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Resumo

A procura por edge devices de baixo custo e de baixo consumo energético capazes de execu-
tar workloads de TA tem aumentado nos dltimos anos. O interesse em combinar RISC-V, uma
Instruction Set Architecture (ISA) de padrio aberto e livre de royalties concebido de raiz com
costumizagdo em mente, com hardware especializado, capaz de executar as tarefas para as quais
foi concebido com uma eficiéncia excepcional, surge naturalmente, dando origem a multiplos
Intellectual Properties (IPs) baseados em RISC-V. No entanto, poucos parecem interessados em
desenvolver os compiladores juntamente com o seu hardware, seja por exigirem um investimento
muito elevado, por ter uma curva de aprendizagem acentuada, ou outros fatores.

Esta dissertacdo propde uma alternativa: a introdugcdo de uma etapa de compilagdo source-
to-source antes da compilagdo final, permitindo a insercdo automética de custom instructions di-
retamente no cédigo-fonte utilizando in-line assembly, usando uma Application Programming
Interface (API) e um ecossistema muito mais acessiveis.

Discutimos os detalhes da aceleracdo automadtica de produtos escalares vetor-vetor com a uti-
lizagdo de uma custom instruction Multiply-And-Accumulate (MAC), bem como a andlise estatica
necessdria ao longo do processo. No final das contas, conseguimos encontrar oportunidades de
aceleracdo em benchmarks de terceiros. Correndo um programa num Field-Programmable Gate
Array (FPGA) programado com um IP closed-source, conseguimos atingir um speedup de até 7,1
vezes em comparacao com o programa original nao otimizado, e acompanhando o desempenho de
c6digo otimizado manualmente.

Palavras-chave
Compilagdo Source-to-Source, RISC-V, Anélise Estitica, Edge Al



Abstract

The demand for low-cost, low-power edge devices capable of performing Artificial Intelligence
(Al) workloads has been increasing in the last few years. Interest in pairing RISC-V, an open-
standard, royalty-free ISA built from the ground-up with customizability in mind, with special-
ized hardware, capable of performing the tasks they are designed for with exceptional efficiency,
naturally begins to emerge, spawning multiple RISC-V based IPs. However, few seem interested
in developing the compilers alongside their hardware, either due to requiring too big of an invest-
ment, steep learning curve, or other factors.

This thesis proposes an alternative: the introduction of a source-to-source compilation step
right before compilation, allowing the automatic insertion of custom instructions directly into the
source code using in-line assembly using a much more accessible API and ecosystem.

We discuss the details of automatically accelerating vector-vector dot products with the use of
a MAC custom instruction as well as the necessary static analysis along the way. At the end of
the day, we are able to find acceleration opportunities in third-party benchmarks. When running
our program in an FPGA programmed with a closed-source IP we achieve a speedup of up to 7.1
times compared to the original, unoptimized program and matching the performance of manually
optimized code.

Keywords
Source-to-Source Compilation, RISC-V, Static Analysis, Edge Al
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Chapter 1

Introduction

1.1 Context

Although it has been around since the 50s Al has seen explosive growth over the past decade,
spurred by breakthroughs in Machine Learning (ML) and Deep Learning (DL) [54]. As the mod-
els’ capabilities in various fields increased, so did their use cases [49].

To achieve any meaningful applicability, the computational power required to run the major-
ity of models is very high, effectively restricting its use to costly, powerful computers, typically
available only to scientific and governmental institutions or large corporations [49]. As models
became more capable and computers smaller and more efficient, new use cases in the Internet of
Things (IoT) field emerged, such as smart home appliances, smart watches, surveillance systems,
etc. Though these systems usually rely on a centralized server for intensive workloads, there are
many benefits to delegating some of the computation to edge devices [50]. Smart watches benefit
highly from lower latency, smart home appliances from lower risk of personal information leak-
age, and cameras can perform movement detection, allowing them to only send new images when
needed therefore reducing network bandwidth consumption.

RISC-V [2] is a relatively recent ISA that distinguishes itself from its competitors on account
of its open standard status and focus on extensibility. Due to being royalty-free and open-source, it
is an appealing option to small and medium-sized companies looking to compete in the embedded
systems market.

Additionally, as the standard was built from the ground up taking into account processor cus-
tomization, it enables the addition of custom instructions, or even the coupling of the processor
with accelerators, with relative ease. Thus, this specialized hardware can perform the tasks it
was engineered for with exceptional speed and efficiency, enabling significant improvements in
performance, power consumption, and overall system efficiency.

The combination of these two key characteristics makes RISC-V a compelling option for cus-
tom hardware designers tackling a problem that benefits from custom instructions to accelerate Al

tasks with strict budget and power efficiency constraints.
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Custom instructions have the potential to significantly accelerate execution by performing
operations that would require multiple other instructions to achieve the same result. These custom
instructions are commonly used in one of three ways, though each comes with disadvantages.

Firstly, the programmer can use the instructions directly with in-line assembly, however this
is not desirable as it locks the software to specific RISC-V implementations which support the re-
spective extension, is time-consuming and error-prone for the programmer to think at instruction-
level and bypasses compiler optimizations.

Secondly, hardware built-ins, that is mappings provided by the compiler for a given instruc-
tion, can be used, allowing the compiler to capture the semantics of the instructions they imple-
ment [23], though they still suffer from the other drawbacks of in-line assembly.

Finally, the compiler can automatically detect opportunities to use the custom instructions
(instruction auto-generation), solving the previous disadvantages at the cost of complexity. If
the compiler’s internals do not already provide the framework for detecting these opportunities a
compiler extension is typically used, adding yet another set of challenges.

In the next sections we will list some of the challenges currently faced by custom ISA exten-

sion developers, focusing mostly on the issues alluded to on the previous paragraph.

1.2 Motivation

As referenced above, custom ISA extension developers have implemented extensions for GCC [20]
[38] and LLVM [32] [39], in part to be able to auto-generate instructions when the compiler does
not provide the necessary framework to do so. Developing these new compiler features has a steep
learning curve, requires significant engineering effort, restricts the utilization of the instructions to
one compiler and its distribution is impractical.

A Source-to-Source Compiler (S2S Compiler), that is, a compiler whose output is also source
code (e.g. TypeScript to JavaScript or C to C), can find portions of the source code that benefit
from the custom instructions and optimize the program by replacing them with inline assembly,
emulating optimization passes present in compilers. Although traditional compiler support is often
desirable for the end product, utilizing this approach to prototype the support for custom instruc-
tions and accelerators has many benefits. Firstly, a S2S Compiler can provide an API or Domain
Specific Language (DSL) which has a smoother learning curve and requires less effort to use, rel-
ative to the environment provided by traditional compilers such as GCC or LLVM. Secondly, it
causes no compiler lock-in and there is no need to catch up to new compiler updates, meaning that
because passes are implemented in a separate tool they are compatible with any compiler, so long
as they both support the same language version.

In [13], an open-source compiler focusing on optimizing Al models for a wide range of 1Ps
with custom instructions was presented. However, this is a very specialized tool that only accepts
PyTorch, TensorFlow or Open Neural Network Exchange (ONNX) as input. In contrast, a S2S
Compiler usually supports large portions, if not fully, their target languages.
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1.3 Problem

A wide range of devices is currently used to run Al workloads, including Central Processing
Units (CPUs), Graphics Processing Units (GPUs), FPGAs, Coarse-Grained Re-configurable Ar-
rays (CGRAs), Tensor Processing Units (TPUs), and other Application-Specific Integrated Cir-
cuits (ASICs) [13], and the number of different devices used will increase even further with the up-
and-coming RISC-V IPs featuring custom ISA extensions support. Optimizing DL workloads for
these hardware targets requires careful consideration of the underlying memory architectures [13]
and is becoming increasingly difficult for operator-level level libraries to keep up with their di-
versity. Many ignore a significant part of the market, opting instead to focus on server-class GPU
devices and delegating the optimization to vendor-specific libraries which are difficult to port to
other IPs [13].

On the other hand, developing GCC and LLVM extensions to support custom hardware in-
structions currently requires significant engineering effort for IP authors [13].

We believe that the process of preparing an environment for adapting and testing an applica-
tion to use custom hardware components has the potential to be streamlined and that IP authors

developing a RISC-V ISA extension could greatly benefit from it.

1.4 Research Questions
This dissertation aims to answer the following research questions:

1. What are the main state-of-the-art RISC-V ISA extensions targeting Al acceleration, how
accessible are their development environments and how much effort does it take to simulate

their custom instructions?

2. Is it possible to complement the current compilation flow of RISC-V with a S2S Compiler

in a way that reduces effort, increases ease-of-use or smoothens the learning curve?

3. Can source code analysis discover opportunities for custom Al instructions, enabling op-
timization passes without the need of using large compiler frameworks such as GCC or
LLVM?

1.5 Hypothesis

Utilizing S2S Compilers (e.g. Clava [9]) to apply transformations to sections of source code can
accelerate the prototyping of new instructions provided by custom RISC-V ISA extensions, while

not being as encumbering as developing a GCC or LLVM extension.
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Literature Review

For the purposes of this dissertation, we carried out a systematic review of the literature roughly
following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)

guidelines, through which we intend on making this process rigorous, transparent, and replicable.

2.1 Research Domain

As the demand for low-cost and low-power devices capable of running Al tasks efficiently in-
creased, various initiatives sought to develop their own RISC-V based ASICs. Though there are
various ways of implementing the acceleration, either via co-processors, Processing in Memory
(PiM) modules, separate processing units such as TPUs, the focus is on those programmable via
an ISA. This is more common in smaller functional units integrated in the processor’s pipeline, as

opposed to the more powerful GPUs and TPUs, and co-processors.

2.2 Identification Phase

We searched four prominent digital libraries, namely SCOPUS, ACM Digital Library, IEEE Xplore
and Web of Science, for articles, conference papers and preprints, by applying small variations to

the two query strings we concocted, adapting them to each search engine.

2.2.1 Query String 1

("RISC-V" OR "riscv")

AND

("Instruction Set Architecture extension" OR "ISA extension" OR "custom
instruction")

AND

("AI"™ OR "artificial intelligence" OR "ML" OR "machine learning"” OR "NN"

OR "neural network" OR "inference")

The first query matches results that mention three topics:

4




2.3 Screening Phase 5

Initial Search Results
Source / Query String | QS1 | QS2 | Total
SCOPUS 48 11 59
ACM DL 6 8 14
IEEE Xplore 15 1 16
Web of Science 18 11 29
Total 87 31 118

Table 2.1: Number of matches of each query string per digital library.

* RISC-V related keywords
» Keywords related to the extension of the instruction set architecture
» Keywords related to the broad category of Al

As none of these categories are too specific, we can limit the search in most of the digital
libraries to records that specify the designated terms in their abstracts, resulting in a moderately

sized collection of on-topic records.

2.2.2 Query String 2

("RISC-V" OR "riscv")

AND

("Instruction Set Architecture extension" OR "ISA extension" OR "custom
instruction")

AND

("edge intelligence" OR "AIoT" OR "Artificial Intelligence of Things" OR
tinyML)

The second query string features the same first two categories, however the third restricts the
results to the rather specific topic of edge intelligence. RISC-V based ASICs with extended ISAs
are of particular interest to this area, and although Al isn’t explicitly mentioned we believe that the

records that would be otherwise missed, should we omit these terms, will nonetheless be pertinent.

2.2.3 Search Results

The results of the search of both query strings across the digital libraries is summarized in Table
2.1.

2.3 Screening Phase

The goal of this phase is to methodically remove records that are not relevant to the topic at hand.
Upon defining inclusion and exclusion criteria, we test each record according to them and exclude

those that do not hold up. To this effect, we utilized a mix of the reference manager’s capabilities
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Phase | Inclusion / Exclusion Criteria
1 Search engine results after executing a search query.
2 Not duplicated.
3 Published since 2020 (inclusive).
4 Article, conference paper or preprint.
5 Published in the english language.
6 Not a retracted publication.
7 Full-text access.

Table 2.2: List of chosen inclusion and exclusion criteria.

and manual labour. The defined criteria can be found in Table 2.2 and each will be expanded upon
below. We will justify its selection, how it was applied and present the updated list of matches
after its application. The first is omitted, as that is simply the initial table of results mentioned

above.

2.3.1 Not duplicated

Records with matching Digital Object Identifiers (DOIs), or those with the same title, authors and
publication date can be automatically excluded by the reference manager. Duplicated instances of
records thus stop being counted in multiple sections of the results table. Priority is given to the
first query string, and higher priority to SCOPUS, then the ACM Digital Library, IEEE Xplore and
finally Web of Science. For example, if the same record was found by both the first and the second
query strings in SCOPUS, it will hereupon be counted only as a result of the first query string, and
if the same record is found both in SCOPUS and the ACM Digital Library, it will be counted only
as a result of SCOPUS.

The results of removing the duplicate records is summarized in Table 2.3. As we can see, all
records matched by IEEE Xplore were duplicates, thus this entry will omitted henceforth.

2.3.2 Published since 2020 (inclusive)

Not all papers can be reviewed due to time constraints. As newer papers are likely to be closer to
the state-of-the-art, these will be evaluated first. Older but still influential papers are likely to be

referenced in these newer papers, so they might still be considered at a later stage.

IEC2
Sources / Query String | QS1 | QS2 | Total
SCOPUS 48 5 53
ACM DL 0 8 8
IEEE Xplore 0 0 0
Web of Science 0 4 4
Total 48 17 65

Table 2.3: Number of records accounting with inclusion and exclusion criteria 2.
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IEC2 + IEC3
Sources / Query String | QS1 | QS2 | Total
SCOPUS 42 5 47
ACM DL 0 8 8
Web of Science 0 4 4
Total 42 17 59

Table 2.4: Number of records accounting with inclusion and exclusion criteria 2 and 3.

The reference manager’s capabilities allowed us to easily filter out the records that did not

match this criteria. The results are summarized in Table 2.4.

2.3.3 Article, conference paper or preprint

Other publication types, such as books or proceedings, were discarded as they take too much time
to review or are not very relevant. Once again, we relied on the reference manager for this task.

The results are summarized in Table 2.5.

2.3.4 Published in the english language

Only records published in the english language were considered, as these should be accessible to
us and the majority of the scientific community. We relied on the reference manager’s capabilities
when possible, and manually inspected the remaining ones, however this did not exclude any

records, therefore a table is omitted.

2.3.5 Not a retracted publication

These records were excluded for obvious reasons. We once again relied on the reference manager
for this task, however no records were excluded again. A table is again omitted for the same

reasons.

2.3.6 Full-text access

The records resulting from this search will be reviewed in full on the State of the Art section of

this dissertation, for which reading the text in full is required. We sought the records that were

IEC2+IEC3+IEC4
Sources / Query String | QS1 | QS2 | Total
SCOPUS 42 5 47
ACM DL 0 1 1
Web of Science 0 4
Total 42 10 52

Table 2.5: Number of records accounting with inclusion and exclusion criteria 2 to 4.
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IEC2+IEC3+IEC4+IECS5+IEC6+IECT

Sources / Query String | QS1 | QS2 | Total
SCOPUS 39 5 44
ACM DL 0 1 1
Web of Science 0 4

Total 39 10 49

Table 2.6: Number of records accounting with inclusion and exclusion criteria 2 to 7.

not automatically caught by the reference manager, however some still eluded us in the end. The

results are summarized in Table 2.6.

2.4 Eligibility and Selection

Upon trimming the number of records in the previous section, we manually reviewed each of the

remaining records’ titles, abstracts and conclusions as needed, further reducing the number of

those that do not fit in the desired topic.

At this stage, we manually select the records that present a custom ISA extension for RISC-

V (i.e. not a standard extension such as "P" or "V") with the purpose of accelerating Al-related

workloads, those that provide insight into process or those that present a survey on the existing

projects in this area.

The result is a list of 42 selected papers presented in Table 2.7.

Table 2.7: List of selected records.

Reference | Record Name

[35] NARS: Neuromorphic Acceleration through Register-Streaming Extensions on RISC-V
Cores

[53] Vortex: Extending the RISC-V ISA for GPGPU and 3D-Graphics

[31] Accelerate Binarized Neural Networks with Processing-in-Memory Enabled by RISC-V
Custom Instructions

[60] RV-SCNN: A RISC-V Processor With Customized Instruction Set for SNN and CNN
Inference Acceleration on Edge Platforms

[5] A Scalable RISC-V Hardware Platform for Intelligent Sensor Processing

[11] RISCV-FNT: A Fast FNT-based RISC-V Processor for CNN Acceleration

[61] AI-ISP Accelerator with RISC-V ISA Extension for Image Signal Processing

[46] An 2.31ul)/Inference Ultra-Low Power Always-on Event-Driven Al-IoT SoC With
Switchable nvSRAM Compute-in-Memory Macro

[17] RISC-V Instruction Set Architecture Extensions: A Survey

[44] xTern: Energy-Efficient Ternary Neural Network Inference on RISC-V-Based Edge Sys-
tems
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Reference | Record Name

[7] MiniFloat-NN and ExSdotp: An ISA Extension and a Modular Open Hardware Unit for
Low-Precision Training on RISC-V Cores

[15] A Lightweight Posit Processing Unit for RISC-V Processors in Deep Neural Network
Applications

[52] RISC-HD: Lightweight RISC-V Processor for Efficient Hyperdimensional Computing
Inference

[58] Optimizing CNN Computation Using RISC-V Custom Instruction Sets for Edge Plat-
forms

[12] An Eight-Core RISC-V Processor With Compute Near Last Level Cache in Intel 4
CMOS

[62] FlexBits: A Configurable Lightweight RISC-V Micro-architecture for Flexible Bit-
Width Execution

[43] Variable Bit-Precision Vector Extension for RISC-V Based Processors

[42] Yun: An Open-Source, 64-Bit RISC-V-Based Vector Processor With Multi-Precision
Integer and Floating-Point Support in 65-nm CMOS

[63] Case Study: Optimization Methods With TVM Hybrid-OP on RISC-V Packed SIMD

[6] MiniFloats on RISC-V Cores: ISA Extensions with Mixed-Precision Short Dot Products

[28] Value Similarity Extensions for Approximate Computing in General-Purpose Processors

[21] LiteAIRS: A System-Level Framework for the Design and Modeling of Al-extended
RISC-V Cores
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Chapter 3

State of the Art

In this section we introduce key concepts necessary to understand the state-of-the-art of RISC-
V ISA extensions. We also discuss some literature, part of which was identified in the previous
section, and others added afterwards if deemed relevant, presenting the authors’ work, how it is

relevant to our work, their results and limitations.

3.1 Background

3.1.1 RISC-V

RISC-V is an open standard, royalty-free ISA based on Reduced Instruction Set Computer (RISC)
principles capable of powering devices ranging from low-power specialized ASICs to highly per-
formant linux capable machines. It has seen considerable growth in adoption over the last decade
thanks to its open licensing model and its extensibility.

RISC-V’s instruction encoding is very regular, meaning it is relatively easy to reserve a section
of the encoding space for a group of related instructions, such as branching instructions, 32 bit
integer operations, and others. Most of the encoding space is allocated to common instructions in
what are called standard extensions. However, the I extension, containing only basic operations
natively on 32 bit, is the only compulsory one. Before a group of instructions is added to the RISC-
V specification as a standard extension it must first go through a thorough process of evaluation
by the RISC-V International Association.

Although support for all standard extensions isn’t mandatory, the encoding space is reserved
nonetheless, meaning no two instructions from any extension can be encoded in the same way.
However, a portion of the encoding space is reserved for non-standard extensions, meaning that it
is not used by any standard extension. Thus, IP developers can use this space to implement their
custom specialized instructions enjoying a full guarantee of compatibility with every present and
future RISC-V standard extension. As there are no official requirements of custom extensions,
other than limiting the encoding of instructions to the allocated "custom instruction" section, two
custom extensions may use the same encoding for their respective instructions, making them mu-

tually incompatible.

11



State of the Art 12

3.1.2 Compilation, Toolchains and SDKs

Modern software development usually involves software engineers writing code in a high-level
programming language that is then translated into machine code that can be executed by the tar-
get computer in a process commonly denominated as compilation. In truth, the source code is
processed in multiple steps by different tools in (usually) decreasing levels of abstraction. A tradi-
tional compilation flow, would start with a preprocessor, if the language requires it, taking as input
the high-level code and expanding compile-time directives and functions such as C’s macros. The
expanded code is then fed into a compiler, which is itself composed of multiple parts.

The compiler first parses the expanded code, transforming it into an intermediary representa-
tion, usually an Abstract Syntax Tree (AST), which is significantly easier to analyze. Next, the
compiler inspects the program to ensure its validity and, if it is valid, applies a set of operations
that try to optimize the code to varying extents. Finally, the compiler translates the program to an
intermediate representation with even lower levels of abstraction, such as LLVM-IR, which oper-
ates close to the register transfer level. To execute this step it must take into account the limitations
of the target machine. For one, it must consider how many registers the target machine has and
manage their uses in a process called register allocation. For the purposes of this work, however,
code selection is the most relevant task performed at this stage. Code selection concerns itself
with selecting the most appropriate set of hardware instructions that execute the logic defined in
the program. As an example, let us consider a program that sums two numbers and then multiplies
the result by a third, an operation known as MAC. As the pattern is very common, many archi-
tectures choose to support it directly in hardware, performing it with one MAC instruction instead
of an addition followed by a multiplication, which not only reduces code size but is often faster
as well. The result is assembly code, a platform-dependent language close to executable machine
code, but still with some abstractions and human-readable.

Next, the assembler consumes the assembly code and outputs non-executable machine code,
usually denoted as an object file. The machine code is at this stage memory position independent,
meaning that memory addresses are still encoded as relative to the entry point, and the use of
unresolved symbols which can be used, for example, to refer to procedures not yet located in the
program.

Finally, a linker joins all object files into a single, executable program in machine code, re-
solving all previously unresolved symbols and finalizing the memory addresses.

The set of these tools, along with a few unmentioned others, such as a debugger, that enable
the creation of software constitutes a toolchain.

A Standard Developer Kit (SDK) is usually composed of a toolchain along with other utilities
such as libraries, documentation, program examples, APIs, and other tools that ease software

development.
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3.1.3 S2S Compilation

As the name suggests, has a high-level language as both input and output, which might be the
same or a different one. S2S Compilers have seen mainstream use in web development, powering
the translation of TypeScript and Svelte to EcmaScript, however their usefulness is not limited to
the web.

A S2S Compiler can be used to implement partial code selection, identifying uses of custom
instructions and inserting in-line assembly. Delegating the code selection to a tool separate to
the compiler means that compiler lock-in is eliminated, meaning that any compiler that accepts
the same language as the output of the S2S Compiler is supported. Additionally, updating the
compiler to a newer version is trivial. Furthermore, S2S Compiler usually have much smoother
learning curves than traditional compilers. These factors result in massively reduced engineering

effort required to support custom instructions.

3.1.4 Verilog, HDL and Simulators

Verilog, a popular Hardware Description Languages (HDLs), enables hardware designers to model
digital circuits at the Register Transfer Level (RTL). It can be used to automatically generate a list
of basic logic primitives such as logic gates in a process called synthesis. The result, denoted as
netlist, can then be used to generate FPGA bitstreams or blue prints for ASICs.

Additionally, simulators generated from the description can verify the correctness of the de-
sign without needing to invest physical resources. For example, by describing a microprocessor
in Verilog, one can then create a Instruction Set Simulators (ISSs), that is a simulator that accu-
rately emulates the values in the register file and their changes, can verify the correctness of an
implemented custom ISA extension. If the simulator also accurately simulates the behaviour of
the system on a per cycle basis, taking into account pipeline stalls and the like, it is deemed a
cycle-accurate simulator.

Verilog and other similar HDLs are a key part in modern hardware design and are extensively
used in the state-of-the-art projects aiming to extend the RISC-V ISA.

3.2 Listing

3.2.1 Supporting 64-bit Operands in 32-bit RISC-V Cores

Kumar et al. [1] extended the RISC-V 32 bit ISA with two custom instructions to load and store
64 bit operands. This is implemented by grouping the 32 32 bit general purpose registers into
16 pairs of 64 bit registers, which are then used as operands for the custom instructions. There
is also an on-going effort by the RISC-V consortium to standardize such an approach'. The
ISA extension is implemented on Codasip [16], a framework for designing RISC-V IPs, which

also generates a supporting SDK. Although this simplifies the inclusion of compiler hints for

lhttps ://github.com/riscv/riscv-zilsd
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the custom instructions, the approach is not yet able to optimize generic C code, and explicit
consecutive memory accesses must be written at the source code level.

The extension was tested on a single C program compiled and profiled with the proprietary
Codasip compiler. The code declares a two dimensional data array, and copies its elements to a
distinct target array. The implemented 64 bit memory instructions resulted in a a 50 % reduction
in the number of clock cycles, and on 30 % reduction of power consumption during memory and
load instruction with only a 4 % area increase. Future work will address support for generic user
C code and the bf1oat 16 datatype.

3.2.2 Platform for Intelligent Sensor Processing

Bernardo et al. [5] discuss the implementation of a RISC-V core targeting audio event detection
(Intelligent Sensor Processing) acceleration for edge applications. The design features a core built
upon Minres TGC and an UltraTrail Al hardware accelerator, while the underlying System-on-
Chip (SoC) is an adapted version of Pulpissimo [48]. The core features three unspecified custom
instructions as well as a zero overhead loop feature encoded using CoreDSL, a language for ISA
specification. The UltraTrail accelerator provides an TVM UMA (Universal Modular Accelerator
Interface) API, which allows an easy integration of new hardware accelerators into TVM. All
instructions were manually implemented as RTL and then integrated into the core using SCAIE-V,
an open-source hardware interface custom extensions, while the ISS was based on the CoreDSL.
Toolchain related aspects are mentioned, but not detailed regarding the extent of compiler support
for the custom instructions. When running an audio event detection application the core was
able to achieve a 2.15x speedup and a 27 % power reduction compared to a base implementation

without the ISA extension. No code is provided.

3.2.3 NARS

Manoni et al. [35] present NARS, an open-source Spiking Convolutional Neural Network (S-
CNN) mapping methodology implemented on a RISC-V core based on Snitch with Indirection
Streaming Semantic Registers (ISSR) and FREP, which manages an Floating Point Unit (FPU)
sequence buffer that implements hardware loops on floating-point instructions, targeting Spiking
Neural Network (SNN) acceleration. Additionally, the Snitch core also supports non standard
floating point representations from FP8 to double precision.

Although the code is available”, the authors do not mention any software or toolchain sup-
port. As for the testing, the focus was on the mapping methodology rather than the core or ISA
extensions. The project was simulated on QuestaSim and, under the aforementioned conditions,
demonstrated speedups from 33 to 10.23x on a dense baseline and from 1.12x to 2.66x on an

optimized dense implementation.

2https ://github.com/smanoni/NARS
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3.24 RISCV-FNT

RISCV-ENT [11] is a RISC-V based on RISCY [24] that aims to accelerate Convolutional Neu-
ral Networks (CNNs) via the Fermat Number Theorem (FNT), which replaces complex numbers
with real numbers in Fast Fourier Transforms (FFTs). The core, which includes an FNT ac-
celeration unit, is written in Verilog and was implemented on an FPGA. The acceleration unit
is controlled using custom instructions, features Single Instruction Multiple Data (SIMD) and
compute-in-memory capabilities. It can process an 8 X 8 matrix at once or larger matrices in a
sliding window fashion. There is no mention of software or toolchain support, and instead, inline
assembly is used to control the unit. A speedup of 8.5 is achieved versus baseline RISC-V pro-
cessors without FNT — presumably the RISCY core — though this speedup is specific to the conv2d
layer. For 1D Convolution (conv1d) the speedup is 6.2, and the overall speedup for the neural

network is 3.6, together with a 40 % power consumption reduction.

3.2.5 RV-GEMM

RV-GEMM [59] is a RISCY [24] based core featuring a coprocessor to accelerate general matrix
multiplication, a common operation in Al kernels. The coprocessor implements SIMD operations
and is controlled by the core via three instructions custom instructions. It features 16 parallel
multiplication units with configurable precision integer operands (32 bit, 16 bit or 8 bit), as well
as 8 input data registers, 8 control registers and 16 output data registers for a total of 32 32 bit
registers. The custom instructions set the dimensions of the input matrices and operand precision,
trigger the calculation of up to 4 x 4 blocks of the output matrix, and copy these blocks to a target
address. The modified core achieved speedups of 15.8x, 28.7 %, and 42.5x for GEneral Matrix
Multiplication (GEMM) computations under 32 bit, 16 bit and 8 bit operand precision respectively
when compared to the unmodified RISCY core, while only increasing the overall power consump-
tion by 2.6 %. However, although control and address generation units are mentioned, no detailed
explanation is given on how the custom instructions need to be orchestrated to access matrix data
which is non-contiguous in memory. Example code is not shown nor is the supporting toolchain

mentioned or open-sourced.

3.2.6 RNNASIP

Andri et al. [3] aim to accelerate Recurrent Neural Network (RNN) inference for Radio Resource
Management (RRM) applications. In this field, devices typically stay on the field for long periods
of time, yet the algorithms evolve at a fast pace. As such, devices must be efficient but adaptable,
and the authors consider FPGAs to be too costly for dense and widespread deployment. Instead,
three instructions were added to the RISCY [24], a predecessor core to the CV32E40P developed
as part of the PULP platform, with existing support for various ISA extensions. An algorithm
was implemented using only the standard IMFC instructions, and re-implemented with resort to

the PULP’s extensions. By comparing performance results, performance critical operations were



State of the Art 16

identified that informed the design of the three custom instructions. Namely, instructions which
each compute a sigmoid, a hyperbolic tangent, and a combination of a sum-dot-product operation.

When combining the existing PULP extensions with these three custom instructions and soft-
ware optimizations, the core is on average 15x faster versus code using only the base RISC-V
IMFC ISA, and the overall energy efficiency shows a 10x improvement. The baseline implemen-
tation is compiled using the standard GCC 7.1.1 for RISC-V RV32IMFC ISA, but any required
modifications to support the added instructions are not explicitly explained. However, the code
repository hosting the work contains C test files for the custom instructions where these are in-
troduced using inline assembly. Thus, to the best of our understanding, the compiler does not

automatically optimize programs to use these instructions.

3.2.7 CV32E40P

CV32E40P [40] is a RISC-V core supporting the RV32IMC instruction set, with configurable sup-
port for either the F or Zfinx standard ISAs, as well as the CORE-V custom ISA extensions group,
containing various ISA extensions developed by PULP which have been shown to accelerate Al
workloads. The extensions include instructions for hardware loops, load and store operations with
pointer post-increment, various bit manipulation operations, integer MAC operations and SIMD
operations, which are common operations in Al kernels. A modified GCC allows for compiler-
level support for a subset of the introduced instructions. However, a set of built-ins is also available
for the majority of the extensions, eliminating at least the need for manual in-line assembly.

The authors show that for typical Digital Signal Processing (DSP) workloads the proposed
core is on average 3.5 x faster and 3.2 x more energy efficient. Overall, the proposed CV32E40P,
as well as PULP — the platform it originated from — are some of the most advanced open-source
RISC-V non-standard ISA extensions presently available, and their toolchain support is also mostly
unmatched. Despite this, some current compiler-level shortcomings include limited automatic
opportunity detection and insertion of some instructions. For example, compiler generated post-
increment load and store operations are limited to single-nested loops, and instructions that imple-

ment dot-products can only be used explicitly in source-code through built-ins.

3.2.8 Minifloat-NN

Bertaccini et al. [8] extend and open-source FPU called FPnew [33], in order to support an existing
extension called smallFloat [51]. They then implement, to the best of our understanding, three
new custom instructions extending smallFloat itself. These are an Expanding Sum-of-dot-product
(ExSdotp) operation, as well as expanding and non-expanding three-operand additions named
Vector Inner Sum (Vsum) and Expanding Vector Inner Sum (ExVsum), where an "expanding"
operation produces an output with wider bit-width than its inputs. Specifically, ExSdotp computes
the dot product of rs1 and rs2, and performs a three component sum with the results and the
value of rd. Vsum computes a three component sum rs1, rs2, and rd. ExVsum computes a three

component sum between the packed values in rs1 with the value in rd. The rd register functions
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as an accumulator for all instructions, and for ExSdotp and ExVsum it contains data packed in
higher precision than rs1 and rs2. Variants of the instructions distinguished by different suffixes
indicate the precisions of the inputs and outputs, as either 8 bit, 16 bit, or 32 bit.

The FPU accepts 64 bit inputs and 64 bit outputs, and through parametrization during instan-
tiation it can be used to compute SIMD operations over different bit widths. Specifically, the unit
can perform up to two 16 bit to 32 bit operations per cycle, or four 8 bit to 16 bit operations per
cycle, by packing the inputs and outputs into the full width 64 bit ports. The FPU supports all
conventional floating-point operations for every enabled floating-point format, except the square
root and division operations.

The proposed FPU achieves the highest energy efficiency when executing low-precision ker-
nels when compared to two state-of-the-art architectures [36, 64] that also support low-precision
operations as well as the unmodified FPnew unit, being 1.7 x more efficient than one, and 14.4x
then the second. It is also 1.3 x more efficient than the original FPNew when performing opera-
tions of the lowest precision and doubles its performance when using the expanding operations.
We have also not identified any other work supporting 8 bit floating-point operations.

However, no details are given on code generation or compiler support to exploit the instruc-
tions. Furthermore, performance for higher-precision kernels is not evaluated, and although the
FPU is compared to two existing works, the comparison is skewed as data of different precisions
is employed for each case. Finally, one of the reference works for comparison outperforms the

proposed FPU in terms of throughput by 1.42x.



Chapter 4

Constant Propagation

Constant propagation is a common normalization step in static analysis, facilitating subsequent
analyses that require knowledge of the value of variables at certain points in the program. We
implemented a simple normalization pass based on Clava and Clava Flow, introduced below, that
replaces read varrefs with the variable’s value at that point in the program whenever it can be
determined. A varref is the name given to the nodes in Clang’s AST and adopted by Clava
that correspond to the use of a variable in a C/C++ program, e.g. the x in x+1 or the y in y++.
A varref corresponds to a read operation if the value of the variable is used to perform an
operation such as in the former example, a write if the value of the variable is changed as a result

of an operation, or read and write such as the latter example.

4.1 Flow and Clava Flow

Flow' is a graphing library for Lara® focused on control-flow, data-flow, and static-call analyses
built upon Cytoscape”.

Clava Flow", an extension of Flow, enables the construction of control-flow and static-call
graphs of C and C++ programs, made possible by parsing said programs with Clava, hence the
name.

As we used Clava Flow, we eventually felt the need to add some missing features to suit our

needs. The rest of this section details our contributions to the project.

4.1.1 For-Loops with incomplete headers

Previously, when analyzing a program, the library assumed that for-loops always had an initializa-
tion, that is, a statement in the loop’s header in which variables may be declared and/or initialized

or assigned a value. All generated control-flow graphs therefore would follow the same structure:

lhttps ://github.com/specs-feup/flow

2https ://github.com/specs—-feup/lara—-framework
3https://cytoscape.org/

4https ://github.com/specs—-feup/clava-flow
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the last statement before the loop would have an outgoing edge to the loop’s initialization state-
ment, which would have an outgoing edge to the to the loop’s test condition statement, responsible
for ascertaining whether the loop’s body should be run or not. An example of this can be seen in
Figure 4.1. The C and C++ standards, however, allow for-loops without an initialization, in which
case an empty statement is used. This resulted in a crash when generating the graph. We modified
the library to account for this case. Now, in the case that the initialization step is an empty state-
ment, the last statement before the loop connects to the loop’s test condition statement, as can be

seen in Figure 4.2.

main()

Figure 4.1: A visual representation of the control-flow graph generated of a program with a for-
loop with a non-empty initialization and step

Similarly, the library also assumed that the for-loops always had a step, that is, a statement in
the loop’s header where a control variable is modified. The structure of the for-loops would then
be as follows: the last statement of the loop’s body would have an outgoing edge to the loop’s
step statement, which would in turn have an outgoing edge to the loop’s test condition statement,
observable in Figure 4.1. Once again, the step can be an empty statement according to the C and
C++ standard. We modified the library to support such cases, in which case the last step of the
loop’s body now has an outgoing edge to the loop’s test condition statement. Figure 4.3 illustrates
this.

Naturally, both of these cases can be true at the same time. Our modified version of the library

also behaves as expected in this scenario, as can be seen in Figure 4.4.



Constant Propagation 20

main()

Figure 4.2: A visual representation of the control-flow graph generated of a program with a for-
loop with an empty initialization and non-empty step

4.1.2 In-line assembly statements

Different statements affect the generated graph in different ways: a variable initialization simply
connects to the next statement in the program, while an if statement has two outgoing edges, and
a function call connects the caller function to the callee. Additionally, the nodes offer information
pertaining to the statements they represent: the user can access the condition of an i f node, for
example, without needing to use Clava’s representation of the i f statement itself.

However, the library did not handle in-line assembly statements, which resulted in crashes
whenever they were present in the program. We extended the library, creating an appropriate node
for such statements that behaves similarly to other statements that do not alter control-flow. It
should be noted that in-line assembly instructions may in fact alter the control-flow of the pro-
gram. However, Clava and Clava Flow are by design target-agnostic. As such, parsing the in-line
assembly and inferring its semantics are naturally outside their scope. It is up to the user to en-

sure that there are no instructions inside the in-line assembly code that jump to other parts of the

program.
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main()

Figure 4.3: A visual representation of the control-flow graph generated of a program with a for-
loop with a non-empty initialization and empty step

4.2 Limitations

Our current implementation has some limitations that shape the way we handle certain scenarios,

hence the need to mention them first.

4.2.1 Pointers

Our implementation currently ignores pointers completely. This means that, for example, a read
on a dereference of a pointer to a variable with a constant value is not substituted. It also means
that, if a value is written to a dereferenced pointer, it will not count as a write on the variable it is

currently pointing to, possibly producing incorrect results.

4.2.2 Function calls, global variables and C++ references

At the time of writing, Clava Flow does not connect nodes containing function calls to the callee’s
starting node. As mentioned previously, there is an outgoing edge from the caller to the callee,
but it is external to the control-flow of the caller. Usually this does not constitute an issue since
variables in the caller’s scope cannot be modified in the callee, however, there are some notable
exceptions.

First, we have global variables. As the name suggests, they are in-scope during the entirety of
the program, and to properly account for writes to these variables, whenever there is a function call,

one would need to stray from the current position on the Control-Flow Graph (CFG), traverse the
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main()

Figure 4.4: A visual representation of the control-flow graph generated of a program with a for-
loop with an empty initialization and step

entirety of the callee’s graph, and every function call within, repeating until we reach the beginning
of the main function, if there is one. For these reasons, we perform constant propagation separately
and only on purely constant global variables. First, we check all available code and mark all global
variables without any writes and that are initialized with a literal. Then we replace every reference
to each marked variable with the literal with which it is initialized.

Passing a pointer as an argument to a function, or of a variable by reference in C++, would
also require analyzing the callee’s CFG. However, our implementation does not currently support

it and may therefore produce incorrect results.

4.2.3 Undefined behaviour

Whenever there are two or more writes to the same variable in the same statement, except when
the statement is an assignment to the very same variable, it is considered undefined behavior as per
the C and C++ standard. Therefore, whenever our program detects this, it throws an error, alerting

the user to the impossibility of performing the necessary analysis on the given source code.

4.2.4 Poor optimization

Due to time constraints, most of the development time was focused on adding features and testing,
leaving little time for optimizing the code. As a result, it may take upwards of 120 seconds when

propagating constants on programs larger than a few hundred lines of code on a modern computer.
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4.3 Algorithm

The first step of the algorithm is to search for every varref that can potentially be replaced by a
literal. To be eligible, the value of the variable must not be altered by the operation, discarding
operations such as assignments or post-increments. Furthermore, it cannot be the subject of an
addressof operator or of a C++ member access. Finally, global variables are also skipped for
the reasons outlined in Limitations.

After building the CFG we loop through each eligible varref and traverse the graph back-
wards from the varref until we find a write to the variable, the start of the current function or
a node that has already been explored. Due to the program’s control possibly branching out, e.g.
after an if statement, a switch or a loop, multiple writes have the possibility of being the last.
As of the declaration of the b variable in Figure 4.5, for instance, both the declaration on line 2
and the post-increment on line 4 may constitute the last write to the variable a, depending on the

value of x. If no writes to the variable are found, then its value cannot be known at compile-time,

void foo (int x) {

int a = 0;

if (x) |
at+;

}

int b = a;

Figure 4.5: Example of a program with multiple possible last writes for the variable a

therefore the varref is not replaced. If one or more writes are found, the replacement can only
happen if all writes are assignments of the same 1iteral.
Finally, this process repeats until no further replacements are possible. An iteration-by-iteration

demonstration of the algorithm is presented in 4.6 and its pseudocode in Figure 4.7.

void foo() { void foo() { void foo() {
a=0; a=0; a=0;
b =a; b=0; b=0;
bar(a); —»| bar(0); »  bar(0);
ptr = &a; ptr = &a; ptr = &a;
c=>b; c=Db; c=0;

} } }
Original Iteration Iteration

1 2

Figure 4.6: Iteration-by-iteration demonstration of the constant propagation algorithm
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fn propagateConstants ( int {

) :
totalChanges: int = 0;
do {
currentChanges: int = 0;
candidateVarrefs: Varref[] = getCandidateVarrefs();
cfg: CFG = buildControlFlowGraph();

for (candidateVarref: Varref of candidateVarrefs) {
lastWrites: Expression[] = getlLastWrites(cfg, candidateVarref);

if (lastWrites.isEmpty()) continue;
if (not areAllLiterals(lastWrites)) continue;
if (not areAllEqual (lastWrites)) continue;

candidateVaref.replaceWith (lastWrites.first ());
currentChanges++;
totalChanges++;

}

} while (changes > 0);

return totalChanges;

}

Figure 4.7: Constant propagation algorithm pseudocode

4.3.1 Determining the last writes to a variable at a given point in the program

The procedure that searches for the last writes to a variable accepts a Clava Flow CFG and a Clava
Varref object as input. The first step is to situate the CFG node where the search should start.
Since simple expressions such as varrefs do not have a directly corresponding node in a CFG,
instead we must find its first ancestor in Clava’s AST that does have a directly corresponding node
in the CFG. In the example program presented in Figure 4.8, for instance, the a varref in line
6 is a descendant of the foo function, the function’s scope, the if statement in line 4, the if
statement’s scope, and finally the expression statement corresponding to b’s assignment in line 6,
all of which have corresponding nodes in the CFG. However, since the search is done by following
the program’s control-flow in reverse order, starting the search in any but the last mentioned node
would miss the assignment to a in line 5. In contrast to the previous example, the first ancestor of
the b varref in line 4 with a directly corresponding node in the CFG is the i f statement, and
thus should be the start of the search.

void foo () {
int a = 0;
int b = 1;
if (b) |
a = 2;
b=a+ 1;

Figure 4.8: Example C program
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Upon identifying the node in which the search should start, as previously mentioned, we tra-
verse the CFG in reverse order, inspecting each node for write operations to the variable under
analysis. Scope and function nodes are skipped entirely, and loop and i f nodes only have their
headers checked. If a node does have one write operation to the variable under analysis then the
value assigned to the variable is added to the last writes list. In the case of an assignment, its
right-hand side is added, while unary operations such as pre- or post-increments and decrements
or binary operations that read and write to the variable, such as add and assign (+=) or subtract
and assign (—=) are added themselves. If a statement has multiple write operations to the variable
that aren’t on the right-hand side of an assignment to the variable then it is considered undefined
behavior and an error is thrown.

In the case that a node does not contain any write operations to the variable, we iterate over all
of the node’s incoming nodes, i.e. the nodes that have an out-going edge to the current node, and
add all of each branch’s last writes.

Additionally, nodes that have already been explored once are ignored to prevent infinite loops.

A pseudocode version of the algorithm is presented in Figure 4.9.

fn lastWrites (cfgNode, variable): Expression[] {
if (cfgNode.wasAlreadyChecked()) return [];
writeVarrefs = cfgNode.getWriteVarrefs (variable);
if (writeVarrefs.length == | | cfgNode.isAssignmentOf (variable) {

return [writeVarrefs[0]];
} else if (writeVarrefs > 1) {
throw UndefinedBehaviourError;

}

previousLastWrites = []

for incomingNode of cfgNode.incomingNodes {
previousLastWrites.append(lastWrites (incomingNode, variable);

}

return previousLastWrites;

fn getLastWrites(cfg, varref): Expression[] {
initialNode = cfg.find(varref);

return lastWrites (initialNode, varref.variable);

Figure 4.9: Pseudocode of the algorithm for searching for the last writes of a variable

4.4 Constant Folding

Constant folding is a similar pass that simplifies arithmetic expressions by computing them at
compile-time, replacing the operation by its result whenever it can be determined. It serves a

complementary role in our program, allowing even more robust static analysis.
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We combine both the constant propagation developed by us and the constant folding provided
Clava Code Transforms”, a code transformation library for Clava, interweaving each until no more
changes are possible. A step-by-step demonstration of the algorithm is presented in Figure 4.10

and a pseudocode version of the algorithm can be seen in Figure 4.11.

Iteration 1 Iteration 2
pu pu
r Al [ Al

void foo() { void foo() { void foo() { void foo() { void foo() {
inta=0; inta=0; inta=0; inta=0; inta=0;
intb=a+1; » intb=0+1; » intb=1; » intb=1,; » intb=1;
intc=a“*b; intc=0%b; intc=0%b; intc=0*1; intc=0;

) ) } } }
Qriginal Propagation Folding Propagation Folding

Figure 4.10: Step-by-step demonstration of the constant propagation and folding algorithm

import foldConstants from "clava-code-transforms";

fn propagateAndFoldConstants () : int {
totalChanges: int = 0;

do {
currentChanges: int = 0;

currentChanges += propagateConstants();
currentChanges += foldConstants();

totalChanges += currentChanges;
} while (currentChanges > 0);

return totalChanges;

Figure 4.11: Pseudocode of the constant propagation and folding algorithm

5https://github.com/specsffeup/clavafcodeftransforms
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Chapter 5

Acceleration of vector-vector dot
product loops with a MAC instruction

In this chapter we present an optimization pass built on Clava and Clava Flow that automatically
accelerates vector-vector dot products in C/C++ programs using custom instructions supported by
Multiplator[45], an unit of which has been integrated into the X-HEEP[34] platform, a state-of-
the-art RISC-V based SoC.

Multiplator can perform one 32 bit multiplication in scalar mode and, depending on the con-
figuration, perform two 16 bit, four 8 bit, eight 4 bit, and up to sixteen 2 bit MAC operations in
parallel, which can be accessed in C via a set of custom instructions in inline assembly code
blocks, which have been given C bindings, a C function for convenience, as can be seen in Figure
5.1. The MAC custom instruction accepts two 32 bit packed operands, and accumulates the result
on an internal register, which can be read and cleared via a similar custom instruction, also avail-
able with its own C binding. We say that a value is packed whenever we interpret multiple lower
bitwidth values that are placed consecutively in memory as a single higher bitwidth value. For
instance, treating four consecutive 8 bit numbers as a single 32 bit would be considered packing
the numbers by a factor of 4. However, due to pipelining constraints, the MAC custom instruction
must always be used in pairs, hence why its C binding accepts four packed operands rather than
two.

Our program detects vector-vector dot products in C code that can be accelerated using the
MAC instructions and automatically replaces the relevant code with an equivalent version that
uses the custom instructions. The modified code outputted by our program can subsequently be
compiled with an unmodified C RISC-V compiler such as GCC or Clang.

The simplest program with 8 bit operands that can be accelerated is presented in Figure 5.2.
The modified code outputted by our program is presented in Figure 5.3.

As we can see, the loop that performs the multiplications has been replaced by a call to a
wrapper function responsible for performing the same computation more efficiently by leveraging

the custom instructions. The wrapper function’s code has been added to the program, as well as

27
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// .insn r opcode6, func3, func7, rd, rsl, rs2

static inline void _ _mac_8b (signed int a,

signed int Db, signed int c, signed int d) {

asm volatile (
".insn r 0b0001011, 0x02, 0x0, x0, $%$[RS1], %[RS2]\n"
// 8b config - MAC - customO (Instruction 1)
".insn r 0b0001011, 0x02, 0x0, x0, %[RS3], %[RS4]"
// 8b config - MAC - custom(O (Instruction 2)

[RS1] "r"(a), [RS2] "r"(b), [RS3] "r"(c), [RS4] "r"(d)
)i
}

Figure 5.1: Macro encoding the pair custom instructions which configure the accelerator for a
4-bit configuration. Configurations for 8 bit, 16 bit, or 32 bit are analogous, by specifying different
arguments for RS1 and RS2.

C bindings for the custom instructions, though the in-line assembly has been omitted for brevity’s
sake.

A pointer to the accumulator has also been created, and the accumulator is also assigned its
own value after the call to the wrapper function. Although seemingly useless, they are necessary
for the compiler to know that the value of the accumulator changes. Without them, the compiler
would not correctly update the accumulator’s value, which becomes relevant in more complex
scenarios.

The second for-loop in the wrapper function handles the cases where the input arrays’ elements
cannot be perfectly iterated over in packed values. All inserted functions use the inline specifier
so that function call overhead is avoided as much as possible. The pointer manipulation in the
wrapper function is also optimized away by the compiler, also resulting in no overhead.

These functions are always added to every source file, whether they are needed or not. Since
they are inline and static, and therefore they are only visible inside their own translation unit, that
is, the file they are in, there are no linking problems due to function body redeclarations.

If the user were to configure the pass for other operand bitwidths, e.g. 16 bit, similar functions
would have been added instead with slightly different logic, though no code would have been
replaced since there are no dot products between arrays whose elements’ size is 16 bit, i.e. short

arrays, in the program.

5.1 Algorithm

The pass starts off by adding forward declarations of the main wrapper function and the bindings
for the custom instructions. The bodies of the functions are omitted to avoid spending time unnec-
essarily analyzing their code while still providing Clava the information needed to create calls to
these functions later on.

Next we propagate and fold constants in the program before saving the current state of the

AST. We do this so that later, if unnecessary normalizations are made, we can restore the program
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signed int foo(signed char A[8], signed char B[8]) {
signed int accum = 0;
for (int 1 = 0; 1 < 8; i++) {

accum += A[i] * B[i];

}

return accum;

Figure 5.2: Simplest supported C program that our program can optimize

to the state in which it was saved, keeping the outputted program as recognizable to the end-user,
in case debugging is necessary.

After building the Clava Flow CFG we instantiate a LoopReplacer object. Using Clava’s
API we iterate over every loop in the program and analyze them using the LoopReplacer.
LoopReplacer will keep track of all loops that can be accelerated based on the chosen operand
bitwidth and the information required to transform them.

After restoring the AST, undoing any normalization passes done after the save, LoopReplacer
applies the transformations to every valid loop it recorded. Finally, we add the missing bodies of
the wrapper function and the custom instructions bindings and write the final version of the pro-

gram to a new file. A high level pseudocode version of the algorithm can be seen in Figure 5.4.

5.1.1 Loop Analysis

Ensuring that a loop can be accelerated is a complex task. We impose some restrictions that, while
not strictly necessary, significantly simplify analysis.
For a loop to be considered a valid optimization target it must abide all of the following con-

ditions (restrictions not strictly necessary are marked with an asterisk):
* Be a for-loop*
* Have regular and predictable control flow, which entails:

— Containing no breaks, returns, gotos®* or continues* (trivial continues and

gotos are not allowed)

— The initial value (value to which the loop’s control variable is initialized to) must be

known to be 0 at compile-time*

— The step value (amount by which the loop’s control variable is modified each iteration)

must be an integer, constant and its value must be known to be 1 at compile-time.
— The control variable must not be modified inside the loop’s body*

— The end value (value to which the control variable is compared with to determine if

the loop’s body should be run every iteration) must be an integer and constant

* The loop should not have any side effects except for the increase of the accumulator, which

entails:
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#include <stddef.h>
inline static void _ mac_8b(int a, int b, int ¢, int d);

inline static int _ read_clear();
inline static void __ _mac_wrapper_8b (signed char %A, signed char B, int volatile xaccum, size_t 1
int foo(signed char A[8], signed char B[8]) {

int accum = O;

int _ accum_var_OHzmJlmu = 0O;

intx __accum_ptr_OHzmJlmu = (intx) &__accum_var_OHzmJlmu;

__mac_wrapper_8b (A, B, __accum_ptr_OHzmJlmu, 8);

accum += x__accum_ptr_OHzmJlmu;

return accum;

inline static void _ mac_8b(int a, int b, int ¢, int d) { /+ ... %/}
inline static int _ read_clear() { /* ... =%/}
inline static void _ _mac_wrapper_8b (signed char xA, signed char *B, volatile int xaccum,
size_t length) {
int mac_len = length / 8;

int *A_cast = (int «)A;
int +«B_cast = (int «)B;
for (int 1 = 0; i < mac_len; 1i++) {

__mac_8b(A_cast[i * 2], B_cast[i % 2], A_cast[i » 2 + 1],
B_cast[i * 2 + 1]);

saccum += read_clear();

for (int i = (length / 8) % 8; i < length; 1i++) {
xaccum += A[i] = B[i];

Figure 5.3: The simplest supported program after being modified

— Having no function calls within its body

— Having one and only one write to a variable (or array) declared outside its body, hence-

forth referred to as the accumulator

* The accumulator must be either a varref or the element of an array. The element must
remain the same, however, e.g. if the accumulator is arr [i], then 1 must be constant in

the loop

* The accumulator’s type must be an integer and its bitwidth must be less than or equal to
32 bit as per the C language specification for the RV32I architecture (i.e. must be a char,

short, int or a 1ong)

¢ The accumulator increase must be valid, as described below

Clava exposes the information required to check most conditions listed above. The loop kind,
control variable, step value, initial value and end value can be directly accessed via the loop’s

Clava node. Its API also provides ways to search for every node in the entirety of the program, or
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fn pass(useSwSim: boolean = false, operandBitwidth: int = 8, silent: boolean = true):

addFunctionHeaders (operandBitwidth) ;
propageAndFoldConstants (silent);

saveAst () ;
// normalization passes that shouldn't be in the final outputted code

cfg = buildCfg();
loopReplacer = new LoopReplacer (useSwSimulation, operandBitwidth, silent);

for (loop of Clava.getLoops()) {
loopReplacer.analyze (loop);

restoreAst () ;
loopReplacer.applyTransformations () ;

addFunctionBodies (useSwSimulation, operandBitwidth);

Figure 5.4: High-level pseudocode of the pass

limit the scope to the descendants of a given node, making the rest of the conditions also relatively
simple to check, except for the last.

As listed above, the only variable or array declared outside of the loop body’s scope that is
written to is considered the accumulator, and the node used for that write is considered the starting
point to check for the validity of the increase.

If its parent is a simple assignment, then its left-hand side expression must be the accumulator,
and the right-hand side must be the sum of the accumulator and a valid vector multiplication, or
a varref whose value is equal to the aforementioned sum. In the case that the right-hand side
is indeed a varref, we use the getLastWrites function described in the previous chapter.
However, there must be one and only one last write, meaning no branching paths between the use
of the varref and its last write are allowed. The value of the last write is then used to verify the
condition specified above. For the remainder of this section, when we mention that an expression
must fit a particular description it is implicit that it can also be a varref whose last write matches
the description.

In the case that the accumulator’s parent is an add and assign operation then its right-hand
side must be a valid vector multiplication. Any other type of operation results in the accumulator
increase being considered invalid.

A valid vector multiplication is a multiplication between two valid array accesses.

An array access is considered value only if all of the following conditions are met:

¢ Its elements’ bitwidth must be equal to the configured operand bitwidth as per the C lan-
guage specification for the RV32I architecture, e.g. for operands of 8 bit it must be a char

array

void {
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* The loop’s control variable must not appear in any subscript except the last

* The loop’s control variable must appear once and only once in the last subscript. The only
valid ancestors of the loop’s control variable varref must be only sums, parenthesis or the

array access itself

* If a variable that was declared inside the scope of the loop, except for the control variable,
is used in any of the subscripts then its value must be known at compile time so that it can
be properly propagated and folded

Upon verifying that a loop meets all the required criteria, the LoopReplacer stores the

unique AST identifier of the loop, the accumulator’s write varref and the two array accesses.

5.1.2 Loop Transformation

The LoopReplacer iterates over all recorded valid loops and transforms all of them, one at a
time.

When transforming a loop it first searches for the loop, the accumulator, and both array access
nodes using their stored unique AST identifiers.

The goal is to replace the loop with a call to the wrapper function, which accepts the base
pointer of the first and second vectors, a pointer to a temporary integer variable to be used as an
output parameter and the length of the vectors.

The idea behind the pointer parameter is to be able to propagate the value which is supposed
to be added to the accumulator outside the bounds of the function. In truth, this could be achieved
by simply creating a variable inside the wrapper function, and then having it return that value at
the end. However, I've had no time to change it, and so it stayed like this. The supposed use of

this pointer value can be seen in 5.5. Since the accumulator can have less than 32 bit, we cannot

void foo(char A[], char B[], size_t len) {
short accum = 0;
for (;;) |
int accum_proxy = 0;

intx out_param = &accum_proxy;
__wrapper_mac_8b (A, B, out_param, len);
accum = xout_param;

Figure 5.5: High-level pseudocode of the pass

directly pass its pointer to the wrapper function. Additionally, the write to the accumulator must
be done with a dereference to the out_param pointer, and never the accum_proxy. This is
because if the pointer is never used again, the compiler assumes that its value is unused, and
therefore optimizes away the writes inside the wrapper function, even though it is specified to be

a volatile pointer.
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To find the base pointer of one of the vectors we start with the array access and remove the
control variable’s varref from its last subscript; the base pointer is then the address of the re-
mainder of the array access. If nothing is left on the subscript, it is removed entirely and it is not
necessary to take the address of the resulting expression. For instance, if one of the original array
access was A[1] [ j], where j is the control variable, the base pointer is A [ 1], but if the original
array access was A[i] [j + 2] then the base array pointer would be & (A[1i] [2]).

Finally, we leverage Clava’s API to replace the loop with the call to the wrapper function and

the required operations with the pointer to the accumulator.

5.2 Integration into the compilation flow

The way the pass is written allows the user to use it in a multitude of ways. All of the logic of the
pass is encapsulated into a function. When that function is called, whatever is on the AST at that
moment is analyzed and subsequently transformed as described above. The user can, therefore,
write a TypeScript program that accepts, for instance, the path to a file and an output path, parse
the file with Clava, call the pass function, and then use Clava again to write the resulting program
to the output path. The pass function accepts three parameters. The first dictates whether in-line
assembly should be used in the C bindings or use C code that simulates their behavior. This way,
the user may test their program without needing to compile for and run on a RISC-V processor.
The second configures the number of bits on the operands, though due to time constraints only
8 works as intended. The third and final argument dictates whether debug information should be
printed as the analyses are being performed. Great care has been put into these debug messages,
so that the user can easily tell why any given loop is not valid. If the loop is valid, though, only a
confirmation message is printed and no further information is given. An example of these debug
messages can be seen in Figure 5.6.

The main problem with using the pass in the manner I have just described, however, is that it
is not practical for any project larger than a handful of files. Any decently large C/C++ project is
most likely using a build system like Make or CMake to manage the complexities of compiling
the project, keeping track of necessary flags and includes and such. The most practical way to
integrate a pass, then, is to include it directly in the build system.

Fortunately Clava has a CMake package' that does precisely that. After it is installed, one
can incorporate a Clava pass into the compilation flow by adding the following lines into the
CMakelLists.txt file:

find_package (Clava REQUIRED)
clava_weave (<TARGET_NAME> <CLAVA_SCRIPT>)

5.3 Limitations

The pass currently has some limitations that are worth keeping in mind:

1https://github.com/specsffeup/clava/tree/master/CMake
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* Cannot parse in-line assembly correctly due to limitation in Clava
* Does not accept code with for-loops without conditions due to limitation in Clava Flow

* The wrapper function and C bindings are inserted with fixed names. If the program hap-

pened to have a variable or function with the same name, the program will crash
* While and for-each loops are not supported
* The "tail" loop at the end of the wrapper function is always inserted, even if unnecessary

* Does not support for-loops whose initValue isn’t 0, even though it could theoretically be

supported

* 8-bit was the prioritized during development, so despite the program having been built in
a way that the number of bits of the operand can be customized, 16, 4 and 2 bit operand

wrapper functions and tests haven’t been added, and they are therefore unsupported
* Cumbersome to integrate into complex build systems other than CMake

* goto instructions that do not skip any part of the loop, e.g. a goto that jumps to the next
instruction, essentially not doing anything, are considered disruptive to the loop’s control-

flow even though they are not

* continues at the end of the loop body should also not count as disruptive to the loop’s control

flow, and other similar cases
* Regression testing is minimal due to minimal test suite

* Poorly optimized code
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Propagated & folded constants a total of 0 times
Analysing Loop [13:4]
Loop is invalid since its init value is not 0 but «1»
(currently unsupported)

Analysing Loop [16:4]
Loop is invalid since its step value is not 1 but «-1»
(memory accesses must be continuous)

Analysing Loop [20:4]
endValue is a variable that is not constant inside the
loop: variable += A[i] » B[i]
Loop's end value is not constant
Loop 1is invalid since its control flow is not regular
Analysing Loop [23:4]
«A[i] ~ B[i]l» [24:15] is not a sum, therefore it is not

a valid accumulator increase

«accum = A[i] = B[i]» [24:7] is not a valid accumulator
assignment of type 'simple assignment'

Loop is not valid since it does not contain a wvalid
accumulator assignment

Analysing Loop [26:4]
«B[1]» [27:23] of type «short» is not of a valid type
for the elements of one of the vectors, since its bit
size is «16» in rv32, and the hardware instructions expect

operands with a bit width of «8»

«A[i] * B[i]» [27:16] is not a valid vector multiplication
since its operands are not valid array accesses

«accum += A[i] % B[i]» [27:7] is not a valid accumulator
assignment of type 'add and assign'

Loop 1s not wvalid since it does not contain a valid accumulator assignment

Analysing Loop [33:4]
Loop is wvalid

Transforming Loop with id Ox6lebdcc2e2c0_1
Transformed Loop [33:4]

Applied transformations to 1 loops

Figure 5.6: Example output of running the pass with debug enabled



Chapter 6

Evaluation and Testing

6.1 Constant Propagation

6.1.1 Experimental Setup

The hardware and software specifications of the system in which the constant propagation normal-

ization pass was entirely developed and tested can be found in Table 6.1 and Table 6.2, respectively.

6.1.2 Methodology

We developed a comprehensive suite of unit tests written in Jest!, a mature testing framework for

JavaScript and TypeScript. Every unit test follows the same structure:

1. Parse a C program with Clava, generating an AST

2. Run the constant propagation, altering the AST

3. Verify that the AST has been altered correctly, as described below

The C programs used in the tests cover a wide range of scenarios, from a simple program
with linear control-flow containing only a few variable assignments to programs with complex,

branching control-flow, involving multiple nested loops. A simple and a complex program used

for testing can be seen in Figure 6.1 and Figure 6.2, respectively.

"https://jestis.io/

Component Specification
CPU AMD Ryzen 7 4700U
Integrated GPU | AMD ATI Radeon RX Vega 6
Memory 16GB

Table 6.1: Constant Propagation and Loop Analysis Experimental Setup Hardware Specification

36
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Software Version
Operating System | Ubuntu 24.04.3 LTS
NodelS 22.16.0
GCC 13.3.0

Table 6.2: Constant Propagation and Loop Analysis Experimental Setup Software Specification

The tests succeed if all varrefs whose values could be determined at compile time, except
for the cases outlined in the limitations section, have in fact been replaced by the correct literal,

and all varrefs whose value cannot be determined have not.

6.1.3 Results

All tests on the suite succeed, and Jest’s coverage report indicates 100% statement coverage,
93.1% branch coverage, 100% function coverage and 100% line coverage on the code developed
strictly for constant propagation, that is, not counting code that is wholly unrelated to constant
propagation (e.g. the acceleration pass’ code), or general helper functions developed and tested

separately, but that are still under the same project.

6.2 Vector-Vector Dot Product Acceleration

6.2.1 Loop Analysis

As described in the previous section, loop analysis consists of analyzing C programs and iden-
tifying which loops can be safely accelerated using the MAC custom instruction. Although the
analysis logic is not independent of the transformation logic, since the latter dictates what con-
stitutes a valid acceleration target, the correctness of the analysis can be tested independently. In
other words, we can test whether the acceleration targets are being identified correctly without

having to run or even compile the transformed code.

6.2.1.1 Experimental Setup

The loop analysis part of the pass was developed and tested in the same experimental setup as
the constant propagation pass. The system’s hardware and software specifications can be found in
Table 6.1 and Table 6.2, respectively.

6.2.1.2 Methodology

Previously, we introduced the simplest C program our pass should be able to transform, shown
in Figure 5.2. At this point, we tested the program by running the analysis and verifying that a
valid loop was found. As we started to support more cases, we updated the C program so that
it included loops that test each scenario, and increased the number of valid loops that had to be

found accordingly. An excerpt of the current version of the test program can be seen in Figure 6.3.
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int foo() {
int a = 5;
int = a; // 'a' expected to be replaced with '5'

b

c = a; // 'a' expected to be replaced with '5'
int d = b; // 'b' expected to be replaced with '5'

e = d; // 'd' expected to be replaced with '5'

return e; // 'e' expected to be replaced with '5'

Figure 6.1: Program with simple control-flow used in constant propagation unit tests

In addition to the hand-written test cases we also tested the loop analysis on PolyBench? using

Clava Lite Benchmarks®, which we modified to suit our purposes.

6.2.1.3 Clava Lite Benchmarks

Clava Lite Benchmarks is a benchmark suite loader for Clava projects, allowing the user to test
their passes across a wide array of scenarios in a convenient manner. Rosetta*, SPEC2017° and
CortexSuite® are some of the suites currently supported. The suites are composed of one or more
applications, and each application has its own C program.

When the user is loading a benchmark suite, the library parses its source files as needed.
To facilitate this process, each suite has its files organized in a similar way, and the details are
specified in a JSON-like description of the suite. In general, every suite has its own dedicated
directory under a directory named "benchmarks". Each application also has its own directory,
placed directly under the suite’s directory, inside which lay all the C files that the program is
composed of. An example of this file structure can be seen in Figure 6.4.

We added support for PolyBench version 4.2 for the C language. Contrary to previously
existing benchmarks, PolyBench aggregates logic common to all applications in a single, separate
source file. As a result, every application includes its header, and the implementation file should
be compiled alongside the rest of the applications’ files. As mentioned previously, the library
expected that every file of a given application was included in its directory, which meant that
this common file would be duplicated once for every application in the suite. Instead, we added
support for including extra source files that do not need to be in the same directory as the rest of the
application. To achieve this, the library maintainer can now mention the extra source file(s)’ path,
or their parent directory, in the application’s JSON-like description and the files are now loaded as
if they were in the same directory as the other source files.

To load a benchmark supported by the library, the end-user first imports a TypeScript object
corresponding to the benchmark they wish to use and then passes it as an argument to a load

function, both provided by the library.

2https://www.cs.colostate.edu/~pouchet/software/polybench/
3https://github.com/specsffeup/clavaflitefbenchmarks
4https://github.com/cornellfzhang/rosetta
5https://www.spec.org/cpu2017/
6https://michaeltaylor.org/cortexsuite/
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int main() {
int a = 0;
int changed = 1;

for (int 1 = 2; 1 < 3; i++) { // 'i' in 'i < 3' expected to not be replaced
int b = a; // 'a' expected to be replaced with '0'
int ¢ = b; // 'b' expected to be replaced with '0'
int d = changed; // 'changed' expected to not be replaced
int e = d; // 'd' expected to not be replaced
for (int j = 5; j < 8; Jj++) { // 'j' in 'j < 8' expected to not be replaced

changed = 13;

Figure 6.2: Program with complex control-flow used in constant propagation unit tests

As a library maintainer, one defines these objects in the JSON-like description mentioned pre-
viously, an example of which can be seen in Figure 6.5. The "flags" field allows maintainers
to specify which flags should be used for every application in the suite, while the optional "ex-
traFlags" field in each application’s declaration controls additional flags that should only be used
when loading that particular application.

Some benchmark applications allow for the configuration of the size of the dataset used. The
"trmm" application of PolyBench, for instance, performs computations over two matrices, the
sizes of which can be configured. This is done by defining a certain preprocessor macro, e.g.
MEDIUM_DATASET, which can be achieved by passing a flag to the compiler ("-DMEDIUM_DATASET").

Various challenges arise when trying to support this kind of configurable applications in the
framework already provided by the library. Firstly, it should be noted that the load functions do not
allow the end-user to specify additional flags to pass to the compiler when loading the applications.
The problem could be solved by allowing this, however it introduces a new problem: the user must
be aware of the configurability of the dataset sizes through flags and which flags are allowed by
each application, at which point the end-user would naturally turn to the library’s documentation
to seek out such information. The maintainers would thus need to be tasked with maintaining these
details accurate and up-to-date in the documentation, an important but nonetheless easy-to-miss
task when maintaining a library. Additionally, the maintainer would have to create multiple copies
of the same benchmark for each possible configuration flag, adding up to a considerable level of
code repetition. The whole process would quickly become error prone and we argue it would stray
from the library’s convenience.

Instead, we encode the necessary information directly into the objects exposed to the end-user.
Leveraging TypeScript’s type system, the information about which dataset sizes are valid for a
given suite can be encoded directly into its type, not only immediately presenting the information
to the end-user, but also catching errors at compile-time rather than run-time. In addition, it
provides an abstraction layer for the configuration of the dataset size. The end-user is not required

to know how it works internally, and if in the future the library is to support a suite whose dataset
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size is not configured with flags then it can be done internally without it concerning the end-user.
We created a base, abstract BenchmarkSuite class that accepts one generic type argument,
representing the dataset sizes its applications accept. A library maintainer then extends this base
class for every suite supported by the library, restricting it to a specific type for its dataset sizes.
In case one of the applications doesn’t support one of the dataset sizes, it can be specified in the
application’s declaration. Finally, the maintainer instantiates this class and makes it available for
the end-user, resulting in a not so different experience for both the maintainer and the end-user,
which can be seen in Figure 6.6.

At run-time, the load function accepts a suite and a list of dataset sizes. Then, it iterates first
over the dataset sizes and subsequently over the applications of the suite, loading each of them. If
an invalid dataset size and application combination is found, it is not loaded. An example workflow
is presented in Figure 6.7

Similarly to input sizes, PolyBench supports configuration of the data type used in its appli-
cations via C macros. However, this support was limited to integers, floats and doubles. Since
the MAC custom instruction only supports operands whose bitwidths are lower than 32 bit, we
needed to extend PolyBench’s data type configurability so that the data type is supported by our
pass. We edited the header files of the applications so that they could now be configured by
a DATA_TYPE_IS_CHAR macro. The changes are as follows: the program now only defines
DATA_TYPE_IS_DOUBLE, the default data type, if DATA_TYPE_IS_CHAR is also not de-
fined. Additionally, if the DATA_TYPE_IS_CHAR macro is defined, we define the macros that
the application requires with appropriate values. The modified portion of the header files can be
seen in Figure 6.8. Finally, we add the -DDATA_TYPE_IS_CHAR flag to the PolyBench suite

declaration in Clava Lite Benchmarks so that the selected data type is always char.

6.2.1.4 Results

We ran our loop analysis, including the necessary constant propagation and folding beforehand,
on the whole PolyBench suite 10 times, the results of which we have summarized in Table 6.3.
Upon manually inspecting every application, we confirmed that the analysis correctly identified
the only loop, the one in the atax application, that fit all the criteria for optimization. There were
no false positives.

On average, the pass took between 10.66 and 19.45 seconds depending on the application with

a significantly higher standard deviation occurring in the first two.

6.2.2 Loop Transformation

The correctness of a transformation necessarily requires that the modified program is compilable
and runnable on the target platform and that the behavior of the program is not modified in any

noticeable way.
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App name | Average Duration (ms) | Duration Stdev (ms) | Suitable Loops Found | Correct
2mm 1706.4 298.4 0 Yes
3mm 1897.0 261.4 0 Yes
adi 1622.6 73.0 0 Yes
atax 1449.6 85.2 1 Yes
bicg 1248.1 83.5 0 Yes
cholesky 15414 77.3 0 Yes
correlation 1500.5 98.9 0 Yes
covariance 1338.7 87.7 0 Yes
deriche 1945.5 66.1 0 Yes
doitgen 1494.2 78.8 0 Yes
durbin 1116.0 82.3 0 Yes
gemm 1400.5 84.7 0 Yes
gemver 1516.6 92.5 0 Yes
gesummv 1147.8 84.2 0 Yes
gramschmidt | 1515.0 60.2 0 Yes
heat-3d 1592.8 102.0 0 Yes
jacobi-1d 1052.3 119.8 0 Yes
jacobi-2d 1297.6 136.0 0 Yes
lu 1595.6 99.4 0 Yes
ludemp 1850.6 63.2 0 Yes
mvt 1267.5 77.9 0 Yes
seidel-2d 1106.4 81.2 0 Yes
symm 1354.8 101.4 0 Yes
syr2k 1317.2 107.6 0 Yes
syrk 1256.0 124.9 0 Yes
trisolv 1066.0 99.8 0 Yes
trmm 1193.7 80.1 0 Yes
Entire Suite | 74152.4 6266.4 1 Yes

Table 6.3: Results of running loop analysis on the PolyBench 4.2 benchmark, N=10
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Software Version
Operating System | Ubuntu 22.04.5
NodelS 22.16.0
GCC 11.4.0
RISC-V GCC’ 11.1.0 (tag 2022.01.17)
Python 3.10.12
Verilator 4210
X-HEEP Commit 2¢6d7d8

Table 6.4: Loop Transformation Experimental Setup Software Specification

6.2.2.1 Experimental Setup

To evaluate the correctness of the transformation, we ran programs in an x86 computer, simulating
the behavior of the custom instructions with software, and on an FPGA.

The setup in which we ran the software simulated version is the same as in the previous sec-
tions.

The setup to run the program in the FPGA, however, differed significantly. The software spec-
ifications of the machine used to run our automatic acceleration pass, cross-compile the modified
C code to RISC-V and program the FPGA is presented in Table 6.4. The board used to run the

custom instructions was a PYNQ-Z2 programmed with a closed-source IP.

6.2.2.2 Methodology

To test the loop transformation logic during development we wrote a C program with 4 functions.
Each calculates the dot product between two vectors, the sizes and contents of which vary per
function, and writes the result to standard output. The code is shown in Figure 6.9. We then write
a simple TypeScript program that applies the pass, making sure to enable the software simulation
mode, which transforms the loops and adds the code that simulates the hardware instructions.
Some excerpts are presented in Figure 6.10. The final step is to compile and run both the original
and the modified version of the program and compare their output.

To test the loop transformation logic using the hardware instructions and measure the perfor-
mance gain we adapted a program written by the developers of the IP. Originally, the program
compared the number of clock cycles that it took to perform the same matrix-vector multiplication
with and without the use of custom instructions, and with and without loop unrolling, all written
by hand. The algorithm without the use of custom instructions and without loop unrolling is pre-
sented in Figure 6.11, and the algorithm incorporating the use of custom instructions but without
loop unrolling is presented in Figure 6.12.

The program also compared the result of all algorithms to ensure correctness.

Unfortunately, due to the program making use of in-line assembly, which presently isn’t han-
dled well by Clava, the complex build system of X-HEEP and lack of time made the program
incompatible with our automatic acceleration pass. Instead, we isolated the important part of the

program, the matrix-vector multiplication with no custom instructions and no loop unrolling, ran
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Original | Modified
foo 50 50
bar 19 19
baz 29 29
foobar | 46 46

Table 6.5: Comparison between the output of each of the functions of the original and modified
versions of the software loop transformation testing program

the automatic acceleration pass and then inserted the transformed algorithm back into the original
program, along with the automatically added wrapper function and C bindings depicted in Figure
6.13. The output vector was also changed so as to not overwrite the original loop’s results. Due
also to a lack of time, the hand-written algorithm that made use of custom instructions and loop
unrolling had to be removed.

Finally, using X-HEEP’s build system, we cross-compiled the program targeting the X-HEEP
SoC with the closed-source IP programmed into the PYNQ-Z2 and ran the program.

6.2.2.3 Results

As we can see in Table 6.5, the software-emulated loop transformation does not alter the result of
the dot product, even when the size of the input vectors is not a multiple of the size of the packed
data that the custom instructions accept.

The results of the program that runs on the FPGA are presented in Table 6.6. As expected,
loop unrolling is significantly faster than the baseline, using around 2.1 times less clock cycles.
Both versions of the algorithm that make use of the custom instructions are around 7.1 times
faster than the baseline, though unexpectedly the algorithm with the automatically inserted custom

instructions uses five fewer instructions than hand-written algorithm.

Clock Cycles | Correct
No Custom Instr No Loop Unroll 502217 N/A (Baseline)
No Custom Instr w/ Loop Unroll 238858 Yes
Hand Written Custom Instr 69898 Yes
Automatically Added Custom Instr | 69893 Yes

Table 6.6: Clock Cycle and Correctness comparison between the four Matrix-Vector multiplica-
tions run in the FPGA
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void foo (int8_t vector[8], int8_ t matrix_col[8]) {
int32_t result = 0;

// result += vector #* vector
for (size_t i = 0; 1 < 8; i++) {
result += vector[i] * matrix_coll[il];

// result = result + vector * vector
for (size_t i = 0; 1 < 8; 1i++) {
result = result + vector[i] * vector[i];

// result = result + multp

for (size_t i = 0; 1 < 8; i++) {
int multp = vector([i] = vector[il];
result = result + multp;

// single assignment, 1 op per assignment
for (size_t i = 0; 1 < 8; i++) {

int vecl = vector[i];

int vec2 = matrix_col[i];

int multp = vecl x vec2;

int temp = multp + result;

result = temp;
}
VA I 4
}
void bar (int8_t matrix[3][8], int8_t wvector[8]) {
for (int 1 = 0; i < 3; i++) {

7
int accum = 0;

for (int j = 0; J < 8; j++) |
accum += matrix[i][j] * vector[]l;

JHr e */

}

void baz (int8_t matrix[3][8], int8_t wvector[8], int8_t out_vec[8]) {
for (int 1 = 0; 1 < 3; i++) {

for (int j = 0; J < 8; Jj++) {
out_vec[i] += matrix[i][j] * vector[j]l;

VA 4

}

void foobar (int8_t matrix[24], int8_t vector[8], int8_t out_vec[8]) {
for (int 1 = 0; 1 < 3; i++) {

for (int j = 0; j < 8; J++) {
out_vec[i] += matrix[ix8+j] % vector[jl;

2 4

Figure 6.3: Excerpt of the program used for testing the loop analysis
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v benchmarks

v SuiteOne

o app_1
example.c

A app_z
foo.cpp

foo.h
main.cpp
v SuiteTwo /app

program.c

Figure 6.4: A possible file structure for two benchmark suites of Clava Lite Benchmarks

export const MyBenchmarkSuite = {

name: "Suite One", // for debug purposes

path: "SuiteOne/", // the suite's directory's name

apps: {

"app 1": |

standard: "cl11",
topFunction: "main",
canonicalName: "app_1", // the app's directory's name
extraFlags: ["-DMEDIUM_DATASET"],

by

"app 2": {
standard: "cl11",
topFunction: "foo",
canonicalName: "app_2"
bo
flags: ["-1m"],

ti

Figure 6.5: Example definition of a benchmark suite in Clava Lite Benchmarks
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export enum MySuiteSize {

SMALL = "-DSMALL_DATASET",
MEDIUM = "-DMEDIUM_DATASET",
LARGE = "-DLARGE_DATASET"

class MySuite extends BenchmarkSuite<MySuiteSize> {
public constructor() {
super (
"Suite One",
MySuiteSize,
"SuiteOne/",

{

"app 1": {

standard: "cl1",

topFunction: "main",

canonicalName: "app_1",

invalidInputSizes: [] // accepts all sizes i.e. SMALL, MEDIUM and LARGE
s
"app 2": {

standard: "cl1",

topFunction: "foo",

canonicalName: "app_2",

invalidInputSizes: [MySuiteSize.SMALL] // accepts only MEDIUM and LARGE
}I
}l
["7lm"]

}
}i

export const MyBenchmarkSuite = new MySuite () ;

Figure 6.6: Example definition of a benchmark suite in the updated Clava Lite Benchmarks

for (const res of loadSuite (MyBenchmarkSuite, MySuiteSize.MEDIUM, MySuiteSize.LARGE)) {
const name res.appSummary.canonicalName;

if (res.success) {
console.log (" Loaded app ${name}l}’);

// user's code

}
else {
console.log("Failed to load app: ${name}’);

Figure 6.7: Example workflow using the updated Clava Lite Benchmarks
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/% Default data type */

# 1if !defined (DATA_TYPE_ IS _INT) && !defined(DATA_TYPE IS _FLOAT) && \

!defined (DATA TYPE_IS DOUBLE) && !defined(DATA TYPE_IS_CHAR)
# define DATA TYPE IS DOUBLE
# endif

#ifdef DATA TYPE IS CHAR

# define DATA_TYPE signed char

# define DATA _PRINTF_MODIFIER "%d "

# define SCALAR VAL (x) (signed char) x
#endif

Figure 6.8: Modified section of PolyBench applications’ header files

47



Evaluation and Testing

#include <stdio.h>

signed int foo() {
signed char A[8] = {0, 1, 2, 3, 2
signed char B8] {2, 4, 5, 1, 1

signed int accum = 0;
for (int 1 = 0; 1 < 8; i++) {
accum += A[i] = B[i];

return accum;

signed int bar () {

signed char A[5] = {0, 1, 2, 3, 2

signed char B[5] = {2, 4, 5, 1, 1

signed int accum = 0;

for (int 1 = 0; i < 5; i++) {
accum += A[i] * B[i];

return accum;

signed int baz () {
signed char A[10] = {0, 1, 2, 3,
signed char B[10] = {2, 4, 5, 1,
signed int accum = 1;
for (int 1 = 0; i < 10; i++) |

accum += A[i] * B[i];

return accum;

signed int foobar () {
signed char A[l6] = {0, 1, 2, 3,
signed char B[16] = {2, 4, 5, 1,
signed int accum = 1;
for (int 1 = 0; 1 < 16; i++) {

accum += A[i] * B[i];
return accum;

int main (void) {
printf ("foo: %d\n", foo());
printf ("bar: %d\n", bar());
printf ("baz: %d\n", baz());
printf ("foobar: %d\n", foobar());

Figure 6.9: Loop Transformation Test Program
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int foo() {
signed char A[8] {o, 1, 2, 3, , 4, 6, T7};
signed char B[8] = {2, 4, 5, 1, 1, 3, 2, 1};
int accum = 0;
int _ accum_var_nJFT7ctf = 0;
int+ __accum_ptr_nJFT7ctf = (intx) &__accum_var_nJFT7ctf;
__mac_wrapper_8b (A, B, __accum_ptr_nJFT7ctf, 8);
accum += *__accum_ptr_nJFT7ctf;
return accum;
}
/ * */
static signed int __sim_accum = 0;
inline static void _ mac_8b(int a, int b, int ¢, int d) {
signed char xa_cast = (signed char x) (&a);
signed char *b_cast = (signed char «) (&b);
signed char xc_cast = (signed char x) (&c);
signed char xd_cast = (signed char x) (&d);
_ sim_accum += a_cast[0] * b_cast[0];
_ _sim_accum += a_cast[l] * b_cast([1l];
_ sim_accum += a_cast[2] * b_cast([2];
_ sim_accum += a_cast[3] * b_cast[3];
_ sim_accum += c_cast[0] » d_cast([0];
_ sim_accum += c_cast[1l] * d_castl[1l];
__sim_accum += c_cast[2] * d_cast[2];
_ sim_accum += c_cast[3] » d_cast[3];
}
inline static int _ read_clear () {

int temp =
__sim_accum

return temp;

inline static
int mac_len
int
int

*A_cast
*B_cast

for

(int i =
__mac_8b(A_cast[i *» 21,

sim_accum;
= 0;

void _ _mac_wrapper_8b (signed char xA,
size_t length) {

= length / 8;

= (int *)A;

= (int *)B;

signed char «B,

0; 1 < mac_len; i++) {
B_cast([i * 2],

B_cast[i « 2 + 11);

A_cast[i = 2 + 17,

xaccum += read_clear();

for (int i =
xaccum += A[1]

(length / 8) =
« B[1];

8; 1 < length; i++) {

Figure 6.10: Modified Loop Transformation Test Program
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static inline wvoid MxV_sw (void) {
for (int i=0; i<OV_LEN; i++) {
ov_elem_t accum = bias[i];
for (int j=0; J<IV_LEN; J++) {
accum += in_mat[i][Jj] * in_vec[]];
}

out_vec_sw([i] = accum;

Figure 6.11: Matrix-Vector multiplication algorithm without custom instructions or loop unrolling

static inline wvoid MxV_custom_8b (void) {
for (int 1 = 0; 1 < OV_LEN; i++) {
// Initialize result vector with biases
out_vec_custom_instr[i] = bias[i];
for (int j = 0; Jj < PACKED_LEN; j=j+2) {
// Perform MAC operation with pre-packed values
mac_8b_custom(packed_in_mat[i] [Jj], packed_in_vec[]j], packed_in_mat[i][Jj+1], packed_in_vec[]
}
// Read and clear accumulator
out_vec_custom_instr[i] += read_clear_custom();

Figure 6.12: Hand-made Matrix-Vector multiplication algorithm with custom instructions but no

loop unrolling
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#include <stddef.h>

inline static void _ mac_8b(int a, int b, int ¢, int d);

inline static int _ read_clear();

inline static void _ _mac_wrapper_8b (signed char xA, signed char xB, int volatile
inline static void MxV_Automatic_HW() {

for(int i = 0; 1 < 64; i++) {
int accum = bias[i];
int __accum_var_Bj4x8QAu = 0;
intx __accum_ptr_Bj4x8QAu = (intx) &__accum_var_BJj4x8QAu;
__mac_wrapper_8b (in_mat[i], in_vec, __accum_ptr_Bj4x8QAu, 784);

accum += x__accum_ptr_Bj4x8QAu;
out_vec_auto_hw[i] = accum;

inline static void _ mac_8b(int a, int b, int ¢, int d) {

V2 Y4

}

inline static int __read_clear () {
V2 4

}

inline static void _ _mac_wrapper_8b (signed char «A, signed char xB, volatile int
size_t length) {

V2 Y

}
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xaccum,

xaccum,

Figure 6.13: Matrix-Vector multiplication algorithm with automatically inserted custom instruc-

tions

size t 1



Chapter 7

Conclusion and Future Work

This thesis explored the viability of using source-to-source compilation to automatically map cer-
tain operations to specialized hardware via the insertion of custom RISC-V instructions. Though
there are many state-of-the-art hardware accelerators making use of RISC-V’s extensible, open-
standard ISA, few provide compiler support for their instructions, possibly due to the steep learn-
ing curve of modifying a traditional compiler, or its costly nature.

We have not only shown that it is possible to implement robust analyses capable of detecting
optimization opportunities in real-world benchmarks and significantly decrease execution time in
specific cases, but that it is possible to do it while building upon the others’ work, and at the same
time enabling others to build upon your own.

With the experience we have acquired thus far, we can now answer the research questions we

previously proposed.

RQ1 What are the main state-of-the-art RISC-V ISA extensions targeting Al acceleration, how
accessible are their development environments and how much effort does it take to simulate

their custom instructions?

A1 PULP stands out as the largest and well adopted family of ISA extensions. Their level
of compiler support is, as far as we know, unheard of in the RISC-V ecosystem, and
there are multiple IPs that support their ISAs. With X-HEEP’s out-of-the-box support
for many of their cores, and their relatively recent Docker image available on Docker

Hub', the developer environment has become tremendously more accessible.

RQ2 Is it possible to complement the current compilation flow of RISC-V with a S2S Compiler in

a way that reduces effort, increases ease-of-use or smoothens the learning curve?

A2 Definitely. Not only is Clava plenty powerful by itself, there is already a budding
ecosystem growing around it. Although those tools are not yet mature, it also means
that you can easily extend their functionalities and shape them however it suits your

needs.

lhttps ://hub.docker.com/r/1uigi2898/x—-heep
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RQ3 Can source code analysis discover opportunities for custom Al instructions, enabling op-
timization passes without the need of using large compiler frameworks such as GCC or
LLVM?

A3 Absolutely. Al workloads are in no small part matrix operations, and so Al instructions
tend to be relatively similar. The work we have presented proves that it is possible to

detect and accelerate this kind of workloads.

7.1 Future Work

There are many possible paths in which this work can be expanded upon. Both constant propa-
gation and the dot product passes are ripe with limitations that I have already outlined. There are
many parts of the dot product pass that haven’t been properly tested yet, practically none of the
code has been optimized yet.

Clava Flow is currently missing some features, such as support for loops without a condition
(e.g. a for-loop with a completely empty header), and this limits which analyses can be done with
it, indirectly impacting this work.

Finally, there are many other custom instructions that haven’t been tackled yet, and each is a

candidate for a pass of their own.
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