatial locality meaning these applications often perform poorly in

traditional processor cache hierarchies. This thesis demonstrates that heterogeneous

architectures containing Field Programmable Gate Arrays (FPGAs) alongside tra-

ditional processors can improve memory access throughput by 2-3× by using the

FPGA to insert data directly into the processor cache, eliminating costly cache

misses.

When fetching data to be processed directly on the FPGA, scatter-gather Direct

Memory Access (DMA) provides the best performance but its storage format is

inefficient for these classes of applications. The presented optimised storage and

generation of these descriptors on-demand leads to a 16× reduction in on-chip Block

RAM usage and a 2⁄3 reduction in data transfer time.

Traditional scatter-gather DMA requires a statically defined list of access instruc-

tions and is managed by a host processor. The system presented in this thesis

expands the DMA operation to allow data-driven memory requests in response to

processed data and brings all control on-chip allowing autonomous operation. This

dramatically increases system flexibility and provides a further 11% performance

improvement.

Graph applications and algorithms for traversing and searching graph data are used

throughout this thesis as a motivating example for the optimisations presented,

though they should be equally applicable to a wide range of irregular applications

within scientific computing.
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Chapter 1

Introduction

1.1 Motivation and Objectives

This section sets the scene for the work to follow and outlines the motivations for seeking

performance improvements in applications featuring irregular data structures through the use

of heterogeneous Central Processing Unit (CPU) and Field Programmable Gate Array (FPGA)

systems. It firstly outlines the ‘Memory Wall ’ between processor and memory performance,

how this affects scientific computing and finally how heterogeneous architectures may provide

opportunities to improve the memory performance of these applications.

1.1.1 The Memory Wall

In 1995 Wulf and McKee [1] coined the term ‘Memory Wall ’, predicting that the difference in

growth rate between processor speed and Dynamic Random-Access Memory (DRAM) access

speeds would, in the future, lead to a situation where memory access times outweigh any perfor-

mance improvements gained by faster processors and form a bottleneck on system performance.

Though both processor and memory access speeds were growing exponentially, the growth rate

for processor speeds was significantly larger than for memory (80% and 7% per annum respec-

tively). These so called ‘learning curves ’ are exponential functions of performance against time

1
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with a constant percentage of improvement for a given time period [2]. Other famous learning

curves include Moore’s Law [3] which describes the doubling of the number of transistors per

square inch, per year.

Using a simple model for the average time to access memory (see Equation 1.1), where tc is the

cache access time, tm is the memory access time and p is the probability of the data request

resulting in a cache hit, Wulf and McKee [1] showed that, although (1−p) is small, as tc and tm

diverge the average access time will increase and eventually hit a wall where memory references

dominate system performance and any further improvements to CPU performance will have no

impact on system performance.

tavg = p× tc + (1− p)× tm (1.1)

Wulf and McKee’s paper, in the authors own words, “incite[d] people to think about the prob-

lem” [4] and led to a number of proposed architectural changes to address the upcoming memory

wall. Machanik [2] provides a good summary of the approaches considered up to 2002 (which

will be discussed in Chapter 2), but concluded that whilst a number of the proposals provided

one-off improvements, the underlying disparity between DRAM and processor performance was

not radically altered and that, without major hardware innovations, the memory wall was likely

to become an issue in the future.

A decade after the original paper, one of the original authors looked back at the memory wall

prediction [4]. They reported that whilst not all applications were hitting the memory wall,

some applications, particularly in scientific computing, were suffering from memory bottlenecks

with up to 95% node idle times, where the processor was stalled waiting for data to be returned

from memory. It was clear that efficiently managing off-chip memory accesses was going to

become increasingly critical for optimal system performance. Figure 1.1 shows the growing

disparity between CPU and memory access speeds between 1990 and 2016 based on data from [5]

and [6]. Around 2003 the dramatic growth in CPU speed was halted by physical limitations

relating to heat dissipation, power consumption and current leakage issues [7]. Though memory
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performance has continued to improve at a fairly consistent rate, there is still a substantial

difference between the peak attainable memory and CPU performance.
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Figure 1.1: Historical trend of peak clock rate for memory accesses and CPU performance.
Based on data from [5] and [6]. Data beyond 2010 are future projections based on the reported
trends in 2010.

Twenty years on, the efficient use of off-chip memory resources is still an active area of research.

A brief search of the IEEE Xplore Digital Library [8] reveals hundreds of publications in the

last 10 years with a link to improving memory performance. It is within this broad category

that this thesis will sit.

1.1.2 Data Access Patterns in Scientific Computing

CPU caches can provide substantial performance improvements for computations which exhibit

strong temporal and/or spatial correlation [5]. Temporal correlation describes the situation

where if a piece of data has been accessed, it is likely to be accessed again in the near future

and therefore it may benefit from being cached locally to the CPU. Spatial correlation describes

the situation where if a piece of data has been accessed recently, it is likely that the adjacent

pieces of data will be accessed in the near future. Caches exploit this by loading lines of data
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containing multiple data values when a data request is made.

It has long been known that certain forms of computation, particularly in scientific computing,

do not fit the model of temporally and spatially correlated data accesses [9]. These are often

applications were the program flow is data-dependent and data access patterns are not known

a priori. Examples include matrix computations [10], particle mesh simulations [11] and opera-

tions and applications utilising graph-based data structures [12]. Without careful optimisation,

these applications therefore exhibit poor cache performance and are often memory-bound, lead-

ing them to suffer disproportionately from the disparity between processor speed and memory

access times.

In this thesis, applications using graph-based data structures have been selected as a subset of

interest from these applications as a motivating example and set of case studies for the improve-

ments to memory access performance which will be demonstrated throughout the document.

Throughout this thesis, a graph (G) can be formally defined as a collection of vertices (V)

connected by edges (E) [13], i.e.

G = (V,E)

When each vertex in the graph is only connected to one or a few neighbouring vertices, the graph

is classified as being sparse. Figure 1.2 shows an example sparse graph representing a simple

social network. Each vertex corresponds to a user and the edges correspond to communications

between the users. In this case the edge state Cj could represent message count between two

users.

To demonstrate the lack of temporal locality in graph applications, an implementation of the

BFS graph search algorithm using the C++ Boost Graph Library (BGL) was created to measure

the ‘reuse distance’ between nodes as defined in [14]. The reuse distance is a measure of the

number of nodes which are accessed between any repeat accesses of a particular node. This

provides a measure of the degree of temporal correlation which is present within the algorithm

which is not tied to specific cache size and prefetch implementation details.

The distribution of reuse distances for a BFS search across a Recursive Matrix (R-MAT) [15]
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Figure 1.2: A sparse graph representation of a simple social network with five nodes and eleven
edges. Edges from node i to node j are labeled with edge weight Cij.

randomly generated graph with 16,384 nodes and 425,656 edges is shown in Figure 1.3. As

a comparison a software implementation of the insertion sort algorithm [16] (a simple sorting

algorithm with high locality) is also shown. Insertion sort was used to sort an array of the

same size as the node count of the R-MAT graph. Here reuse distance was defined as the

number of accesses between any repeat accesses of a particular array index. It is clear that the

graph implementation exhibits much lower data locality than the traditional algorithm with

the majority of accesses having a reuse distance of over 9000 accesses compared to the insertion

sort where 95% of indexes have a reuse distance of less than 1000 accesses. As a result the

graph application is likely to suffer a much higher cache miss rate and worse performance as a

result of the overhead of memory operations.

1.1.3 Reconfigurable and Heterogeneous Architectures

When software performance of algorithms is insufficient it is common practice to utilise hard-

ware implementations specifically designed to implement the desired algorithm, as opposed

to general purpose CPUs, to obtain better performance. Application Specific Integrated Cir-

cuits (ASICs) are hardware chips designed to implement one specific algorithm and are able

to provide fast and efficient execution. However as they are specifically fabricated for a one-off

application, any changes to the system require fabrication of a whole new ASIC, with the as-
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Figure 1.3: Reuse distances (as defined in [14]) for the Boost BFS implementation compared
to those for insertion sort.

sociated design, implementation and deployment costs. Reconfigurable computing allows the

creation of systems which benefit from the performance improvements of dedicated customised

hardware, whilst maintaining a greater degree of flexibility than ASICs [17].

The most common reconfigurable platform is the Field Programmable Gate Array (FPGA).

FPGAs consist of a number of Look Up Tables (LUTs), each of which can perform a simple

logic function linked by a programmable interconnect fabric. They are also often coupled

with coarser-grained functional units such as dedicated multipliers or Digital Signal Processing

(DSP) blocks [18, 19] as well as small internal memories. As their name suggests, they can

be reconfigured with new logic designs even ‘in the field ’ after deployment without the costly

tooling overheads of ASICs.

FPGAs perform particularly well with applications that contain a high degree of parallelism

as multiple functional blocks can be implemented in parallel and pipelined to provide high

throughput with new data being generated every cycle, whereas a processor may take hundreds

of cycles [20]. This however comes at the cost of chip area; [20] notes that when performance

is not a priority, processors can often perform the same computation using less area than on a



1.2. Reconfigurable Hardware for Memory Bound Computation: An Unusual Combination? 7

FPGA. Hybrid systems with a CPU and a coupled FPGA (often as a coprocessor) allow the

performance-limiting sections to be run efficiently on the FPGA whilst the non-critical code

can be executed with minimal area overhead on the CPU [19, 20].

In recent years, developments in chip fabrication have led to the commercialisation of hetero-

geneous platforms which combine CPU cores and FPGA programmable logic on a single die.

Platforms such as the Xilinx Zynq [21] and the Altera Cyclone V System-on-Chip (SoC) [22]

combine a dual core Advanced RISC Machines (ARM) Cortex A9 processor alongside the re-

spective company’s Programmable Logic (PL). Low latency links are provided between the CPU

and the programmable logic, and both have high-speed links to the shared external memory.

1.2 Reconfigurable Hardware for Memory Bound Com-

putation: An Unusual Combination?

At first approach, FPGAs may not appear the natural choice for improving the performance

of these irregular scientific computing algorithms as these algorithms are often memory bound

rather than compute bound and therefore will see limited benefit from the massive parallelism

offered by reconfigurable hardware. However heterogeneous architectures provide some unique

opportunities for improving memory performance thanks to low latency links between a general

purpose CPU and customisable hardware, both sharing high speed links to external memory.

This thesis seeks to examine how the alternative data paths and processing options provided

by these platforms can be used to improve memory access performance of irregular algorithms

over a traditional CPU-only based implementation.

Though the approaches utilised in this thesis will be broadly applicable to a range of different

irregular algorithms, a specific use case is chosen to demonstrate the memory access improve-

ments which can be achieved through the use of heterogeneous reconfigurable hardware. This

thesis will focus on graph data structures and algorithms which traverse them as a motivating

example for demonstrating the potential performance improvements which can be gained in
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these applications as graphs are a widely used data structure for a range of scientific computing

applications and are classic example of irregular applications [23].

1.3 Contributions

This section outlines the main contributions of this thesis:

• An evaluation of the suitability of datapaths provided in heterogeneous CPU/FPGA

platforms for graph processing data, including a novel method for preloading data into

the CPU cache via the FPGA.

• A method to improve the performance and storage requirements of scatter-gather DMA

transactions by generating the required control data structures on-demand from minimal

stored data.

• Design and implementation of a hardware graph processing system which provides the

benefits of Direct Memory Access (DMA) transfers without need for CPU intervention

and supports dynamic data-dependent memory transfers.

1.4 Hardware Platform and Assumptions

This work utilises the Digilent ZedBoard [24] Zynq development platform (outlined in more

detail in Section 3.2) as the demonstration platform. It also utilises the AXI DMA engine In-

tellectual Property (IP) core provided by Xilinx Inc. which supports all of their modern re-

configurable platforms (Series 7 and above) [25]. Although the implementation details and

experiments utilised in this thesis are specific to Xilinx platforms and the Digilent ZedBoard

development board, the overlying principles are applicable to all DMA engines and hardware

platforms provided by other chip vendors, for example the Altera ‘Scatter-Gather DMA Con-

troller Core’ [26] for the Altera FPGA platforms which has a very similar operating mode and

programming model.
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When designing a system to specifically support data management for graph applications, as

opposed to generic memory management systems, a number of assumptions about the nature

of the memory operations associated with graph applications have been made which aid in

enabling optimisations to improve memory performance:

• Algorithms are chosen where graph data structures have a fixed sized data structure

associated with nodes and edges, for example a simple integer edge weight or basic C-

style struct without any dynamic structure. This allows the size of data requests for any

given node or edge to be known in advance and is already the case for a large number of

graph applications, particularly those focused primarily on graph traversal.

• Control is assumed over the memory map for how and where graph payload data is stored

along with data related to graph structure, metadata and transaction information to aid

in automating and optimising operations relating to the data.

Additionally, 32-bit bus widths are utilised for all data transfers for ease of implementation as

this follows the approach of much of the documentation and examples from hardware vendors.

This provides the most interoperability between different memory buses and data channels

across a range of hardware platforms as modern 64-bit systems have back-compatibility to

support 32-bit transactions. However, it is clear that where available, utilising 64-bit buses will

provide higher throughput for memory accesses consisting of contiguous blocks of more than

32-bits. Extensions to support 64-bit and other bus widths is left to future work, though the

performance improvements shown in the coming chapters should be just as applicable to these

systems as to the experimental system used.

Where appropriate, the Discussion and Future Work sections will discuss the methods which

could be employed to relax these assumptions, along with any potential ramifications of those

methods.



Chapter 2

Background

2.1 Introduction

A literature review was conducted into the existing published work within this field to allow

the identification of promising areas to investigate and to highlight opportunities which have

yet to be realised. The review focused on three main areas:

• Caches and memory systems, with a particular focus on prefetching of future data into

the cache.

• The use of heterogeneous architectures, particularly the Xilinx Zynq SoC and its memory

interfaces.

• Hardware acceleration of graph applications, with a specific focus on how memory is

stored and accessed within these works.

2.1.1 Outline

Section 2.2 examines the works relating to improving memory performance through optimisa-

tions to caching to ensure, where possible, that data is already cached when it is requested.

10
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Section 2.3 looks at heterogeneous architectures for hardware acceleration, with Section 2.4

covering works specifically relating to accelerating graph applications. Finally Section 2.5 pro-

vides a summary of the key conclusions from the literature survey which form the background

for the remainder of this thesis.

2.2 Cache and Memory Systems

This section provides an overview of the structure of cache memories, how they are used and

the methods which have been employed to improve the access times and efficient utilisation of

these localised memories to improve overall system performance.

2.2.1 Cache Memory Overview

Cache memories are small, high-speed memories which are located between the CPU and the

main memory subsystem. Cache memories hold data which has been recently been accessed by

the CPU on the principle that it is likely to be accessed again in the future. Cache memories

are usually made up of Static Random-Access Memory (SRAM) and have a lower latency than

main memory as they are often located on the same physical die as the CPU. Cache memories

are limited in size as SRAM is several time more expensive than DRAM whilst consuming

more power and having a lower density [27]. For this reason caches are often arranged into

multiple levels with increased size and reduced speed moving away from the CPU. Data most

recently accessed will be in the highest (Level 1 - L1) cache with less recently accessed data in

lower cache levels (See Fig 2.1). It is common to have up to 3 cache levels although the Zynq

development platform used in this thesis (Section 2.3) only has 2 levels.

When a data value is requested by the CPU, the address of the requested memory is checked

against the addresses of data stored in the L1 cache. If there is a match, this is known as a

‘hit’ and the data is returned to the CPU directly from the cache. If there is not a match, this

is a ‘miss’ and the request is sent to the next level of the cache.
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Figure 2.1: Example cache hierarchy showing cache memories between the CPU and main
memory. The closer to the CPU core, the smaller but lower latency the memories become.

The limited size of the cache memory means that not all data can be stored in the cache at

one time. Therefore strategies to establish when to evict or replace data held in the cache have

developed which trade-off the likelihood of requested data being present in the cache (hit rate),

with the time taken to search the cache to establish if there is a hit. There are three main

addressing mapping modes which are used:

• Direct Mapping: This is the simplest option whereby the data for a given memory

address has only one memory location in the cache where it can be stored. This makes

searching the cache for a given value very fast, as the cache block to check can be simply

calculated from the requested address. However the hit rate of this mapping can be low as

recently requested data can be evicted by other data which shares the same cache block.

• Fully Associative Mapping: This method allows a given memory value to be stored

in any line of the cache. The hit rate is dramatically increased as recently requested data

does not need to be evicted if there is any free space anywhere in the cache. This comes

at the expense of search speed however as the entire cache has to be searched for each

request. When new data is stored in the cache, the cache line to be evicted needs to be

selected, usually following a Least Recently Used (LRU) algorithm.

• N-Way Set Associative Mapping: This approach provides a cross between the two
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approaches above. A given memory value can be stored in one of N cache locations.

This improves the hit rate by reducing the chance of requested data being evicted, whilst

simplifying the search process as only N locations need be checked for a given request.

The most commonly used approach is set associative mapping as it provides a good compromise

between hit-rate and search time. The Zynq Platform used in this work (Section 2.3) has a 32KB

L1 cache which is 4-way set associative and a 512KB L2 cache which is 8-way set associative.

2.2.2 Cache Memory Developments

Caches and memory hierarchies have evolved significantly since the late 1980s when manufac-

turing processes allowed first-level caches to be included on-chip with the processor [5]. Even

before this, a number of the key developments in memory systems which form features of caches

still in use today, including data placement algorithms, data prefetch and Translation Looka-

side Buffers (TLBs) for virtual to physical memory address translation, were already being

developed. Smith, in his 1982 survey [28] provides an overview of these early innovations. This

section highlights some of the more recent developments in cache performance improvements.

Hennessy and Patterson’s classic text [5] identifies five key features of cache systems which can

be traded off against each other when designing cache hierarchies or optimisations:

• Hit Time - When requested data is in the cache and can be returned immediately, this

is called a ‘hit’. Hit time describes the time taken to fetch data when it is in the cache.

• Miss Penalty - When requested data is not in the cache, this is called a ‘miss’. Miss

penalty describes the time taken to fetch data from the next level in the hierarchy when

it is not in the cache.

• Miss Rate - The frequency of memory requests which lead to misses.

• Cache Bandwidth - The rate of data per cycle which can be returned from the cache.

This may be a cumulative value across multiple parallel requests if the cache can support

this.
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Technique
Hit
Time

Miss
Penalty

Miss
Rate

Cache
Bandwidth

Power
Consumption

Small and simple caches + - +
Way predicting caches + +
Pipelined cache access - +
Nonblocking caches + +
Banked caches + +
Critical word first
and early restart

+

Merging write buffer +
Compiler techniques
to reduce cache misses

+

Hardware prefetching
of instructions and data

+ +

Compiler-controlled
prefetching

+ +

Table 2.1: CPU cache improvement techniques and their associated trade-offs [5]. A plus symbol
(+) indicates that the technique improves a feature, whilst a minus symbol (-) indicates that
the feature is negatively affected. The bottom three features are of most relevance to this thesis.

• Power consumption - How much power, both static and dynamic, is used by the cache

and its control circuitry when operational.

Table 2.1 shows the impact on these features for a number of cache improvement techniques.

The bottom three features are of most direct relevance to the work of this thesis and will be

addressed in further detail in Section 2.2.3, with the others covered briefly below.

Small and simple caches

Small and simple caches [29] improve hit time and power consumption by reducing the com-

plexity and overhead of choosing the correct cache line and block for a given address. However

small caches suffer higher miss rates as their reduced capacity results in a high turnover of

cached data and reduces the likelihood of the requested data being in the cache.

Way prediction

Way prediction [30] improves hit time and reduces power consumption by predicting the way, or

block, that the next cache request will hit, based on the previous access. However, when using

Most Recently Used (MRU) as a prediction mechanism, there is a reliance on access locality

for accurate predictions.



2.2. Cache and Memory Systems 15

Pipelined cache access

A classic means of increasing CPU performance is to increase processor speed and insert pipelin-

ing into the memory path. At the increased frequency, the cache cannot complete all of its

operations within one clock cycle and so pipeline stages are required. This maintains a high

cache bandwidth, once the pipeline is full, at the expense of hit time as hits now take several

cycles [5]. Increasing the number of pipeline stages however increases the penalty incurred if,

when executing an incorrectly predicted branch, rollback is required.

Nonblocking caches

Nonblocking caches allow a cache to continue to fetch and process requests whilst waiting

for data as a result of a cache miss. [31] demonstrates this leading to a 17.7% performance

improvement on the SPECCPU2006 benchmarks.

Banked caches

Banked caches [32, 33] split a single cache block into multiple banks which can be accessed in

parallel. This is particularly beneficial when access requests are spread across the banks.

Critical word first and early restart

For some access patterns, particularly those with irregular accesses, it is common that the

processor will only need one word of a block which would be fetched into the cache on a cache

miss. Early restart allows the data coming from memory into the cache to be sent to the

processor as soon as the desired word has been reached meaning the processor can continue

processing data faster. Critical word first [34] extends this by fetching the desired word first

and sending it to the processor before going back to fill in the remainder of the block.

Merging write buffer

A merging write buffer [35] allows improvements to the miss penalty when writing to the cache

but does not impact the other features. Buffering data which is due to be written down the

cache hierarchy before executing the actual write transaction allows consecutive writes which

would affect the same block to be merged into a single write-back request to the next level of

the cache. This reduces miss penalties on write requests as the processor can continue executing

once the write is written to the buffer without having to wait for the actual memory write to
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complete.

It is important to note that the approaches outlined above are not mutually exclusive and

often coexist within a single architecture. Small and simple caches, pipelined cache access and

merging write buffers are widely used across architectures, thanks to their low hardware cost

and complexity [5]. Critical word first and nonblocking caches have a greater implementation

complexity but are still widely used as the benefits outlined above outweigh the additional

hardware cost [5]. Way prediction, as described in [36] is used in Intel processors including the

Pentium family [5]. Banked caches are used in the Second Level (L2) cache of both the Intel

i7 [5] and the ARM Cortex-A8 [37], though this appears to have been dropped in the Cortex-A9

in favour of a more efficient but unified cache structure [38].

These developments, though important for efficient cache performance are beyond the scope of

this PhD as they focus more on the architectural hardware design of the CPU cache hierarchy

and would require custom hardware or in-depth simulation to investigate. The remaining fea-

tures relating to cache prefetching, although often also implemented at a similarly low level, have

the potential to be investigated and expanded using the unique coupling of CPU architecture

and programmable logic found in heterogeneous System-on-Chip (SoC) devices. Applications

operating in ‘user mode’ on the CPU or custom logic on the FPGA have the ability to influ-

ence and set the data which is stored in the cache so that it is already cached when requested

by the target application. These approaches allow development of cache improvements with

much shorter development and iteration times, less specialised low-level architectural knowl-

edge requirements and produce solutions more likely to be portable and retrofittable to existing

hardware architectures. The published approaches to cache prefetching will be discussed below.

2.2.3 Compiler Techniques and Cache Prefetching

Cache prefetching involves the cache loading data values before they have been requested by the

processor [39]. The concept was initially studied in the early 1970s where Joseph [40] studied

the impact of predicting which memory page to be loaded next in a paged-memory system to
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reduce the overhead of page faults. This allowed the size of memory pages to be reduced from

1000s of words down to 32-64 whilst maintaining similar fault rates of the larger page size. The

comparison with prefetching small cache-lines for future data accesses is clear. The mass appli-

cation of prefetching was questioned at the time [41] as significant performance improvements

were only seen in applications with large data stores and highly predictable accesses. In many

cases the overheads of calculating the pages to prefetch outweighed any benefits gained [28],

though technological improvements soon made prefetching a viable means of improving memory

performance. In 1989, Porterfield [42] suggested the creation of a ‘cache load’ instruction as

part of the CPU Instruction Set Architecture (ISA) to provide a consistent means for software

programmers to influence cache prefetching. This was subsequently implemented as an ISA

instruction in several Reduced Instruction Set Computing (RISC) architectures [43].

Prefetching can take two forms: hardware controlled or software initiated. In software initiated

prefetch, fetch commands are embedded at key points in the software program and map to the

CPU prefetch operation when executed. These can be handwritten by the software developer

but for ease of development effort can often be generated by the software compiler. Mowry and

Gupta [44] show that software prefetching can provide dramatic improvements with manual

addition of 29 prefetch commands leading to a 23% performance improvement for their target

matrix LU-decomposition algorithm. However scheduling where to insert fetch commands

for efficient operation is not simple; despite using profiling information the coverage factor

(fraction of original misses which were successfully prefetched) was only increased to 36% [45].

For applications with regular access patterns, for example loops iterating over arrays of data,

fetch operations can be used to prefetch data for the next iteration. Algorithm 1 (based on [45])

demonstrates the use of prefetch commands to eliminate cache misses for array accesses with the

assumption that five iterations is sufficient to mask the memory latency. Whilst this example

demonstrates prefetching for indirect array references there is still predictable structure in

the program flow which can be exploited. For irregular access patterns beneficially placing

prefetch commands is harder. In [45], Mowry demonstrates a compiler algorithm for inserting

prefetches automatically. Heuristically prefetching only references predicted to cause misses led

to speedups of up to 39%.
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Algorithm 1: Software defined loop prefetch

/* Original Loop */
1 for (i = 0; i < 100; i++) do

/* desired array access */
2 sum += A[index[i]];

/* Software Pipelined Loop (Steady state section) */
33 for (i = 0; i < 90; i++) do

/* prefetch commands */
4 prefetch(&index[i+10]); //Prefetch the index so it is fetched
5 prefetch(&A[index[i+5]]); //in time to compute and fetch A address

/* desired array access */
6 sum += A[index[i]];

Figure 2.2: Pseudocode for software prefetching for loop memory accesses. Assuming five
iterations are sufficient to hide memory access latency, all memory accesses are prefetched and
cache misses eliminated.. Based on [45].

By contrast, hardware prefetching operates without intervention from the software developer

or compiler. The cache or memory management unit will often fetch the next block of memory

when data is being accessed, or additional blocks when a cache miss occurs. This relies on

close spatial locality of data accesses which, as noted in Section 1.1.2, is often not the case

for scientific computation. Hardware prefetching can suffer from a lack of context and prior

knowledge for upcoming memory requests as prefetch decisions must be made on-demand.

Despite many advances in hardware prefetch technology [46], tests using MicroLib [47], an

evaluation framework to test published hardware prefetchers, showed only ‘a very incremental

improvement’ [46] over the prefetchers discussed by Smith in the 1980s [28]. The Next Sequence

Prefetching (NSP) from [28] performed best out of all prefetch systems tested which prefetch

into the L1 cache.

One of the potential issues with cache prefetching is cache pollution [48] where prefetched data

evicts data from the cache which is still in use or would have been accessed in the near future.

Effectively managing prefetching to reduce theses effects is an active field of research [49, 46].

Zhuang and Lee [50] show some success using an algorithm for cache pollution filtering which

reduces the number of bad prefetches but also has an impact on the number of good prefetches.

For prefetch algorithms with higher initial accuracy (more good prefetches than bad prefetches),

the cache pollution filtering can have a negative impact.



2.3. Heterogeneous Architectures and FPGA-based SoCs 19

Prefetching can also be achieved at a higher level of abstraction from the base hardware im-

plementation details. Helper threaded prefetching [51] involves using a second CPU core or

processor in a multicore system to fetch data into the cache. The ‘helper thread’ operates in

parallel to the main CPU and makes access requests for the data which will be requested by

the main thread. If this leads to a miss, the data will be prefetched into the cache and should

then be present when the main thread requests the data. This can however suffer from poor

efficiency and large bandwidth overheads [51], particularly when there is a concentration of

data requests which lead to misses (so called ‘delinquent loads’ [52]). Despite this, prefetching

at a higher level of abstraction from the base hardware is an interesting concept and a possible

point where heterogeneous, reconfigurable platforms may be able to benefit performance.

2.3 Heterogeneous Architectures and FPGA-based SoCs

Hybrid architectures combining a processor and a spatially reconfigurable fabric are not a new

concept. Dehon’s Fundamental Underpinnings of Reconfigurable Computing Architectures [53]

cites Estrin’s ‘Fixed and Variable Computer’ [54] dating from 1960, twenty years before the

first FPGAs [55], as one of the first. However the release of the Xilinx Zynq SoC [56] (an-

nounced early 2011, development platforms available mid 2012) and subsequently the Altera

SoC FPGAs [57] (announced late 2011, development platforms available 2013) have brought

about a wave of new research exploring how the high bandwidth, low latency links and reduced

power consumption, which come as a result of co-locating the FPGA and the CPU on the

same die, can be used for the acceleration of applications ranging from image processing [58]

to networking [59].

The Altera white paper in [60] provides an overview of the three main SoC FPGA devices

currently on the market and provides a detailed and, perhaps surprisingly, balanced comparison

of their functions highlighting the pros and cons of the various platforms even where they do not

go in Altera’s favour. These are the Altera SoC FPGAs [57], Xilinx Zynq [56] and the Microsemi

SmartFusion2 [61]. The Microsemi device contains a much smaller, basic ARM processor than
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the other devices without the data caches which are central to this work. For this reason it was

discounted as a potential platform. The Altera device appears to have a more sophisticated

memory controller which can outperform the Xilinx device for memory transfers from main

memory up to 1MB in size [60]. However, under real world usage and access patterns, the

disparity may be smaller.

For this work the Xilinx Zynq was chosen as the target SoC due to the availability of devel-

opment hardware platforms on the market near the start of the PhD. The Xilinx tool-chain is

also more extensive than that provided by Altera, including the Vivado High Level Synthesis

(HLS) package for creating hardware Register-Transfer Level (RTL) code from software code.

It is however important to note that the two devices are functionally fairly equivalent and as

such any innovations or created systems are likely to be easily portable from one device family

to the other.

The Digilent ZedBoard [24] (Figure 2.3) is a consumer grade test and development board which

features the XC7Z020-CLG484 Zynq SoC chip, 512 MB of Double Data Rate Synchronous Dy-

namic Random-Acess Memory (DDR3) and all connections to investigate the memory interface

between external memory, CPU and FPGA and is the test and development platform used

throughout this thesis.

Figure 2.3: Digilent ZedBoard test and development platform [24]. Photo: Xilinx.
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2.3.1 Analysis of the Capabilities of the Zynq SoC

As a platform less than five years old, there have been a number of works focusing on the

theoretical system performance of the Zynq in addition to those simply accelerating specific

algorithms. The Zynq uses the Advanced eXtensible Interface (AXI) bus family for communi-

cation between the CPU, FPGA and other peripherals. The Zynq provides 10 AXI interfaces

between the CPU and the rest of the system [21]:

• 4 AXI General Purpose ports (AXI-GP) for low speed communication between the CPU

and the FPGA. Designed for small non-critical transfers e.g. reading and setting control

registers.

• 4 AXI High Performance ports (AXI-HP) for high speed communication between the

CPU and the FPGA. Designed for bulk moving of data e.g. between the CPU and a

hardware accelerator.

• 1 Accelerator Coherency Port (ACP) for cache coherent transfers from the FPGA to the

CPU. Data can be transferred from the FPGA to the L2 cache.

• 1 On-Chip Memory (OCM) for communication between CPU and on-chip Random Access

Memory (RAM). 256 KB of on-chip RAM for storage, e.g. as a scratch memory.

The peak performance bandwidth figures for these interfaces from [21, 62] are presented in

Table 2.2. Though these are likely unattainable in real world systems, they provide an upper

bound for comparisons of memory bandwidth between implementations utilising the different

memory channels.

Analysis of the actual peak attainable bandwidth for these different communication interfaces

of the Zynq and their trade-offs has been conducted in [62] and [63]. A summary of the per-

formance of the interfaces from [62] is shown in Table 2.3. They conclude that the highest

performance is achieved by using the dedicated On-Chip Memory (OCM), a dedicated 256 KB

SRAM located alongside the processor system. However the size of this memory limits its use
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Interface description Ports Bandwidth (GB/s)
Total Per-Port

AXI Accelerator Coherency Port (ACP) 1 2.4 2.4
AXI General Purpose (AXI-GP) 4 4.8 1.2
AXI High Performance Ports (AXI-HP) 4 9.6 2.4
External DDR memory 1 4.2 4.2
On-chip memory (OCM) 1 3.6 3.6

Table 2.2: Theoretical peak bandwidths for ZedBoard interfaces.

cases for transfers larger than ∼64 KB. For larger communications, the Accelerator Coherency

Port (ACP) always outperforms the High Performance AXI interfaces in terms of energy usage

and also in terms of bandwidth (by 1.22×) for transfers up to 128 KB in length. For larger

transfers the AXI High Performance (HP) ports provide best performance. Gobel et al. [64]

provide significantly differing results suggesting larger memory bandwidths for the AXI inter-

faces but a reduced throughput for ACP transfers. However they provide little information on

their test data. An important conclusion is that the question of ‘best’ memory interface is not

simple and is likely to vary with the target application. Analysis of the best datapaths for the

the irregular accesses in graph applications is presented in Chapter 3.

Transfer Size s Best Interface Measured Bandwidth (MB/s)

s < 64 KB OCM ∼600 - 1575
64 KB < s < 256 KB ACP ∼1500 - 1650
s > 256 KB HP ∼1700

Table 2.3: Summary of best Zynq interfaces for highest bandwidth at varying transfer size.
From [62]

There are very few published works utilising the ACP in practical applications. Powell and

Silage [65] provide a low-level analysis of the performance impacts of different cache writing

policies when using the ACP. [66] utilises the ACP in a hardware accelerated convolution as

part of the Scale-Invariant Feature Transform (SIFT) computer vision algorithm attaining a

10× speedup over the CPU implementation. [67], only published in November 2015 after the

work of this thesis was completed, suggest in their Future Work that the ACP could be used

to ‘warm’ the cache by ‘walk[ing] key areas of memory to ensure that they reside in the cache

before they are required by the software system’. By using knowledge of the problem domain

and memory layout it should be possible to do better than the hardware prefetch of the on-
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board cache controller. This has similarities to the helper threads presented in [51] which were

discussed in Section 2.2.3. This approach is investigated in the work presented in Section 3.5

of this thesis.

The analyses of [62], [63] & [64], coupled with the possibility for cache prefetching, show that

there are significant potential benefits to be gained through the use of the ACP. This is fur-

ther evidenced through attempts to automatically generate accelerator systems which utilise

this interface with HLS systems such as LegUp [68, 69]. For these reasons, the ACP will be

investigated in this thesis as a means of improving memory performance for graph applica-

tions operating on the CPU. For other communication between the CPU and the FPGA the

performance and any potential optimisations to the AXI-HP interface will be investigated.

2.4 Hardware Acceleration of Graph Applications

Lumsdaine et al. [70] provide an excellent overview of the challenges which are faced when

designing systems to implement graph algorithms in parallel and particularly implementing

these parallel algorithms in hardware. A key selection of the identified challenges are highlighted

below:

• Data-driven computations: As the operation of many graph algorithms are dependent

on the structure of the input data graph, the problem can be difficult to parallelise or

partition as the computation order is not known a priori.

• Unstructured problems: Data accesses in graph applications are often irregular and

unstructured. This makes efficient partitioning difficult as scalability can be limited by

unbalanced computation across partitions.

• Poor locality: As outlined in Section 1.1.2, the data access patterns express poor locality

and thus perform poorly under traditional processor hierarchies.

• High data access to computation ratio: As graph algorithms often are focused more

on exploring or traversing the structure of a graph rather than extensive computation, the
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ratio of data accesses to computation are often higher than in other scientific computing.

This exacerbates the issues caused by uncorrelated data accesses.

• Software development: Software development must be carefully planned to ensure

flexibility, extensibility, portability and maintainability. Whilst the need for good soft-

ware development practices is not exclusive to graph algorithms, a carefully designed

Application Programming Interface (API) is particularly important to provide a con-

sistent abstraction for data accesses which are likely more complicated than in regular

applications.

These issues, relating to the data-driven, unstructured nature of accesses are also what causes

challenges for good performance in existing CPU systems as many of the cache prefetching

optimisations highlighted in Section 2.2.3 rely largely on spatial locality of data accesses or the

ability to predict upcoming data requests which is not simple for these access patterns.

All of these challenges will be addressed and considered throughout the work of this thesis. The

data-driven nature of graph algorithms provides the motivation for Chapter 5 where a scheme

is developed to allow the order of data requests to be defined in response to processed data at

run-time. Though the work of this thesis does not cover partitioning of graph computation, the

impacts of unstructured problems and poor locality are investigated, particularly with relation

to cache performance and how intelligent prefetching can address this in Chapter 3. All test

algorithms used throughout this thesis are graph traversal and search algorithms rather than

computationally heavy tasks. This ensures the effect of the high-data access to computation

ratio is fully felt and that any experimental results are realistic. Finally, all software interfaces

generated were carefully planned and implemented into wrapper functions and libraries to aid

in extensibility and reuse.

Another challenge in accelerating graph applications is selecting the appropriate hardware plat-

form for the acceleration. Expensive CPU/FPGA systems or custom platforms may perform

well for one-off accelerations of specific algorithms. Large, high speed memories, distributed

caches and custom cache controllers may provide high performance but do provide restrictions
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when moving or updating the system. By contrast, utilising a system without specific custom

hardware also has advantages. Device or platform agnostic implementations are inherently

more portable and can be easily ported to different or new devices. In the research community,

this makes applications and innovations less restricted, more shareable and more relevant.

2.4.1 Acceleration of Graph Applications in Literature

Figure 2.4 shows a taxonomy of the main themes in the published literature relating to graph

applications and the methods proposed to improve system performance for systems implement-

ing graph algorithms. This section will focus on the works relating to ‘Hardware Acceleration

and FPGAs’ as they are of most direct relevance to the content of this thesis and how het-

erogeneous architectures can benefit graph processing. Algorithmic optimisations focus more

on theoretical and mathematical adjustments to processing methods whereas the focus of this

thesis is more practical focusing on improvements which can be made through specific hardware

capabilities. High-performance computing and cloud-based systems are also omitted from this

review as the focus is on smaller, lower powered and embedded systems.

Improved Parallelism

Improving FPGA Design Tools

Application Specific Acceleration

Frameworks for More Generic
Processing of Graph Algorithms

of Applications
Works Relating to
Graph Applications

Algorithmic Optimisations

Hardware Acceleration and

High Performance Computing

Improved Memory Performance

Improved Parallelism

Improved Memory Performance

Multi-core Systems

Cloud-based Distributed Systems

FPGAs

Figure 2.4: Taxonomy of works relating to graph applications in the published literature.

Within the classification of ‘Hardware Acceleration and FPGAs’, the published literature relat-

ing to using graph structures and algorithms to improve FPGA Computer Aided Design (CAD)

design tools e.g. [71, 72, 73] will not be covered as they are outside the scope of improving run-

time memory performance of the hardware device itself. The operation of the FPGA CAD

tools could provide a suitable benchmark or case study data for testing of graph processing

systems but their functional details are not relevant here.
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The published works relating to hardware acceleration of graph applications can be broadly

split into two categories: Acceleration of specific algorithms or applications; where the focus is

on performance improvements for a particular real-world application, and the development of

more generic frameworks which provide higher levels of abstraction from the underlying base

hardware through domain specific interfaces which can be used as building blocks for future

application specific accelerations. Often, the application specific works have little data on

the interface and interactions with external memory as their focus is on moulding the specific

algorithm to make use of the parallelism provided by the hardware platform and highlighting

the headline performance improvement which can be gained.

Cinti and Rizzi [74] demonstrate a 100% speedup of their graph coverage algorithm by using

an FPGA to act as a coprocessor. Data is processed through a bespoke Finite State Machine

(FSM) but as the FPGA operates as a co-processor processing a frame of data at a time there

is no interface with external memory. [75] provides a similar approach for acceleration of DNA

sequence alignment but again the FPGA acts as a simple co-processor with all required data

on-chip and no need for external memory. [76] goes one step further by directly mapping the

adjacency matrix representation of the problem into gates which limits the graph size they

can process (up to 128 nodes) as well as severely limiting the flexibility of the system without

expensive recompilation and synthesis.

These approaches are limited in both their scalability and application beyond the specific

application they are targeting. In recent years, published works have moved beyond acceleration

of specific one-off algorithms to the development of more generic frameworks to support classes

of applications. These tend to provide a level of abstraction away from the underlying base

hardware along with a programming model (addressing the software development challenge

highlighted by Lumsdaine et al. [70] above). One of the first was GraphStep [77] in 2006, a

framework for data parallel computations on sparse graphs. Graph nodes are mapped onto

Processing Elements (PEs) which are connected by an Network-on-Chip. Data is stored locally

at each node with messages sent between nodes to perform the reductions and synchronisation

steps found in Bulk Synchronous Parallel (BSP) type applications. The framework is designed

with architectural flexibility, supporting large graphs through tiling multiple FPGAs or through
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time-multiplexing. e et al. [70] above). One of the first was GraphStep [77] in 2006, a framework

for data parallel computations on sparse graphs. Graph nodes are mapped onto Processing

Elements (PEs) which are connected by an Network-on-Chip. Data is stored locally at each node

with messages sent between nodes to perform the reductions and synchronisation steps found

in BSP type applications. The framework is designed with architectural flexibility, supporting

large graphs through tiling multiple FPGAs or through time-multiplexing.

Betkaoui et al. [78] present another framework based on multiple processing elements which

process node data in parallel. Here the issues of memory access patterns are explicitly ad-

dressed with processing elements connected to a shared memory system which is capable of

processing multiple concurrent memory requests from parallel memory banks. Latency mask-

ing threads [79] allow these parallel memory requests to be re-ordered by the memory controller

to improve the efficiency of memory accesses by associating an identifying tag to each request.

They demonstrate a speed of over twice that of a 32 core Xeon computer operating at 2.2 GHz

with only four Virtex-5 FPGAs running at 75 MHz for their target BFS implementation.

Another common model which attempts to alleviate the issues caused by lack of spatial and

temporal access to memory is to develop a custom interface which sits between the external

memory and the irregular algorithm. This can either take the form of a memory controller

which has autonomy to schedule or reorder memory requests to improve utilisation of the off-

chip memory [80] or through the use of a secondary bespoke on-chip ‘cache’ with a custom

controller which has a knowledge of the problem domain. Both of these options require the

target application to make memory access requests to this middleware rather than bus-level

accesses to the off-chip memory. This increases the portability of designs and applications to

different platforms, as only the memory controller needs to be modified to support a different

memory architecture. It also allows existing applications to benefit from improved memory

architectures or research into better scheduling and caching algorithms without re-architecting

the memory requests of the application itself.

The Connected RAM memory architecture (CoRAM) [81, 82] is a project which aims to provide

a standardised interface and abstraction between FPGAs and external memory to improve
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portability and migration of applications between platforms. CoRAM controls all access to

external memory and memory accesses are facilitated through control threads to ‘Co-RAMS’

with a unified RTL and software interface. Weisz et al. [83] extend this in GraphGen which

provides a generic interface for implementation of graph applications. GraphGen was shown to

allow applications to be portable between a range of machines and platforms allowing a trade

off to be chosen between cost and performance for a given application. GraphGen was shown

to perform only 4.8× slower on a $2,000 Xilinx ML605 compared to a $50,000 Convey HC-1.

Bondhugula et al. [84, 85] deal with input graphs for their All-Pairs Shortest Path acceleration

which are larger than the target architecture by tiling their system of processing elements in

a similar nature to GraphStep [77]. They attempt to address the issues of temporal locality

amongst processing elements through the use of a communication buffer and a performance

model along with online measurement which optimises which tiles are stored in the buffer and

how and when they are swapped out. [86] takes a similar approach using a custom SRAM

based cache although this again relies on the features of a specific hardware platform (the

Cray XD-1 supercomputer [87]). An issue with these approaches is that they are tied to the

specific implementation details of the hardware platform and thus their potential for reuse and

portability is diminished.

[78] and [80] further represent another trend in these graph processing systems: the use of

high performance computing systems with dedicated, hardened external memory connections,

for example the Convey HC series [88]. While high bandwidth efficient memory interfaces are

attainable, this does mean that the works are tied to a specific platform, thus reducing their

value in device-agnostic graph processing systems. However it is clear that these architectures

provide attractive capabilities for the development of such applications compared to the typical

memory hierarchies found in ‘standard’ consumer machines.
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2.5 Conclusion

This chapter provided an overview of the literature and existing works relating to memory and

cache systems, heterogeneous SoCs and hardware acceleration of graph applications.

When looking to improve the performance of the CPU cache hierarchy for the access patterns

in graph applications through the use of heterogeneous reconfigurable technologies, the most

promising approach to explore was cache prefetching. The other identified cache performance

improvement mechanisms are more related to the low-level design of the cache structure itself

whereas prefetching is something which could be supplemented by the capabilities of reconfig-

urable hardware.

The application platform chosen was the Xilinx Zynq and analysis of its data transfer capa-

bilities were explored. The Accelerator Coherency Port, which provides a high speed coherent

interface from the FPGA into the cache hierarchy of the CPU, appears an underutilised mem-

ory transfer option and will be analysed and evaluated, specifically in the context of cache

prefetching as outlined above.

Whilst the Zynq and the ZedBoard development platform do not have the same scale of memory

interfaces as the larger, significantly more powerful and expensive platforms utilised in some of

the graph literature it should be sufficient for useful analysis of the interface between CPU and

FPGA in heterogeneous systems and provide solutions which are portable to a large number of

platforms including being applicable to low-power embedded systems markets. The principle

highlighted in Section 2.4.1 of a separation of concerns between user logic and the underlying

memory operations will be implemented in the presented work, specifically in Chapter 5, with

a decoupling of low-level memory accesses and user logic, through a simple API interface.

The challenges outlined by Lumsdaine et al. [70] are the fundamental issues surrounding the

memory access patterns which will be addressed in this thesis, with algorithms involved in

graph traversal and search being the motivating examples to be used to test and demonstrate

the solutions presented.



Chapter 3

Evaluating Graph Data Transfer Paths

Facilitated by Heterogeneous SoC

Systems

3.1 Introduction

This chapter provides foundational work to evaluate and enumerate the performance of alter-

native datapaths to the standard CPU cache datapath. These are made available through the

use of reconfigurable hardware, when fetching and processing graph data. [62] and [63] evaluate

some of these datapaths but focus on more regular access patterns, for example reading con-

secutive image data from a source buffer. This chapter provides an analysis of the suitability

of the available datapaths for the irregular accesses found in graph applications.

The Digilent ZedBoard was chosen as an experimental platform due to its ubiquitous nature

in research using Zynq and heterogeneous platforms, and as a consumer grade device which

provides all necessary interfaces to evaluate the datapaths between CPU, Programmable Logic

and external memory. This is in contrast to many studies in the literature which target high-

end compute platforms, such as the Convey HC series [78, 80], which already contain highly

30
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optimised interfaces between the compute unit and external memory. This work investigates

the performance benefits which can be attained in smaller, cheaper consumer grade devices and

small scale embedded systems.

The BSP model (Section 3.6.1) was chosen as the case study for this work as it is a common

pattern often found in scientific computing and graph applications. It also allows static predef-

inition of deterministic access patterns, reducing development overhead and allowing focus on

measuring the overheads associated with the memory transfers themselves.

The findings indicate that bandwidth improvements of around an order of magnitude can be

obtained by reading data directly into the FPGA, avoiding poor cache performance present in

the CPU datapath.

It is also possible to gain performance improvements by routing data from external memory,

though the FPGA and to the CPU via the L2 cache. Despite more computational work being

done compared to a basic CPU read, performance improvements of ∼2× can be achieved thanks

to the reduction in overheads caused by poor cache utilisation. However, synchronisation

between the CPU and hardware prefetch is non-trivial to implement efficiently for data driven

applications.

3.1.1 Contributions

The key contributions of the work outlined in this chapter are:

• A quantitative analysis of the performance of the datapaths provided by heterogeneous

platforms such as the Zynq.

• A novel data access pattern using the FPGA and ACP to preload data into the L2 cache

on-demand.

• Evaluation of the benefits and limitations of using the datapaths in real world graph

processing systems.
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• Results showing that preloading the L2 cache on-demand can provide a 2-3× speedup over

CPU-only transfers using statically precomputed access patterns. FPGA-only transfers

provide a speedup of 6-14× .

3.1.2 Publications

Sections of this chapter are based on work which was peer reviewed and presented at the

Reconfigurable Architectures Workshop (RAW) co-located alongside the IEEE International

Parallel & Distributed Processing Symposium 2015 (IPDPS) [89].

3.1.3 Outline

Section 3.2 outlines the potential datapaths for fetching and processing data provided by the

Digilent ZedBoard platform, with Section 3.2.1 providing a summary of these options. Sec-

tion 3.3 highlights the limitations of the traditional CPU cache hierarchy without using recon-

figurable hardware with Section 3.4 exploring transfer and processing of graph data entirely

by the FPGA. Section 3.5 explores the use of the Accelerator Coherency Port (ACP) of the

Zynq SoC to allow data to be fetched by the FPGA and inserted into the L2 cache of the CPU.

Section 3.6 outlines the experimental system used to compare these datapaths with results in

Section 3.7. Section 3.10 provides discussion of the results, closing remarks and sets the scene

for the following chapters.

3.2 Assessment of Available Datapaths

When using heterogeneous architectures to improve memory performance, platforms such as the

Digilent ZedBoard can provide novel datapaths and new ways of consuming data. Figure 3.1

shows a high-level overview of the ZedBoard system architecture and the bus connections to the

Advanced RISC Machines (ARM) CPU, FPGA reconfigurable logic and the DRAM controller

which co-ordinates access to off-chip memory. The ACP provides a high speed interface for the
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Figure 3.1: High-level view of the ZedBoard system architecture showing the ARM CPU cache
hierarchy and communication between the programmable logic and CPU/DRAM.

programmable logic to write data coherently into the L2 cache of the ARM CPU cores. Both

the PL and the Processor System (PS) have high speed AXI interfaces to the DRAM controller

and external DDR3.

3.2.1 Data Transfer Paths

The interfaces between the PL, PS and the DRAM controller allow data to be fetched and

consumed by different parts of the system including either the CPU or FPGA. The potential

permutations are outlined below and summarised in Figure 3.2.

• Data fetched via CPU, data consumed by CPU

This is the traditional dataflow path seen in standard CPU systems. Data transfer is

started by a software request for data and data is fetched via the DRAM controller and

propagates through the full CPU cache hierarchy. The programmable logic performs no

function in the transfer. This option is evaluated in Section 3.3.

• Data fetched via FPGA, data consumed by FPGA

In this option, the FPGA acts as a self-contained accelerator both fetching and consuming

data. Data transfers are initiated by the FPGA via the AXI interconnect to the DRAM
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controller and data is returned to the FPGA for processing. The CPUmay still be involved

in issuing control signals, starting transfers etc. Data acquisition can be facilitated using

a Direct Memory Access (DMA) core to control memory accesses. This could be either

the PL330 hardware DMA core within the ARM processor or the Xilinx AXI DMA DMA

soft IP core. This option is evaluated in Section 3.4.

• Data fetched via FPGA, data consumed by CPU

The low latency link directly from the PL into the cache hierarchy of the CPU opens

up the potential for data to be fetched by the FPGA and inserted directly into the L2

cache of the CPU. Data transfers are initiated by the FPGA via the AXI interconnect

and data is then written by the FPGA into the L2 cache. With proper co-ordination, this

may reduce the L2 cache miss rate, whilst maintaining the flexibility of processing data

in software. This option is evaluated in Section 3.5.

• Data fetched via CPU, data consumed by FPGA

This option would require the CPU to fetch the data and then pass it to the FPGA for

processing. This approach would suffer from poor performance as a result of poor cache

utilisation, followed by the overhead of transferring the fetched data to the FPGA. For

this reason it is not explored as a viable option.
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3.3 Main Memory to CPU Transfer

This section quantifies the performance of the existing traditional CPU-based cache hierarchy as

a benchmark for improvements shown through later techniques. It first highlights the disparity

between the theoretical peak bandwidth and attainable bandwidth for CPU initiated graph

transfers in Section 3.3.1. Section 3.3.3 highlights the impact on cache utilisation of irregular

access patterns and Section 3.3.2 quantifies the latency overhead associated with the different

levels of the cache hierarchy.

3.3.1 Peak Attainable Bandwidth

Table 2.2 in Chapter 2 highlights the theoretical peak bandwidths of the interfaces available

on the ZedBoard [21, 62]. Though these are likely unattainable in real world systems, as

highlighted in [62], they provide an upper bound for comparisons of memory bandwidth between

implementations utilising the different memory channels.

To investigate the impact of access patterns on attainable bandwidth between the CPU and

external DDR memory for the ZedBoard, a simple experiment was conducted. A C program

was written which made a series of 32 bit integer reads from memory using a dereferenced

pointer to a physical memory address. The experiments were run in bare metal mode which

avoids the need for translation between virtual and physical address spaces. The sequence of

accesses were predefined using C preprocessor macros. In one experimental run, the sequence of

accesses were from consecutive memory addresses. For the second run, a precomputed random

pattern was used accessing address values across the 512 MB address space of the Zynq off-chip

DDR. For both experiments the low level cache control functions provided by Xilinx were used

to ensure that the experiments were started from a cold flushed cache. An onboard hardware

timer was used to measure the execution time of the program when accessing a given number

of 32 bit data values.

Figure 3.3 shows the impact access patterns had on the attained bandwidth recorded in the

experiment. While neither sequential nor random accesses achieve near the peak attainable
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Figure 3.3: Comparing random and sequential access bandwidths on the ZedBoard ARMv7
CPUs.

memory bandwidth (∼400 MB/s and ∼40 MB/s compared to 4.2 GB/s), the impact of irregular

memory accesses and poor cache performance is dramatic. Random accesses only achieve ∼10%

of the bandwidth attained through sequential accesses. The following sections identify and

quantify the reasons for this dramatic variation in performance.

3.3.2 Memory Access Latency

The disparity in bandwidth performance comes as a result of the increased latency associated

with fetching data from non-sequential addresses as the requested data has rarely been cached

before it is requested. This section quantifies the latencies of accesses to different parts of the

memory system. Figure 3.4 shows the output of the lmbench3 microbenchmark [90] which

was run on the ZedBoard running an Ubuntu Linux kernel. The ‘Memory Read Latency’ test

from lmbench measures the latency of accessing arrays of various sizes and stride length and

provides true experimental measurements of memory latency. Two distinct steps in the latency

measurements are shown which correspond to the sizes of the L1 and L2 cache. Once data

access sizes reach these points there is a performance hit as not all data can be stored in the
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Figure 3.4: Output of the lmbench3 microbenchmark suite executed on the Digilent ZedBoard
running an Ubuntu Linux Kernel. The graph indicates the latency of accessing an array of data
of varying length for a range of stride lengths. The boundaries corresponding to the sizes of
the L1 and L2 caches are shown.
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cache at once and some requests lead to expensive cache misses. This effect is most pronounced

for the runs with the largest stride length which correspond to a reduction in spatial locality

between successive accesses. This impact will be even more pronounced for the irregular access

patterns in graph applications which can exhibit little to no spatial locality. A summary of the

generated latency measurements is shown in Table 3.1. This shows the cost of fetching data

from each level of the memory hierarchy. The fastest access is from the L1 cache at around 6 ns

or 4 clock cycles at 667 MHz. An L1 miss, leading to a read from L2 results in an increase in

latency of ∼680% with a miss from the L2 to main memory suffering a further ∼150% latency

increase.

Read from Memory Latency (ns) Latency (cycles)
(CPU @667 MHz)

L1 (32 KB) 6.004 ∼4
L2 (512 KB) 40.8 ∼27
Main Memory (512 MB) 62.2 ∼41.5

Table 3.1: Summary of memory access latencies for the ZedBoard attained using the lmbench3
microbenchmark suite.

3.3.3 Cache Utilisation for Irregular Algorithms

Whilst it would be optimal for all data to be served from the L1 cache, this is impractical as its

capacity is small (32 KB) to allow it to have a fast operating speed. The L2 cache is much larger

(512 KB) and has more interfaces (for example the ACP port) to interface to, whereas there is

no mechanism for accessing the internals of the L1 cache. This makes it a more practical point

to target any optimisations to improve performance. Whilst the relative performance hit of an

L2 miss is less than for an L1 miss it can still be substantial, particularly if the L2 cache is

poorly utilised.

Figure 3.5 shows the cumulative count of L2 cache misses measured on the ZedBoard ARM

CPU for the experiment outlined in Section 3.3.1. Statistics on L2 cache utilisation were

accessed using the performance counters of the PL310 L2 cache controller. The solid line
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performance compared to structured sequential access. Measured using the status registers
of the L2 cache controller for memory accesses using the ARM core present in the ZedBoard
system.

represents sequential access where consecutive memory values were fetched, whilst the dashed

line represents irregular access where the locations for memory accesses were made at random.

The sequential operation makes almost optimal use of the L1 and L2 caches which L2 misses

occurring in steps at 8 word (32 byte) intervals corresponding to the size of the cache line. The

irregular accesses show a near linear growth in L2 misses as each request fetches data which has

not been previously accessed or prefetched. For any sizeable transfer size, the L2 cache miss

rate for irregular memory accesses is extensive which leads to the poor performance previously

shown in Figure 3.3.

It is clear from these analyses that applications with poor cache utilisation due to lack of locality

will suffer significantly from poor memory access latency which is reflected in the attainable

memory bandwidth. The unpredictable nature of accesses reduces the ability of the cache

controller to mask this latency through prefetch and pipelining. The existing CPU cache and

memory infrastructure is incapable of providing adequate performance for these application

and so alternative methods must be explored. This is the focus of the following sections.
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3.4 Main Memory to FPGA Transfer

A logical approach to addressing the performance issues of the CPU datapath with reconfig-

urable hardware is to bring the memory accesses into the FPGA logic as the FPGA memory

channels do not have the same rigid caching structure which leads to poor performance for the

CPU. In this work, memory accesses to the FPGA are facilitated by a Direct Memory Access

(DMA) core. This has a number of benefits over hand-coded bus transactions or CPU initiated

transfers. DMA engines are often provided by the hardware vendor, sometimes with dedicated

hardware support. This allows them to often outperform hand-coded implementations. DMA

also allows some of the control workload to be taken away from the CPU, freeing it to perform

other tasks in parallel to the memory operations. This section looks at the suitability of DMA

for the access patterns in graph applications in Section 3.4.1 and the impact of the available

DMA operating modes in Section 3.4.3.

3.4.1 Direct Memory Access for Graph Applications

In systems where there are large data payloads to transfer between different locations within the

memory space or between a hardware interface and memory, the most common method utilised

is Direct Memory Access. DMA transfers, once initiated, are able to operate autonomously

without stalling or requiring further input from the CPU. They are commonly used for large data

transfers where high throughput is attained as the overheads of setting up the transfer become

insignificant against the data transfer time. DMA engines are often provided as configurable

IP by system vendors and they and their data paths are heavily optimised and hardened for

maximum performance.

Unfortunately, the access patterns best suited for DMA operations of long transfers with only

infrequent control commands do not match the access patterns generally found in graph ap-

plications. In these situations, particularly in applications where the focus is as much on the

traversal and structure of the graph as on the data associated with particular nodes or edges,

individual memory requests are much smaller. Typically the nodes and/or edges of the graph
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may have some state associated with them along with references to their neighbouring nodes

and edges and this data will be requested as each node or edge is processed. The uncorrelated

nature of these accesses (see Section 1.1.2) means memory requests are often disparate and

dependent on previous data values reducing scope for accessing multiple nodes’ data in a single

burst. As such memory requests are typically of the order of 16 to 64 bytes. This is signifi-

cantly smaller than the maximum burst size permitted by these DMA engines. For example,

the Xilinx AXI DMA engine has a maximum transfer size of 256× 128 bytes = 32 KB [25]. This

section demonstrates that, despite these limitations, DMA is still a viable means of transfer

for this data and investigates how the benefits of using pre-existing DMA engines, in terms of

both autonomous transfer of data and tried and tested low level interfaces, can be brought to

transfers of much smaller payload as found in graph applications.

3.4.2 DMA within the CPU or as an FPGA IP core

The Xilinx ZedBoard supports two DMA engines. The PL330 [91] is a hardware DMA core

which is part of the ARM CPU present on the Zynq chip. Additionally, DMA transfers are

supported through the use of a soft DMA controller which is instantiated in the programmable

logic. The AXI DMA IP core [25] which provides this functionality is provided as part of the

Xilinx IP catalogue.

Whilst the PL330 may provide efficient transfers between the CPU memory space and other

memory locations such as the On-Chip Memory (OCM) it has serious limitations when used

for data transfers to/from the programmable logic. Whilst the AXI DMA can utilise the AXI-HP

high performance bus for transfers to the programmable logic, the PL330 utilises the AXI-GP

general purpose interfaces which have a peak bandwidth of half that of the high performance

ports (See Table 2.2).This, coupled with the increased flexibility and customisation afforded by

soft cores over hard cores mean that the AXI DMA engine was chosen for use for transfers to the

programmable logic throughout the remainder of this thesis.
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3.4.3 DMA Operating Modes

The Xilinx AXI DMA engine supports two operating modes: register mode and scatter-gather

operation. The first and simplest is register mode. Here, for each transfer, the CPU controller

writes control information to the AXI DMA engine which then makes an AXI read request to

memory for the data (an example AXI transaction is shown in Figure 3.6. The master signals

in the address channel correspond to the control details the CPU must pass to the DMA core).

For traditional DMA transactions the overhead of this CPU initialisation is outweighed by the

data transfer time and can be ignored. However, for the small bursty transactions associated

with graph applications, the transfer times are much shorter and the initialisation can become

a significant portion of the total transfer time.

ACLK

ARADDR A

ARVALID

ARREADY

ARLEN ’b11

ARBURST ’b01 - (Incrementral Burst)

ARSIZE ’b011 - (32-bit transfer)

RDATA D[A(0)] D[A(1)] D[A(2)] D[A(3)]

RLAST

RVALID

RREADY

Address Channel

Data Channel

Signal Direction

M S

M S

M S

M S

M S

M S

M S

M S

M S

M S

Figure 3.6: Example AXI4 data read with burst length 4 derived from [92, 93]. The signal
direction between the AXI Master (M) and Slave (S) is shown.

Scatter-gather operation reduces the CPU initialisation overhead by allowing the CPU to write

a linked list of instructions, known as descriptors, into on-chip memory. This ‘descriptor chain’

describes multiple read transactions which can then be processed by the DMA engine without

further CPU interaction. Figure 3.7 shows the bandwidth attained in both register mode and

scatter-gather operation for various sized transfers alongside the bandwidth attained for random

CPU transactions from Figure 3.3.
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It is clear that for these small bursty transfers, scatter-gather significantly outperforms basic

register mode by a factor of 2-3× due to the reduction in control overhead from the CPU to the

DMA engine and interrupts from the DMA engine back to the CPU. The attainable bandwidth

of up to ∼250 MB/s outperforms the CPU operations in Section 3.3.1 by around 6.5×. As such

this DMA operating mode is used for all further experiments.

3.5 Main Memory to L2 Cache Transfer (via ACP)

This section presents and evaluates a new datapath which expands upon the FPGA-only data-

path in Section 3.4. It is made possible by the ACP port of the ARM CPU, and uses the FPGA

to fetch data in a similar manner to in Section 3.4 but rather than the FPGA also processing the

data, the ACP is used to write the data directly into the L2 cache. The preloaded data is then

accessible to the CPU when requested without the cache controller needing to make a request

from main memory. Section 3.5.1 outlines the proposed implementation. Section 3.5.2 details



3.5. Main Memory to L2 Cache Transfer (via ACP) 45

experiments to evaluate the effectiveness of ACP prefetch by simulating a preloaded cache

and evaluating the CPU data access performance. Finally Section 3.5.3 details the hardware

implementation of the ACP prefetch system which was produced.

3.5.1 Introduction

As has been demonstrated in Figure 3.7, through the use of DMA transfers the FPGA fabric

can process graph data at a faster rate than the CPU due to the unfavorable cache performance

seen on the CPU. The ACP provides a high speed link from the FPGA to the L2 cache of the

CPU hierarchy. Data fetched by the FPGA can be written to the L2 cache of the CPU which, if

scheduled correctly, could ensure data is already cached when requested by the CPU. This will

remove the synchronous CPU stall whilst waiting for a read from the main memory (the most

expensive operation in the Memory-CPU flow) by transforming these accesses into L2 hits.

This section explains the potential performance improvement which could be gained by ‘preload-

ing’ the L2 cache with the required data. The performance of an emulated ‘prefetched’ cache

is explored, before an explanation of the final hardware implementation of the cache prefetch

system.

3.5.2 Simulating L2 Cache Preloading

To simulate data being prefetched into the L2 cache via the ACP, a simple software program was

implemented which made two sequential passes across an array of data values. Firstly the data

was accessed with the associated cache misses, loads and prefetches into the cache hierarchy.

The L1 cache was then flushed using the low-level functions provided by Xilinx when running

C code in the ‘bare metal’ mode. This was followed by a second access pass through the array

where the access times and cache utilisation of the preloaded cache were measured. The size

of the data array accessed was limited to 2 KB to reduce prefetched data being overwritten

as a result of cache replacement policies. This was necessary as the data was all preloaded in

advance before the timed access run for ease of development and scheduling. In the completed
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system, memory prefetch requests will occur in step with the data being processed by the CPU

which will eradicate this issue.

Though this is not a perfect simulation of an on-demand cache prefetch, it provides an indication

of the potential improvements possible as a result of intelligent, context aware, prefetching.

Figure 3.8 shows the impact of the simulated preloading on CPU access performance when

accessing the sequential data array. Figures 3.8(a), 3.8(b) and 3.8(c) show the improvement in

cache utilisation as as result of preloading the L2 cache with 3.8(a) showing the reduction in L2

misses, 3.8(b) the corresponding increase in hits and 3.8(c) showing how this impacts the per-

centage of L2 accesses resulting in a hit. The cumulative hit and miss counts in 3.8(a) and 3.8(b)

are fairly small as only accesses which reach the L2 cache are counted. As the accesses are se-

quential the L2 should only be accessed once every 32 bytes (the length of the L1 cache line)

as all accesses in between should be successfully served from the L1 cache.

The simulated cache preloading is evidently not optimal as the L2 hit rate is only increased

to about 50% for transfers larger than around 128 bytes. All graphs show fairly consistent

trends with hit and miss counts growing fairly linearly with transfer size. Though the percent-

age of cache misses is only reduced by ∼15%, this has a significant impact on overall system

performance. Figure 3.8(d) shows the CPU cycle count for the data transfers shown in Fig-

ures 3.8(a)-3.8(c). The simulated L2 cache preloading leads to a performance improvement

of ∼1.6×. A more efficient preloading strategy may yield even greater hit rates and perfor-

mance improvements although scheduling preloads from the FPGA alongside CPU reads will

likely be more complicated than the simulated version.

The data in Figure 3.8 were acquired for sequential passes across the data array. When the

cache preloading is applied to irregular accesses, the potential impact on performance is even

greater as a larger proportion of memory accesses will lead to an L2 search rather than an L1

hit. Figure 3.9 shows the speedups gained when the experiment is extended to include random

data accesses. In this case, the attained speedup increases to ∼2.5×.
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Figure 3.8: The impact of simulated L2 cache preloading on L2 cache performance.
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data array.

3.5.3 Hardware Implementation

Figure 3.10 shows the differences between the hardware implementation of the datapath for

the FPGA-only datapath in Section 3.4 and the ACP prefetch datapath in Section 3.5. The

modifications to the system in Section 3.4 to extend it to support writing data into the L2

cache are minimal. Steps 1 and 2 are unchanged. Once the data is fetched into the FPGA,

the data is then written through to the L2 cache via the ACP (step 3b). It is then available

to be read by the CPU (step 4b). There is little custom logic or complicated circuitry required

beyond the established design pattern of Section 3.4. This means that the barrier to entry for

implementing this datapath into existing systems will be minimal.

The only alteration required to configure the AXI DMA engine to direct data to the ACP rather

than to user logic on the FPGA is to the format of the fetched data. The data fetched by the

AXI DMA is returned as a continuous AXI stream of data without addressing details. The ACP

and CPU memory system are a memory-mapped interface, and so the stream of data must be

converted back to this form. This can be achieved using the Xilinx AXI Memory Mapped to
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Figure 3.10: Data flow for (A) FPGA-only datapath and (B) ACP Prefetch datapath. 1) Data
is fetched from the off-chip DRAM to the DRAM controller. 2) The data is delivered to the
AXI DMA core on the FPGA fabric. 3A) Data is delivered to user logic as an AXI stream, OR
3B) Data is written to the L2 cache via the ACP, 4B) Data is read from the L2 cache into the
ARM core.

Stream Mapper IP core [94]. The address used for storage to the ACP is the same address as

the initial DMA access request to ensure data consistency.

3.6 Experimental Performance Evaluation

This section describes the experimental setup which was used to evaluate the performance of

the three datapaths discussed in the previous sections: the CPU-only datapath (Section 3.3),

the FPGA-only datapath (Section 3.4) and the ACP prefetch datapath (Section 3.5). The

same test application was used for each with wall-clock access times measured for a range of

different sized data transfers. Section 3.6.1 outlines how graph data is stored and accessed,

which Section 3.6.3 covering the experimental setup and measurement. Section 3.6.2 describes

the test data. Finally Section 3.7 enumerates the performance for the datapaths.
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Figure 3.11: Memory layout for storing the social network graph in Figure 1.2.

3.6.1 Graph Representation, Storage and Access

The structure of a sparse graph, such as the simple social network in Figure 1.2, can be stored

in memory using an adjacency list format which, for each vertex of the graph, contains a list of

edges to that node’s neighbours. A common optimised storage format is the compressed sparse

row (CSR) format [95]. Though CSR is commonly used in sparse matrix vector multiplication

algorithms it can easily be repurposed for other graph structures (e.g [96, 97]) and forms the

basic data structures for the graph memory management experiments. The nodes and edges

of the graph are given indexes and the CSR format of the graph in Figure 1.2 is stored using

three arrays as shown in Figure 3.11. The first array edge offset holds, for a given index

i, the accumulated count of the number of outgoing edges for all nodes up to node i; the

number of outgoing edges for node i can be calculated as edge offset[i + 1] - edge offset[i].

edge destination holds the destination nodes for each of the edges in the graph and is indexed

for a given edge i by edge offset[i]. Finally, the edge weights for each edge of the graph are

stored in the edge state array and can be accessed using the edge id as an index or, for the

edges of a given node j, through node index[j] dereference.

A common computing paradigm often found in graph applications (e.g. [77]) is Bulk Syn-

chronous Parallel (BSP) execution [98]. BSP involves an ordered traversal through the nodes
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Algorithm 2: bsp(node state, edge state)

/* multiple BSP iterations */
11 foreach k = iterations do

/* process all nodes */
22 foreach i = nodes in graph do

/* evaluate all input edges */
33 num edges = edge index[i+1]-edge index[i];
4 foreach j = input edges of node i do

55 /* compute read addresses */
6 node = i*sizeof(node state);
7 edge = (edge offset[node]+j)*sizeof(edge state);

/* compute on node/edge data */
8 f(node state[node],edge state[edge]);

/* implicit BSP barrier */

Figure 3.12: Pseudocode for the BSP algorithm.

and edges of the graph which is repeated across multiple iterations. The pseudocode and con-

trol loops for a typical BSP application are shown in Algorithm 2 of Figure 3.12. In order

to demonstrate and compare the performance of the CPU-only datapath (Section 3.3), the

FPGA-only datapath (Section 3.4) and the ACP prefetch datapath (Section 3.5), the data

access patterns found in the BSP iterations were implemented both in hardware and in soft-

ware. These implementations were used in the experiments outlined below with the test data

described in Section 3.6.2 and the experimental setup described in Section 3.6.3.

3.6.2 Test Input Data / Graph Structure

Data from the Stanford Large Network Dataset Collection [99] was utilised as a test input for the

experiments. This is a popular open-source collection of network and graph data provided for

the research community. Social networking graphs were chosen as they provide “unstructured,

content-based data” [100], and the ego-Twitter dataset selected as it was large enough to

require off-chip storage, but a practical size for traversal in these experiments. These so called

‘ego-networks’ are important tools in social network analysis, social science and advertising. The

ego-Twitter dataset features a directed graph with nodes representing user-ids mined from

Twitter and edges representing interactions between these users. The initial dataset contained
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Figure 3.13: A visual representation of the partitioned ego-Twitter graph with 1000 nodes
(black dots) and 19,610 edges (grey lines) used in the experiments.

81,306 nodes with 1,768,149 edges. To vary the problem size and investigate performance at a

range of transfer sizes, partitions of the graph were generated using the hmetis [101] tool. This

provided test data of useable sizes to statically define the BSP access patterns to be explored.

A visual representation of one of these partitions containing 1,000 nodes and 19,610 edges can

be seen in Figure 3.13.

3.6.3 Experimental Setup

The system design was synthesised using Xilinx Vivado 2013.4 with the Xilinx SDK used to

compile and configure the ARM software. In addition to custom IP cores, the AXI DMA v7.1

IP core [25] and the AXI BRAM Controller v4.0 IP core [102], both provided by Xilinx, were

used for DMA transfers and to manage and generate the BRAMs for scatter-gather descriptor

address storage respectively.
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Figure 3.14: Floorplan showing the device utilisation of the placed and routed experimental
setup and available logic resources for user graph-processing IP cores.

A summary of the device resource usage is shown in Table 3.2 and the placed and routed

design in Figure 3.14. A simple ‘data sink’ was implemented with an AXI stream interface as

an endpoint for data transfers to the FPGA. The majority of the hardware usage shown is the

AXI DMA and associated interfaces with a small quantity of resources taken up by the data sink,

hardware timer and other experimental control logic. It is clear from Table 3.2 that there are

plentiful resources remaining unutilised on the FPGA (around 85% of LUTs, 90% of Flip-flops

and 85% of BRAMs) to allow a large accelerator to be placed alongside the AXI DMA core to

consume the fetched data in systems using the FPGA-only datapath.

Name LUTs FFs BRAMs
(36 KB)

Read to FPGA Fabric 7147 9054 19
(% of ZedBoard) 13.43% 8.5% 13.57%

Read to CPU with ACP Prefetch 7266 9222 19
(% of ZedBoard) 13.65% 8.66% 13.57%

Table 3.2: Device resource utilisation for experimental system.

Though the memory accesses in a BSP iteration are likely to be irregular in terms of spatial
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and temporal locality, with knowledge of the graph structure they are predictable and can be

precomputed. As in Section 3.5.2, the memory access patterns were precomputed and executed

in sequence alongside the software application. Whilst this approach works for applications

where access patterns can be precomputed it is limited in its applicability to applications

where the input data is unknown or variable. The pre-computation of access patterns also

mean the overheads are likely to only be acceptable in situations were the application will be

run multiple times. These limitations will be addressed further in Section 3.9.

3.7 Results

Figure 3.15 shows the measured time for data reads as part of the BSP algorithm. The data

clearly shows that the traditional CPU accesses of the datapath consistently performs poorly

for the uncorrelated access patterns found in graph processing. Unsurprisingly the read into

the FPGA fabric in the FPGA-only datapath is the best performer. The combined operations

of transferring data to the L2 cache via the ACP and then reading it from the CPU in the ACP

prefetch datapath outperform the CPU-only read by ∼2×. This shows that the difficulties the

cache controller suffers in prefetching useful and timely data are being at least partly alleviated

by this approach.

Figure 3.16 compares the data bandwidth for read operations along the three data flows high-

lighted in Figure 3.15. For the measured sample sizes the bandwidth for the various channels

appear fairly consistent with a ∼10× increase in bandwidth for data reads to the FPGA-only

and ∼2× increase for the ACP prefetch over traditional data reads (CPU-only). For larger reads

the CPU-only read displays a slight increase in bandwidth(from ∼12 MB/s to ∼20 MB/s.

A summary of the range of speedups observed is provided in Table 3.3. As can be seen, both

hardware-supported methods outperform the traditional memory access for the given real-world

graph data. The highest speedups are attainable when reading data directly into the FPGA

fabric where it is directly consumed by logic coexisting on the FPGA. This eliminates the need

for any interaction with the CPU cache and the only CPU input required is to setup the initial
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Figure 3.15: Time taken to read data to the FPGA or to the CPU via ACP compared to
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Datapath Minimum Speedup Maximum Speedup

CPU only (baseline) 1x 1x
FPGA only 6.33x 13.79x
ACP Prefetch 1.8x 2.98x

Table 3.3: Range of bandwidth improvements measured for the FPGA only and ACP prefetch
datapaths over the baseline CPU datapath.

scatter-gather chains for the AXI DMA engine. However, the ACP prefetch approach allows a

performance increase of ∼2× without the need for complex or bespoke hardware generation to

process the fetched data. The software interaction with the memory management unit required

for system operation to process the fetched data is minimal.

3.8 Impact of graph structure on performance

Implementing graph memory accesses in hardware, as small discrete transfers, avoids the nega-

tive impacts of CPU cache activity for irregular unstructured accesses. However, it also means

that any benefits which caches may be able to provide to sections of a graph, where data accesses

are more structured or accesses are repeated, are lost. As all memory accesses are independent

accesses of a static sized chunk of memory (See Section 1.4), the sequence of memory accesses

and location of a given transfer does not impact the performance of transfers. The only factor

that will impact the system execution time is the number of data transfers processed which will

vary depending on the structure of the input graph.

Though this experiment utilised a ‘real world’ graph, the connectivity of the particular graph

chosen can have a large impact on the data access patterns of the target application. This is

the manifestation of the ‘Data-driven computation’ challenge [70] highlighted in Section 2.4. In

applications such as the BSP algorithm the number of data transfers required when processing

a given node is directly related to the number of input edges, or fan-in, of the node. The data
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associated with each of these input edges must be fetched before computation and any change

of state can occur at the target node. The higher the fan-in, the more data must be fetched.

Table 3.4 shows the structure and connectivity details for the ego-Twitter graph used in this

experiment alongside some examples of other common forms of graph. The quantity of data

needed to process a single node (assuming a 4 byte payload from each incoming edge) is shown

based on both the average and maximum fan-out. As the ego-Twitter graph is sparser than

the Scale-Free Networks and Random graphs, the quantity of data required to process a single

node is significantly less than for the other graphs with an average node requiring ∼40× less

data to be fetched. However the execution time may also be affected by the access patterns

of the graph application being executed. As BSP involves a global synchronisation barrier

between iterations, the performance of a given iteration is limited by the processing time of the

slowest node, usually that with the greatest fan-in. In the case of the ego-Twitter graph, this

would increase the execution time for a BSP iteration significantly bringing it down to only

∼3× less than the other graphs shown.

Nodes Edges
Fan In Size Data to process:

Max Min Average Average Max

Scale Free 1000 810118 900 541 810.1 25.9 KB 28.8 KB
Network 100 902500 950 700 902.5 28.9 KB 30.4 KB

1000 98002 999 979 998.0 31.9 KB 32 KB

Erdos Renyi 1000 900030 936 863 900.0 28.8 KB 30 KB
Random Graph 1000 100590 132 72 100.6 3.2 KB 4.2 KB

ego-Twitter 1000 19610 309 0 18.3 0.6 KB 9.9 KB

Table 3.4: Connectivity of example graphs of different classes along with the total data payload
size required to process incoming data at a given node.

The results presented within this and the coming chapters present figures in terms of raw data

payloads or bandwidths which represent the data throughputs attainable for any given input

graph. Clearly the total execution times or quantity of data which needs to be processed will

be dependent on the input graph utilised.
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3.9 Synchronisation of ACP Prefetch and CPU execu-

tion

As has been highlighted, the performance impacts of poor CPU cache performance can be

mitigated by preloading data into the L2 cache so that it is present at the time the data is

requested. However the act of preloading the data effectively is non-trivial. For simple applica-

tions it has been demonstrated that statically defined access patterns can provide performance

improvements but for data-driven applications this may not always be practical. It is possible

for the CPU to make requests to the hardware core doing the prefetching but this must be

implemented in a way which does not introduce latency greater than the modest improvement

window provided by this method. Scheduling when these requests are made is of a similar

complexity to the software prefetch methods outlined in Section 2.2.3.

This section has demonstrated the potential of using a hardware rather than software system

for prefetching data into the CPU cache but further research into scheduling would be needed

for it to be fully realised and definite performance improvements to be guaranteed. This is

beyond the scope of the work of this document which goes on to focus more on improvements

to memory accesses into, and controlled by, hardware.

An interesting investigation for future work would be a comparison of the performance of the

ACP prefetch method presented with a software prefetch thread [51] operating on the second

ARM core of the ZedBoard.

3.10 Discussion & Conclusion

As predicted, the memory accesses in graph applications can benefit from hardware support.

Fetching data directly into the FPGA fabric using scatter-gather DMA outperforms the CPU

accesses by around 6-14×. This is despite the FPGA operating at a significantly lower operating

frequency (100 MHz vs 667 MHz). This is due to the FPGA-only datapath not containing
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caching, which gives the CPU a detrimental performance thanks to extensive cache misses,

redundant loads of cache lines etc.

The ACP prefetch datapath, fetching data from memory to the CPU, via the FPGA and the

ACP, also outperforms the basic CPU datapath by ∼2×. This mirrors the predicted values

from Section 3.5.2 with the ∼0.5x disparity between the simulation and experimental results

likely due to the overheads of transferring data from FPGA to the ACP. This demonstrates that

‘preloading’ the L2 cache reduces the number of cache misses to main memory and redundant

cache line fetches.

Though the performance improvements for the ACP prefetch datapath are modest, it would be

an ideal approach for integrating hardware supported memory accesses into a graph processing

application operating with an existing legacy codebase with minimal integration logic required

for implementation. However the ACP prefetch datapath does have its limitations. The access

patterns involved in the experimental BSP implementations, though spatially irregular, are

quite structured which allowed access patterns to be precomputed. With more complicated

applications and data driven access patterns, the synchronisation between the FPGA preloading

the cache and the CPU consuming the data will become a greater challenge to manage (See

Section 3.9). Poor synchronisation of these two steps may lead to excessive cache thrashing

and worse performance than the CPU-only implementation.

The ACP prefetch datapath, as implemented, can only be guaranteed to function correctly for

a single producer-consumer system as with multiple engines preloading the cache there is a risk

of preloaded data being overwritten before it has been read as the set-associative nature of

the L2 cache may lead to preloaded blocks being evicted for unrelated data. The FPGA-only

datapath may suffer bus contention when scaled due to limited memory bandwidths but should

scale better than the ACP or CPU datapaths as the Zynq SoC provides an increased quantity

of AXI-HP interfaces from the FPGA to external DRAM, with a greater net bandwidth than

the single ACP interface between the FPGA and the processor/memory subsystem (Table 2.2).

For future work in this topic it would be interesting to profile and measure the power con-

sumption overheads of the datapaths investigated, particularly for the ACP prefetch datapath
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which involves significant FPGA resources on top of similar CPU resources to the CPU-only

approach.

Due to the limitations of the ACP prefetch datapath, along with its reduced performance

benefits compared to the FPGA-only datapath, the remainder of this thesis will focus on

improving the FPGA-only datapath as this shows the most promise for improving overall

system performance. Though scatter-gather DMA can outperform CPU-only reads for graph

data, the ‘out-of-the-box’ implementations are far from optimal in terms of performance and

resource utilisation. This will be covered in more detail in the coming chapters, including

highlighting domain-specific improvements which can be made for the FPGA-only datapath

when dealing with the access patterns found in graph applications.



Chapter 4

Improving Scatter-gather DMA

Descriptor Access and Storage for

Graph Applications

4.1 Introduction

Chapter 3 demonstrated that using scatter-gather DMA transfers can provide significant per-

formance improvements (up to 13×) over CPU transfers for the irregular accesses of real world

graph data. However the length and nature of the transfers are unusual compared to traditional

DMA transfers. This chapter investigates how the scatter-gather DMA process can be adapted,

in the context of graph applications, to provide better performance for these transfers.

Traditionally, scatter-gather DMA operations require the chain of descriptors to be statically

defined and initialised before a DMA memory transfer is started. To the authors knowledge,

this is the pattern employed in all works utilising scatter-gather DMA. This chapter introduces

a novel hardware block which allows scatter-gather descriptors to be generated dynamically

at the point they are requested by the DMA engine. This dramatically reduces the memory

footprint for descriptor storage with no impact on transaction latency and negligible hardware

61
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footprint.

It also opens up the potential for scatter-gather descriptors to be dynamically generated in

response to processed data. This will be explored further in Chapter 5.

4.2 Contributions

The main contributions of this chapter are:

• Analysis of the redundancy and inefficiency of scatter-gather descriptor storage, particu-

larly for graph processing transfers.

• Development of a hardware IP core which reduces BRAM storage requirements for scatter-

gather descriptors through dynamic generation of descriptors on-demand.

• Evaluation of the performance of the Descriptor Decoder IP core for the experimental

setup from Chapter 3.

• Results showing that through this work, BRAM storage requirements are shown to be

reduced by 16× with total data transfer time reduced by 68% for real-world scatter-gather

transfers. Initialisation of descriptors no longer dominate the scatter-gather transfer time.

4.3 Publications

The work which forms this chapter was peer reviewed and presented at the 2015 International

Conference on ReConFigurable Computing and FPGAs (ReConFig) [103].

4.4 Scatter-gather Initialisation Overheads

It is clear that for maximum DMA data transfer performance, utilising the scatter-gather oper-

ation provides a significant improvement in system performance over the simple register-based
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Figure 4.1: Timing breakdown for a scatter-gather transfer processing descriptors relating to a
data transfer of 64 bytes. The individual breakdown of the time taken for the CPU to initialise
the descriptors in BRAM and the data transfer from DRAM itself are shown.

operating mode. However as the AXI DMA engine is designed to be heavily customisable for a

variety of data access patterns, data widths and operating modes, it is possible that a ‘stan-

dard’ configuration may not provide the maximum performance for the specific classes of graph

applications which are the focus of this thesis. This section explores the improvements which

can be made to a standard AXI DMA scatter-gather system in order to improve performance.

Chapter 3 demonstrated that, although the access patterns found in graph applications involve

significantly shorter burst sizes than are typical in DMA operations, utilising scatter-gather

descriptor chains can still provide a performance improvement over basic register operated

DMA and especially over basic CPU memory operations. The small size of transfers typically

means that data accesses associated with each individual node or edge will have a corresponding

scatter-gather descriptor.

Figure 4.1 shows a breakdown of the access times for the scatter-gather DMA system from

Chapter 3. The x-axis of the graph measures the number of descriptors processed; the graph

covers a larger range of transfers than Figure 3.15. The time taken for the CPU to initialise

the descriptors in BRAM is shown in the bottom slice, with the time taken for the DMA
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engine to transfer the data from DRAM in the top slice. It is clear that when measuring the

performance of the system as a whole, the time taken for the CPU to initialise descriptor chains

takes a significant proportion (approximately 2⁄3) of the total transfer time. Any improvement

to the initialisation and storage of data associated with descriptor chains will reduce the overall

transfer time and lead to significant performance improvements.

4.5 Descriptor Chain Format

For AXI DMA scatter-gather transfers, the descriptor chain is typically stored in on-chip BRAM as

a singly linked list of descriptors. The structure of a single descriptor for a 32-bit address space

is shown in Figure 4.2. Only half of the fields in the descriptor carry meaningful data with the

remainder unused or reserved for future functionality. Though the descriptors are only 8 words

long, the AXI DMA specification requires descriptors to be located at 16-word boundaries meaning

that in practice even more on-chip resources may be wasted and not available for useful data due

to fragmentation. This means that in a simple BRAM-based implementation, the percentage of

BRAM memory holding useful information is low with only 3 words out of every 16 holding data

used to co-ordinate the AXI DMA engines operations (NEXTDESC, BUFFER ADDRESS and CONTROL).

With BRAM resources at a premium (560 KB on the ZedBoard), inefficient storage of descriptor

chains can negatively effect system performance in two ways:

1. Overheads associated with the CPU initialising and writing redundant data to on-chip

memory when storing descriptors.

2. Limitations on the maximum length of descriptor chains, due to on-chip memory capacity.

These will be discussed in the following sections:
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0 31

NXTDESC00h
{ }

Next descriptor

RESERVED04h
{

BUFFER ADDRESS08h
{ }

Data location

RESERVED0Ch
{

RESERVED10h
{

RESERVED14h
{

CONTROL18h
{ }

Start/stop/
transfer length
signals

STATUS1Ch
{

Unused

20h - 3Ch













































Unused as
descriptors
must be aligned
at 16-word
boundaries

NXTDESC 32-bit pointer to the location in the memory system (usu-
ally in BRAM) of the next descriptor to be processed.

BUFFER ADDRESS 32-bit pointer to the location in the memory system (usu-
ally in off-chip DRAM) to transfer data from.

CONTROL Defines the size of the data transfer and also marks the
start and end of a chain of descriptors.

STATUS A read-only field written to by the AXI DMA engine after
the descriptor has been processed.

RESERVED Unused in the current implementation, must be null pop-
ulated.

Figure 4.2: AXI DMA scatter-gather descriptor packet. The key fields are highlighted and their
function noted. Details of the bitfields are given in Figures 4.5-4.7. The packets have eight
32-bit words of data but must be aligned at 16-word intervals .
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1. Overheads of initialising descriptors

Figure 4.1 shows a time breakdown of the two components of a DMA scatter-gather

transfer: CPU initialisation of the descriptor chain and the data transfer itself. For the

experiment in Section 3.6.3 from Chapter 3, descriptor chains were generated to encode the

access patterns for the FPGA-only datapath. Within each BSP iteration, data from each

incoming edge of a given node of the ego-Twitter dataset were fetched, with each request

for edge data implemented as a single DMA transfer with a corresponding descriptor to

control the transfer

Each descriptor corresponds to a data transfer of 64 bytes and the time taken for the two

components of the transfer is shown. The initialisation of descriptors takes up to 2⁄3 of the

total execution time of the transfer. Not only this, but during the descriptor initialisation

phase, the CPU is not available to perform other work, one of the intended benefits of

passing control of data movement to a dedicated core.

It is clear that reducing the descriptor initialisation time by reducing the amount of data

which needs to be written by the CPU will have a major impact on performance.

Limitations on the maximum length of descriptor chains

In the experimental system used in Chapter 3 256 KB of Block-RAMs are allocated

for storing of descriptor chains. As any improvements to the AXI DMA transfer will be a

‘helper’ IP core in a larger graph processing system rather than the entire system, adequate

BRAM resources are left for sizeable user logic to process the data values fetched. As

descriptors must be 16-word aligned, the BRAM block can store a descriptor chain with a

maximum of 4096 descriptors. If each descriptor encodes a data transfer of 64 bytes, this

corresponds to a maximum data transfer of 256 KB of data before further input from the

CPU is required. This means the storage requirements for descriptors and size of data

transfer they encode are the same. The control overhead is as much as the data payload.

It would be more efficient for the CPU just to write the graph data into the on-chip
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Figure 4.3: Standard operation of a statically defined scatter-gather transfer on the ZedBoard.
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from the on-chip BRAM. 4) The DMA engine reads the requested memory from the off chip
DRAM. 5) The requested data is streamed to the on-chip user logic which consumes the data.

BRAM directly! For large graph structures, this is clearly impractical and demonstrates

that for the small transfers in graph processing, the standard descriptor encoding can be

extremely limiting.

A method which allows only storing the required, non-empty, fields in BRAM could easily lead

to a reduction in storage requirements for individual descriptors by at least 2.6× (3 words out

of 8). Removing the fragmentation caused by the 16-word alignment requirement could lead to

an overall reduction in memory footprint of 5.3× (3 words out of 16).

4.6 Reduced Descriptor Format and Generation

This section covers the improvements made to the storage of scatter-gather descriptors whilst

maintaining an interface to the AXI DMA engine compliant with the specification, followed by
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further optimisations which can be made to the storage of descriptor data when targeting graph

applications.

4.6.1 Reduced Descriptor Storage

The AXI DMA engine makes standard AXI4 compliant read requests from its scatter-gather

master port for scatter-gather descriptors. As the location of the next descriptor to be fetched

is defined by the current descriptor, each descriptor must be fetched individually and the

requests are all 8-word incremental bursts. In the basic system implementation (see Fig 4.3),

the AXI4 read requests are fulfilled from BRAM by the Xilinx BRAM controller IP core [102]

which provides an AXI memory-mapped interface to the low-level BRAM implementation.

As the interface between the AXI DMA engine and the BRAM controller is a fully compliant

standard interface, it is possible to create an IP core which sits transparently between the

DMA engine and the BRAM controller. This IP core will intercept the read requests from

the DMA engine, and construct and return descriptor data as if it had come directly from the

BRAM. Only the descriptor fields which hold useful data need be stored in the BRAM and

these can be fetched by the IP core as required. Figure 4.4 shows a high level overview of how

this IP core, here on referred to as the Descriptor Decoder, functions.
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DMA

Descriptor
Decoder

AXI
BRAM

Controller

AXI4 request for
SG descriptor

Fully formed
descriptor
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Figure 4.4: High level overview of Descriptor Decoder operation. In response to a request
from the AXI DMA for a scatter-gather descriptor, the Descriptor Decoder fetches the required
data fields from the BRAM (also via AXI4 read request) and composites these into a complete
descriptor which is returned to the AXI DMA engine.
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4.6.2 On-Demand Generation of Scatter-gather Descriptor Fields

With knowledge of the graph applications to be processed and the assumptions outlined in

Section 1.4, further optimisations other than simply saving memory space by not storing the

RESERVED fields are possible. As the Descriptor Decoder already composites the final descriptor

before passing it to the AXI DMA engine, it is possible for some of the key data fields to be

generated on-demand by the Descriptor Decoder rather than stored and fetched from memory.

In the case of graph applications, and with the assumptions outlined in Section 1.4 that each

transfer has a fixed size, and that there is control over where data and descriptors are stored,

all but the BUFFER ADDRESS field can be statically generated.

The structure of the key data fields from the descriptor in Figure 4.2; NXTDESC, BUFFER ADDRESS

and CONTROL are shown in Figures 4.5, 4.6 and 4.7 respectively. The details of the generation

and inference of the descriptor fields which can be generated by the Descriptor Decoder are

outlined below:

• NXTDESC: The NXTDESC field is used by the AXI DMA engine in the subsequent requests

to indicate where to read the next descriptor from. As the field will be passed back to the

Descriptor Decoder and the descriptors will be dynamically generated, this does not need

to be a valid memory pointer to a descriptor. The address, as long as it complies to the

16-word offset requirements, can be used to track where in BRAM the BUFFER ADDRESS

fields, which cannot be dynamically generated, are being accessed from. As the system

has control over where in BRAM the descriptor data is stored (Section 1.4), consecutive

address fields are stored in contiguous memory. The Descriptor Decoder can therefore

generate the NEXTDESC value based on the previous value of the field.

• CONTROL: As it is assumed that all transfers have a fixed size which corresponds to

the data structure used for storing data associated with a given node or edge (in this case

64 bytes), the length field can be statically assigned. As the Descriptor Decoder has full

control over descriptors, start and stop signals can also be automatically generated for a

given length descriptor chain.
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Next Descriptor Pointer [31:6]

31 6 5 0

Next Descriptor Pointer to the location of the next descriptor to be processed.
Descriptors must be 16-word aligned hence the bottom 6 bits
of the field are reserved and must be 0. For the last descriptor
in a chain, the field should be zero.

Figure 4.5: AXI DMA scatter-gather descriptor NEXTDESC field.

Buffer Address

31 0

Buffer Address Pointer to the location in memory to transfer data from.

Figure 4.6: AXI DMA scatter-gather descriptor BUFFER ADDRESS field.
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TXSOF Transmit Start-Of-Frame: Asserted to indicate the current
descriptor is the start of the chain of descriptors to be pro-
cessed.

TXEOF Transmit End-Of-Frame: Asserted to indicate the current
descriptor is the end of the chain of descriptors to be processed.

Buffer Length The size in bytes, to be transferred from the address associated
with this descriptor.

Figure 4.7: AXI DMA scatter-gather descriptor CONTROL field.
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• STATUS: This field is read-only and is used for the AXI DMA engine to report the status

of the corresponding transfer. It is unused in this implementation.

• RESERVED: These fields are not used in the current AXI DMA implementation and so

are null populated.

As the only field of the descriptor which cannot be generated dynamically, BUFFER ADDRESS is

the only field which still needs to be stored in BRAM for each descriptor. This reduces the

storage overhead for each descriptor from 64 bytes down to 4 bytes, a reduction of the required

storage capacity by 16×.

4.7 Descriptor Decoder Hardware Implementation

The Descriptor Decoder was created as a hand-crafted verilog module with two AXI compliant

interfaces; one master and one slave. The operation of each AXI interface is co-ordinated by a

Finite State Machine (FSM). The AXI slave operation of the AXI slave interface is shown in

Figure 4.8. Once the AXI DMA engine initiates a read request from the decoder by asserting the

address valid flag, the decoder calculates the address in BRAM to read the BUFFER ADDRESS

fields from. This process is shown in Figure 4.9. The most significant 8-bits are maintained

for addressing the BRAM bank, whilst the lower 16-word aligned memory pointers are bitwise

right shifted to produce contiguous single-word aligned BRAM addresses. The master FSM is

then triggered to initiate the read from BRAM.

The Descriptor Decoder generates and outputs the fields of the requested descriptor on consec-

utive clock cycles until the transfer has completed. The master FSM (see Figure 4.10) takes the

requested address from the slave interface and makes a single word read request from BRAM

for the BUFFER ADDRESS value.

The Descriptor Decoder also has a software accessible register which allows the CPU to dictate

the framesize for each scatter-gather operation. This corresponds to the number of descriptors
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Figure 4.8: State machine for AXI slave interface of the Descriptor Decoder. Transitions are
labelled with X / Y where X indicates the condition for state change and Y the value output on
the AXI RDATA channel (with appropriate valid flags and handshakes). The highlighted states
correspond to outputting the 8-words of the requested descriptor. # indicates no condition or
valid output data. The interface to the AXI master state machine for fetching BUFFER ADDRESS

data from BRAM is indicated by the dotted line.
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NEXTDESC[31:24] NEXTDESC[23:4]
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Figure 4.9: Calculating the address in BRAM to read BUFFER ADDRESS values from. The upper
8-bits are used to address the BRAM bank, whilst the remaining bits are right-shifted to convert
the 16-word aligned values into contiguous 32-bit addresses.
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Figure 4.10: State machine for AXI master interface of the Descriptor Decoder. On request
from the slave FSM, a single word read request is made to the requested address value in BRAM
and the data is returned to the slave FSM.

to be processed and allows the Descriptor Decoder to generate the start and stop fields of the

CONTROL field (Figure 4.7).

The Descriptor Decoder was implemented into the AXI DMA scatter-gather system as shown

in Figure 4.11 with the CPU responsible for initialising the BUFFER ADDRESS values in BRAM,

setting the framesize register in the Descriptor Decoder and initiating the AXI DMA data transfer.

4.8 Results

The Descriptor Decoder IP core was incorporated into an AXI DMA system as outlined in Fig-

ure 4.11. This was tested using the same accesses to nodes of a graph derived from the

ego-Twitter dataset from the Stanford Large Network Dataset Collection [99] as described
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in the experimental setup in Chapter 3. As only the BUFFER ADDRESS values had to be stored

in BRAM, and these could be stored contiguously, the memory footprint for descriptors was

reduced by 16× compared to the traditional implementation. The remainder of this section

explores the impact of the Descriptor Decoder on overall system performance as well as the

costs and overheads of its implementation.

4.8.1 Descriptor Decoder Latency

The latency between the initiation of the AXI DMA’s read request and receipt of the first byte of

descriptor chain data for a ZedBoard-based system containing the AXI DMA engine, configured in

standard scatter-gather mode, accessing descriptor chains from on-chip BRAM (as outlined in

the AXI DMAmanual [25]) was measured as two clock cycles (assuming a lack of bus contention to

the BRAM). In the Descriptor Decoder system, the read request to BRAM can only be started

once the AXI DMA engine’s read request has begun as the read request from the AXI DMA engine

triggers the Descriptor Decoder to make a subsequent AXI read request from the on-chip BRAM

for the BUFFER ADDRESS field. This request to BRAM also suffers the two cycle latency meaning

the BUFFER ADDRESS field is not available until the fifth cycle after the DMA request began.

Whilst the BRAM request is in flight, the Descriptor Decoder proceeds to fulfill the request for

the descriptor. As the BUFFER ADDRESS field is the third field of the descriptor, the Descriptor

Decoder is able to immediately generate the first two fields of the requested descriptor chain

(NEXTDESC/RESERVED) which can be sent to the AXI DMA engine. Once the transmission to the

AXI DMA engine reaches the BUFFER_ADDRESS field, the value has been fetched from BRAM and

can be sent to the AXI DMA engine.

Figure 4.12 shows a timing diagram for these transactions and demonstrates that the latency

of the second additional transaction to the BRAM is masked by the generation of the initial

descriptor fields. This means that the AXI DMA receives the first bytes of the descriptor packet at

exactly the same point as it would have done from BRAM and as such the Descriptor Decoder

exhibits identical latency performance to the standard AXI DMA system, whilst providing the

significant reduction in storage overhead previously mentioned.
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Figure 4.12: Timing diagram for the Descriptor Decoder showing the read request from the
AXI DMA scatter-gather engine and the read request to the BRAM for the BUFFER ADDRESS field.
As the Descriptor Decoder is able to generate the first two fields of the descriptor dynamically,
the latency of the read request to BRAM is masked.

4.8.2 Overall System Performance

Figure 4.13 shows a comparison of the performance of AXI DMA scatter-gather operations with

and without the Descriptor Decoder block for a range of descriptor chain lengths. In this system

(as in the standard system defined in the AXI DMA manual [25]), the scatter-gather descriptors

were initialised by the CPU (whole descriptors for the basic system and just BUFFER ADDRESS

values for the Descriptor Decoder) and then the DMA operation was triggered by the CPU.

It is clear that the Descriptor Decoder system is much faster (up to 68%) than the basic

AXI DMA scatter-gather system. This is as a result of the reduced descriptor format leading to

less data needing to be initialised into BRAM before the main data transfer can commence.

Figure 4.14 shows a breakdown of how much of the total transfer time is taken up in the

descriptor initialisation phase and how much in the data transfer from DRAM itself, for transfers

with and without the Descriptor Decoder. It is clear from Figure 4.14b) that the 68% speedup

shown in Figure 4.13 is due to a dramatic decrease in the BRAM initialisation time with the

DMA data transfer time remaining unchanged.

Figure 4.15 shows that the reduction in descriptor initialisation times brought about by the
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Decoder and b) with the Descriptor Decoder. It is clear that the performance gain in Figure 4.13
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transfer time remaining unchanged.
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Descriptor Decoder means that the descriptor initialisation phase of the transfer no longer

dominates the total transfer time with descriptor initialisation now taking around 40% less

time than the DMA transfer itself.

4.8.3 Hardware Resource Overhead

Table 4.1 shows the increased resource utilisation in the ZedBoard experimental system as a

result of the Descriptor Decoder block. The increase in resource usage is negligible compared

to the total resource availability of even a moderately small platform such as the ZedBoard.

This means that the Descriptor Decoder block is viable for use in large production hardware

systems where sizeable logic and resources can be utilised to create a system which processes

the data which has been fetched from DRAM by the Descriptor Decoder.
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Name LUTs FFs BRAMs
(36 KB)

Descriptor Decoder IP Core 753 1138 0
(% of ZedBoard) 1.86% 1.07% 0%

Table 4.1: Resource usage associated with scatter-gather Descriptor Decoder IP core.

4.9 Discussion and Conclusion

The presented Descriptor Decoder IP core reduces the required storage capacity for scatter-

gather descriptor chains by 16× without increasing DMA transfer latency and with a very

modest resource footprint. This reduction to the payload needing to be initialised into BRAM

leads to a 68% reduction in the descriptor initialisation phase. As the Descriptor Decoder

operates with the same latency as a basic AXI DMA implementation, the total transfer time is

also reduced by 68%. It is also important to note that by reducing the overhead of the CPU

in initialising and co-ordinating the memory operations, the potential for the CPU to perform

other useful work in parallel to the the on-chip DMA memory operations is increased. The

reductions in descriptor initialisation time mean that the time taken for the physical DMA

transfer from DRAM now dominate the transfer time. However the improvements provided so

far, could be taken further and will be explored in Chapter 5.

The Descriptor Decoder is designed to operate transparently from the perspective of the AXI DMA

engine. This means that the decoder can be retrospectively incorporated into existing AXI DMA

scatter-gather based graph processing systems with minimal engineering overhead, only requir-

ing re-organisation of descriptor data in BRAM. The use of standard AXI compliant interfaces

also allows interfacing with other IP cores or memory controllers with relative ease.

Though the performance figures quoted are based on the assumptions in Section 1.4, namely

that the transfer lengths for individual read request are of a fixed length, these assumptions

could be relaxed by including transfer length as a parameter along with BUFFER ADDRESS which

is stored in BRAM and read by the decoder. Whilst this would increase the BRAM storage

requirements, there would be no impact on transfer latency as latency of fetching the trans-
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fer length field from BRAM could be masked in the same means as for the BUFFER ADDRESS

transaction.

Whilst the fragmentation caused by the requirement for descriptors to be 16-word aligned

could have been addressed through the use of a BRAM interface with a 16-word stride, further

improvements are realised through the ability of the IP core to dynamically generate certain

fields of the descriptor on-demand. This opens up the potential for transfer descriptors to

be generated truly dynamically as a result of previous input data without the need for static

definition of descriptor chains or costly CPU initialisation of BRAM memory. This concept

will be discussed further in Chapter 5.

Though the Descriptor Decoder scheme was demonstrated using graph processing data it has

the potential to be beneficial in a much wider context to a range of applications. Almost all

scatter-gather DMA applications could benefit from reducing the redundant fields present in

the descriptor format which provide no benefit to the transfer. The ability to infer and generate

some of the data fields on-demand requires some domain-specific knowledge though this could

easily be adapted to other use-cases where it is possible to constrain the generic nature of some

of the descriptor fields without affecting functionality. Though this work was demonstrated

with the AXI DMA engine, the key fields for describing scatter-gather descriptors are common

across DMA engines from other vendors (though field ordering and naming may differ). This,

coupled with the use of industry-standard compliant interfaces allows the presented work to be

easily ported to other DMA engines and FPGA platforms.



Chapter 5

Hardware Controlled, Autonomous and

Data-Driven DMA

5.1 Introduction

The improvements to scatter-gather descriptor chain storage and generation outlined in Chap-

ter 4 provide improvements to memory access performance but the generated memory system

still has a number of downsides. These main limitations are outlined below:

• Though scatter-gather DMA and the on-demand generation of descriptors in Chapter 4

reduce the amount of CPU intervention required in data transfers, the time taken for

the CPU to initialise partial descriptors and configure and monitor the DMA engine still

takes up 38% of the total memory access time. As data is being fetched by, and consumed

on the FPGA, this still seems a large overhead.

• The system presented until now still requires defining a static list of descriptors to be

processed by the DMA engine. This is well suited to algorithms with statically defined

access patterns known a priori. For graph applications this is often not the case where

successive accesses are often dependent on the values of previously processed data.

81
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This chapter demonstrates a means of removing the need for CPU intervention entirely from

the memory operations allowing the on-chip DMA engine to operate entirely autonomously.

The concept of statically defined ‘chains’ of descriptors to be processed is replaced with a

dynamic queue of future memory operations which can be appended to in response to processed

data. The proposed solution is incorporated into a self-contained IP core called the Graph-

DMA engine (G-DMA). This domain-specific DMA core echoes existing custom DMA cores

for applications which are not optimally supported by the standard DMA engine such as the

Xilinx Video DMA core [104], optimised for accessing image frame buffers.

5.1.1 Contributions

The main contributions of this chapter are:

• Design of a hardware memory management system which supports dynamic memory

operations in response to processed data and operates autonomously without the need

for CPU intervention.

• An assessment of the performance of this system facilitating the data transfers involved

in Dijkstra’s shortest path algorithm operating on real-world graph data.

• Results showing that data transfer times are reduced by up to 11% over an implementa-

tion using default hardware transfers inferred by Vivado HLS due to improved scheduling

of memory operations. A standard handshake interface is provided to allow applica-

tion developers to simply interface the memory management system into their hardware

designs.

5.1.2 Publications

The work which forms this chapter was peer reviewed and presented at the 2015 International

Conference on ReConFigurable Computing and FPGAs (ReConFig) [103].
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5.1.3 Outline

Section 5.2 recaps the results of the previous chapter and highlights the issues which still need to

be improved for optimal performance. Section 5.3 provides an overview of the G-DMA IP core

generated to address these issues. The main operations of the IP core: autonomous operation

of the AXI DMA engine and dynamic generation of on-demand scatter-gather descriptors are

outlined in Sections 5.4 and 5.5 respectively. Section 5.6 provides a case study of the G-DMA

being incorporated into a graph processing system implementing the Dijkstra’s shortest path

algorithm. Experimental results are shown in Section 5.7 with discussion and conclusions in

Section 5.8.

5.2 Evaluation of Limitations

Though the compressed descriptor scheme introduced in Chapter 4 provides significant improve-

ments to the storage requirements for descriptors and improvements in descriptor initialisation

time, more can still be improved. The amount of data to be written to BRAM was reduced

by 16× with the time taken for the CPU to initialise descriptors reduced by 68%. Although

the CPU driven descriptor initialisation phase no longer dominates the transfer time, the CPU

control still takes up a sizeable proportion (38%) of the transfer time, particularly for a system

where memory reads and data processing are primarily hardware implemented.

Figure 5.1 shows the breakdown of execution time for the compressed descriptor storage tested

in Figure 4.13. To improve system performance, the remaining CPU overheads are a better

target for improvements than the time taken for the DMA transfer from DRAM as the DMA

transfer is already a highly optimised interface and is limited by the physical restrictions of the

hardware.

Though the predefined access sequences used in the experimental section of Chapter 3 were

suitable for the BSP experiment which focused on the overheads of memory accesses, they

are not representative of most graph applications which are, by their nature, data-driven and
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Figure 5.1: Breakdown of the execution time for the scatter-gather transfers in Chapter 4
(Figure 4.13). 38% of execution time is taken up initialising descriptors with the remaining
62% by the actual data transfer.

whose access patterns cannot be known a priori. For graph applications involved in searching

or traversal of a graph such BFS (see Section 1.1.2) or Dijkstra’s shortest path (see Section 5.6),

calculating an access sequence would involve executing the algorithm, rendering it pointless to

subsequently re-execute it in hardware. The data-dependent nature of the computations means

that any calculated access pattern could not be re-used for a different input graph. A dynamic

memory management approach where data can be fetched in response to previously processed

data is clearly required.

5.3 The G-DMA Engine

This section introduces the G-DMA IP core designed to address the issues highlighted above.

A high-level view of the G-DMA core is shown in Figure 5.2. G-DMA encompasses the AXI DMA

engine, descriptor generation and storage with the only external connections being a memory-

mapped interface to the DRAM controller for memory reads, a stream of data to the graph
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Figure 5.2: High-level overview of the G-DMA hardware IP core showing the two main func-
tions: autonomous DMA operation and on-demand scatter-gather generation. The individual
modules within the IP core and their bus interconnections are also shown.

processing core and a simple interface for the graph processing core to request additional data.

The operation of the core is split into two main functions highlighted within dashed boxes in

Figure 5.2, on-demand scatter-gather descriptor generation and autonomous DMA operation:

• On-demand scatter-gather generation

On-demand scatter-gather generation is provided by implementing a FIFO queue of mem-

ory addresses to be processed, which are used to generate descriptors to be sent to the

DMA engine. The application processing the data can then ‘request’ further data by en-

queueing addresses on to the FIFO. These dynamic memory requests are outlined further

in Section 5.4.

• Autonomous DMA operation

The autonomous DMA operation is facilitated by the Transaction Monitor block which

issues all control signals to the AXI DMA, reading and writing to all applicable status

registers. This removes the need for any CPU intervention for control. The autonomous

control of the AXI DMA core is outlined further in Section 5.5.
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5.4 On-demand Scatter-gather Generation

Chapter 4 presented a system which was able to generate full scatter-gather descriptors for

AXI DMA transactions on-demand. The only data which needed to be stored in BRAM was

a single data word (BUFFER ADDRESS) containing the address in memory for payload data to

be fetched from. The G-DMA engine takes this functionality but, rather than fetching the

BUFFER ADDRESS values from a software configured BRAM, generates descriptors using the

BUFFER ADDRESS at the top of an internal FIFO which stores a queue of memory access requests.

As this is no longer a static, fixed length chain of descriptors, additional data can be requested in

response to processed data by appending addresses to the queue. The interface to achieve this is

a simple four-phase handshake mechanism which is shown in Figure 5.3. Addresses to be fetched

can be requested by a user IP block by writing to the address line and asserting the Request

flag. The Acknowledge signal from the G-DMA engine provides flow-control to pause requests

if the internal Descriptor FIFO is full. To allow external logic to request additional data, a

simple mapping between node and edge identifiers and physical memory addresses is used where

addresses can be calculated from these identifiers with computationally cheap logical shifts and

offsets. The system is currently implemented in ‘bare-metal’ operating mode, rather than, for

example co-ordinated by a Linux-based Operating System (OS) due to the performance and

low level primitives available. Therefore there is no need for mapping between physical and

virtual address spaces. This can often cause issues in hardware-accelerated memory systems

and is discussed in [105, 106].

Implementing a queue of descriptors in this way decouples the synchronicity between memory

requests made by the graph processing logic and physical bus transactions to main memory

to fetch data. This allows memory bus transfers and processing logic to operate at their own

speed and means, for example, that the processing logic may not have to stall if the memory bus

transactions are slowed due to bus contention as a result of other parts of the system making

memory requests at the same time.
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Figure 5.3: Data request interface for the G-DMA memory management system. Addresses to
be fetched are sent to the G-DMA engine via a standard 4-phase handshake which provides
flow-control if the G-DMA Descriptor FIFO is full. Fetched data is returned to the calling user
IP block as a standard AXI stream. A simple software wrapper library was implemented for
use in Vivado HLS

5.5 Autonomous DMA Operation

In most DMA-based systems, the DMA engine acts as a slave to the CPU which issues control

commands and co-ordinates its operation. In the case of the AXI DMA engine, these control

commands take the form of AXI4-lite transactions across the shared-memory space from the

CPU to the FPGA. As this is a standard interface, it is possible to create a hardware module

with an AXI4-lite master output port which coexists on the FPGA alongside the DMA engine

and creates the control commands which would normally have been sent by the CPU. A sum-

mary of the four AXI DMA control registers is outlined below with further implementation detail

available in [25].

• Current Descriptor (MM2S CURRDESC) - The location in memory of the head of the

linked-list of scatter-gather descriptors to be processed.

• Tail Descriptor (MM2S TAILDESC) - The location in memory of the tail of the linked-list
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of scatter-gather descriptors to be processed. When the DMA engine is enabled, writing

to this register starts the DMA operations.

• Control Register (MM2S DMACR) - Sets the control flags for the AXI DMA engine. Key

fields functions include enabling and resetting the core.

• Status Register (MM2S DMASR) - Indicates the status of the AXI DMA engine. This is a

read-only field.

The Transaction Monitor module controls the operation of the system by monitoring both the

status register from the AXI DMA engine and the current utilisation of the Descriptor FIFO. If

the Descriptor FIFO becomes empty, the Transaction Monitor issues a pause command to the

AXI DMA by setting the appropriate binary flag of the MM2S DMACR Control Register.

As descriptors are no longer being defined in a static linear chain, the ‘head’ and ‘tail’ of the

descriptor chain (in MM2S CURRDESC and MM2S TAILDESC) do not serve a practical purpose other

than to fulfill the specifications for the AXI DMA engine as the Descriptor Generator will always

produce descriptors from the top of the FIFO irrespective of the descriptor address passed

to it by the AXI DMA engine. As such these addresses are set to correspond to the maximum

allowable descriptor chain length permitted by the AXI DMA and are reset when this number of

descriptors have been processed. This allows data transfers to continue in perpetuity as long

as addresses continue to be pushed onto the Descriptor FIFO.

5.6 Dijkstra’s Shortest Path Case Study

To evaluate the G-DMA core, a system was created which used G-DMA to facilitate the memory

accesses for an implementation of the Dijkstra’s algorithm for finding the shortest path between

nodes of a graph [107]. A block diagram of this system is shown in Figure 5.4 highlighting the

connections between the Dijkstra processor, DMA core and external memory. Pseudocode for

Dijkstra’s algorithm is shown in Algorithm 3 in Figure 5.5. An implementation of the algorithm

which interfaces with the G-DMA to request data relating to the edge weight for a given
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Figure 5.4: Hardware implementation of Dijkstra’s algorithm facilitated by the G-DMA core.
a) the AXI DMA engine makes requests of the Descriptor Generator, b) the Descriptor Generator
builds a scatter-gather descriptor from the top buffer address of the Descriptor FIFO, c) the
AXI DMA block requests the data from external memory, d) data is delivered to the Dijkstra
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by enqueueing buffer locations onto the Descriptor FIFO, f) the Transaction Monitor monitors
the Descriptor FIFO and sends control signals to the AXI DMA engine to keep it operating.

edge in the graph was implemented using the Vivado HLS High-Level Synthesis package [108].

The edge state data array (Section 3.6.1) was stored and accessed from the off-chip DRAM,

whilst the edge offset and edge destination arrays were held locally to the Dijkstra core for

processing. In the test system, for simplicity, the array of calculated node distance values was

stored locally to the algorithm implementation in on-chip BRAM but for large graphs this

would also need to be stored in off-chip memory and could be accessed in a similar manner to

the edge weight data.

As a comparison, the same algorithm was implemented but configured to read edge weight

details directly from the off-chip DRAM using a standard AXI4 Memory Mapped interface and

issuing standard AXI4 read requests. Both hardware implementations were compared to the

CPU operation of the algorithm source code used for high-level synthesis operating on the ARM

CPU core of the ZedBoard. For the CPU implementation, standard C pointers to the DRAM

address locations were maintained and the data was accessed when required by dereferencing
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Algorithm 3: Dijkstra(graph, source)

11 /* Initialisation */
2 foreach vertex v in graph do

3 dist[v] = infinity;

/* Start search from source node */
4 Q = the set of all nodes in graph
5 dist[source] = 0

/* Loop over graph */
6 while Q is not empty do

7 u = smallestDistance(Q, graph)
8 remove u from Q
9 foreach neighbour of u do

10 alt = dist[u] + distance(u,v);
11 if alt < dist[v] then
12 dist[v] = alt;

Figure 5.5: Pseudocode for Dijkstra’s algorithm.

those pointers to fetch the data stored at the associated memory address.

For all experiments, wall-clock timing data was obtained using a hardware clock, co-ordinated

by the ARM CPU core. The CPU was not involved in the operation of the algorithm or memory

accesses but merely facilitated data collection. For the hardware experiments, the on-chip IP

cores communicated with the CPU via a hardware interrupt.
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5.7 Results

Figure 5.8 shows the time taken to calculate the distance from a given source node to the

reachable nodes of the graph for the ego-Twitter dataset used in Chapter 3. The experiments

were run with a range of source nodes and were repeated multiple times to eliminate the effects

of noise. For each run, the number of requests for edge data was recorded to allow consistent

comparisons between runs.

Echoing the results from earlier chapters, the hardware implementations continue to outperform

the CPU with an ∼37% performance improvement thanks to the avoidance of unfavourable

caching overheads. The G-DMA system outperforms the standard AXI4 implementation with

up to an 11% decrease in total execution time. Whilst this is a relatively modest increase,

it is attainable with little extra implementation effort or hardware overhead compared to the

standard AXI4 implementation. Table 5.1 summarises the range of speedups provided by the

two hardware memory access patterns over the basic CPU software read.

Mode Minimum Speedup Maximum Speedup

Read to CPU (baseline) 0% 0%
AXI4 Hardware Read 37.2% 38.2%
G-DMA 43% (5.8% over AXI4) 49.3% (11.1% over AXI4)

Table 5.1: Range of speed improvements between G-DMA core, standard AXI memory reads
and CPU operation.

As both implementations stem from the same C++ code for the implementation of the algo-

rithm in HLS, the performance differences between the G-DMA and the AXI4 Hardware read

implementation are clearly down to how the memory operations are instantiated and scheduled

in the two HLS implementations. The G-DMA uses the hls stream C++ library to read data

from the AXI stream coming from the AXI DMA engine. Whilst the nature of these data accesses

are still small discrete transfers (Section 3.4.1), a high throughput can be maintained as the

G-DMA engine is able to fetch data in parallel with the operation of the Dijkstra core which

allows data to be quickly available on the AXI stream FIFO when requested.
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By contrast, the pure HLS implementation uses an AXI4 Master interface to fetch data directly

from DDR memory via the AXI-HP interface. In Vivado HLS, this memory operation is

implemented as a call to the memcpy function. Whilst Vivado HLS is capable of converting

memcpy requests for large contiguous chunks of memory into efficient bursted transfers, this

cannot provide much performance benefit as the fragmented nature of memory accesses limits

the quantity of contiguous data being fetched from any given memory address.

The default scheduling of Vivado HLS operations also comes into play here. As AXI bus

requests are fired for the data from each incoming edge at the point that the data is required,

data requests in the AXI4 implementation are staggered with inefficient use of the memory bus

(See Figure 5.6). By comparison, the G-DMA implementation makes more efficient use of the

memory bus as requests queued to the Descriptor FIFO can be pipelined without waiting for

the previous transfer to complete (See Figure 5.7).

ARADDR A B C

ARVALID

RDATA D[A] D[B] D[C]

RVALID

Figure 5.6: Bus Utilisation for AXI4 Read Implementation of Dijkstra’s Algorithm. Read
requests are staggered leading to inefficient use of the memory bus.

ARADDR A B C

ARVALID

RDATA D[A] D[B] D[C]

RVALID

Figure 5.7: Bus Utilisation for G-DMA Implementation of Dijkstra’s Algorithm. Read requests
are pipelined utilising the memory bus more efficiently.

Whilst the scheduling of the AXI4 Read implementation could likely have been improved

through careful structuring of code and application of appropriate directives it is clear that

basic usage of Vivado HLS inferred memory operations for irregular algorithms do not result

in an efficient scheduling of memory operations and usage of the memory bus. The tool cannot

be relied upon without guidance to produce efficient memory interactions for irregular memory
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Figure 5.8: Time taken to calculate the Dijkstra’s shortest path between CPU operation, basic
AXI4 read and G-DMA. The time taken to process a range of edge counts is shown.

accesses in the same way that regular accesses are optimised. The G-DMA implementation pro-

vides an easy to use wrapper around memory requests and increases the ease of implementing

efficient memory access routines in HLS.

It should be noted that the hardware implementation of the Dijkstra processing core has not

been heavily optimised for hardware operation, or for parallel execution, and is the output of

Vivado High-Level Synthesis (HLS) using default settings. Hand-optimised Dijkstra implemen-

tations (such as those highlighted in [109, 110, 111]) will likely outperform this implementation.

However the focus of this work is comparison of the memory fetch operations and as such the

HLS implementation is sufficient.

5.8 Conclusion & Discussion

The G-DMA engine shows up to an 11% improvement over a basic hardware implementation

and ∼37% over a CPU implementation. It is clear that the CPU overheads highlighted in

Figure 5.1 have been removed and the G-DMA system outperforms the AXI4 implementation
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due to improved scheduling of memory bus requests. It is likely however that he G-DMA system

itself has some overheads. These correspond to both the management of the Descriptor FIFO as

well as the interface to enqueue additional requests onto the FIFO. Further optimisations to the

G-DMA core may reduce these. Additionally, the existing HLS implementation of Dijkstra’s

algorithm still follows a relatively sequential operating flow and does not make the maximum

benefit of the decoupling between memory requests and the DMA bus operations. Though the

G-DMA allows memory requests by the processing logic and physical bus transactions to be

fully separated, the existing implementation of Dijkstra’s algorithm still operates in a largely

lockstep manner between memory requests and data processing. This reduces the potential of

further performance benefits for this particular implementation. Algorithms designed to make

better use of the capabilities of G-DMA will see even greater performance benefits.

Whilst the attained speedup in this particular experiment is modest, there are several other

benefits the G-DMA implementation can provide to hardware implementations of graph appli-

cations which should be noted:

• Decoupling of memory requests and bus transactions: By implementing a FIFO

queue of data requests the G-DMA provides a disconnect between the hardware, which

makes requests for memory and processes the data, and the bus level hardware which

manages memory accesses. This allows asynchronous operation of the two segments

and could be easily extended to support multiple data consumers with a single memory

interface.

• System flexibility: Though the G-DMA currently supports a single-sized data packet

relating to node/edge data, the system could easily be expanded to support variable-sized

data bursts which could be requested through a data field in the request FIFO. As the

system utilises the heavily optimised and feature-rich AXI DMA engine, it could be easily

extended to support the full range of burst modes and transfer options available rather

than just simple individual AXI4 read transactions.

• Abstraction from underlying memory interface: Though the G-DMA currently

interfaces with the Xilinx AXI DMA engine, the separation of concerns means that for an
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application developer the details of the underlying memory interface are not important.

G-DMA provides a unified interface (Figure 5.3) for requesting additional data, allowing

the underlying platform to easily be ported to use other DMA cores or hardware platforms

without re-engineering of each individual application.

In the future it could be possible to use these descriptor ‘virtual addresses’ as some form of

metadata for each of the transactions, for example to distinguish between different consumers in

a system where the G-DMA serves multiple parallel consumers, or to allow flagging of ‘priority’

requests which should bypass the queue of upcoming transfers in the Descriptor FIFO and be

processed immediately.

This would allow multiple cores on the FPGA to access data through a unified, extensible

interface. The G-DMA engine would be free to rearrange, merge memory requests to provide

the best Quality of Service (QoS) for each consumer using priority hints to solve arbitration

between consumers if necessary. This ties into active research in memory accesses for multicore

systems such as [112].

In future work it would be interesting to extend the system to support more of the transfer

modes offered by the AXI DMA engine. Other potential optimisations include detecting consec-

utive read requests which do exhibit a level of spatial correlation and grouping those into a

single bursted transaction to reduce the number of individual memory access requests made

where possible. How the system can be expanded to support platforms beyond a single node

when large graphs or complex processing do not fit within the resource constraints of a single

device is another avenue to be explored.



Chapter 6

Conclusion

6.1 Summary of Thesis Achievements

The work of this thesis has focused on improvements to memory access performance for the

irregular access patterns found in many areas of scientific computing. Using the example of

graph applications, the poor CPU cache performance which comes as a result of a lack of spatial

and temporal correlation of successive data accesses was demonstrated.

Heterogeneous reconfigurable platforms can provide performance benefits for irregular algo-

rithms, even with the computation remaining on the CPU. By using DMA to fetch data into

the FPGA and then the ACP to write this data into the L2 cache of the processor, costly cache

misses to the external memory can be avoided. This L2 preloading can provide speedups of 2-

3× to applications running on real-world graph data with limited alteration needed to existing

software codebases. However this is limited to a single producer-consumer model. Handling

data fetching entirely within the FPGA can increase the speedup to ∼6-14×, despite its sig-

nificantly lower clock speed, by completely removing cache overheads from the data pipeline.

However this requires re-engineering of existing systems to utilise the FPGA along with the

cost of increased development overhead.

When using DMA to fetch graph data to the FPGA, the burst sizes are significantly smaller
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than traditional DMA transfers (16-64 bytes compared to kilobytes or megabytes). The stan-

dard DMA scatter-gather descriptors are inefficient for these transfers due to their size and

redundancy within the data structure. A novel approach for generating these descriptors on-

demand was proposed using domain and system specific knowledge to infer and generate most

of the fields without stored data. This decreased storage requirements for these descriptors by

16×, reducing the overall transfer time by 68% as less data needed to be initialised by the CPU

for each transfer.

The G-DMA engine extended the on-demand descriptor generation to support data-driven

memory requests in response to processed data, dramatically increasing the flexibility and ap-

plication of the system. The overhead of CPU control over memory operations was removed

with the engine operating entirely autonomously in hardware. This led to performance im-

provements of up to 11% over standard hardware transfers along with decoupling of memory

requests and bus transactions, increased system flexibility and an abstracted hardware model

for accessing data.

6.2 Wider Applications

Overall this work has provided methods for increasing the performance of memory accesses for

algorithms which exhibit irregular access patterns. These algorithms can be executed either

on the CPU, in which case ACP prefetching can provide 2-3× performance improvements, or

fully on-chip with processing logic and memory operations all performed on the FPGA with up

to 14× performance improvements over basic CPU implementations. This addresses the issues

outlined in [70] whilst utilising consumer grade low-power embedded systems.

Though the reported work has focused on graph applications and their associated memory

accesses, the work presented has the potential to be much wider reaching. The optimisations

should be equally applicable to other classes of irregular application which would have suffered

from poor CPU cache performance. The improvements to scatter-gather descriptor storage in

Chapter 4 do not even have to be specific to irregular algorithms as any DMA-based applica-
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tion could benefit from reduction in redundancy in the data format and reduced utilisation of

valuable BRAM resources.

The presented work has utilised the Xilinx Zynq SoC chip and the Digilent ZedBoard due to

its feature set and availability at the start of the PhD. However the design principles and many

of the implementation details presented in this thesis should be directly applicable to other

hardware platforms both provided by Xilinx but also those from other vendors or utilising

different DMA engines.

6.3 Future Work

Future work to be conducted in this field could include the implementation and validation

of the G-DMA core on other targets and platforms. Expanding the functionality of the core

to support the full range of DMA transfer types and sizes along with a simple API to aid

interfacing user logic blocks to the core would be beneficial. How best to efficiently manage

memory for systems with multiple FPGAs, where the design does not fit on a single platform,

or systems with distributed memory local to processing elements would be an interesting area

of research.
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ACP Accelerator Coherency Port

API Application Programming Interface

ARM Advanced RISC Machines

ASIC Application Specific Integrated Circuit

AXI Advanced eXtensible Interface

BFS Breadth-First Search

BGL C++ Boost Graph Library

BSP Bulk Synchronous Parallel

CAD Computer Aided Design

CPU Central Processing Unit

DDR3 Double Data Rate Synchronous Dynamic Random-Acess Memory

DMA Direct Memory Access

DRAM Dynamic Random-Access Memory

DSP Digital Signal Processing

FPGA Field Programmable Gate Array

FSM Finite State Machine

G-DMA Graph-DMA engine

HLS High Level Synthesis

HP High Performance

IP Intellectual Property

ISA Instruction Set Architecture

L2 Second Level
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LRU Least Recently Used

LUT Look Up Table

MRU Most Recently Used

OCM On-Chip Memory

OS Operating System

PL Programmable Logic

PS Processor System

QoS Quality of Service

RAM Random Access Memory

RISC Reduced Instruction Set Computing

R-MAT Recursive Matrix

RTL Register-Transfer Level

SIFT Scale-Invariant Feature Transform

SoC System-on-Chip

SRAM Static Random-Access Memory

TLB Translation Lookaside Buffer
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