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Foreword

Atfirst glance, it might seem like only a few people ever work on LLVM backends. After all, the number
of backends in upstream LLVM is limited, and most of them are already stable and functioning well.
So, why would they need significant changes?

In reality, LLVM has become the de facto standard for code generation—not just for CPUs but also
for increasingly diverse compute engines such as GPUs and other accelerators. When a new CPU or
accelerator needs code generation support, the default choice is often to adopt LLVM and implement
a backend.

Furthermore, the existing upstream backends are under constant improvement. They're regularly
updated to support new CPU instructions, refine and enhance optimizations, introduce additional
security-hardening features, and much more.

Beyond development in industry and by enthusiasts, LLVM is also a top choice in academia for systems
and compiler research. Many innovations in performance tuning, security, and other areas require
modifying LLVM backends to enable experimentation.

These are just a few scenarios where someone might need to create or modify LLVM backends—and I'm
sure there are many more. But even considering just these three, it’s clear that thousands of developers
need to do at least some LLVM backend development, and they need high-quality documentation to
do it well.

While the LLVM project offers extensive documentation and tutorials, there continues to be a gap in
documenting very clearly everything you need to know to become proficient in backend development.



Effectively working on LLVM backends often requires reverse engineering and internalizing their
architecture. Historically, the most efficient way to learn has been to find an expert and engage in
long, detailed conversations to piece everything together. Of course, not everyone has access to
such experts. Even though the LLVM community makes a huge effort to share expert knowledge—
through comprehensive documentation (https://1lvm.org/docs/), hundreds of recorded talks and
presentations (https://11lvm.org/devmtg/), and programs such as office hours and online sync-ups
(https://11lvm.org/docs/GettingInvolved. html#office-hours)—the learning curve remains steep.

A few years ago,  had a conversation with Quentin at one of the LLVM Developers’ Meetings about this
very topic. I thought then (and still do!) that Quentin is one of the most knowledgeable LLVM backend
engineers out there. I was thinking out loud, “Wouldn't it be amazing if all of your knowledge—especially
about LLVM backend development—could be made easily available to the entire LLVM community? Just imagine
how much easier and faster backend development would become if your insights were accessible in a book...”

I'm thrilled that our conversation helped inspire Quentin to write this fantastic book. It distills deep
insights and practical knowledge into a single, well-organized resource—ideal for anyone starting or
continuing their journey in LLVM backend development. I hope that everyone working on backends
reads it, and that it fuels even more innovation and progress in the LLVM ecosystem.

Thank you, Quentin, for writing all this down!
Kristof Beyls

Senior Technical Director and Fellow, Arm


https://llvm.org/docs/
https://llvm.org/devmtg/
https://llvm.org/docs/GettingInvolved.html#office-hours
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Preface

Welcome to LLVM Code Generation

The LLVM infrastructure is a set of libraries that can be composed to build various tools that manip-
ulate intermediate representations (IRs) and in particular compilers - that is, tools that translate an
input language (for instance, C++) into an output language (for instance, x86 assembly code) while
preserving the semantics of the input language. One of the most known LLVM-based projects is the
Clang C++ toolchain.

In this book, we focus on the usage of the LLVM infrastructure to write compiler backends - that is,
the part of the compiler that is responsible for producing the assembly code for a specific architecture
such as the AArch64 or x86 central processing units (CPUs) for writing backends.

An LLVM backend hinges around two main Irs: the LLVM IR and the Machine IR. The differences
between these representations do not matter at this point; what matters is that you must learn how
to manipulate both to be able to write a backend in LLVM.

The LLVM IR has been extensively covered in literature already, but the Machine IR (the parts that
are closer to the assembly representation) has not.

This book proposes to close that gap with explanations of how things work and concrete examples that
illustrate the implementation of concepts. We will also cover the LLVM IR and the related mechanism
to give you a complete picture of the LLVM infrastructure and help you understand how things connect
in a fully functional backend that goes from the LLVM IR to the assembly code.

To summarize, to fully appreciate the capabilities of the LLVM infrastructure, this book covers every
component that is involved in emitting assembly code, including the LLVM IR, the pass pipeline,
TableGen (LLVM’s own domain-specific language (DSL)), and the relevant TableGen backend, the
Machine IR, and some part of the machine code (MC) layer.
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Who this book is for

This book is for people who want to use the LLVM infrastructure to write new backends or modify/
extend existing ones.

We crafted this book for people who have zero knowledge of compiler backends. This means that all
the concepts used are first introduced and explained such that no prior compiler backend knowledge
is necessary. We believe this book is a good introduction for anyone who wants to get started with the
code generation (codegen) part of a compiler toolchain, whether they are familiar with compilers and
LLVM or not. In particular, the concepts introduced in this book apply to every compiler, and LLVM
is just one possible implementation of such concepts. In other words, we argue that the content of
this book may be useful to students and compiler practitioners beyond LLVM. Of course, a lot of the
content of this book is still LLVM-specific.

To summarize, whether you are new to compilers, new to LLVM, or new to LLVM backends, we believe
you will find something useful in this book.

What this book covers

Chapter 1, Building LLVM and Understanding the Directory Structure, introduces the LLVM project, how
to build it, and explains how the whole project is organized. This will allow you to get started with the
LLVM project and is a key step to start on the right foot.

Chapter 2, Contributing to LLVM, guides you into engaging with the open source community and gives
you concrete steps that you can take to contribute to the project. In particular, this chapter gives you
concrete elements on how to seek help from the open source community.

Chapter 3, Compiler Basics and How They Map to LLVM APIs, introduces the concepts used in compilers
and teaches you which LLVM application programming interfaces (APIs) you can use to manipulate
them. This chapter is fundamental to a good understanding of the rest of the book, as it gives you the
core knowledge of what you manipulate in a compiler such as LLVM.

Chapter 4, Writing Your First Optimization, teaches you how to create your own optimizations using
the LLVM infrastructure. Additionally, it introduces advanced compiler concepts that you must know
when working with optimizations.

Chapter 5, Dealing with Pass Managers, explains how to understand, debug, and build your own sequence
of optimizations with both the legacy and the new pass manager. LLVM comes with pre-existing pass
pipelines, and to be able to extend them or build a new one, it is important to understand how the
pass managers work. This knowledge is key to building your own optimizing compiler.

Chapter 6, TableGen - LLVM Swiss Army Knife for Modeling, teaches you about the TableGen syntax,
how it integrates with the rest of the LLVM infrastructure, and gives you guidelines on how to debug
it. From command-line options to the encoding of the instructions, the definition of intrinsics, the
description of the register classes, and so on, Tablegen is a pervasive tool used throughout the entire
LLVM infrastructure. Thanks to this chapter, you will confidently approach the modeling tasks that
are required in the later chapters.
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Chapter 7, Understanding LLVM IR, provides an overview of the LLVM IR and how to understand it. The
LLVM IR is the backbone of the LLVM infrastructure and, as such, understanding it is the first step to
being able to optimize it or more generally transform it.

Chapter 8, Survey of Existing Passes, gives you an overview of the optimizations and analyses that the
LLVM infrastructure provides. This chapter also points out the key APIs that you may need to implement
to get the most out of the related optimizations and analyses. Thanks to this knowledge, you will be
able to reuse everything the LLVM infrastructure has to offer to craft the perfect optimization pipeline.

Chapter 9, Introducing Target-Specific Constructs, goes into the details of how the LLVM infrastructure
can be augmented with target-specific information and, in particular, how to add a new backend in
the infrastructure. This chapter is key in setting up the connections between the LLVM infrastructure
and your backend such that LLVM can start producing elements that are specific to your backend.

Chapter 10, Hands-On Debugging LLVM IR Passes, describes the mechanisms available to help you de-
bug with the LLVM IR passes, including how to use the logging mechanism, the tools to automatically
reduce the size of your inputs, and how to interact with the LLVM infrastructure in a debugger.

Chapter 11, Getting Started with the Backend, teaches you about the Machine IR and shows you how to
implement the key pieces of your backend to get started with the codegen process. This information
is key to interacting with the Machine IR.

Chapter 12, Getting Started with the Machine Code Layer, introduces the MC layer and shows you how
to augment the description of the instructions of your backend with encoding information that is
ultimately used to produce the final object file.

Chapter 13, The Machine Pass Pipeline, teaches you about the default codegen pipeline that the LLVM
infrastructure provides, the different stages that the Machine IR goes through, and how to inject your
own optimizations in that pipeline. Thanks to this information, you will be able to customize the
codegen pipeline to your needs.

Chapter 14, Getting Started with Instruction Selection, introduces the LLVM frameworks responsible for
translating the LLVM IR to the Machine IR, shows you how to connect each of them to your codegen
pipeline, shows how to manipulate their internal IRs, and teaches you how to create a skeleton of an
instruction selector using these frameworks.

Chapter 15, Instruction Selection - The IR Building Phase, goes into the details of the lowering of the
LLVM IR into the generic IR of the instruction selection frameworks. This includes showing you how
to lower the application binary interface (ABI) of your backend.

Chapter 16, Instruction Selection - The Legalization Phase, teaches you how to transform the generic IR
of the instruction selection frameworks into something that your target supports.

Chapter 17, Instruction Selection - The Selection Phase and Beyond, wraps up the instruction selection
process with the final stage of this transformation by showing you how to produce target-specific
instructions and how to take advantage of some of the capabilities of the instruction selection frame-
works to debug and optimize the instruction selection pipeline.



xxviii Preface

Chapter 18, Instruction Scheduling, teaches you how to leverage the instruction scheduling infrastructure
to produce highly optimized code sequences.

Chapter 19, Register Allocation, introduces the representations used in LLVM that touch on the concept
of register liveness and teaches you how to provide the key pieces to allow the LLVM infrastructure
to perform the allocation of the registers. This part of the implementation is key in producing code
for programs that are more than toy examples.

Chapter 20, Lowering of the Stack Layout, guides you in implementing the lowering of the stack layout
of your backend. The stack layout is an important piece of the ABI of your target, and its implementa-
tion is a mandatory step to support again anything beyond toy examples. This chapter also touches on
corner cases that you inevitably run into when lowering your stack, such as running out of registers
when expanding the stack offsets, and the kind of helpers the LLVM infrastructure provides to get
you out of these situations.

Chapter 21, Getting Started with the Assembler, finishes this book by showing you how what you imple-
mented comes together to produce the final object file and teaches you how to implement the concepts
specific to this part of the compiler toolchain, such as the relocations. The introduced concepts open
you up to the fascinating world of binary tools and conclude your journey in the compiler backend world.

To get the most out of this book

The chapters are self-contained and, aside from the compiler concepts introduced in Chapters 3 and
4, you should be able to jump to any of them and get started. If you are new to the codegen space, we
still recommend that you follow the chapters in order as they follow the natural flow of a compiler
backend from the input IR progressively lowering it to assembly code. If you are new to compilers,
we still recommend that you read at least Chapters 3 and 4 first.

For people with a compiler background but new to backends or wanting to refresh or refine their
knowledge of the backends, you can use the Quiz time sections at the end of each chapter to first check
your knowledge against what the chapter covers to decide whether the chapter may cover something
that you may not know before reading it.

Finally, we are firm believers that practicing something helps to digest it; therefore, we recommend
you spend time doing the coding exercises and implement your own solutions without looking at the
provided solutions.

Software covered in the book Operating system requirements

LLVM 20 Windows, macOS, or Linux

If you are using the digital version of this book, we advise you to type the code yourself or access the
code from the book’s GitHub repository (a link is available in the next section). Doing so will help
you avoid any potential errors related to the copying and pasting of code.
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Note that the code snippets and APIs are based on the open source release of LLVM 20.1.1 from Feb-
ruary 2025. All the code has been tested solely on macOS but should work equally well on Windows
and Linux. The code snippets are also available for the LLVM 19.0.1 release from September 2024 in
the release_11lvm_19_0_1 branch of the repositories listed in the next section.

Download the example code files

You can download the example code files and exercises for this book from GitHub at https://github.
com/PacktPublishing/LLVM-Code-Generation. If there’s an update to the code, it will be updated in
the GitHub repository. Additionally, the book comes with a second companion repository at https://
github.com/PacktPublishing/LLVM-Code-Generation-by-example. This is a fork of LLVM that is
used throughout the book to illustrate how to develop a full backend.

We also have other code bundles from our rich catalog of books and videos available at
https://github.com/PacktPublishing/. Check them out!

Download the color images

We also provide a PDF file that has color images of the screenshots/diagrams used in this book. You
can download it here: https://packt.link/gbp/9781837637782.

Conventions used

There are a number of text conventions used throughout this book.

Code in text: Indicates code words in text, database table names, folder names, filenames, file ex-
tensions, pathnames, dummy URLSs, user input, and X/Twitter handles. Here is an example: “Since the
SDISel framework is a single MachineFunctionPass instance, the only way to augment it is through
the hooks provided by the various TargetXXX classes of your backend.”

A block of code is set as follows:

SelectionDAG has 9 nodes:
t0: ch,glue = EntryToken
t2: i116,ch = CopyFromReg tO©, Register:il6 %0
t4: i16,ch = CopyFromReg t@, Register:ilé %1
t5: i16 = add t2, t4
t7: ch,glue = CopyToReg tO, Register:ilé $rl, t5
t8: ch = H2BLBISD::RETURN_GLUE t7, Register:il6 $ri1, t7:1


https://github.com/PacktPublishing/LLVM-Code-Generation
https://github.com/PacktPublishing/LLVM-Code-Generation
https://github.com/PacktPublishing/LLVM-Code-Generation-by-example
https://github.com/PacktPublishing/LLVM-Code-Generation-by-example
https://github.com/PacktPublishing/
https://packt.link/gbp/9781837637782
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Get in touch

Feedback from our readers is always welcome.

General feedback: Email feedback@packtpub.com and mention the book’s title in the subject of your
message. If you have questions about any aspect of this book, please email us at questions@packtpub.
com.

Errata: Although we have taken every care to ensure the accuracy of our content, mistakes do happen.
If you have found a mistake in this book, we would be grateful if you reported this to us. Please visit
http://www.packtpub.com/submit-errata, click Submit Errata, and fill in the form.

Piracy: If you come across any illegal copies of our works in any form on the internet, we would
be grateful if you would provide us with the location address or website name. Please contact us at
copyright@packtpub.com with a link to the material.

If you are interested in becoming an author: If there is a topic that you have expertise in and you are
interested in either writing or contributing to a book, please visit http://authors.packtpub.com/.


http://www.packtpub.com/submit-errata
http://authors.packtpub.com/
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Share your thoughts

Once you've read LLVM Code Generation, we'd love to hear your thoughts! Please click here to go straight
to the Amazon review page for this book and share your feedback.

Your review is important to us and the tech community and will help us make sure we’re delivering
excellent quality content.


https://packt.link/r/1837637784
https://packt.link/r/1837637784
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Part 1

Getting Started with LLVM

In this part, we start with an introduction to the LLVM ecosystem, its community, and the various
parts that make up the LLVM infrastructure.

This part assumes that you have no prior experience with LLVM and little to no experience with
compilers.

More specifically, in this part, you will learn the following:

How to set up your environment to build and test the different projects that the LLVM
infrastructure offers

How to interact with the LLVM community and, in particular, how to seek help and contribute

About the basic concepts used in compilers and how to manipulate them through the LLVM
application programming interfaces (APIs)

How to write your first optimization pass and the things to consider while optimizing your
program

How to build and customize your optimization pipeline

How TableGen, LLVM’s domain-specific language (DSL), fits into the LLVM infrastructure

By the end of this part, you will have a complete picture of the overall structure of the LLVM
infrastructure and will be ready to dive into its inner workings.

This part of the book includes the following chapters:

Chapter 1, Building LLVM and Understanding the Directory Structure
Chapter 2, Contributing to LLVM

Chapter 3, Compiler Basics and How They Map to the LLVM APIs
Chapter 4, Writing Your First Optimization

Chapter 5, Dealing with the Pass Managers

Chapter 6, TableGen - The LLVM Swiss Army Knife for Modeling






Building LLVM and Understanding
the Directory Structure

The LLVM infrastructure provides a set of libraries that can be assembled to create different tools
and compilers.

LLVM originally stood for Low-Level Virtual Machine. Nowadays, it is much more than that, as you
will shortly learn, and people just use LLVM as a name.

Given the sheer volume of code that makes the LLVM repository, it can be daunting to even know
where to start.

In this chapter, we will give you the keys to approach and use this code base confidently. Using this
knowledge, you will be able to do the following:

*  Understand the different components that make a compiler

+  Build and test the LLVM project

«  Navigate LLVM’s directory structure and locate the implementation of different components
«  Contribute to the LLVM project

This chapter covers the basics needed to get started with LLVM. If you are already familiar with the
LLVM infrastructure or followed the tutorial from the official LLVM website (https://11vm.org/docs/
GettingStarted.html), you can skip it. You can, however, check the Quiz time section at the end of
the chapter to see whether there is anything you may have missed.


https://llvm.org/docs/GettingStarted.html
https://llvm.org/docs/GettingStarted.html
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Technical requirements

To work with the LLVM code base, you need specific tools on your system. In this section, we list the
required versions of these tools for the latest major LLVM release: 20.1.0.

Later, in Identifying the right version of the tools, you will learn how to find the version of the tools
required to build a specific version of LLVM, including older and newer releases and the LLVM top-
of-tree (that is, the actively developed repository). Additionally, you will learn how to install them.

With no further due, here are the versions of the tools required for LLVM 20.1.0:

Tool Required version
Git None specified
C/C++ toolchain >=Clang 5.0

>=Apple Clang 10.0
>=GCC7.4

>=Visual Studio 2019 16.8

CMake >=3.20.0
Ninja None specified
Python >=3.8

Table 1.1: Tools required for LLVYM 20.1.0

Furthermore, this book comes with scripts, examples, and more that will ease your journey with
learning the LLVM infrastructure. We will specifically list the relevant content in the related sections,
but remember that the repository lives at https://github.com/PacktPublishing/LLVM-Code-
Generation.

Getting ready for LLVM'’s world

In the Technical requirement section, we already listed which version of tools you needed to work with
LLVM 20.1.0. However, LLVM is a lively project and what is required today may be different than what
is required tomorrow. Also, to step back a bit, you may not know why you need these tools to begin
with and/or how to get them.

This section addresses these questions, and you will learn the following in the process:

«  The purpose of each required tool
+  How to check that your environment has the proper tools
+  How to install the proper tools

Depending on how familiar you are with development on Linux/macOS, this setup can be tedious or
a walk in the park.


https://github.com/PacktPublishing/LLVM-Code-Generation
https://github.com/PacktPublishing/LLVM-Code-Generation
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Ultimately, this section aims to teach you how to go beyond a fixed release of LLVM by giving you the
knowledge required to find the information you need.

If you are familiar with package managers (e.g., the apt-get command-line tool on Linux and Homebrew
(https://brew.sh) on macOS), you can skip this part and directly install Git, Clang, CMake, Ninja, and
Python through them. For Windows, if you do not have a package manager, the steps provided here
are all manual, meaning that if you pick the related Windows binary distribution of the related tools, it
should just work. Now, for Windows again, you may be better off installing these tools through Visual
Studio Code (VS Code) (https://code.visualstudio.com) via the VS Code’s extensions.

In any case, you might want to double-check which version of these tools you need by going through
the Identifying the right version of the tools section.

Prerequisites
As mentioned previously, you need a set of specific tools to build the LLVM code base. This section
summarizes what each of these tools does and how they work together to build the LLVM project.

This list of tools is as follows:

«  Git: The software used for the versioning control of LLVM

. A C/C++ toolchain: The LLVM code base is in C/C++, and as such, we will need a toolchain to
build that type of code

+  CMake: The software used to configure the build system
+  Ninja: The software used to drive the build system

«  Python: The scripting language and execution environment used for testing

Figure 1.1 illustrates how the different tools work together to build an LLVM compiler:

C/C++ toolchain

invoke

LLVM —> Build —\, LLVM
source descrlp’rlon compile

produce drive drive
’res’rs

Figure 1.1: The essential command-line tools to build an LLVM compiler



https://github.com/ninja-build/ninja/releases
https://ninja-build.org
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Breaking this figure down, here are the steps it takes:

4.
S.

Git retrieves the source code.

CMake generates the build system for a particular driver, such as Ninja, and a particular C/
C++ toolchain.

Ninja drives the build process.
The C/C++ toolchain builds the compiler.

Python drives the execution of the tests.

Identifying the right version of the tools

The required version of these tools depends on the version of LLVM you are building. For instance,
see the Technical requirements section for the latest major release of LLVM, 20.1.0.

To check the required version for a specific release, check out the Getting Started page of the
documentation for this release. To get there, perform the following steps:

Go to https://releases.llvm.org/.

Scroll down to the Download section.

In the documentation column, click on the link named 11vm or docs for the release you are
interested in. For instance, release 20.1.0 should bring you to a URL such as https://releases.
1lvm.org/20.1.0/docs/index.html.

Scroll down to the Documentation section.

Click on Getting Started/Tutorials.

Find the Software and the Host C++ Toolchain|...] sections. For instance, for release 20.1.0,
the Software section lives at https://releases.llvm.org/20.1.0/docs/GettingStarted.
html#software.

To find the requirements for LLVM top-of-tree, simply follow the same steps but with the release
named Git. This release should have a release date of Current.

You learned how to identify which version of the tools you need to have to be able to work with LLVM.
Now, let’s see how to install these versions.

Note

\/V: Ninja is the preferred driver of the build system of LLVM. However, LLVM also supports

other drivers such as Makefile (the default), Xcode, and, to some extent, Bazel. Feel free
to choose what works best for you.


https://www.python.org/downloads/
https://releases.llvm.org/20.1.0/docs/index.html
https://releases.llvm.org/20.1.0/docs/index.html
https://releases.llvm.org/20.1.0/docs/GettingStarted.html#software
https://releases.llvm.org/20.1.0/docs/GettingStarted.html#software
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Installing the right tools

Depending on your operating system (0S), you may have already all the necessary tools installed. You
can use the following commands to check which version of the tools are installed and whether they

meet the minimum requirements that we described in the previous section:

Tool Checking the availability

Git git -version

C/C++ toolchain (LLVM) | clang -version

CMake cmake -version
Ninja ninja -version
Python python3 -version

If any of the commands from this table fails or if any of the versions do not meet the minimum

Table 1.2: Commands to install the right tools

requirements, you will have to install/update the related tools.

Assuming you are missing some of the tools, here are the steps to install them from the official websites.

Feel free to use your own package manager if you do not want to do this manually.

In a nutshell, you need to do the following:

Go to the official website for the tool.

Go to the Downloads page.

1
2
3. Download the proper package for your OS.
4

Unpack/install the package to a location of your choice.

The official websites are as follows:

Tool

Where to get it

Git

https://git-scm.com/downloads or https://git-scm.com, and then
click on Downloads

C/C++ toolchain (LLVM)

https://releases.llvm.orgor https://www.1llvm.org, and then
click on All Releases

CMake

https://cmake.org/download/ or https://cmake.org/, and then
click on Downloads



https://www.python.org
https://cmake.org/documentation/
https://google.github.io/googletest/
https://llvm.org/docs/CommandGuide/lit.html
https://llvm.org/docs/CommandGuide/FileCheck.html
https://cmake.org/
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Tool Where to get it

Ninja https://github.com/ninja-build/ninja/releases or https://
ninja-build.org, and then click on download the Ninja binary

Python https://www.python.org/downloads/ or https://www.python.org,
and then click on Downloads

Table 1.3: Websites where you can find the required tools

Note that, on macOS, Git and Clang come with the Xcode CLI package. To install them on this OS,
please run the following command:

$ xcode-select --install

To make things easier, you will find a script that can help you set up the environment for macOS in
the ch1 directory of the Git repository of this book.

If you do not have Git, you can get this script with the following command:

$ curl --location https://raw.githubusercontent.com/PacktPublishing/LLVM-Code-

Generation/main/chl/setup_env.sh --output setup_env.sh

If you have Git, simply run the following command:

$ git clone https://github.com/PacktPublishing/LLVM-Code-Generation.git

$ cd LLVM-Code-Generation/chil

After you get the script one way or another, run the following command:

$ bash setup_env.sh ${INSTALL_PREFIX}

INSTALL_PREFIX is the path where you want the tools to be installed.

At this point, you know how to identify the required version of the tools to build LLVM. You also
acquired a basic understanding of how these tools interact with each other during the build process.

From this point forward, we will assume that you have all the necessary tools available at one of the
directories recorded in the PATH environment variable. In other words, you can use these tools without
having to explicitly set their path on the command line.

Now that we have taken care of the setup of the environment, we can start playing with LLVM.

Building a compiler

In this section, we will introduce the different parts of what makes a compiler and how they relate to
the LLVM code base. In the process, you will do the following:

+  Understand the overall architecture of a compiler
«  Learn how to build Clang from the source

+  Beable to decide which components of LLVM you need to build


https://github.com/ninja-build/ninja/releases
https://ninja-build.org
https://ninja-build.org
https://www.python.org/downloads/
https://www.python.org
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If you are already familiar with the components of a compiler toolchain and want to jump straight
into the action, skip directly to the Building LLVM section.

What is a compiler?

The definition of a compiler means different things for different people. For instance, for a student in
their first year of computer science, a compiler may be seen as a tool that translates a source language
into executable code. This is a possible definition, but it is also a very coarse-grain one.

When you look closer at a compiler, you will find that it is a collection of different tools, or libraries,
working together to achieve this translation. That’s why we talk about a compiler toolchain.

To go back to the previous coarse-grain definition, a compiler, such as Clang, is a compiler driver: it
invokes the different tools in the right order and pulls the related dependencies from the standard
library to produce the final executable code.

The LLVM code base reflects the composability of these tools. It is organized as a set of libraries that
you can use to build a variety of tools and, in particular, a compiler toolchain.

To get a better understanding of which tools are right to build for your particular project, let us see
which components are involved with a concrete example: Clang.

Opening Clang's hood

To build an executable from a C file, Clang, a C/C++ compiler built on top of LLVM, orchestrates three
different components: the frontend, the backend, and the linker. Additionally, Clang has to pull in
dependencies that are expected by the system/language, such as the standard library, so that the
following happens:

«  The frontend has access to the standard headers, for instance, what the prototype of the printf
function is.

»  Thelinker has access to the standard implementations, for instance, the actual implementation
of printf.
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The following picture gives a high-level view of the different parts of a compiler and the different
LLVM projects involved in building such a compiler.

- =~

7 - b S
) , \
I \j.s’rdlib
— N 5/ libc
.C - =7
Compiler N
clang
Compiler -
driver
llvm
clang

linker

.exe

Figure 1.2: The different components of a compiler

When building a C file, Clang acts as a driver for a series of tools. It invokes the frontend (Clang project
in LLVM), then passes down the result to the backend (LLVM project) that produces an object file that
gets linked with the standard library (the 1ibc project in LLVM) by the linker (the 11d projectin LLVM).

The takeaway is building Clang alone will not be enough to have a properly functioning compiler. To
get there, you will need to build at least the linker and the standard library, which come respectively
under the 11d and the 1ibc/libcxx projects in LLVM. Otherwise, your compiler toolchain will have
to rely on what the host provides.

Note

\@/ You may have noticed that we did not mention the frontend and backend in this list. This
is because, when building the Clang project, these are always included.

In any case, the focus of this book is LLVM backends, so, why are we spending so much time on Clang?

The reason is simple: Clang offers a familiar way to interact with LLVM constructs. By using the Clang
frontend, you will be able to generate the LLVM intermediate representation (IR) by simply writing
C/C++. We believe this is a gentler way to start your journey with LLVM backends.
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As we progress through the book, we will have fewer and fewer C/C++ inputs and more and more
LLVM IR ones.

Building Clang
As already mentioned, here, we are only interested in Clang’s frontend capabilities. As such, the

following instructions focus only on building this part of LLVM. You will learn more about the possible
customizations of the build system in the Building LLVM section.

Assuming LLVM_SRC is the path where you want to have the LLVM source code and CLANG_BUILD is the
path where you want the build of Clang to happen, please run the following:

$ git clone https://github.com/11lvm/1lvm/project.git \
${LLVM_SRC}
$ mkdir -p ${CLANG_BUILD}
$ cd ${CLANG_BUILD}
$ cmake -DLLVM_ENABLE_PROJECTS=clang -GNinja -DCMAKE_BUILD_TYPE=Release ${LLVM_
SRC}/11lvm

$ ninja clang

This will check out the LLVM sources from GitHub, create a build directory, move there, configure
the build system for building clang with Ninja, and finally, build Clang.

If you run into any issues, make sure you have all the required tools in PATH (see the Installing the
Right Tools section).

When the build finishes, you should have a shiny new clang executable at ${CLANG_BUILD}/bin.

Experimenting with Clang

If you ever look deeper into Clang, you will find out that it is composed of many more phases than
the frontend, backend, and linker. By playing with Clang’s command-line options, you can expose the
intermediate results of some of these phases.

Here is the list of these phases:

1. Frontend: This validates that the input file is syntactically and semantically correct and
produces the LLVM IR.

. Preprocessor: This expands macros (e.g., #include).
+  Sema: This validates the syntax and semantics of the program.
«  Codegen: This produces the LLVM IR.

2. Backend: This translates the LLVM IR to target specific instructions.

Middle-end optimizations: LLVM IR to LLVM IR optimizations.

«  Assembly generation: Target-specific IR to assembly code.

3. Assembler: This translates assembly code to an object file.
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Here are the options to inspect their results:

To stop Command

After the preprocessor clang -E

After syntax checking clang -fsyntax-only

After LLVM IR code generation clang -0@ -emit-1llvm -S

After the middle-end optimizations clang -0<1|2|3|s|z> -emit-1lvm -S

(pick the level you want)

After assembly generation clang -5

(i.e., see the textual representation of the assembly)

After the assembler clang -c

(i.e., see the object file representation)

Table 1.4: Checking the results after each phase

Note

\E/ For the commands using -emit-11vm, you can use -c instead of -S if you want to see the
binary representation of the LLVM IR, called bitcode, instead of its textual form.

LLVM also offers different tools to reproduce these steps. These tools have different purposes and
levels of control, and we will explore them in due time.

Now, you know which components are involved in a compiler toolchain and which part of the LLVM
infrastructure covers which component. You scratched the surface of the LLVM build system by
building Clang and, in the process, gained a valuable tool to play with the different compilation stages.

Next, let us dive deeper into the LLVM build system by learning how to build the core of components.

Building LLVYM

This is where your journey as a backend developer starts: you will learn how to build the core LLVM
project.

Instead of just dropping a bunch of commands for you to run (we will do some of that too, we promise),
you will discover the most relevant knobs that you can use to tailor the build process to your needs.

We believe this is important knowledge to gain as it will help you optimize your development process
and increase your productivity by focusing on what you need to build/run for your use cases.
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To set the context, the core LLVM project contains all the necessary pieces to build an optimizing
backend from LLVM IR down to assembly code/an object file for 20+ different architectures. This is a
lot of code and chances are that you do not care about all these architectures. Therefore, at the very
least, learning how to build only the ones you care about will save you compile time and down the
road will improve your development speed.

Configuring the build system

LLVM'’s official build system is CMake, and everything you know about CMake applies here. If you do
not know about CMake, do not worry, we will cover enough to get you going.

CMake comes with some built-in variables that can be used to customize some key aspects of the
build process. You will recognize these because their name starts with CMAKE_. We will not go over
all of them but instead mention the most useful ones in this context. You can learn more about their
meaning or discover new ones by looking directly at the CMake documentation (https://cmake.org/
documentation/).

CMake also supports command-line options, but for all intent and purposes, we will mention only
three here:

«  -D<var>=<value>: This defines the value of a CMake variable.
«  -GcgeneratorName>: This generates a build system for the specified generator.

+ -C<pathToCacheFile>: This preloads a cache file; cache files are useful for sharing specific
configurations and avoiding setting all the variables manually. In a nutshell, this is useful to
pre-set some CMake variables.

With this knowledge, here is one of the simplest commands you can run from your build directory to
configure the LLVM’s build system:

$ cmake -GNinja -DCMAKE_BUILD_TYPE=Debug ${LLVM_SRC}/1lvm

Your system is now ready for development, albeit things are going to be slow:

1. All the ~20 non-experimental backends will be built.
2. Everything that is built will use the Debug configuration, meaning that the experience is

centered around smooth debugging sessions.

Regarding Step 2, building for Debug, it may be exactly what you want while you develop the compiler,
but this is not something you want the end users to experience!


https://cmake.org/documentation/
https://cmake.org/documentation/
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Here is a list of knobs, all CMake variables, that you should use to speed things up:

Variable

Value

Meaning

Standard options

CMAKE_BUILD_TYPE

Debug

Build for a smooth debug experience:
Assertions: Enabled

Optimizations: Disabled

Debug info: Enabled

Produces a large and slow compiler.

Release

Build an optimized compiler:
Assertions: Disabled
Optimizations: Enabled
Debug info: Disabled

Produces a smaller and faster compiler.

CMAKE_C_COMPILER

<path>

Specify the path to the C compiler.

This is particularly useful when bootstrapping or
cross-compiling the compiler.

We will not cover these topics, but at least you know
where to look if you are interested in this.

CMAKE_CXX_COMPILER

<path>

Specify the path to the C++ compiler.

CMAKE_INSTALL_PREFIX

<path>

Specify where to install the final artifacts.

Faster build time

LLVM_TARGETS_TO_BUILD

Targetl;...

Specify the list of backends to build (semicolon
separated).

Targetl, and so on, must match the directory name
of one of the backends in ${LLVM_SRC}/11lvm/1ib/
Target.

Default to the all special value, which builds all the
~20 non-experimental LLVM backends.
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Variable Value Meaning

LLVM_OPTIMIZED_TABLEGEN | BOOL Specify whether or not to build TableGen in
optimized mode.

We will cover TableGen in more detail in the
dedicated chapter but the gist of it is unless you are
developing a TableGen backend, you will likely want
to set this variable to speed up your build.

Notably useful

BUILD_SHARED_LIBS BoOL Build libraries as shared libraries.

This avoids the link steps for the different
executables, but this means they are not self-
contained anymore and you have to “ship” the shared
libraries alongside them. For local development, this
may be worth it, although the debug experience may
not be that great.

LLVM_ENABLE_ASSERTIONS BoOL Enable or disable assertions.

Using this option, you can for instance enable the
assertions in a release build, which can be useful to
diagnose some issues while not paying the price of a
full debug build.

LLVM_ENABLE_PROJECTS Projectl;...| Build Projecti, and so on, on top of the LLVM core.

The project names must match the directory names
at the root of ${LLVM_SRC} (e.g., clang;mlir will
build both Clang and MLIR with the rest of LLVM).

Table 1.5: CMake Variables and what they mean

With all these knobs available to you, here is our recommendation for a faster build time that still
features a debugger-friendly compiler:

$ cmake -GNinja -DCMAKE_BUILD_TYPE=Debug -DLLVM_TARGETS_TO_BUILD="X86;AArch64”
J . _ g L oL

-DLLVM_OPTIMIZED TABLEGEN=1 ${LLVM_SRC}/1lvm

To break the command down, we are building the core LLVM project in the Debug mode with just the
X86 and AArch64 backends and with the TableGen tool being optimized.

Make sure to adapt the backends-to-build to your needs.
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Note that if you want more information on the available options, you can run the following command:

$ cmake -LH ${LLVM_SRC}/1lvm

The L option lists the available variables, and the H option prints the help information for each of
them. You can also add the A option if you want to see all the advanced variables as well. Be aware
that it prints a lot of text!

Note

\/V: At one point, you may have several build directories around. If you don’t remember which
is which, you can open the CMakeCache. txt file in the root of the related directory to
check how the variables were set.

Now that your build directory is properly configured, we are almost ready to trigger a build, but we
are missing a primer on Ninja, which can help you speed up your development cycle even more.

Crash course on Ninja

Ninja is a tool that drives a build system. It makes sure that artifacts are built following the order of
the dependencies described in this build system.

Note

\@/ You will have a crash course on how to describe these dependencies with CMake when
you get to the point of adding your code to LLVM.

Back to Ninja, its usage is as follows:

$ ninja [options] [buildTargetl] [buildTarget2] ...

buildTargetX represents the names of the artifacts described in the build system. In that context, an
artifact is often a file, but it can also be just a name that is tied to specific actions. The point is that by
knowing the available targets, you can focus your development time on what you care about.
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Consider the build dependencies described in Figure 1.3:
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.C : | : Ninja
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Figure 1.3: Build dependencies in action

Modifying a header used by several files in different libraries will trigger a rebuild of all the libraries.
If you care only about specific libraries, to speed up your build time, consider using the specific build
targets of these libraries.

In this example, you are modifying a header file that is referenced by several libraries, but you only
care about one of them for now.

Ninja will rebuild all the libraries that reference this header file in their dependencies. You may not
want your computer to waste time rebuilding libraries that you do not care about at this point. After
all, you would be wasting some of your time if you were to do that. Instead, you can tell Ninja to only
build the library you care about by specifying its build target on the command line.

To get a list of all the available build targets in a previously configured build directory, you can use
the special help target:

$ ninja help

Note

\”/ Ninja also has a help option. The help option starts with a dash (-), explains how to use
Ninja, and lists the available options.

A couple of additional options that are worth mentioning are as follows:

+  -v: This prints the executed commands.

¢ -j N:This runs the build command in parallel with a max of N parallel execution. It is useful
to use, for instance, -j 1 with -v to get better visibility of what is happening when you try to
reproduce something manually.



18 Building LLVM and Understanding the Directory Structure

« -k N: This keeps running the build system until it hits N errors. This is useful with N ==
(which means infinity in this case) to see how far your build can go and if you want to have a
grasp of how many different errors you will have to fix.

Note

\/V: The tooling around build systems is large and we only scratched the surface here. For
instance, Ccache (https://ccache.dev/) can improve the build time and is relatively
easy to set up.

At this point, you are finally ready to build LLVM.

Building the core LLVM project
In this section, you will learn the commands to build LLVM from the previously configured build

directory.

First things first, the simplest way to build LLVM is to run:

This is it!
Yes, this is really it, but there are a couple of build targets that you may want to know, namely the
following:

+  opt: Build the driver for the LLVM IR to LLVM IR optimizations.

+  1lc: Build the driver for the LLVM IR to assembly/object file pipeline.

+  1lvm-mc: Build the tool to play with the assembling/disassembling mechanism.

«  check: Run all the core LLVM unit tests. This target will rebuild automatically all the tools that

are involved in the unit tests, including the aforementioned targets.

The opt, 11c, and 11vm-mc targets produce binaries with the same name in ${BUILD_DIR}/bin. These
are going to be the main tools that you will use for the rest of this book.

At this point, my recommendation is to make a habit of running the check target until you get
accustomed to the various parts of LLVM and make sure that it comes back clean, meaning that you
do not get any unexpected failures.

A clean report should look like this:

$ ninja check

Total Discovered Tests: 57407
Skipped : 45 (0.08%)
Unsupported : 21191 (36.91%)
Passed : 36111 (62.90%)
Expectedly Failed: 60 (0.10%)
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This quick introduction to testing ends this section, where you have learned about the following:

+  How to control the build system via the main CMake variables to build exactly what you need?

+  How to interact with Ninja, the driver of the build system, to cut down on your build time,
print the executed command, or discover the relevant build targets?

«  How to build the core LLVM project and produce your first LLVM artifacts?

In the next section, we deepen the topic of compiler testing that we just barely touched on here.

Testing a compiler

In the previous section, you have learned how to run the core LLVM unit tests, but this is only the
beginning of the story. There are two big missing pieces:

+  How do you understand and reproduce a failing unit test?

+  How do you go beyond unit testing?

Let us answer these questions in the following sections. However, first, we need a primer on some of
the tools/infrastructure used for testing in LLVM.

Crash course on the Google test infrastructure

LLVM uses the Google test infrastructure (gtest) for some of its unit tests.

The tests based on gtest are regular C++ codes and produce regular executables. If you open one of the
source files of the tests using this framework, you will find gtest-specific directives (e.g., EXPECT_EQ,
TEST, etc.) but nothing complicated beyond that.

Running the related executable will directly reproduce whatever issue you may want to investigate
and all the techniques you know for debugging C++ code apply.

You can find more information on gtest at https://google.github.io/googletest/.

Crash course on the LLYM Integrated Tester
The LLVM Integrated Tester (1it) drives a lot of the LLVM testing infrastructure.

In a nutshell, this tester does the following:

. Discovers the tests to be run
*  Runsthem concurrently

«  Prints a summary of failure/success at the end
You have already seen 1it in action when you ran ninja check.

In this section, we will focus on how you can describe what a test does and the capabilities of the 1it
driver for running tests. Later in this book, when learning how to add tests, you will learn, superficially,
how 1it picks up new tests.
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If you want to dig into 1it right now, feel free to use the online documentation at https://11lvm.org/
docs/CommandGuide/1it.html.

Note that if you ever build a compiler-like project, consider using 1it to drive your testing infrastructure.
This is a great tool and will save you a bunch of time instead of reinventing the wheel.

Testing in lit
Let us assume that 1it recognized that a file is a test. Again, we will not describe how 1it does this.

1it will scan this file for directives from the comments for this type of file, meaning that 1it adapts
to the input file to derive what needs to be done.

For instance, if the test file is an LLVM IR file (identified by its . 11 extension), 1it searches the directives
in the lines that start with ;, similarly, for a Multi-Level Intermediate Representation (MLIR) file
(identified by its .mlir extension), it will look at the lines that start with //.

Using these directives, 1it determines the following:

1. Requirements: Does this test need to be run?
2. Command: How is this test run?
3. Status: At the end of the run, is this result a pass or a failure?

The test file itself can also be the input of the run commands of that test file. This is not strictly required
but is the most common, if not the only, pattern that you will see in the LLVM unit tests.

Directives

Here are the directives that are used the most within the LLVM project:

Directive Meaning

RUN: <command> | pescribe how to run this test.
You can put as many RUN directives as you want. 1it will run them in order.

A test is successful when all the RUN lines are. The testing will stop on the first
one that fails. A run line fails when it returns non-zero (i.e., bash style).

For the command lines themselves, 1it offers some substitution capabilities that
we cover later.

REQUIRES: Only run this test if the following requirement is fulfilled.

<config>
For instance, using arm-registered-target as config will execute the RUN

commands of this test only if the backend in the 11vm/1ib/Target/ARM
directory has been built.
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Directive Meaning

XFAIL: <config> | Thijs means that the RUN commands of this test are expected to fail for this config.
This will be reported as expected failures in the final report.

Note that if the RUN commands work for this test, it will be an unexpected
success.

Table 1.6: Commonly used directives

Regarding the available configurations for <config>, this depends on how the internals of 1it are
initialized. If you are curious, you can look, for instance, at how config.available_features is
initialized in ${LLVM_SRC}/ 1llvm/test/lit.cfg.py. For now, just look at how the existing tests set
that directive and replicate what you see and need.

Plumbing new configuration is not particularly difficult, but also not particularly interesting, especially
without a motivating example. For instance, the solution will look different if you need to plumb that
through CMake, or if it is something you want/can do in Python or any other programming language.

Describing the RUN command

As already stated, it is common for the test file to also be the input of its RUN line. Similarly, sometimes it
is useful to be able to create a temporary file while running a test. If you want to support such features
while allowing tests to run concurrently and from any path, as a build directory can be instantiated
anywhere, it gets tricky quickly.

Fortunately, 1it comes with such capabilities out of the box. 1it exposes special sequences of
characters, called macros, which are substituted by the proper string when the test gets to run.

Here are some of the most common substitutions in LLVM:

Macro Substitution

%s Source file: The path to the current file

%S Source directory: The parent directory of the current file
%t Temporary file: The path to a unique temporary file

Table 1.7: Common substitutions

Consider a test file named myFile. 11 with a RUN directive of the form:

; RUN: echo %s %t

When 1it consumes myFile.11, it will spawn an environment that will execute this command and
print the following:

<fullPathTo>/myFile.11 <fullPathToTemporaryCreated>/myFile.ll.tmp



22 Building LLVM and Understanding the Directory Structure

However, note that this command will only work if echo is in your path. So, what happens if you want
to test something that you are building as part of your build process? 1it allows you to specify your
own substitutions. If you are testing the tools already built by LLVM, 1it is already properly configured
to handle all that. If you are building a new tool, you may want to add your own custom substitutions.
For that, look at how config.substitutions is initialized in ${LLVM_SRC}/ llvm/test/lit.cfg.py.

The lit driver — llvm-lit
When building LLVM, you also build the 1it driver, 11vm-1it, as part of the default build target or
the check target.

This executable is what drives the execution of most of the tests in LLVM and by using it directly, you
can selectively rerun the tests.

For instance, let us say you want to run only the GlobalISel tests of the AArch64 backend. You can
do this by launching the following command from your build directory:

in/llvm-1it test/CodeGen/AArch64/GloballSel/

This should print all the tests that are executed as well as their status as 1it makes progress through
them:

-- Testing: 610 tests, 4 workers --
PASS: LLVM :: CodeGen/AArch64/GlobalISel/fold-global-offsets-target-features.mir
(1 of 610)

PASS: LLVM :: CodeGen/AArch64/GlobalISel/gisel-commandline-option.1ll (2 of 610)
PASS: LLVM :: CodeGen/AArch64/GlobalISel/armé64-pcsections.1l (3 of 610)

[...]

As you can see, this prints a lot of information, and you may not care about these details. Hence, you
will want to use the -s option.

More generally, here are a few useful options:

Option | Effect
=S Silent: Only print a progress bar and the final report
-V Verbose: Print the RUN lines and the output of a test on failure
-a Print all: Same as verbose but for all tests, not just the failing ones

Table 1.8: Some useful options and their effect

When using 1it directly, you may want to make a habit of using the following command:

$ ./bin/1lvm-1it -sv <tests>

This will give you a concise report while producing all the commands required to reproduce the tests
that failed.
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Crash course on FileCheck

FileCheck is the last piece of infrastructure you need to learn before being able to confidently approach
the LLVM tests.

FileCheck is a tool that reads a file that describes patterns. This file is called check-file and checks
that these patterns happen on an input file (by default, the standard input). If all the patterns are
matched, it returns success (0); if not, it returns failure (non-zero) and prints where the match failed.

Like 1it, FileCheck’s patterns are described through directives that live in the comment of check-file.
These directives start with a customizable prefix, which is CHECK by default, and can be enhanced with
special semantics using a dash (-) followed by a keyword (e.g., CHECK-NEXT).

FileCheck is a powerful tool and can be overwhelming at first. To make it more approachable, we
prepared some examples for you to look at in ch1/FileCheckExamples of the repository of this book.
In any case, we strongly recommend reading the full documentation eventually, which is available at
https://1lvm.org/docs/CommandGuide/FileCheck.html.

Here are a handful of directives to get you started:

Directive Meaning

CHECK: <pattern> Match <pattern>.

CHECK-NEXT: <pattern> Match <pattern> on exactly the next line of the previously matched
pattern.

CHECK-SAME: <pattern> Match <pattern> on the same line as the previously

matched pattern.

CHECK-NOT: <pattern> Fail if <pattern> is matched.

The pattern is not looked for as soon as the next CHECK directive is
matched.

CHECK-LABEL: <pattern> Sort of a <pattern> anchor used to structure the matches in a file.

Note that FileCheck assumes that this pattern appears only once in
the input file. If that is not the case, you may anchor yourself in an
unpredictable location.

CHECK-DAG: <pattern> All patterns matched with continuous DAG directives can be matched
in any order. This is useful for producing patterns that are resilient on
output reordering.

CHECK-COUNT-<Num>: Succeed if <pattern> is matched <Num> times.
<pattern>

Table 1.9: Important directives
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In all cases, <pattern> can be the following:

. Straight text: An exact match is expected, albeit FileCheck ignores space differences (i.e., all
spaces are collapsed into just one).

. Regular expression (regex): Regex can be used but needs to be specified within the following
markers: {{ and }}. For instance, {{[0-9]+}} matches any number.

. Variable: A match can be stored in a variable. The syntax to define avariableis [ [VAR: <pattern>]]
and to use a variable is [ [VAR]]. A variable cannot be used before it is defined. You can define
and use a variable on the same line. When using regex in the definition of variables, you do
not need to use the {{ and }} markers. For instance, [ [VAR:[0-9]+]] will match a number
in [[VAR]].

* A mix of all of the above.

Remember, the CHECK prefix is also customizable, and you can also use several prefixes within the same

FileCheck invocation. The prefixes are specified with the --check-prefixes=<prefl>,<pref2>,...
option.

FileCheck by example
To make things more concrete, this section expands on one of the examples provided in the repository

of this book. The example is located in ch1/FileCheckExamples/ex3.

At this point, the FileCheck executable should already be available in the bin directory of your build
directory. If this is not the case, you can also build it directly using ninja FileCheck. In any case,
make sure FileCheck is in your PATH if you want to use the run. sh script available for this example.

This example uses a simple FileCheck invocation:

$ FileCheck --input-file input.txt check-file.txt

The content of input.txt and check-file.txt are respectively:

input.txt check-file.txt
I feel CHECK: I
great CHECK-SAME: feel
today CHECK: great
CHECK-NEXT: today
How about  you? CHECK: How about you?
This line doesn’t matter CHECK-DAG: Meh
as well as this one CHECK-DAG: I don

I don’t know

Meh CHECK-NOT: or is it
CHECK: The end
The end CHECK: or is it

or is it?
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The input is only plain text. Notice how we purposely put random spaces everywhere, including
empty lines, both in the input file and the check file. The point is that they do not matter unless you
use SAME or NEXT.

For instance, notice how the first line of the input, I feel, is matched through two different directives
CHECK: I and CHECK-SAME: feel. Since we used SAME here, we expect feel and I to be on the same
line. You can try to replace CHECK-SAME with just CHECK and see how it affects the matching (or not),
then move the feel word onto a different line and repeat your experience.

Similarly, look at the CHECK-NEXT: today directive. This will succeed only if today is exactly on the
next line. Try to add more line spacing or put today on the same line as great.

Next, the CHECK: How about you? directive demonstrates that the spacing does not matter one way
or the other:

+  The related input line has more spaces between about and you than what is matched

+  The related match line has more spaces before How than the related input line

Before looking at the DAG directives, notice how the This line doesn't matter and as well as this
one lines are completely ignored. Anything that is not matched is implicitly ignored. So, if there is
something you explicitly do not want to see in the output, make sure to use the CHECK-NOT directive.

Then, comes the DAG directive. This one is interesting for producing robust tests when the output is
somewhat brittle but consistent. For instance, if you want to match the output of different threads
and you know what each thread will produce, but you cannot predict in which order their output will
be serialized, the DAG directives may be the solution.

The way it works is as follows:

«  All the continuous DAG directives form a block. The continuity is obtained by writing DAG
directives one after the other, with non-directive lines between them. As soon as you use a
non-DAG directive, the block ends. Then, the next DAG directive will be part of a new block.

. The block is matched in every order (it is not as brute force as this, but this is the idea).

. FileCheck variables defined/used in this block form data dependencies that are honored. This
means that even if you define and use a FileCheck variable within the same DAG block, you will
not run into problems where your variable is used before being defined. However, be aware
that to honor this dependency, FileCheck might find the beginning of the sequence you are
looking for in a completely different place.

Back to the block of DAG directives of this example. Notice how the block states Meh first then I don,
whereas the input file has these patterns in the reverse order. Thanks to the DAG directive, the order
does not matter. Also, notice how I don still matches with I don’t know. This is a feature in FileCheck:
the matching happens on the substring.

Try it for yourself: replace I donby I do and notice how the test still passes.

The bottom line is be careful when you write your CHECK patterns or your tests may pass on inputs
that you would have liked to reject.
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Finally, here comes the CHECK-NOT: or is it directive. It makes sure that this particular line does not
occur between the previous match (the DAG block in this case) and the next match (CHECK: The end).
After the next match, it is completely okay to have the pattern occur and, indeed, you can see it in the
input file after The end. Try to move the CHECK-NOT directive after CHECK for The end and remove the
final CHECK: or is it line and see what happens.

At this point, you know all the different tools and frameworks involved in the testing of LLVM. Let us
see how they articulate together to test the compiler.

LLVM unit tests

LLVM unit tests are primarily focused on testing small parts of the compiler, such as a specific
optimization or the specific behavior of a class.

There are two kinds of unit tests in LLVM that are logically separated into two different folders of
your build directory:

. unittests: This contains the tests that are directly generated from the related directory of the
LLVM source (${LLVM_SRC}/11lvm/unittests). These tests are written using gtest.

*  test:This contains the output scripts used by 1it. The actual tests live in the related directory
of the LLVM source (${LLVM_SRC}/11lvm/test).

When you execute ninja check, you effectively run all the unit tests.

Note

V4 If you built another project, you could use the check-<project> build target to run the
\E/‘ unit tests of that project. For instance, use check-clang and check-mlir if you have
built Clang and MLIR, respectively. You can also run the unit tests of all the built projects

with check-all.

So, now, what should you do if some of them are failing?
First, if you have zero local changes, do the following:

+  Check whether your build is configured correctly. For instance, if you did not enable the
backend of your current computer, some tests may fail because they have nothing to run
against. When this happens, this is admittedly a bug in the build configuration of LLVM, but
some of these bugs may still exist.

«  Ifyou are building LLVM top-of-tree (as opposed to a release of LLVM), check whether LLVM
itself is broken by looking at the status of the buildbots (from https://11vm.org, click on
Buildbot and/or Green Dragon). Look for a configuration close to what you have and check if
this one is green (passes) or red (fails). If it fails, that means that the issue will likely be fixed
soon, otherwise, this is likely an issue with your local setting, or you might have uncovered
a bug. In any case, follow up with the community (see Chapter 2 for that) to see what is going
on and/or report the issue.
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Second, if you do have local changes: At this point, this means you want to reproduce the issue to be
able to dig deeper. Let us see how to find the input of a test and run it manually.

Finding the source of a test

Let us assume you ran the check build target, and you have a bunch of failing tests. At the end of the
entire run of ninja check, you should see a report that looks like this:

Failed Tests (2):
LLVM-Unit :: MI/./MITests/LiveVariablesTest/recomputeForSingleDefVirtReg

handle_undef2
LLVM :: CodeGen/AArch64/aarch-multipart.11

The beginning of each line tells you which project fails. Here, it is LLVM, but it could be, for instance,
Clang if you built and run Clang’s unit tests.

Then, for unit tests that are written with gtest, you will see -Unit right after the project name. Test
lines with no suffix are pure 1it tests.

Therefore, in this example, the first failing test is written with gtest and the second with 1it.
In any case, everything that is after : : identifies the specific test.

. For gtest, the name looks like <path>/<exeName>/<testSuiteName>/<testName>. Here, <path>,
for LLVM, is relative to ${BUILD_DIR}/unittests. (For other projects, such as Clang or MLIR,
<path> is relative to ${BUILD_DIR}/tools/<project>/unittests.) The source files of such tests
are usually at ${LLVM_SRC}/11lvm/unittests/<path>/.To identify which exact source file to look
at, you need to search for the TEST macro that matches both <testSuiteName> and <testName>.
Therefore, the failing test in this example is the executable located at ${BUILD_DIR}/unittests/
MI/MITests. That executable comes from the source files located in ${LLVM_SRC}/unittests/
MI, and the file that defines TEST(LiveVariablesTest, recomputeForSingleDefVirtReg
handle_undef2) is LiveIntervalTest.cpp.

«  For 1it, the name is simply the path of the source file from the root of the related 1it entry
point. For LLVM, that entry point is ${LLVM_SRC}/11lvm/test. (For other projects, this entry
point is ${LLVM_SRC}/<project>/test.) So, in this example, the file that describes the test is
located at ${LLVM_SRC}/11lvm/test/ CodeGen/AArch64/aarch-multipart.11.

At this point, we know which file to look at, so, let’s see how we can run the related test manually.

Running unit tests manually

As already mentioned in Crash course on gtest, running a gtest manually means simply invoking the
related executable. Since you have learned how to find the source file of a test in the previous section,
this means you are down to a regular C++ debugging session at this point.
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Remember that to regenerate the executable for your unit test, it is sufficient to run the following:

$ ninja <executableName>

Now, let us focus on the 1it tests. To rerun a particular 1it test, you can run it from your build directory:

$ ./bin/1lvm-1it -sv test/<testName>

Where <testName> is the relative path that was reported in the final report of ninja check.

Note that for other projects, such as Clang or MLIR, the 1it entry point in the build directory is slightly
different than the LLVM project. This difference is reflected in the command line that you need to
use to rerun a specific test:

$ ./bin/1lvm-1lit -sv tools/<project>/test/<testName>

Notice how in the previous command, test/<testName> became tools/<project>/test/<testName>
to account for this change in the entry point.

Note

\,,// When you use 11vm-1it like this, <testName> can also be a directory name. When this
is the case, all the tests in this directory and recursively in the child directories of this
directory are run.

Until this test is fixed, this should produce an output with lines starting with RUN. These lines are what
you need to run to reproduce the issue manually. At this point, you can use whatever is appropriate
to debug and fix the issue.

Here is an example of such output:

FAIL: LLVM :: CodeGen/AArch64/aarch-multipart.ll (1 of 1)

FrdRRoR ok ok bk Rk kokkkx TEST ‘LLVM :: CodeGen/AArch64/aarch-multipart.l1’ FAILED
3k 3k >k 3k 3k 3k k %k %k 3k 5k 3k %k %k % K 5k %k k %

Exit Code: 2

Command Output (stderr):

RUN: at line 1: ${BUILD_DIR}/bin/1llc < ${LLVM_SRC}/1llvm/test/CodeGen/AArch64/
aarch-multipart.1l -o - | ${BUILD_DIR}/bin/FileCheck ${LLVM SRC}/1llvm/test/
CodeGen/AArch64/aarch-multipart.1ll

[...]
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So, to reproduce the issue you would need to run the following:

$ ${BUILD DIR}/bin/1llc < ${LLVM_SRC}/1llvm/test/CodeGen/AArch64/aarch-multipart.
11 -o - | ${BUILD_DIR}/bin/FileCheck ${LLVM_SRC}/llvm/test/CodeGen/AArché64/

aarch-multipart.1ll

Depending on what is wrong in this case, you would need to do either of the following:

«  Fix somethingin 11c
. Fix the IR in the input file (${LLVM_SRC}/11lvm/test/CodeGen/AArch64/aarch-multipart.11)
«  Fix the patterns checked by FileCheck in the input file

+ A combination of all of the preceding

Also, remember that some tests have more than one RUN line. Therefore, make sure to run all the lines
to find the one that does not work before going too deep in debugging.

As soon as you fix your issue, the 1it command should not print the RUN lines anymore. Instead, it
should come with a clean output similar to the following output:

Passed: 1 (100.00%)

As briefly mentioned in Crash course on FileCheck, remember that you can still use the a option to print
the RUN lines of a passing test. For instance, with our running example, this would look like this:

$ ./bin/1lvm-1it -sav test/CodeGen/AArch64/aarch-multipart.1l

In any case, remember that most 1it tests in LLVM use the same pattern where the test file is both the
input file of the commands to run and check-file used by FileCheck to match the output of the run
commands. Putting everything together, a typical 1it test in LLVM can be summarized in Figure 1.4:

; RUN: (cmd %s \
7 RUN: ‘ | FileCheck %s \wract
someIR { read Gl %3

|
stdout 2. run

H E:Egi — FileCheck %S

3. report

test file lit

Figure 1.4: A typical lit test in LLVM
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The test file describes the commands to run through the RUN directives. 11vm-1it (1) extracts these
commands, (2) runs them, and (3) produces a report. The run typically consists of executing some
LLVM tools (e.g., 11c, opt) and checking their output against some patterns described within the test
file itself with FileCheck. In other words, a test file contains a) the commands to run; b) the input IR;
and c) the patterns to match, as highlighted in the three blocks.

The unit tests pass, what now?

The unit tests are only the bare minimum when it comes to compiler testing. At this point, what was
tested is as follows:

«  We tested that specific patterns are generated for specific inputs by specific optimizations/
backends

+  We tested that certain classes behave a certain way for certain inputs

While this gives some initial confidence that the compiler is correct, this fundamentally lacks end-
to-end testing with proper functional testing. Indeed, we have not run any of the code produced by
the compiler so far.

Let us see how we can address that in the next section.

LLVM functional tests

The wonderful thing about testing a compiler is that, for the most part, you do not have to write
functional tests. Indeed, the rest of the world did it for you when they wrote correctness tests for their
applications. As such, functionally testing a compiler means checking that an application is correct
when compiled with your compiler.

With that in mind, you can start compiling any applications that are important for your use cases and
check that they still pass their conformance tests.

This is a nice property, but it does not really help you to get started. Where would you look for relevant
applications? How do you run them for correctness testing?

Fortunately, LLVM also features a test suite that can be used for correctness and performance testing.

Note

V4 We will not go into details for performance testing as this is highly application- and
\E/‘ backend-specific. Put differently, unlike correctness testing, a lot of applications do not
come with well-established performance testing, or at least not one that makes sense for

what you may want to measure when working on a backend compiler.

We will summarize how to use this test suite hereafter, but for the full documentation, please see
https://11lvm.org/docs/TestSuiteGuide.html. Specifically, this document also covers how to use
the test suite for cross-compilation and remote execution (build on one machine, run on another).
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The LLVM test suite

The LLVM test suite is a set of standalone C/C++ applications, which means the following:

1. Youneed to be able to plug your backend from a C/C++ frontend such as Clang to be able to use
it. With what you learned in Configuring the build system, this is no problem for you! (Spoiler:
just add -DLLVM_ENABLE_PROJECTS=“clang” to your CMake command.)

2. Youmust create a separate build directory and configure the build system with CMake for them.

First things first, to get the LLVM test suite, run the following:

$ git clone https://github.com/1lvm/1lvm-test-suite.git ${TESTSUITE_SRC}

Create a build directory:

$ mkdir -p ${TESTSUITE_BUILD DIR}
$ cd ${TESTSUITE_BUILD DIR}

Then, configure it:

$ cmake -GNinja -DCMAKE_C_COMPILER=${BUILD DIR}/bin/clang ${TESTSUITE_DIR}

This will set up the test suite with your Clang compiler and the default compilation option. If you
want to specify your own set of compiler flags, use the standard CMAKE_C_FLAGS and CMAKE_CXX_FLAGS
CMake variables for that. Also, the test suite comes with several pre-configured sets of compilation

options. You can use them by sourcing the relevant CMake cache like the following:

$ cmake -GNinja -DCMAKE_C_COMPILER=${BUILD DIR}/bin/clang -C${TESTSUITE_DIR}/

cmake/cache/<specificOption>.cmake ${TESTSUITE_DIR}

For instance, here is the same command if you want to use -03 as a compilation option:

$ cmake -GNinja -DCMAKE_C_COMPILER=${BUILD DIR}/bin/clang -C${TESTSUITE_DIR}/
cmake/cache/03.cmake ${TESTSUITE_DIR}

In any case, look at ${TESTSUITE_DIR}/cmake/cache/ to see what is available.

Next, you need to build the test suite:

In typical LLVM fashion, the LLVM test suite is also driven by 1it. Therefore, to run it, from ${ TESTSUITE_
BUILD_DIR}, simply use this command:

$ ${BUILD_DIR}/bin/1lvm-1lit -sv .

If you want to run a specific (set of) tests, just provide the path to the test(s) you want to run. For
instance, to run the MultiSource sqlite3 application and all of the SingleSource tests, run:

$ ${BUILD DIR}/bin/1lvm-1it -sv MultiSource/Applications/sqlite3 SingleSource
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Of course, everything that you love about 1it also applies to the test suite, so if you want to find the
run command of a particular test, use the -a option.

The functional tests fail — what do you do?

Quickly enough, you will have your first bug in the compiler. If you are lucky, the bug will fail the
compilation. For instance, it will crash the compiler, and in this case, you are back to debugging a
regular C++ application except the application is your compiler. If you are less fortunate, you may
have to deal with a miscompile: the compilation process worked fine, but the application fails its
correctness test.

When tracking down a miscompile, there are different things to consider:

+ Do you know which compiler changes introduced the issue?

« Do you know which application changes introduced the issue?

Essentially, you need to establish a baseline and bisect the changes to minimize the difference in the
final assembly code.

Note

\/V: When bringing up a new backend, you have zero baselines. This is why you must write
comprehensive unit tests, otherwise, you may have to deal with many miscompiles and
will have no idea where to start!

Now, let us say you have identified the compiler change, but you still do not know what causes the
issue and the application still has too many differences in the final assembly.

At this point, you are in a relatively good position: you have a working and a non-working compiler.
Assuming you are not building the application with link-time optimizations then, by design, all the
produced compiler artifacts are interchangeable.

What this means is you can build your application twice: once with the working compiler and once
with the failing compiler, and then you can mix and match the artifacts together. Now, you can just
bisect the artifacts to find the one with a defect.

For instance, let us say that the application is made of five different object files put together. You can
produce the final executable of the application by linking half of the object files from compiler A and
the other half from compiler B. Then, you can test whether this application works:

«  If not, then take more objects from compiler A than compiler B

«  Ifyes, then take more objects from compiler B than compiler A
Rinse and repeat until adding any artifacts from the non-working compiler will produce an error.

At this point, you narrowed down the issue from the full application down to just one file. There are
ways to further reduce the difference down, but this will require some modifications of the compiler.
We will sketch this method in Chapter 10.
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The following list summarizes what you need to do:

+  Try to pin down a compiler change: The idea is to have one working and one non-working
compiler. This could also be one set of options versus another set of options. The problem is
if the sets are too different, even if you identify a culprit input file, the difference may still be
too big to easily find the issue. Ideally, you would want an option that says, enable suspected
culprit change.

+  Check which object files are different: md5 is your friend but beware of the changes that come
from having different source paths for instance. This can create artificial differences due to
different debug information.

+  Usinga custom link command (or if you feel adventurous, by changing the build system of the
application), assemble different executables while bisecting the set of object files that were
different until you narrow down the issue to just one file.

. Look at the difference in that one file.

Note

If you know the culprit change, you can further reduce the difference by introducing a
command-line option/environment variable to control how many times this change is
\Q/’ applied. Then, you can bisect based on the number of times this change is applied. Be
careful to have deterministic runs between different build invocations. For instance, you
do not want to pair that with a multithreaded environment such as Ninja, but you may
want to pair that with the single command line of your culprit file. If your environment
has indeterminism, you may not be able to converge on something that makes sense.

Finally, remember that you have other tools to help you, such as the sanitizers for undefined behavior
or invalid address accesses. We will talk about that in Chapter 10. Also, remember that it is possible
that the application is broken, and your change merely just exposed the issue. Again, the sanitizer
tools should help you triage any issue you encounter and in any case, when in doubt regarding the
semantics of the inpout language refer back to the related standard specification!

At this point, you know how to build and test LLVM. You have a basic understanding of the tools and
frameworks used during this process, namely gtest, 1it, and FileCheck. You can confidently run the
LLVM unit tests and know how to reproduce any issue that may arise with them. You also gained some
insights on the steps you can take to narrow down compiler issues with larger tests or, more generally,
when compiling big projects.

With all this knowledge, you must be eager to start contributing to the project. Before we cover this
aspect, we will explain briefly how the LLVM directory structure works. This will help you shape your
contributions in a way that matches the philosophy behind LLVM.
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Understanding the directory structure

In this section, you will learn the basics of how the LLVM folders are organized. This knowledge will
come in handy when you start contributing to LLVM. This will help you shape patches that follow the
philosophy behind the directory structure and hence, help you avoid unnecessary rounds of reviews
where you would have to fix that.

High-level directory structure

Atahigh level, the LLVM code base is organized into projects: Clang, MLIR, the LLVM debugger (LLDB),
and many more. Each project has its own directory, and its name matches the name of the related
project in lowercase: clang, mlir, 11db, and so on.

You need to use these directory names in the LLVM_ENABLE_PROJECTS CMake variable to build the
related projects.

The common theme around these projects is that they use or contribute to a part of the LLVM
infrastructure.

Focusing on the core LLVM project
Unsurprisingly, the core LLVM project lives in the 11vm directory.

The core of LLVM is primarily composed of several libraries and, although not immediately apparent,
this is reflected in the directory tree.

First thing first, diving into the 11vm folder, the main interesting pieces are as follows:

«  include: The include files, also known as the public includes or public headers, that are
exposed by the LLVM project

. lib: The different libraries
*  tools: Developer-facing tools
. unittests and test are the tests for all the tools and libraries

. utils: Various utility tools such as FileCheck and 11vm-1it

Now, if you list the content of the 1ib directory, you will see that this list is replicated almost one-to-
one in the include/11vm, unittests, and test directories.

For instance, under 1ib, you will find an Analysis folder. Now, look under include/11vm, and you will
find the same folder. Likewise, you will find an Analysis folder under test and unittests.

Again, this is not a one-to-one mapping, but this is the general idea of how it works. Therefore, if you
create a new library under 1ib, you will want to do the following:

1. Putyour public headers under include/11lvm/<yourLib>.
2. Addyour lit tests under test/<yourLib>.

3. Create your gtest tests under unittests/<yourLib>.
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A word on the include files
As already mentioned, for the LLVM project, public headers live in <project>/include/<project>,

so naturally two questions come to mind:

1. Where do the private headers go? In other words, where can you declare the application
programming interfaces (APIs) that you want to share within a component while not exposing
it to the outside world?

2. Why is there a <project> directory under include? (E.g., 11lvm/include/11lvm.)

Let us find out!

Private headers
Private headers live in the related library directory.

For instance, look into 11vm/1ib/CodeGen. There, you will find header files, such as SplitKit.h, that
are used exclusively within the CodeGen library.

Looking at the source code, you can easily identify which headers are private and which ones are
public by looking at the include path:
. Public headers start with <project>/<libname>/<filename>

. Private headers are simply <filename>

What is the deal with <project>/include/<project>?

Looking at the paths of the public headers, one could wonder why we repeat <project> twice.

While this observation is true, the reason for this is to make the attribution easier and avoid conflict
when cross-referencing headers from different LLVM projects due to the way the include paths are
configured in the whole LLVM code base.

The include paths start under the include directory of the related project. In other words, headers
included from, for instance, LLVM and Clang are described relative to 11vm/include and clang/
include, respectively.

So, if Clang includes headers that come both from LLVM and Clang, as in clang/lib/CodeGen/
CGBuiltin.cpp, this materializes with the following:

#include “clang/...”

#include “llvm/...”

Therefore, the source project is immediately obvious and naming conflicts are not possible (e.g., having
Utils.h in both LLVM and Clang will result in different include paths in the source code).
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What is include/<project>-c?
A few LLVM projects have include/<project>-c directories. These folders contain the C API for the
related projects and libraries.

This APl is a wrapper around the related C++implementations and provides an easier way to integrate
LLVM projects by shielding external consumers from the ever-changing C++ APL.

Although the C API may change, there is a strong push from the community to keep it stable as much
as possible. Put differently, if there is a change in the C API, you can expect a heads-up in the release
note and/or a schedule for deprecating the old one.

On the other hand, the C++ API can change at every commit, and it can be a daunting task to keep up
with all the changes. The C API, however, is less feature-rich than the C++ API.

The key takeaways are as follows:

+  Consider using the C API if you are an external user of LLVM
+  Be prepared to maintain any new C API that you propose for a long time

+  Expect pushbacks when suggesting changes to the C API

To learn more about the expectations around the C API, please read the online document at https://
1lvm.org/docs/DeveloperPolicy.html#c-api-changes.

Overview of some of the LLYM components

Going through the whole LLVM code base and listing what lives where is not particularly interesting
or useful. You will build this knowledge as you practice and you will learn about the important ones
for building an LLVM backend through this book. Nevertheless, it can be interesting to know about a
few main components, so that you can start looking at some code on your own and even contribute
to code review!

Generic LLVM goodness
LLVM provides a lot of carefully optimized data structures and utilities that can be reused as is.

You can find containers for link lists, maps, and so on, as well as portable implementations for arbitrary-
sized integer types in ADT.

Similarly, you can find wrappers for string and file system manipulations, error handling, and so on
in Support.

Working with the LLVM IR

The LLVM IR is the archstone of the LLVM infrastructure. You will learn more about it in Chapter 7.
For now, just remember that this is the main exchange format for everything built around LLVM. It
lives in the IR directories (both include/11vm/IR, and 1ib/IR).
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Optimizations transforming/analyzing the IR live in Analysis and Transforms. We will have a closer
look at this in Chapter 8.

Handling of the binary and textual representation of the IR is done in Bitcode, IRReader, and IRWriter.

Generic backend infrastructure

The backbone of the backend infrastructure lives in CodeGen.

You will find what is required to model registers, instructions, and functions and key optimizations
such as instruction scheduling or register allocation.

Target-specific constructs

Target-specific constructs, irrespective of whether they touch the LLVM IR or the lower part of the
stack, live in the related 1ib/Target/<backendName> directory.

As we progress through the book, we will go into more detail about what lives in the different libraries
and thus, what exactly you will find in a particular directory. For now, the goal is to grasp the split
between what is exposed to the external world (public headers) and what is not and give you an idea
of what you can find in the LLVM code base.

To wrap things up, in this section, you learned how the LLVM directory structure is organized, what lives
where, and, in particular, where public and private headers are stored. By understanding these aspects,
you will naturally comply with the expectations around the structure of your future contributions to
the LLVM project and thus, speed up your ability to contribute to LLVM, which is conveniently the
topic of our next chapter!

Summary

In this chapter, you learned how to set up your development environment and how to find the required
version of the different tools to build the different versions of the LLVM infrastructure, including
the open-source repository. This is a necessary step to be able to get started with building the LLVM
infrastructure.

Next, you discovered the main components that make a compiler toolchain, namely the driver, frontend,
backend, linker, and standard library, and which LLVM project they map to. This information will
come in handy when you decide what you want to build out of the LLVM infrastructure.

After that, you dove into the build configurations of the core LLVM project and learned how to tweak
the CMake variables to tailor the build to your needs while balancing the debuggability of the produced
artifacts and the build time. You also learned how to use Ninja, the driver of the build system, efficiently
to reduce the turnaround time between development, building, and testing.
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Following the trails of testing, you learned how to run, locate, and reproduce failures with 1it, the
LLVM integrated tester, and how the unit tests are articulated around a key tool called FileCheck. This
knowledge is necessary to investigate the failures that will inevitably arise when developing your own
compiler. Going beyond unit testing, you learned how to use the LLVM test suite and got a taste of how
to tackle miscompiles in applications.

Next, you learned about the general structure of the LLVM directory tree. This knowledge will help
you find the implementation of the different components, but, more importantly, it will give you a
framework to shape the practical details of where your future open source contributions should live.

The next chapter will help you get started with your open-source contributions, but first, let us solidify
your learning with a quiz!

Quiz time
Now that you have completed reading this chapter, answer the following questions to test your

knowledge:

1. You have a pristine clone of the LLVM code base and yet the build fails with weird compiler
errors. What could be the reason?

The most likely reasons are as follows:

«  The LLVM code base is temporarily broken.

. Check the build bots at https://lab.1l1lvm.org/buildbot/.

. Your environment is not properly set up.

+  Checkthatyour tools meet the expected minimal requirements. See Installing the right
tools.

2. Youhave a Cfile, and you are curious about what the LLVM IR looks like without optimization.
How can you print this IR using Clang?

You can run the following:

$ clang -S -00 -emit-1lvm myFile.c -o -

See Experimenting with Clang.

3. Youwantto build LLVM for just the AMDGPU and X86 backends. Which CMake variable should
you set and how do you set it?

You want to set the variable that controls the list of backends that are built: LLVM_TARGETS_
TO_BUILD.

On your CMake command, that means adding -DLLVM_TARGETS_TO_BUILD=“AMDGPU;X86".

See Configuring the build system.
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4.

Your build of LLVM is failing and you would like to prefetch all the compilation errors in one

go instead of stopping on the first one. Which Ninja option can you use to do that?

You can use the keep running option to do that:

$ ninja -k @ <yourBuildTarget>

See Crash course on Ninja.

Write a set of FileCheck directives to match the exact lines of input.txt while ignoring the

ones starting with #.

Note that the input file lives at ch1/quiz/ex8-9 of the repository of this book:

input.txt

This is an example of match

# Do not want to see that

with FileCheck

This line needs to happen exactly after “With FileCheck”

# Neither this

Over

The set of FileCheck directives are as follows:

check-file.txt

CHECK: This is an example of match
CHECK: with FileCheck

CHECK-NEXT: This line needs to happen exactly after “With
FileCheck”

CHECK: Over

Run the following:

$ FileCheck --input-file input.txt check-file.txt

See Crash course on FileCheck.

Note that check-file lives at ch1/quiz/ex8-9 of the repository of this book.
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Write a set of FileCheck directives to match the exact lines of input.txt and reject the match
if the text starting with # appears between the non-# lines.

The set of FileCheck directives, after rejecting the match if the text starting with # appears
between the non-# lines, are as follows:

check-file.txt

CHECK: This is an example of match
SECOND-CHECK-NOT: Do not want to see that
CHECK: with FileCheck

CHECK-NEXT: This line needs to happen exactly after “With
FileCheck”

SECOND-CHECK-NOT: Neither this
CHECK: Over

Then, run the following:

$ FileCheck --input-file input.txt check-file.txt --check-

prefixes="CHECK, SECOND-CHECK”’

See Crash course on FileCheck.
Note that this will fail since the faulty lines are in the input.

You can run the test without the faulty lines by modifying input.txt or filtering out them
directly on the command line:

$ grep -v ‘“#° input.txt | FileCheck check-file.txt --check-

prefixes="CHECK, SECOND-CHECK”’

Letussayninja check reports the following failing test: LLVM :: Transforms/InstCombine/
add.11. Where would you find the file that describes the test?

The test lives at ${LLVM_SRC}/test/Transforms/InstCombine/add.11. See Finding the source
of a test.

Using the test from the previous question, how would you find the command to reproduce
the failure?

Simply run the 1it driver with the -a option from your build directory:

$ ./bin/1llvm-1it -a test/Transforms/InstCombine/add.1l1

Then, look at the RUN lines in the output.

See Running unit tests manually.
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10. You have an application with 100+ C files that compiles fine with your compiler but fails its

11.

conformance tests when you enable your local changes. The differences in the final binary
file are massive and span pretty much all the files. What steps could you take to narrow down
the difference?

In a nutshell, bisect the object files by tweaking the link command such that you combine a
mix of the object files produced by both a compiler with your changes and a compiler without
your changes. Do this until you narrow down the changes to just one object file. Then, bisect
how many times your changes are applied to this one file until you cannot reduce the problem
anymore. Finally, examine the remaining differences in the assembly file and try to understand
what is wrong.

See The functional tests fail - what do you do?
When would it be appropriate to use the LLVM C API?

If you are using LLVM as a dependency for an external project. The stability provided by the
C API makes the integration of LLVM easier. See What are these include/<project>-c?.






Contributing to LLVM

After going through Chapter 1, you have enough knowledge to start contributing to LLVM. While this
may surprise you, given you did not even write a single line of code, contributing to LLVM is more
than sending patches.

Contributing to an open source project can take many forms. Here are a few examples that we will
cover in this chapter:

. Reporting issues

+  Engaging in conversations in the public forum

+  Reviewing code

. Contributing patches

Before diving into the details, the idea is to get your feet wet and build your confidence to a point
where you feel you can contribute patches.

The LLVM community is supportive and welcoming, and you will not be alone on this journey.

To stay this great, the LLVM community abides by a strict code of conduct that you can find on the
official website (https://11vm.org/docs/CodeOfConduct.html). We strongly recommend you read it
and make sure to follow it whenever you engage with the community. The code of conduct is straight-
forward and should not surprise you. The gist of it is to apply common sense and be polite in your
interactions. In any case, go read it; there is important information in there.

Let us see how you can do your first of a long series of contributions!

Reporting an issue

LLVM is software and even compilers are not exempt from bugs.
One of the ways you can start contributing to the LLVM project is by reporting issues.

For example, if you find a crash in Clang, it will instruct you how to report this issue and provide you
with a reproducer.
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If you find an issue in any component while using it, the issue potentially being as simple as missing
or incorrect documentation, file an issue (or fix it directly!) in the GitHub tracker at https://github.
com/11lvm/1lvm-project/issues.

In any case, make sure your report is actionable in the following ways:
+  Include the configuration:

«  The version of LLVM

. The 0S

. How LLVM was built

«  Anything that you think may be relevant (e.g., host CPU, etc.)

«  Upload the reduced input
«  Provide the steps to reproduce
«  Explain how the observed behavior departs from the expected behavior

«  Addlabels to help identify which component is at fault if you can
An example of a bad report would be LLVM is slow, please fix it.
On the other hand, an example of a better report would include the following points:

Built LLVM in release mode at <hash> on Windows 11. Clang takes XX minutes to compile my huge
example. I narrowed down the issue to YY optimization that seems to be quadratic when <description
of something specific>.

To reproduce:

Download myCoupleTensOfLines.11

Run opt -passes=YY myCoupleTensOfLines.11

Measure the compile time

Download myCoupleTensOfLinesWithASmallTweak.11

Run opt -passes=YY myCoupleTensOfLinesWithASmallTweak.11l
Measure the compile time

N ook wd

Notice how the small tweak increases the compile time by 10x
I have uploaded the huge example at myHugeExample.E

Expected behavior: The small tweak has a barely noticeable impact on compile time.

Note

V4 Do not file issues for things that you can fix yourself, such as missing documentation or
\E/ typos. Feel free to directly submit a patch for that: refer to the Contributing patches section.
When in doubt, file an issue anyway! The idea here is to avoid flooding the bug tracker

with things that take more time to file than fixing them.
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The takeaway is the more effort you spend on your report, the more likely it is that it can be fixed
quickly. Another way to see it is that all the effort that you put in is someone else’s saved effort, and
given that you have more context, you will be more effective at filling in the initial blanks.

Good bug reports are invaluable for improving the quality of the project and do not require deep
knowledge of the LLVM infrastructure to be actionable. Therefore, they are a great way to get started
with your contributions and get to know people.

As you progress through your understanding of the LLVM code base, you will be able to do the following:

. Help narrow down issues to specific components
. Suggest possible solutions
. Provide workaround and fixes

. Screen incoming/existing issues
All these activities are important for the health of the project and are too often neglected. We need you!

In this section, you saw how to report an issue about the LLVM project. With this type of involve-
ment, you can contribute to LLVM right now. Indeed, initially, this activity doesn’t involve a deep
understanding of the LLVM infrastructure. Then, you saw how, as you accumulate knowledge, you
can deepen your involvement around handling these issues until, ultimately, you become part of the
community yourself.

In the next section, you will discover a complementary way to contribute to LLVM.

Engaging with the community

LLVM features a set of mediums to engage with the rest of the community. Things such as asking/
answering questions, discussing software design, planning the next release, etc., all happen in the
open and you can be part of that starting right now!

Join the Discord server at https://discord.com/invite/xS72362 (or go to https://1lvm.org and
click on Discord) to watch and participate in interactions between members and grow into a part of
the community yourself. Start by doing things such as asking questions and offering pointers. Slowly
but surely, you will gain the confidence and knowledge to engage in deeper conversations.

Similarly, join the Discourse forum (https://discourse.1llvm.org/) to get to know what is happen-
ing in the project. Start, for instance, with the Announcements channel to see when the releases are
coming out or when the next developers’ meeting is being held. Then, dive into the topics that interest
you by following the channels that are relevant to you. For example, the Code generation channel is
a good start for backend developers.

Also, remember that the GitHub issues are also a place where you can engage. You can try to reproduce
issues, reduce the input, narrow down the problem, and comment on your findings. Anything that
motivates you is an effective way to start. Find where that place is for you.


https://discord.com/invite/xS7Z362
https://llvm.org
https://discourse.llvm.org/

46 Contributing to LLVM

Finally, feel free to join the LLVM office-hour sessions. There, you can have live conversations with
LLVM contributors, including the author of this book, and can ask anything about LLVM. Look at the
dedicated section of the Getting Involved page of the LLVM documentation for more details (https://
11lvm.org/docs/GettingInvolved.html#office-hours).

In any case, do not be shy! Remember that every LLVM developer started from knowing nothing
about the project.

Engaging with the community will be a tremendous boost to your productivity. This will help you
get unstuck by asking questions in the right place and to the right person and will allow you to build
some name recognition, which may come in handy in unexpected ways, such as when trying to rally
people around a design or landing a new job.

The bottom line is although contributing patches is an important way to contribute, do not neglect
the other ways too!

Speaking of underrated contributions, in the next section, we will cover code reviews!

Reviewing patches

Reviewing patches is a significant part of the work in open source. Without reviewers, nobody can
land patches and/or the quality of the code may degrade over time. As such, the LLVM project has its
own guidelines for reviewing patches at https://11vm.org/docs/CodeReview.html.

More concretely for you, now that the LLVM project is fully integrated with GitHub, it is easier than
ever to help review patches. You can start looking at ongoing pull requests (PRs) at https://github.
com/11lvm/11lvm-project/pulls. Then, you can jump in as a reviewer on any of them. If you do not
know where to start, that is okay. Focus on a specific theme or path and start reviewing that.

Start small:

+  Look for typos

. Report stylistic issues, according to the LLVM coding standard (https://11lvm.org/docs/
CodingStandards.html)

+  Ask for appropriated comments/tests

+  Ask questions! If something is not clear to you, it may not be for others either
While at it, think about the following:

+  How would you have implemented this patch?

. Does the contribution make sense?

«  Isthere a better way to do this?

«  Isthis even necessary? Maybe something already solves that problem elsewhere.
. Learn the surrounding code.

+  Understand how things connect together.

Feel free to approve a PR while mentioning that the contributor should wait for someone more expe-
rienced for the final approval.
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As time goes on, you will build the knowledge and confidence to be the final approver yourself.

In this section, you saw how important reviewing PRs is. You understood that the open source com-
munity cannot survive on patch contributions alone. You learned how to grow into a reviewer yourself
and that you can start doing it today!

Next, you will learn about the most obvious form of contributions, writing code!

Contributing patches

Now, you feel confident enough to contribute patches - great!

Remember that you do not have to start with hard-to-fix problems. You can start by fixing small issues
or typos! Whatever helps get you started with the process is a good learning experience.

LLVM features a label good first issue that you can use to search for issues that are supposed to be
simple enough to get started. Just remember that this label is manually set, and it is possible that the
person who set it has misjudged the difficulty of the problem. The bottom line is that it is okay to feel
that even starter tasks are too difficult sometimes.

To get you started, feel free to reach out on the LLVM Discord server (https://discord.com/invite/
xS7Z362) to existing contributors. Often, contributors will be happy to mentor you in looking into
specific issues. Look at the CODE_OWNERS . TXT file for a list of people that you can reach out to for var-
ious components. You can also check the list of authors using Git on the paths that you may modify
to get a sense of who has been active in this space recently.

You can use the following Git command in your LLVM repository to list who the latest authors are:

$ git log --pretty=format:"%aN<%ae> (%as)-%h %s" --

pathToTheFilesThatNeedAReviewer>

This will print who changed the file, their email address, the date of the change, the hash of the change,
and the title of the commit. In other words, all the context you need to figure out if that person touched
the file recently and what they did with it.

For instance, an author with a commit marked as non-functional change (NFC) may not be the best
reviewer because this change may be a mechanical update of the whole LLVM code base and the
author may have no clue about what this file does.

If you are interested only in the list of authors, use a shorter print format:

$ git log --pretty=format:"%aN" -- <pathToTheFilesThatNeedAReviewer>

We do not recommend this method since you lack the context to decide whether the contributions of
the authors are relevant enough for them to be added as reviewers.

That said, if you are unsure, add someone as a reviewer no matter what. These people can always
decline after the fact.
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Understanding patch contribution in a nutshell

The process of contributing a patch is now completely integrated with GitHub. The latest instructions
can be found in the official LLVM user guides at https://11vm.org/docs/GitHub.html.

You need to follow these steps to make your contribution:

Fork the LLVM repository:

1. Gotohttps://github.com/11lvm/1lvm-project.
2. Click on Fork on the right in the top banner.
3. Click Create fork on the next page.

Clone either the main repository or your fork:

$ git clone https://github.com/11lvm/11lvm-project.git ${LLVM_SRC}

Make your changes.

Rebase the main branch from the open source repository:

$ git rebase https://github.com/1lvm/1lvm-project.git main

Push your changes in your fork:

$ git push <yourGitHubForkURL> main:<myChange>

Create a pull request to the main repository:

Go to https://github.com/1lvm/11lvm-project.

Click on Pull requests in the top bar.

Click on New pull request.

Click on compare across forks.

Choose the official LLVM repository as the base repository and main as the base.

Choose your fork as the head repository and myChange as the compare.

N ook wn

Click Create pull request.

When you create a pull request, remember the following regarding your changes:

They must be as small and incremental as possible. Avoid massive changes unless you agree
with the community beforehand that this is the right thing to do, for instance, through a re-
quest for comment (RFC) on Discourse. More details on when to do an RFC can be found at
https://1lvm.org/docs/DeveloperPolicy.html.

They must contain a test that exercises the code being added/modified in a reasonable way.
See the A word on adding tests section later in this chapter for more details.

They will be squashed together when the PR is approved. In other words, they will collapse
into one single commit. If you want to keep your changes logically separated, you will need to
create different PRs and wait for each one of them to be merged separately.
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Also, make sure to assign reviewers to your PR. The LLVM project has a lot of traffic, and it is easy to
miss a PR if it is not pinned to particular reviewers. To find suitable reviewers, use the same tips as
for finding people to mentor you: use CODE_OWNERS. TXT or look at the authors with Git.

Following up with your contribution

If you do not get any reply within one week, ping the reviewers, try to add more context as well, reach
out on Discord, etc. In any case, make sure to wait at least one week before pinging the PR again. This
is part of the LLVM policy and pinging more often than that may seem rude. Everybody is busy; we
know it can be frustrating, but it will get there.

When receiving feedback, assume good intent and try to comply as much as possible with the reviewers’
requests. It is okay to push back but do so with good intent as well. For instance, if a reviewer asks you
about the compile time impact of your change, it is expected that you have or will measure it.

At the end of the day, everybody’s goal is to make LLVM better and this requires supporting or doing
things in a way you may not have anticipated.

When your PR is finally merged, keep an eye on the LLVM buildbots (https://lab.1lvm.org/buildbot/,
or go to https://11lvm.org and then click on Buildbot). If your change breaks any of them, you (or
someone else) may have to revert your change. This is perfectly fine to revert changes. Take the time
to fix whatever was broken and resubmit your PR with fixes and additional tests.

When reverting your change, make sure to mention in the commit message why this change needed
to be reverted. A link to the buildbot failure or a GitHub issue is a welcome addition to such messages.

A word on adding tests

With rare exceptions, every change made must come with a test case. Obviously, the test needs to fail
without your change, otherwise you are not testing the right thing.

The test case must convey the intent of the test and be as small as possible, both in terms of its input
and what it is testing.

For instance, let us say that you are fixing an issue in optimization XX that is only exposed when the
user runs the compiler with the 03 optimization level. While it is okay to have a test where you run the
whole compiler at 03, you also need a test that specifically runs optimization XX alone. The rationale
is to make the test robust against future changes.

To put it simply, issues are often tied to the form in which the intermediate representation (IR) reaches
the faulty optimization. For instance, let’s say that the issue crashes the compiler when this specific
IR constructa = b * 2reaches optimization XX. Now, suppose that the 03 optimization level is being
reworked by another contributor in open source. After their contribution, 03 runs a new optimization
before optimization XX and this new optimization modifiesa = b * 2intoa = 2 * b. At this point,
the faulty pattern does not reach optimization XX anymore when run as part of 03. As a result, a test
that solely checks the absence of the issue in 03 is useless with respect to this issue. Therefore, the
issue might creep in again unless a more targeted test is added.
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Later in this book, we will cover tools to shrink the size of the inputs of your tests and ways to clean
them up. Just remember that the tests that you add may be modified by someone else and that you
need to give them all the information to update the test if it were to fail. This is why it is important to
describe what is being tested and what the expected output is.

In this section, you learned how to contribute patches. You discovered the life of a pull request, how
to make sure the review moves forward, and what to do after your change has landed. With this
knowledge, you have now all the pieces to confidently navigate this process.

Summary

In this chapter, you learned the various ways you can contribute to the LLVM project and you saw that
not all contributions are patches, but these contributions are equally important.

Asyou can imagine, this was not an exhaustive list of how you can get more involved in the community.
For instance, we did not cover meet-ups or LLVM developers’ meetings. The latter can be a tremendous
opportunity to find people with the same interests as you. Consider doing a lightning talk about the
topic you are working on to get the word out and gather people to help you.

At the end of the day, remember that an open source project is built around a community. To become
more productive with the project, we recommend that you aim to be a part of this community and
actively contribute back. Think of it this way: whatever you contribute to the project may help someone
else and can also be improved and maintained by someone else!

At this point, you should be itching to write some code with the LLVM infrastructure. Before we can
get to that, we need to introduce a few core compiler concepts to comfortably interact with the LLVM
APIs. We will cover these concepts and the related LLVM APIs in the next chapter.

Quiz time

Now that you have completed reading this chapter, try answering the following questions to test your
knowledge:

1. Before starting to interact with the LLVM community, what piece of documentation should
you read?

The answer is the code of conduct of the LLVM community (https://11lvm.org/docs/
CodeOfConduct.html). This document describes the expectations around interaction with
the community - you would not want to start from the wrong foot, would you?

See the introduction of this chapter for more details.
2. When reporting an issue, what can you do to make it more likely to be fixed by the community?

In a nutshell, reduce the size of the input(s) required to reproduce the problem as much as
possible. Include as many relevant details as possible, as in, this happens only on macOS, this
started to fail after the release of 17.0.1, etc.


https://llvm.org/docs/CodeOfConduct.html
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Essentially all the effort you put in will save someone else’s time, and the less time this other
person must dedicate to understand or reproduce your issue, the more time they have to dig
into it, and thus solve it!

More details on this in the Reporting an issue section.
3. What can you expect from the LLVM office hours?

LLVM office hours are for you an opportunity to ask any questions related to LLVM to some
active LLVM contributors. See the Engaging with the community section for more details.

4. Why is reviewing patches important for the project?

If people only submit patches but nobody is reviewing them, then the project cannot make
progress since nothing can land (unless you do not care about code quality and consistency!).
Hence, having an active pool of reviewers is crucial to the health of the project. See the Re-
viewing patches section.

5. Imagine that you would like to make a big change to the LLVM project. How should you ap-
proach that?

The exact details are available in the developer policy (https://1lvm.org/docs/
DeveloperPolicy.html) but essentially, you need to start with an RFC and get buy-in from
the stakeholders. More details can be found in the Understanding patch contribution in a nutshell
section.


https://llvm.org/docs/DeveloperPolicy.html
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Compiler Basics and How They
Map to LLVM APIs

This chapter introduces the fundamental concepts of working on a compiler and shows how they map
to Low Level Virtual Machine (LLVM) application programming interfaces (APIs). In this chapter,
you will do the following:

«  Familiarize yourself with the vocabulary used in compilers
+  Build a mental model of what these concepts are used for

«  Learn how to manipulate these concepts through LLVM APIs

To help you solidify your knowledge, you will write a couple of programs that build some intermediate
representation (IR) from scratch.

Before we get started, let us review the software that you will need for this chapter.

Technical requirements

You will find the complete code of what we are building in this chapter in the ch3 folder of the GitHub
repository of this book: https://github.com/PacktPublishing/LLVM-Code-Generation.

What we build will depend on a few LLVM libraries. Therefore, these libraries will need to be available
for linking the final executable code.

You can get them in either of the following ways:

+  Building the LLVM core project yourself while making sure you build the backend that matches
your computer architecture. Check out the Configuring the build system section in Chapter 1 if
you forgot how to do that or have not done so yet, and remember to set the right value for
LLVM_TARGETS_TO_BUILD!

. Downloading the latest LLVM release from https://releases.llvm.org/. Beware that
depending on your operating system (0S) and computer, a release may not be available, and you
may have to resort to the method described in the first bullet point to get the desired libraries.
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The project we build in this chapter is a C++ project, and we will use the same tools as what is needed
to build LLVM, namely, a C/C++ compiler toolchain, CMake, and Ninja. Please refer to the Installing
the right tools section in Chapter 1 on how to fulfill these requirements.

A word on APIs

In this chapter, we will discuss a few APIs. You will likely find that these references are too few and
imprecise to be able to leverage them properly.

This is by design!

We believe we expose enough of them to give you an overview of what you need and that you can
figure the rest out by yourself/with the support of the community.

In other words, these references give you an entry point in the relevant APIs, and you should be able
to extract what you need from there.

Do not worry - there are plenty of resources to help you in your survey of the APIs.

First, chances are you are using an integrated developer environment (IDE) that can help you navigate
these APIs. In other words, by only knowing the main classes you can work your way around.

Second, the whole LLVM code base is documented in Doxygen.

Doxygen

y 4 Doxygen is a documentation tool that allows the production of rich documentation

\E/‘ experiences from comments in the source code. The usage of Doxygen is documented

for LLVM at https://1lvm.org/docs/CodingStandards.html#doxygen-use-in-
documentation-comments.

Thanks to Doxygen and LLVM continuous integration (CI), you can find up-to-date and interactive

documentation of LLVM APIs at https://11vm.org/doxygen/ (or go to https://11lvm.org/ and click
on doxygen). For past releases, go to the release page https://releases.1llvm.org/ (or goto https://
1lvm.org/ and click on All Releases), then click on Download next to the release you are interested

in. Depending on how recent that release is, you will either end up on the GitHub page of that release

(for example, for LLVM 17.0.6, this is https://github.com/1lvm/11lvm-project/releases/tag/
1lvmorg-17.0.6) and will download the LLVM Doxygen tarball from there (for example, https://
github.com/11lvm/1lvm-project/releases/download/1lvmorg-17.0.6/11vm_doxygen-17.0.6.tar.
xz) or end up on the dedicated section on the download page (for example, for LLVM 10.0.0, https://
releases.llvm.org/download.html#10.0.0), where you will find a link to a tarball named LLVM

Doxygen (https://github.com/11lvm/1lvm-project/releases/download/1lvmorg-10.0.0/11vm_
doxygen-10.0.0.tar.xz).
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At first, the Doxygen pages may be a little confusing to navigate but we give you an example next. In
the long run, we are sure you will figure out ways that work best for you!

Back to navigating the Doxygen pages.
Let us say that you look for the Module class:

1. Hover over Classes in the top toolbar

2. Click on Class List

3. Onthe new page, click on the 11vm namespace
4

You will end up on a page with a list of the following:

1. Sub-namespaces in alphabetical order

2. Classes in alphabetical order, and the Module class should be there

5. Click on Module

Alternatively, when hovering over Classes, you can use Class Index, which is faster

One of the nice features of Doxygen is that it produces an interactive diagram of the inheritance graph
for each class.

Hopefully, these directions give you concrete steps on how to dive into the LLVM APIs that you will
see throughout this book; nevertheless, if this is not enough, fear not because you will find concrete
examples of how to use some of the APIs presented in this chapter in the repository of this book, as
already mentioned in the Technical requirements section. Make sure to look at the README . md file of the
related chapter to learn more about these examples.

Before we let you dive into the compiler jargon, here are a couple of things that apply to the content
of the whole chapter:

«  Unless otherwise specified, the presented APIs live in the 11vm namespace. As you learned in
the Understanding the directory structure section in Chapter 1, you will find the related public
headers under ${LLVM_SRC}/11lvm/include/1llvm/<relatedLibary>, where ${LLVM_SRC} is
the path to your clone of the LLVM Git repository. If you use an LLVM release, the path will be
slightly different: ${INSTALL_PREFIX}/include/1llvm/<relatedLibrary>.

«  The core LLVM infrastructure has different levels of IR. In this chapter, we focus on the main
ones: the LLVM IR and the Machine IR. You will learn more about these IRs and their purpose
in the dedicated chapters, respectively Chapters 7 and 11, but this gives you a quick introduction
to these IRs. The only thing to remember at this point is that the LLVM IR offers a higher level
of abstraction than the Machine IR.

Now, let us start with compiler terms that you will inevitably encounter in your LLVM journey.

Understanding compiler jargon

In this section, you will learn about terms that are commonly used in compilers. With this knowledge,
you will be able to comfortably approach discussions around compilers.
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Target

In compilers, a target is the hardware architecture that a program will run on. You will see that we
use this term as a verb too when talking about implementing/specializing features for a particular
target. For instance, the targeting of instruction selection means that we will modify the instruction
selection transformation so that it supports a specific target.

Host

A host is the device that runs the compiler. In a lot of cases, the host and target are the same, but
when they are different, we talk about cross-compilation. For example, you can run a compiler that
produces code for an AArché4 target (for instance, used in a phone) on an x86 host (a desktop device).

Lowering

When working on and reading about compilers, you will encounter the term lowering. Behind this
term is the notion that as your input program is being compiled, it goes through various stages that
progressively lower its level of abstraction all the way down to the final assembly of the target machine.

In other words, the process of lowering makes some input representations closer and closer to the target.

Canonical form

Throughout the LLVM code base and documentation, you will see the term canonical form. This is
about the recommended way of representing something.

For instance, consider the following expressions:a = b + 2anda = 2 + b. These expressions
compute the same results but offer different ways to represent their computations. Conceptually, as you
add more terms to these expressions, the number of ways to represent them will grow exponentially.
Agreeing on a canonical form means that the compiler will strive to generate expressions in only
one way. For instance, a rule could be to put the constants on the right-hand side of binary operators.

Other forms are, of course, supported, but if your code does not follow the canonical form, it is possible
that the quality of the generated code will suffer.

For the most part, you do not have to worry about the canonical form because LLVM offers APIs to
canonicalize your IR. However, it is still important to know what canonical form and canonicalization
are about.

Build time, compile time, and runtime

When it comes to performance evaluation, compilers are subjected to criteria that do not apply to
most other software. As a result, some terms can become ambiguous for compilers. For instance,
when talking about runtime, are we talking about the time it takes to run a binary produced by the
compiler or the time it takes for the compiler to produce this binary?

So, we use the following definitions to disambiguate this:

+  Build time: The time it takes to build the compiler; for example, the time it takes for Ninja to
complete the build of LLVM.
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+  Compile time: The time it takes for the compiler to process a file; for example, the time it takes
for Clang to produce an object file from the source file.

+  Runtime: The time it takes for the final binary to execute; for example, the time it takes to run
the binary produced by Clang.

To put things differently, the runtime of the compiler is the compile time of your application.

Backend and middle-end

As you discovered in the Building a compiler section in Chapter 1, a compiler is not a monolith. Two of
the main components are the frontend and the backend. Sadly, the term backend is slightly overloaded,
and depending on your point of view, it may mean different things.

In this book, you will be exposed to two of these meanings.

The first one is what you already know: the component that processes what a frontend, such as Clang,
produces.

Now, if you zoom in on this backend, you will find target-agnostic transformations followed by target-
specific transformations. The target-specific part is, in this context, called the backend of this target; for
example, the x86 backend. The target-agnostic part, which happens roughly before the target-specific
part, is called the middle-end because it sits between the frontend and a target-specific backend.

Application binary interface

The application binary interface (ABI) describes how your functions talk to each other at a low level.
This means that an ABI defines how and where the arguments of a function are set on the caller side
so that they can be retrieved on the callee side.

In LLVM, the ABI taints the whole compiler stack because it affects the function signature (for example,
small enough structures may be split into individual arguments), which is usually determined by the
frontend, all the way down to the backend, which must set the right stack alignment, reserve dedicated
registers, and so on.

If you are writing your own backend, you must define your own ABIL. We recommend using an existing
one and derive yours from that because ABI design is hard and easy to do wrong!

For a given target, there may be several ABIs, but for a given calling convention (CC), there is only one
matching ABI. The CC depends on the programming language and is set by the frontend for the backend.

ABIs are extremely important as they provide the glue between functions. In other words, they formalize
how the handshake happens between the caller and the callee. For instance, the ABI prescribes where
the input arguments should be set by the caller and, thus, where the callee can expect to find its input
arguments.

Then, as long as compilers follow the rules of the ABI, a function compiled with a compiler can talk
to a function compiled with a different compiler.

Therefore, the ABI is the only thing that keeps artifacts produced by different compilers capable of
interacting with each other.
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Encoding

Encoding describes the way your program is eventually assembled in a binary format that makes
sense for your target. More specifically, encodings describe which bits define which operands of your
instructions, how memory addresses are represented, the size limit of your immediate values (that
is, your literal constants), and so on.

Encodings are target-specific and are usually provided by the hardware vendor through their Instruction
Set Architecture (ISA) document.

At the middle-end level, encodings can be ignored, but the lower you go in the backend, the more
you must think about it.

The bottom line is encodings are something that creates constraints for the backend, and as a compiler
writer, you will have to deal with these constraints!

For instance, consider the following C statement:

a=>b+c;

Imagine that you want to lower this statement to a target that only supports 2-address-like encoding, as
with x86 in the early days. 2-address means that instructions can only accommodate up to 2 operands,
including the definition. In other words, to do a binary operation, you must fold one of the arguments
with the definition. Put differently, you must rewrite your input in the following C statement equivalent:

a = b;

a += c;
Other types of encoding constraints include the following:

«  Particular operands have to live in specific registers
. Constants bigger than a given number of bits need to live in a register
+  Inputs’ operands need to be in contiguous registers

Now that you are familiar with the day-to-day terms of a compiler engineer, you will have a better
understanding of the comments and APIs you will read across the LLVM code base.

In the next section, you will learn about basic structures that you will manipulate throughout your
compiler journey.

Working with basic structures

In this section, you will learn about the prevalent structures used to represent a program. In other
words, whatever you build with the LLVM infrastructure, chances are you will have to manipulate
these structures.

Thanks to this knowledge, you will be able to build an intuition of which APIs hold which information
and offer which capabilities for manipulating a program. Naturally, this is only the beginning, and
you will sharpen your knowledge of the APIs as you progress through the book.
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This introduction will help you get started with the LLVM code base and give you a thread to follow
when starting to explore LLVM APIs on your own.

We follow a top-down approach. We start from the constructs with the largest logical scope and then
progressively zoom in on concepts with narrower scopes. What this means is that when you see a
concept not defined yet, it will be presented in the following section.

Module

A module is a container for the program currently being compiled. To put it succinctly, a module
is roughly equivalent to the input file that you give to the compiler. It contains all global variables,
function definitions, metadata, and so on that you will need to process this input.

The concept of a module is not specific to LLVM, but in the literature, it often appears with other
names such as translation unit (TU) or compilation unit (CU).

A module at the LLVM IR level

At the LLVM IR level, the concept of a module maps directly to the Module class that lives in the IR
library (albeit the vented library is called LLVMCore). Again, if you do not know how to locate a library
in the directory tree, please refer to the Understanding the directory structure section in Chapter 1.

In the backend, the module is typically handed over by some sort of frontend, hence you rarely
need to create one by yourself. However, for education purposes, or if you want to create your own
tool/frontend, as we are doing in some examples of this chapter, here is how you create an LLVM IR
module from scratch:

LLVMContext Context;
Module MyModule("MyModule", Context);

Alternatively, you can initialize your module directly from LLVM IR serialized formats. Indeed, the
LLVM IR can be stored in a file (or memory) with either a textual or binary representation. You will
learn more about these representations in Chapter 7. Anyway, assuming you have such a serialized
format handy in a file, you can use the APIs defined in IRReader . h, also from the IRReader library, to
load your module directly from that file. In this case, you will use the parseIRFile function:

LLVMContext Context;
SMDiagnostic Err;

std::unique_ptr<Module> MyModule = parseIRFile("MyIRFile", Err, Context);

Similarly, you can create a module from a single string containing the textual form of the LLVM IR,
which again you will explore in more detail in Chapter 7, using the parseAssemblyString function
from the AsmParser library:

LLVMContext Context;
SMDiagnostic Err;

std::unique_ptr<Module> MyModule = parseAssemblyString(InputIR, Err, Context);
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Note

\/Kp/; The parseIRFile APIsupports both textual and binary serialization formats of the LLVM
IR. The files holding the textual representation usually have the .11 extension, while the
binary files have the . bc extension.

In all cases, notice how you must first create an LLVMContext object. You will see that the LLVMContext
class is required in a lot of APIs. The LLVMContext class is responsible for rendering unique (we also
say uniquing) certain information that holds for the entire compiler/tool you are building. For instance,
when you create literal constants, the LLVMContext instance will make sure that constants with the
same type (for example, int, float, ...) and value (for example, 2, 1.9, ...) are bound to the same
underlying object. That way, checking that two constants are equal is as easy and efficient as checking
that the addresses of the objects are the same.

Note

\G/‘ If you want to use different LLVMContext instances for different purposes, beware that
the uniquing property will obviously not work across them.

At this point, you can manipulate the module directly through its member functions. For instance,
you can inspect or create global variables (variables accessible from anywhere within a module) with
Module: :getGlobalVariable(StringRef Name) and Module: :insertGlobalVariable(GlobalVaria
ble *GV) respectively.

More importantly, a module holds alist of all functions that are defined or used within this module. For
now, let us assume that the module has been populated with the IR that represents a C program with two
functions in it, foo and main; you can obtain the foo function through Module: : getFunction(StringRef
Name), with Name being equal to foo. More generally, you can iterate through all the functions within a
module by using the begin and end iterators through a range loop, as illustrated in the following snippet:

for(Function &MyFunction: MyModule) {

}

The order of the functions matches what is displayed when you print the module.

Let us now see how this concept of a module maps at the Machine IR level.

A module at the Machine IR level
In short, the Machine IR level does not have the concept of a module.
The code that deals with the Machine IR is usually limited to the scope of only one function at a time.

When a module scope is required, it is articulated around the Module class of the LLVM IR through
the MachineModuleInfo API.
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When you require access to the whole module while working at the Machine IR level, you do not need
to create a MachineModuleInfo object yourself, if you use the regular pass pipeline mechanism that
LLVM offers. We will cover this mechanism in Chapter 5.

Now, if you want to handle a module directly at the Machine IR level, you can try to instantiate a
MachineModuleInfo object yourself, but the reality is this object is not meant to be handled directly;
instead, you must go through MachineModuleInfolWrapperPass to do the heavy lifting. In Chapter 5,
we will cover the mechanism that allows us to get such an object.

Beware that the MachineModuleInfo API offers only a mapping from an LLVM IR Function to a
MachineFunction. It does not provide any capabilities to translate one to the other. If you use the
MachineModuleInfo API directly, you will have to handle this translation yourself. You can do that by
mapping an existing LLVM IR Function object to an empty MachineFunction object using MachineModu
leInfo::getOrCreateMachineFunction(Function &F), then populate the resultingMachineFunction
instance manually.

All the described Machine IR APIs of this section live in the CodeGen library.

We have been talking a lot about the LLVM IR Function class and the MachineFunction class without
properly introducing them. Let us fix that in the next section.

Function

A function is exactly what you would picture in any programming language. This is a named entity
that encompasses some computations and can be called from various points as long as you comply
with its signature/prototype. It has some properties, such as a list of arguments, a returned type, a set
of attributes (for example, noinline), and so on.

In LLVM, we do not make any distinction between what in C++ we would call functions, member
functions, procedures, lambdas, and so on. From the backend perspective, everything is a function. The
only difference is how they get called. For example, various kinds of functions may have distinct CCs;
in other words, the compiler may use different sequences of instructions when it lowers calls to them.

Note

When it comes to functions, the backend is straightforward. This is only possible because
V4 the frontend does most of the heavy lifting. For instance, it is the frontend’s responsibility
\Q/‘ to produce additional parameters that are not visible in the source language, such as how
the this pointer is added to every member function, or to generate additional code to
express the polymorphism of a virtual function, such as how to load a virtual table (vtable)

and look up the address of the related function for the current instance of an object.

The backend makes one distinction when it comes to functions: is this function implemented in this
module or is it implemented in a different one? Put differently, is it a function definition or a function
declaration?
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Unless the function declaration is used within the module, it is dropped from the list of functions in
that module: when it comes to generating code, this function declaration is useless and can safely
be dropped.

A function in the LLVYM IR

LLVM exposes the concept of function at the LLVM IR level through the Function class. This
class lives in the IR library. This API exposes everything you need to query the return type (Type
*Function: :getReturnType()), the list of arguments (arg_iterator Function::arg_begin() and
arg_iterator Function::arg_end()), the attributes (AttributeList Function::getAttributes()),
and so on.

At this level, the distinction between a function definition and a function declaration is whether the
related Function object has a body.

You will not find a body field in this class; instead, you can check if the Function object is empty (bool
Function: :empty()). If this is true, this means it does not have a body and thus, this is a declaration.
Alternatively, the Globalvalue class, which is one of the ancestors of the Function class, exposes a
method named isDeclaration that also answers the question of whether a function is a declaration
or a definition.

Next, by using Function: :getParent(), you can access the module that encompasses the related
function.

Focusing on functions with a body, the content of a function’s body is split across different basic blocks.
You can access these constructs through the begin() and end() methods:

for(BasicBlock &MyBasicBlock: MyFunction) {

A function in the Machine IR

At the Machine IR level, a function is represented with the MachineFunction class. This class is in the
CodeGen library.

Unlike the LLVM IR Function class, the MachineFunction class offers little information about the
function itself. For instance, all the APIs around the return type and so on are nonexistent here.
Instead, the MachineFunction class exposes a pointer to the LLVM IR Function object that it mirrors
(Function &VachineFunction::getFunction()). Therefore, this kind of metadata remains accessible,
albeit through a pointer indirection. Nevertheless, if you look at the MachineFunction API, you will
notice methods to query some properties of the MachineFunction class. These properties are relevant
to the low-level processing of the related function and hence, it would not make sense to expose them
in the LLVM IR APIs. For instance, you can query if a function still has virtual registers (NoVRegs) as
opposed to physical registers, which is something the LLVM IR does not deal with. We will cover these
properties in the chapter dedicated to the Machine IR, Chapter 11.
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As with the LLVM IR Function class, the MachineFunction class’ body is split across basic blocks, and
you access them directly through the begin() and end() methods:

for(MachineBasicBlock &MyMachineBB: MyMachineFunction) {

}

For both the Function class and the MachineFunction class, the order of the basic blocks in this list
matches the order printed on the screen. Put differently, without any optimization, this list follows
the original order of the source program.

We saw that basic blocks are the building blocks of a function, but we did not introduce them. Let us
fix this in the next section.

Basic block

A basic block is a single-entry single-exit (SESE) region of code where the entry point is at the
beginning of the region and the exit point at the end. Behind SESE is a simple concept. A basic block
is a sequence of continuous instructions. The key word here is continuous. This implies that when you
hit an instruction, by definition, all the instructions before this instruction within the same block have
been executed, and all the instructions remaining in this basic block will be executed.

Since basic blocks are used a lot around the compiler code base, they are often simply referred to as
blocks.

As long as the code region remains SESE, there is no limit on how you form a basic block. However,
generally, basic blocks are formed such that they are maximal. This means that it is impossible to find
a longer sequence of instructions that would meet the SESE criteria. Table 3.1 illustrates how some
code can be split into basic blocks:

Input C program One of the possible configurations Basic blocks in maximal form
of basic blocks
int foo(int a) { BB1: BB1:
int b = bar(); int b = bar(); int b = bar();
int ¢ = baz(); BB2: int ¢ = baz();
if (c == a) int ¢ = baz(); (c == a)
goto IF; BB3: goto IF;
else (c == a) BB2:
goto END; goto IF; goto END;
TR BB4: 1R
b += a * bar(); goto END; b += a * bar();
END: RS END:
return b; b += a * bar(); return b;
} END:
return b;

Table 3.1: Different configurations of basic blocks for the same input program
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Before we explain the content of this table, let us clarify something that you may have noticed. In the
second and third columns, we dropped the if and else keywords. C programs are not directly suitable
for a representation with basic blocks, because if keywords have a semantic of jumps; that is, they
redirect the execution of the program to somewhere else. To work around this, we use a predicated
notation of the form cond goto. This means this goto is executed only if cond is true. Also, the start
of each basic block is represented with a label of the form name:; for example, BB1: and IF:.

Back to the explanation - The second column shows how we can split the input program into many
basic blocks where each block is almost just one instruction. The third column shows the same program
with the basic blocks in maximal form. If you try to change the boundaries of any of the basic blocks
of the third column, you will break the SESE property. For instance, adding goto END to the IF block
will produce a basic block with two entry points: one at BB2 and one at IF. Similarly, extending BB1
to include goto END will produce a basic block with two exit points: one at goto IF and one at goto
END. Finally, notice that SESE regions have a single-entry point (respectively single-exit point), but that
point can be reached through several paths (respectively can jump to different paths). For example,
see how BB1 can either jump to IF or fall through to BB2 and how END can be reached from the end
of BB2 and the end of IF.

Note

While the maximal property ensures that you do not end up with arbitrary boundaries
between instructions, it is sometimes not applied. For instance, let us say you have an

\E// algorithm with a complexity that is quadratic in the number of instructions within a basic
block. It is correct to split that block into several blocks to reduce the compile time. In
other words, not satisfying the maximal property is perfectly fine, but by doing that, you
will nevertheless limit the capabilities of other optimizations, so make sure to stitch the
blocks back together!

A basic block in the LLYM IR

Unsurprisingly, the concept of basic blocks is represented with the BasicBlock class from the IR library.

Similarly to the Function class, the BasicBlock class offers a BasicBlock: :getParent() method
to access its encompassing scope; in other words, the instance of the Function class that owns the
related basic block.

Diving into the content of a basic block, you can walk through its body using the begin() and end()
methods. This returns iterators to the instructions that make the basic block.

The order of the instructions matches a top-to-bottom traversal of the basic block. Hence, the loop in
the following snippet would traverse the instructions in the same order as they would be executed:

for (Instruction &MyInstr: MyBasicBlock) {
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LLVM IR basic blocks have additional constraints:

+  They must have exactly one terminator instruction, which is a special instruction that defines
the possible destinations of this basic block.

. For instance, in the rightmost column of Table 3.1, the terminator instruction of BB2 is goto END.
«  They must end with a terminator instruction.

. Certain special instructions must appear first, if any.

Putting everything together, a basic block is a non-empty list of instructions with some special
instructions at the beginning and a terminator at the end.

You can access the first instruction after the special instructions using BasicBlock: : getFirstNonPHI(),
and you can access the terminator by using BasicBlock: :getTerminator(). Typically, when
making changes local to a basic block, you should iterate through the instructions in this range:
getFirstNonPHI(), getTerminator().

Note

\E/‘ The constraints may be temporarily violated, for instance, while constructing a basic block.
However, if an ill-formed basic block is fed to the LLVM verifier, it will fail to pass the checks.

Looking at the bigger picture, the BasicBlock API does not offer access to the list of predecessors, the
basic blocks that may jump to this instance, and the list of successors, the basic blocks this instance
may jump to.

This information needs to be queried separately. We will cover this in the Control flow graph section.

A basic block in the Machine IR

Similarly to the LLVM IR level, the concept of basic blocks maps to MachineBasicBlock.

You will find the same APIs: begin(), end(), and getParent (). However, they will be mapped on their
Machine IR counterparts: MachineInstruction and MachineFunction.

There are a couple of differences compared to the BasicBlock class:

. MachineBasicBlock instances can have zero or several terminator instructions.

. MachineBasicBlock instances offer a direct API to traverse their predecessors and successors
through predXXx and succXXX methods.

Both the BasicBlock and MachineBasicBlock classes can be turned into an iterator to the parent’s list
using getIterator(). This means that you can, from an instance of one of these classes, get to the
next or previous basic block in the list of basic blocks from the related parent function.

Finally, since terminators are optional in MachineBasicBlock instances, depending on the sequence
of code at the end of a MachineBasicBlock instance, the execution of the related program may fall
through to the next basic block in the serialization order. The serialization order is represented by
the list of MachineBasicBlock in the related MachineFunction object.
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What this means is moving the blocks within that list does the following:

»  Changes the order they are printed on the screen/file.

+  May change the execution of the final executable code, if you do not insert the proper
terminators, since you may be changing the execution that follows the fall-through paths.

We will cover these aspects in more detail in Chapter 11.

Instruction

An instruction is the smallest piece of computation that can be represented in the IR.

When looking at a C program, you can think of an instruction as a simple statement. Complex statements
would produce several instructions.

For instance, consider the following statement:

b += a * bar();

This statement would be broken down into the following instructions:
temp® = bar();
templ = a * tempo;
b = b + templ;

The granularity of what can be represented with a single instruction depends on the actual IR.

Looking into the details of an instruction (for example, templ = a * temp®), you can see that it is
defined by three main pieces:

. Its definitions: The results produced by this instruction, here temp1.
. Its arguments, or uses, also called operands: The input of this instruction, here a and tempe.

«  Its operation code, or opcode for short: A unique identifier that carries the semantics of this
instruction, here *.

Note

V4 The words argument and operand are both overloaded in LLVM parlance. Depending on the
\G/‘ context, they may mean different things. For now, we will stick with the word argument and
use it to describe the input of an instruction. This will help clear out some of the confusion

when looking at the MachineInstr: :getOperand method for the Machine IR API.

In the LLVM IR and the Machine IR, an instruction is usually printed using the following format:

defo, defl, .. = opcode argd, argl, ..
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An instruction in the LLVYM IR

You may have guessed it, but an instruction in the LLVM IR is represented by the Instruction class
from the IR library.

In this class, you will find methods to query the main characteristic of an instruction:

«  Its definition: The Instruction object is the definition itself. More on that hereafter.

. Its arguments: The getOperand(unsigned index) method, where index is a number between
zero and the number of arguments minus one, op_begin(), and op_end(). This APIis inherited
from the User class. We will cover inheritance graphs in Chapter 4.

. Its opcode: The getOpcode() method.

It may be surprising to you that the instruction itself is the definition, but at the LLVM IR level, everything
is managed through pointers. Therefore, the arguments of an instruction are simply pointers to the
instructions (or, more precisely, an instance of the Value class) defining them. As a result, an instruction
can only define one value. At this level of IR, if you need an instruction that defines multiple values,
you need to define a single value with several fields (as with a structure in C).

Additionally, you will find all the methods to move an instruction around, potentially to a different basic
block (moveBefore, moveAfter, insertBefore, and so on), query some properties about the instruction
itself (you can find some examples of that in Chapter 4), and a pointer to its parent BasicBlock object
(Instruction::getParent()).

An instruction in the Machine IR

Instructions are represented with the MachineInstr class from the CodeGen library.

The MachineInstr class is more flexible than the Instruction class but is less intuitive to work with.
You will learn about its details when reading Chapter 11. For now, let us highlight the way you can get
the main characteristics of a MachineInstr class:

. Its definitions: The getOperand(unsigned index) method, where index is a number between
zero and the number of operands minus one. In this context, operands means all the arguments
and definitions of the instruction.

«  Itsarguments: The getOperand(unsigned index) method. This is not a typo; this is the exact
same API as the instruction’s definitions. You have to unbox the returned MachineOperand
object to know if you are dealing with a definition or an argument. Again, you will learn more
about this in Chapter 11.

. Its opcode: The getOpcode() method.

Aside from the expected methods to move the instruction around, query its property, and get to the
parent basic block, the MachineInstr class offers some helper functions to iterate through its definitions
(MachineInstr::defs()) and arguments (MachineInstr: :uses()). However, you still need to unbox
the related MachineOperand objects, and again, we will not cover this here.
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Finally, as with the classes of the basic block family, you can morph instances of the Instruction and
MachineInstr classes into an iterator of the parent list (getIterator()). This gives you a convenient
way to look at the surrounding instructions of the one you already have.

At this point, you have had an overview of all the classes that are used to represent a program at
different levels of IR. Before we wrap this section, let us see how the piece connects to represent how
that program executes or, put differently, how the program flows!

Control flow graph

The term control flow describes the order of execution of the instructions. In a basic block, for instance,
this is a straight line from top to bottom.

A control flow graph (CFG) is a way to represent a function as a graph. It is an important concept
to master, even if you do not go deep in compilers. Indeed, even the concepts of predecessors and
successors, which you saw in the Basic block section, are, in fact, derived from the CFG.

A CFG is defined by a set of nodes N (also called vertices in the literature) and a set of directed edges
E that each connect two nodes from N.

For a function F, the set of nodes Nis equal to F's basic blocks, and there is an edge between two nodes
src and dst if and only if src may jump to dst. Put differently, there is a control flow edge when the
control flow may get transferred from src to dst. We used the word may in the previous sentence
because some of these edges can be predicated by a set of conditions, meaning we may take them at
runtime or not. For instance, the jump of an if statement produces two edges: one when the execution
follows the true condition and one when it follows the false condition.

Figure 3.1 shows the CFG for the program from Table 3.1 with the basic blocks in the maximal form:

BB1:
int b = bar ();
int ¢ = baz();

(c==a)gotolF

N\

IF: BBZ:
bt = a+ bar(); goto END

NS

END:
return b;

Figure 3.1: The CFG of the rightmost column of Table 3.1
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The first node executed in a CFG is called the entry point, and the last possible ones are called exit
points. The entry point maps to the entry of a function and the exit points map to all return points
of a function.

Note

V4 Itis sometimes easier to reason about a CFG with only one exit point. It is always possible
\E/‘ to emulate a unique exit point by creating a fake basic block and have all the exit blocks
flow into it. This exit point can also be properly generated instead of just faked, but this

exercise is left to the reader.

There are a few patterns and concepts around CFGs that are worth mentioning since you will see them a
lotin the compiler literature and the LLVM code base. Moreover, these patterns have certain properties
that will help you solve compiler-specific problems when you know what to look for. Therefore, it is
important to know that they exist.

Reverse post-order traversal

A reverse post-order (RPO) traversal defines an order in which the nodes of a CFG are visited. This order
guarantees that you will traverse the graph in a topological order. To put it simply, in a well-formed
program (that is, where all the variables are defined before being used), by following the topological
order, you encounter the definitions before their uses.

LLVM offers an API, named ReversePostOrderTraversal, to use RPO on your functions out of the
box. This API is part of the ADT library.

Note

V4 If you are curious, the algorithm to build RPO is relatively simple, and to put it in fancy
\G/‘ terms, it is a post-order (you visit the current node after visiting all its children) depth-
first-search traversal where you invert the visiting order at the end, hence you reverse

the post-order.

Here is an example of using an RPO traversal in the LLVM IR:

ReversePostOrderTraversal<Function *> RPOT(&MyFunction);
For (BasicBlock *BB: RPOT) {

}

The following snippet shows the use of an RPO traversal in the Machine IR:

ReversePostOrderTraversal<MachineFunction *> RPOT(&MyMachineFunction);
For (MachineBasicBlock *MBB: RPOT) {
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Backedge

Intuitively, a backedge is a control flow edge that goes backward. In other words, this is an edge that
takes you back in the execution of your program. Hence, you re-execute something that you have
already executed. At this point, you may realize that a backedge is part of what you would call a loop
in a programming language.

This definition is a bit loose, but you get the idea:

e

AN
NV

| N—

backedge

Figure 3.2: A backedge in a CFG

A proper definition of backedges is edges that do not respect the topological order. So, if you were to
number basic blocks using a topological order, such as RPO, a backedge would jump from a source
with a higher number than the number of the destination.

To put things together, identifying backedges is important to identify loops. Identifying loops is
important since loops are where most programs spend most of their runtime, hence, they are the
primary focus for compiler optimizations.

Critical edge

A critical edge is a control flow edge that connects a source with multiple successors and a destination
with multiple predecessors, as illustrated in the left part of Figure 3.3:

critical
edge

dst

src

Figure 3.3: A critical edge in a CFG
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Critical edges are an important concept because if you want to optimize or generate something specific
for the path taken by this edge (src, dst), you cannot do so without affecting the other successors of
src or the other predecessors of dst.

In other words, changes made around a critical edge affect the whole region around it. As a result,
certain optimization needs to be extra careful around such edges, as illustrated in Figure 3.4:

oA B A B

i store x store| |

| |

| [

: [ split block

| C { store

D D
‘L load J load

\

C

Figure 3.4: Region affected by critical edges and how to break them

On the left of Figure 3.4, the edge (A, C) is critical. Because of that, inserting a store in A and reloading
in B means that the whole dotted region needs to play nicely with this memory location. Concretely,
this means that on the execution path going through the edge (A, D), the store is useless, and on the
execution path going through the edge (B, C), a store needs to be added.

That said, it is possible to break critical edges, as illustrated in the right part of Figure 3.4, by creating
a new basic block on this edge, named split block here. In that case, we say that we split the critical
edge from (src, dst) to (src, newBB) (newBB, dst). Splitting a critical edge usually comes with a cost.
For instance, you may create additional indirections (jumps) in the CFG that may have a performance
impact on the final generated code.

Atthe IR level, you can check if an edge is critical using the isCriticalEdge function from the IR library.

Irreducible graph

The notion of graph reducibility gives some information about whether a CFG is well structured.
Conceptually, well structured means that loops within the CFG are perfectly nested. Conversely, loops
not properly nested will produce irreducible CFGs.

This is important to know when you deal with irreducible graphs because some analysis provided by
the LLVM infrastructure may give you surprising results on such graphs, and you may misinterpret
them and generate incorrect code.
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For instance, consider the following snippet and its CFG representation in Figure 3.5:

extern void someFct();

int irreducible(int shouldSkiplstCall) {
int i = 0;
if (shouldSkiplstCall)

goto SKIP;
do {
someFct();
SKIP:;
} while (++i < 7);
return 32;
}
entry
do
skip
exit

Figure 3.5: An irreducible CFG

Although this snippet has conceptually only one loop, it has two loop headers; you can enter the
loop (do. .while) through two different points (do and SKIP). We will cover the jargon around loops
specifically in Chapter 4.

The bottom line is, if your optimization behaves strangely with some loops, check if you are not dealing
with irreducible graphs as they can easily throw off some potentially implicit assumptions you were
making in your code.

You can use the templated containsIrreducibleCFG API from the IR library to check if the CFG of a
function is irreducible. The template parameters allow you to use this API for both the LLVM IR and
the Machine IR levels, but they require that you provide the RPO iterator and the LoopInfo analysis
for your Function/MachineFunction class.

Before we wrap up this section, we need to at least give a proper definition of an irreducible graph.
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A CFG is reducible if and only if you can reduce it to a single basic block by applying the following
rules until you cannot make any changes:

1. Remove self-edges; that is, remove all e (src, dst) from E where src =dst.

2. Ifbasicblock Ahas only one predecessor, merge it with its predecessor; that is, do the following:

. Delete A
Delete the unique edge (src, A)
. Update all edges (A, dst)to (src, dst)

If you cannot make any progress and your CFG is not a single basic block, then it is irreducible.

You can find an example of how this algorithm is applied in the Quiz time section.

Note

Irreducible graphs can cause nasty bugs when you do not handle them correctly. However,
\G/\/ most optimization/analysis/tools work just fine with these constructs. If irreducible
graphs are a problem for you, LLVM provides a transformation that turns irreducible
graphs into reducible ones through the FixIrreduciblePass API, which is part of the
TransformUtils library. This transformation only works at the LLVM IR level.

In this section, you learned the basic concepts (module, function, basic block, instruction, and CFG)
that you will manipulate while working on a compiler. You saw how these concepts map to key LLVM
APIs and had a brief overview of how to use these APIs.

Let us now put that into practice by building some IR directly.

Building your first IRs

In this section, you will put to the test what you just learned by building an IR both at the LLVM IR
and the Machine IR levels. The goal of this exercise is twofold:

1. Manipulate the APIs to create instances of the classes Module, Function, MachineFunction,
and so on.
2. Getasense of what a frontend has to put with when it comes to producing an IR.

This exercise remains however artificial in the sense that at this point, you lack a lot of knowledge to
build any complex IR. You will build this knowledge along the way, namely in Chapters 4, 7, and 10,
but this gives you a good introduction to what is ahead and helps you solidify your current learning.

In this exercise, you will build the IR for the following snippet:

extern int baz();
extern void bar(int);
void foo(int a, int b) {

int var = a + b;
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if (var == OxFF) {
bar(var);
var = baz();

}

bar(var);

}

By default - in other words, when you do not enable optimizations in your compiler toolchain or when
you run with -00 - local variables are not optimized. What this means is each local variable is stored on
the current function’s stack. In other words, from a frontend perspective, all accesses to local variables,
reads, and writes go through the memory that has been allocated for the stack of this function.

What this implies concretely is the following:

*  You need to reserve some space on the stack for each local variable
«  Eachread of a variable goes through a load from the related stack location

+  Each write of a variable goes through a store to the related stack location

In this exercise, we will follow the same convention. Therefore, make sure to allocate memory space
for var and access it exclusively through loads and stores.

Do not worry - we will point out which instructions you have to use to achieve these patterns.

Building your first LLVM IR

In this section, you will practice building an LLVM IR for the previously presented C snippet. To
complete this exercise, you can dig into the APIs of the various classes that you discovered in the early
sections (Module, Function, and so on).

To make your task more approachable, let us start by pointing out most of the APIs that you need.

A walk over the required APIs

To create function declarations (bar and baz here), you can use one of the Module: : getOrInsertFunction
methods. These methods require that you have an instance of a Module class, but you already know
how to create a Module object (see the Module section if you do not remember).

Zooming into the Module: : getOrInsertFunction methods, you need to define the type of the function
to create it. The function type is represented with the FunctionType class and you can instantiate an
object of this class using one of the FunctionType: : get static methods. The API is simple: you need
to provide the return type and an array with a type for each input argument.

Forthis exercise, youneed three types: void, int, and ptr. You can create the first two types with the related
static function of the Type class: Type: :VoidTy(LLVMContext &) and Type::getInt32Ty(LLVMContext
&), respectively. For the third one, similarly to the FunctionType class, you need to use the static get
method from the PointerType class. When using this method, do not worry about the AddressSpace
argument and just put ©. We will cover what this represents in Chapter 7. You should know how to get/
create an LLVMContext object at this point, but for the sake of this exercise, we provide it as an input
of your function because its lifetime needs to be longer than the Module object that you are building!
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To create a function definition, you can use one of the static Create methods of the Function class.
These methods need a FunctionType instance as well as a LinkageType instance and a Module instance.
For this exercise, the linkage type does not matter; you can pick whatever enum value you want - for
example, GlobalValue: :CommonLinkage.

Now that you have your Function instance, you need to populate it with basic blocks. As you learned
in the Basic block section, there is no right or wrong way to do this splitting, but we recommend aiming
for maximal basic blocks.

First, focus on creating the basic blocks, irrespective of how they are connected. The CFG and, thus,
the connections between the blocks will be created automatically when you add branch instructions.

You have guessed it - to create BasicBlock objects, you can use the static BasicBlock: : Create method.
Make sure to set the Function argument to your Function instance; otherwise, the BasicBlock class
will be an orphan (that is, will not have a parent).

At this point, you have the skeleton of your function; the only remaining thing is to populate each
basic block with the related instructions. This is, nevertheless, not as straightforward as it may seem
at first. Indeed, remember that you must do the following:

+  Allocate some memory space on the stack for var; you can do that by using AllocaInst.
«  Instantiate every read of var with a load from the allocated stack slot by reusing the returned
Value object from Allocalnst in a LoadInst object.

+ Do the same thing for every write to var using the StoreInst object.

For the a and b variables, these come straight from the arguments of the Function object, and you
already know how to access them. We let you dig into the Function APIs to find out how to access them
without using the arg_xxx iterators that we already mentioned in the A function in LLVM IR section.

You almost have everything you need to complete this exercise. You miss only three kinds of instructions:

. The return instruction to materialize the terminator instruction in the exit block (remember
- each basic block must end with a terminator): ReturnInst.

+  Theinteger comparison instruction to materialize var == @xFF: ICmpInst. For the OxFF constant,
use the ConstantInt: :get static method.

. The branch instruction, also a terminator instruction, to jump to different basic blocks:
BranchInst. You will see that you can create both conditional and unconditional branches.
In other words, branches with two possible destinations are chosen with a predicate such
as the one produced with the ICmpInst instruction, and branches with only one destination.

For all your instructions, you can use the IRBuilder helper class to create them.

Your turn

Go to ch3/11vm_ir/your_turn/populate_function.cpp and populate the function called buildIR.
This function returns a (unique) pointer to the instance of the Module class that represents the snippet
you should build. Follow the steps in README .md to build and run your example, and feel free to look
at ch3/11lvm_ir/solution /populate_function.cpp to see an example of how to build this IR.
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Note

V4 You can use ch3/input.c with Clang, as explained in Chapter 1, to see the IR that Clang
\Q/ produces (use the -S, -00, and -emit-11vm options). You will see that the produced IR
is even more verbose than what we proposed to build. This is because we simplified how

the arguments were accessed since they are only read.

Building your first Machine IR

The Machine IR is target-specific, so depending on which architecture you target, the lowering may
be different. For this exercise, we will assume that we build for the AArché4 target and that we only
care about a partially lowered IR.

What this means for you is you do not have to know the AArché4 ISA to be able to do this exercise.
However, this flexibility comes with a cost: you will have to produce additional types for your IR to
be valid.

In any case, the goal here is to make you manipulate the Machine IR API, so do not overthink the
actual details. We will dive into these in Chapter 10 and onward.

Before we go through the APIs you may need to complete this exercise, we need to define a simplified
ABI that you must follow:
«  32-bit arguments are passed through registers: w0, wi, ...

. 32-bit returned values are passed through registers: we, wi, ...
What this means is the following:

»  The foo function’s input arguments are provided through, respectively, we for a and w1 for b
+  The bar function’s input argument must be provided through we

+  The baz function’s returned value is provided through we

Let us dive into the meat of the Machine IR creation!

A walk over the required APIs

Since the Machine IR level only represents one function at a time, you do not have to worry about the
function declarations of bar and baz.

Then, to create the foo function’s skeleton, you need to instantiate the basic blocks using MachineF
unction::CreateMachineBasicBlock. Be careful that although this method creates the basic blocks,
it does not insert them in MachineFunction, so make sure to call MachineFunction: :push_back with
the newly created blocks. Also, remember that the order in the list of basic blocks determines the
serialization order and, by extension, the fall-through paths that you can use.

Next, unlike at the LLVM IR level, you need to explicitly create the CFG. For that, you can use the
MachineBasicBlock: :addSuccessor method.
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What is left at this point is to populate your basic blocks. For this exercise, you will use the
MachineIRBuilder class from the GloballISel library. This offers a higher-level API than the
MachineInstrBuilder class from the CodeGen library and hides some of the Machine IR details that
you do not know yet and that you will discover in Chapter 10.

When you instantiate your MachineIRBuilder object, you need to give it some context that will be
used as the default insertion point for your new instructions. We recommend using MachineIRBuil
der::MachineIRBuilder(MachineBasicBlock &, MachineBasicBlock::iterator) for this exercise
with the iterator argument set to YourBlock.end(). That way, you can populate your block following
a top-down approach without having to change the insertion point as you go.

The MachineIRBuilder class supports different forms for instantiating instructions. For this exercise,
you will use only one of them, where you will do the following:

«  Passthe type of the result value

+  Passthe input arguments as instances of the Register class

. Get back the result value as an instance of the Register class
What this means is all your calls to your MachineIRBuilder object should look like this:
. Here is the call for instructions that define a result:

Register Result = MIBuilder.buildXXX(ResultType, RegArg®, RegArgl, ..).getReg(9);

. This is the call for instructions that do not define a result:

MIBuilder.buildXXX(RegArg0, RegArgl, ..);

Regarding the type of your results, we provided some boilerplate code that instantiates them for you.
Therefore, you just have to use the code provided here:

« 11 forthebool type
« 132 forthe int type
e VarAddrLLT for the type of the stack slot for var

Now, in terms of methods, here are all the methods you need to instantiate the proper instructions:

. MachineIRBuilder: :buildAdd: Binary add.

. MachineIRBuilder: :buildBr: Unconditional branch.

. MachineIRBuilder: :buildBrCond: Conditional branch.

. MachineIRBuilder::buildConstant: Constant (@xFF, for instance.)

. MachineIRBuilder: :buildCopy: Copy value around; required to set and read from we and wl.
. MachineIRBuilder::buildICmp: Integer comparison.

. MachineIRBuilder: :buildFrameIndex: Materialize the stack slot for var; use the provided
VarAddrLLT and FrameIndex variables as arguments. Creating a stack slot is outside of the
scope of this exercise.
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. MachineIRBuilder: :buildLoad: Load a value from an address; for example, a frame index
of a stack slot.

. MachineIRBuilder: :buildStore: Store a value to an address.

If you have been paying attention, you should have noticed that we are missing two kinds of instructions:
the call instruction and the return instruction. These instructions are target-specific and cannot be
instantiated with one of the generic methods. Instead, you have to manually specify the target opcode
for them using the MachineIRBuilder: :buildInstr method. The short version is you cannot do that
the right way at this point, so instead, we will use inline assembly to materialize instructions that
would resemble the real ones:

+  For the call to bar, run the following:

MIBuilder.buildInstr(TargetOpcode: :INLINEASM, {}, {})
.addExternalSymbol("bl @bar™)
.addImm(Q)
.addReg(W@, RegState::Implicit);

«  For the call to baz, run the following:

MIBuilder.buildInstr(TargetOpcode::INLINEASM, {}, {})
.addExternalSymbol("bl @baz")
.addImm(9)
.addReg(Wo, RegState::Implicit | RegState::Define);

+  For the return instruction at the end of the function, run the following:

MIBuilder.buildInstr(TargetOpcode: :INLINEASM, {}, {})
.addExternalSymbol("ret")
.addImm(Q);

Before we open the floor for you, here is a last constraint to be aware of: for the most part, instructions
built with the MachineIRBuilder API do not accept non-register arguments; this is why you must
materialize the constant (6xFF) in a register first. Similarly, physical registers, such as we@ and w1,
should be avoided in this API, except for the MachineIRBuilder: :buildCopy API. Hence, make sure
to copy to and from we and w1 as needed in your IR.

Your turn

Populate the function named populateMachineIRin ch3/machineir/your_turn/populate_function.
cpp. This function gives you a MachineModuleInfo object and a Function class to instantiate your
MachineFunction class. It also provides two Register variables, Wo and W1, that you can use to satisfy
the ABI requirements.

At the beginning of this function, you will also find, as already mentioned, variables that hold the low-
level type (LLT) required for the call to MachineIRBuilder: :buildXXX as well as some other variables
that you will need to use for the load and store builders.
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Complete this function, and when you are ready, look at the README .md file in ch3/machineir to
run your code. The main function of this exercise builds the IR with your solution and the provided
solution (located in ch3/machineir/solution/populate_function.cpp) and, in both cases, prints the
built functions and checks that they pass the verifier (MachineFunction: :verify). Try to have your
IR pass the verifier without issue.

Note

If you look at the implementation in ch3/machineir/solution/populate_function.

cpp, you will see that we created one block with two terminators and one block with no

terminator. The block with no terminator just falls through to the next one, as we already

V4 explained in the A basic block in the Machine IR section. However, when you think about

\@/ the block with two terminators, it violates the SESE constraint. This is a design choice in

the Machine IR. The SESE constraint can be violated within the terminators’ region to save

some memory space. Indeed, it is possible to generate a version of the Machine IR that

does not violate this constraint (by creating a fall-through block with just one unconditional

branch in it), but that means allocating one more MachineBasicBlock object for just one
instruction. This trade-off is shown in Table 3.2.

BB1 violates SESE More code is required to respect SESE
BB1: BB1:
G_BRCOND predicate, BB2 G_BRCOND predicate, BB2
G_BR BB3 BBTmp:
G_BR BB3

Table 3.2: SESE can be violated in the Machine IR in the terminator region

This concludes your hands-on experience with manipulating some IR at both the LLVM IR and Machine
IR levels. In the process, you saw firsthand what it takes to instantiate such IRs and had a glimpse at
some of the APIs that you can leverage to do that.

Next, we summarize what you learned throughout this chapter.

Summary

In this chapter, you learned basic jargon and concepts that you will manipulate in your day-to-day
job as a compiler engineer. Things such as module, function, basic block, instruction, CFG, have no
secret for you now.

You also learned how these concepts map to LLVM APIs, both at the LLVM IR and the Machine IR levels.
While you only scratched the surface of these APIs, you now have a mental model of what offers what
and have a few concrete pointers to start digging more into them.
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Your next stop is with more advanced compiler concepts that will allow you to go deeper into the
LLVM infrastructure and give you an idea of what it takes to write your first optimization. Before you
go there, you have guessed it - it is quiz time!

Quiz time
Now that you have completed reading this chapter, try answering the following questions to test your
knowledge:
1. Draw the CFG for the following C program:
int foo(int b) {
for (int 1 = 9; 1 < b; ++1i) {
if (1% b ==0) {
res + = bar(i);
} else {

res -= baz(i);

}

return res;

}

The answer is the following:

AN
L e

Please refer to the Control flow graph section for the definition of a CFG.
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2. Isthe following CFG reducible?

Yes!
Please use the algorithm described in the Irreducible graph section.
You can reduce it with the following sequence:

+ 3 has only one predecessor: Merge 2 and 3
2 has now a self-edge: Remove it
+ 2 has now only one predecessor: Merge 1 and 2

+  1hasnow a self-edge: Remove it
If only the basic block 1 remains, the graph is irreducible.

3. Given the following irreducible CFG, how could you make it reducible?

l

N — N — —

!

Technically, we did not teach you how to do that (aside from calling FixIrreduciblePass), and
the goal of this exercise was to force you to think about how you would solve such problems.

The idea is to collect the headers of the loop and create a condition in a block called a guard
to fall back to what LLVM calls a natural loop with only one header.
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The guard block will dispatch to the right loop using the following predicate:

«  Coming from 1: Use 1’s condition to jump to either 2 or 3
+  Coming from 2: Set predicate to jump to 3

. Coming from 3: Set predicate to jump to 2

All in all, the CFG looks like this:

]

oY Y E——
guard

i

N lu

You can check that this is indeed reducible.
Point out the critical edges in the original CFG from question 3.

Edges (1, 2) and (1, 3) are critical edges (1 has several successors, and both 2 and 3 have several
predecessors).

See the Critical edge section for more details about critical edges.

Name a kind of topological traversal of a CFG offered by LLVM APIs.

RPO. See the Reverse post-order traversal section.

How can you find all the backedges in a CFG?

See how you can identify backedges with RPO as defined in the Backedge section.
What would you call the time spent by your compiler to compile an input file?

Compile time. See the Build time, compile time, and runtime section.
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This chapter introduces advanced compiler topics that you will need to work with the LLVM
infrastructure and compilers in general. Similar to Chapter 3, you will see how these concepts map to
LLVM application programming interfaces (APIs).

To help you build confidence in writing your own programs, we will build a program together
that performs a simple optimization called constant propagation. If you are not familiar with this
optimization, do not worry - this is mainly an excuse to manipulate LLVM APIs, and we will explain
it in due time.

This chapter will cover the following key topics:

+  The concepts involved in a modern compiler framework like LLVM to write optimizations

. How to write an optimization in LLVM

Before we get started, let us review the software that you will need for this chapter.

Technical requirements

You will find the complete code of what we are building in this chapter in the ch4 folder of the repository
of this book: https://github.com/PacktPublishing/LLVM-Code-Generation.

The technical requirements are otherwise the same as in Chapter 3. In other words, you will need a
C/C++ compiler toolchain, CMake, and Ninja.

Finally, if you use a toolchain that does not have Clang, consider building your own Clang compiler
as this will come in handy to produce the input of our program. Check out the Building Clang section
in Chapter 1, for a method to generate your own Clang compiler.

Now that we have taken care of the logistics for this chapter, let us dive into our first concept: value!


https://github.com/PacktPublishing/LLVM-Code-Generation
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The concept of value
A value is an entity that bears a certain meaning at a given time. While this definition may be hard to
grasp, you are likely already familiar with this concept with your background in computer science.

For instance, consider the following snippet:

a=>b+c;

a =a+ d;

The first statement assigns a value to a (b + c), and the next statement assigns a different value to a
(a's previous value + d).

This example highlights that values and variables are two different concepts.

The concept of value is interesting because if you can pin the value of a variable, it opens the door to
many optimizations/analyses.

Consider the following example:

void foo(int a, int b) {
int var = a + b;
if (var == OxFF) {
bar(var);
var = baz();
}
bar(var);

}

In this snippet, it is trivial to see that in the call to bar in the first 1 f statement, it is possible to replace
var with the @xFF constant.

In general, this is not that easy. We would need to perform a reachability analysis (which of var's
definitions reaches this particular use of var) and unbox the related definition(s) to see what
optimization opportunities we have.

Now, imagine that the concept of value is directly part of the intermediate representation (IR). This
is possible with the static single assignment (SSA) form that is used extensively throughout LLVM.

Let us see what SSA is about.
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SSA

SSA is a way to represent values directly in an IR. The idea is straightforward: rename all variables
such that each variable holds exactly one value statically. The term statically means that a variable
is lexicographically defined at most once in the related function. In other words, a variable can be
defined in a loop, hence it will hold different values during its lifetime at runtime, but statically it
appears only once in the IR.

You may realize that although the concept is simple, there is a fundamental problem: how can you
represent variables that are defined through distinct paths? Put differently, let us say that we rename
all variables such that all assignments within a function use a different name. The question is: How
do you reconcile uses of the original variable that may be defined by distinct values?

For instance, look back at the previous snippet. If we rename var in its first assignment to varl and
var2 in its second assignment (within the if statement), which variable should you use in var's last
use at the end of the function?

This problem is solved with the introduction of a special instruction called phi (f). A phi instruction
is used when different values are joined conditionally through several paths to produce a new value.
Figure 4.1 illustrates what SSA looks like when constructed on the previous snippet:

BB1:
int varl = a+b;
(var1==0xFF)

BB2:
bar(varl);
var2 = baz();

v /
BB3:
var3 = phi (varl, var2);
bar(var3)

Figure 4.1: A program in SSA form

A phi instruction copies the input value from the related control flow edge to the definition of the phi.
For instance, in Figure 4.1, when the control flow goes from BB1 to BB3 (that is, the left edge - the first
value of the phi), varl is copied into var3. When the control flow goes from BB2 to BB3, the second
value, var2, is copied into var3.
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To put it differently, phi instructions act as if a copy were inserted on the related incoming edge.

In the LLVM IR and Machine IR levels, phi instructions are grouped together at the beginning of the
basic blocks. It is invalid to insert non-phi instructions before phi instructions.

Phi instructions are mapped to the PHINode class, which is a subclass of the Instruction class, in the
LLVM IR and to the MachineInstr class with getOpcode() == PHI in the Machine IR.

Note

\/{/1 There are different ways to represent the join point of values. Phis are the most common
ones, but if you look at the multi-level IR (MLIR), you will see that they use an argument-
passing style. We will not cover this in this book, but the exact same principles apply.

SSA offers a lot of interesting properties that you will discover in the next sections. But first, let us see
how you get the program in SSA form.

Constructing the SSA form

To get your program in SSA form, you need to take a non-SSA program and rewrite it in SSA form:
renaming the variables, inserting the phi instructions in the right place, and so on.

We will not go into the details of how to do that. While the details are interesting, it is unlikely you will
need to reimplement this part yourself since, unsurprisingly, LLVM already offers such a capability.
If you are curious about implementing your own construction of the SSA form from a non-SSA
representation, there is plenty of literature on that. For instance, we recommend Simple and Efficient
Construction of Static Single Assignment Form by Braun et al., published in Compiler Construction in 2013.

In the LLVM IR, the Instruction class can only represent values, so technically, you can only build
SSA programs. However, users do not write in SSA form, so you need a mechanism to close this gap
when going from the frontend to the backend. The way to do that is to use memory locations.

Memory locations are not in SSA form in the LLVM IR because memory locations obtained by different
means (that is, through different values) can end up referencing the same address. In that case, we say
that the memory locations or the addresses are aliases (we also use alias as a verb: they alias). This
concept of aliasing is exactly what SSA prevents: it disambiguates values from variables.

Anyhow, memory locations in the LLVM IR have the same expressiveness as a non-SSA program and,
as a result, this is what a frontend will use.

Putting things together, a frontend, such as Clang, generates programs in the LLVM IR that rely heavily
on memory and will let the backend optimize memory accesses.

Using the same code snippet as the previous section, a frontend generates an IR that resembles what
is depicted in Figure 4.2. Notice all the alloca instructions that create some space on the stack of the
function and the load and store instructions to read and write the values. (You will learn how to read
the LLVM IR in Chapter 7.)
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Then, the backend will optimize away the memory accesses to construct the SSA form depicted back
in Figure4.1:

define void @foo(i32 noundef %arg, i32 noundef %argl) {
bb1l:
%i = alloca i32, align 4
%i2 = alloca i32, align 4
%i3 = alloca i32, align 4
store 132 %arg, ptr %i, align 4
store 132 %argl, ptr %i2, align 4
%i4 = load i32, ptr %i, align 4
%i5 = load 132, ptr %i2, align 4
%16 = add nsw 132 %i4, %i5
store 132 %i6, ptr %i3, align 4
%i7 = load i32, ptr %i3, align 4
%i8 = icmp eq i32 %i7, 255
br i1 %i8, label %bb2, label %bb3
bb2:
%110 = load i32, ptr %i3, align 4
call void @bar(i32 noundef %il@)
%ill = call i32 @baz()
store 132 %ill, ptr %i3, align 4
br label %bb3
bb3:
%i13 = load i32, ptr %i3, align 4
call void @bar(i32 noundef %il3)

ret void

}

The optimization in the LLVM IR responsible for promoting memory locations to SSA values is called
mem2reg. This optimization lives in the TransformsUtils library and can be called through the creat
ePromoteMemoryToRegisterPass API (more details on how to use that in Chapter 5). You can also use
the underlying logic of this optimization by directly calling the PromoteMemToReg API. You will see
that this API takes three arguments: the list of alloca instructions that define the memory locations
you want to promote to register, the dominator tree, and the assumption cache. The assumption cache
can be obtained directly through the Function class, but the dominator tree needs to be constructed.

Before looking at the dominator tree, the subject of our next section, know that mem2reg is useful
when you want to go from a non-SSA form to an SSA form. However, this is a heavy hammer when
it comes to updating a program already in an SSA form. For these cases, depending on the kind of
transformations you do, you should either maintain the SSA form yourself or use the SSAUpdater
helper class, which also lives in the TransformsUtils library.
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Regarding the Machine IR, there is no equivalent of mem2reg at this level. Generally, the Machine IR is
built directly from an LLVM IR representation in SSA form, so it inherits its SSA properties by default.
Also, note that the Machine IR level can deal with both SSA and non-SSA forms, so the requirements
around being in SSA form are looser. The Machine IR also provides a MachineSSAUpdate helper class
in the CodeGen library.

Finally, it is possible to also have some SSA properties on memory locations. To get this, you will need
to leverage the MemorySSA analysis from the Analysis library. Beware that memory locations are
trickier to work with, and while the MemorySSA analysis alleviates a lot of the pain, you must remember
that it must be correct with respect to aliasing rules. Hence, the result may not be as smooth as one
could initially expect.

Let us go back to the dominator tree by introducing an important property around SSA values: the
concept of dominance.

Dominance

The concept of dominance in a control-flow graph (CFG )is a property that arises from the layout of
the nodes. Let us imagine two nodes d and n in a CFG; d dominates n if all the paths from the entry
point to n must go through d. Figure 4.2 summarizes this concept, where the wiggling arrows represent
all the possible execution paths that lead to a particular node in the CFG:

entry

°n
Figure 4.2: d dominates n

This concept is interesting in the compiler world because values follow this property: to be able to use
a value, you need to define it first. Therefore, a definition must dominate its uses.

Note

It is possible to write programs where the use of a variable happens before the variable’s

V4 definition. While such programs are broken in their own way, a compiler still needs to

\E/‘ accurately represent them. This type of program is well-supported and well-defined with

the concept of value and dominance. We simply produce undefined or, more precisely,

poisoned values on the related execution paths. We will explain the difference between
undefined and poisoned values in Chapter 7.



Chapter 4 89

Here are a couple more notions that are used within LLVM and in compilers in general:

+  dstrictly dominates n if d dominates n and d is not n.

. The immediate dominator, or idom, of a node n is the node that dominates n but does not
dominate any of the other nodes that dominate n. To put it simply, idom(n) is the last/closet
node that dominates n.

You now have enough background to understand the concept of the dominator tree that we briefly
mentioned in the previous section.

A dominator tree is a tree rooted in the entry block of the CFG, where the children of a node are the
nodes that are immediately dominated by their parent.

For example, consider the CFG from the previous snippet, as shown on the left-hand side of Figure 4.3:

BB1
\ BBI
BB2 /' \
Yy | BB2 BB3
BB3

Figure 4.3: A CFG on the left and its dominator tree on the right

The resulting dominator tree, on the right-hand side of the diagram, has as many nodes as the original
CFG, but notice how the edges are different. More specifically, notice how BB2 has no edge connecting
it to BB3. If this does not directly make sense to you, try to think of this representation in terms of
values. Where can you define a value used in BB3 such that this value will be defined on all paths that
lead to BB3? Defining such a value in BB2 will not be valid because if the program goes from BB1 to
BB3, this value will not be defined. Also, remember that a value is not a variable; you can only define
it once (statically). In other words, you cannot insert two definitions (one in BB1 and one in BB2) of the
same value; otherwise, this is not a value anymore. Indeed, by definition, a value holds only one value!

As you probably already realize, immediate dominators and, by extension, dominator trees are
especially useful when doing compiler optimizations, such as code motion, that require some rewrite
of the values. By using the dominator tree, you can quickly find the insertion point in your CFG, hence
your program, where materializing the definition of a new value will properly reach all its uses.

Another important notion related to dominance is post-dominance.

Post-dominance depicts the same concept as dominance but with the exit node. A node p post-
dominates a node n if all the paths from n to the exit node must go through p. The same notion of
idom applies to post-dominators and is called immediate post-dominator (ipdom).
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Using the same notation as Figure 4.2, Figure 4.4 depicts the post-dominator relationship between p
and n:

e exit

Figure 4.4: p post-dominates n

Note

\G/‘ Remember that, as already mentioned, for CFGs with more than one exit node, you can
always create a fake unique exit node.

This notion of post-dominance can be handy, for instance, when you want to optimize the release of
resources, as with some managed memory. However, beware that dominance and post-dominance
properties can be a little surprising when applied to basic blocks in loops.

Consider the following snippet where some resources are used within a loop, and you want to correctly
place allocation and deallocation points:

while (1) {
if (catchExit())

return;

}

Naively, you could think that it would be enough to allocate the resources you need in a basic block that
dominates the uses of the resources and deallocate them in a basic block that post-dominates them.

While this is true for a CFG without loops, these constraints are not sufficient when loops are involved.
Consider the incorrect placement as shown next:

while (1) {

if (catchExit())

return;
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The problem is while the deallocation post-dominates the code that uses the resources (after using
the resources, the program must go through deallocate before it can reach the return behind the
catchExit condition), the deallocation also dominates the use of the resources, so when reaching the
use of the resources, they would be already unavailable.

The takeaway from this example is to be careful with loops!

Def-use and use-def chains

Def-use and use-def chains are a natural consequence of the concept of value. The concept of a def-
use chain is a fancy way to say that by knowing the definition of a value, you can find all its uses, and
vice versa for the use-def chain.

What this means concretely is you will find APIs in LLVM that given a value, enable you to do the
following:

1. Access all its uses

2. Access its unique definition

For instance, imagine that your program is written such that all variables are values. By knowing the
name of your variable, you can easily find its definition and all its uses by scanning the text of your
program. Of course, the LLVM infrastructure uses a much more efficient way to build and maintain
this information, but you get the idea.

Def-use and use-def chains in the LLVM IR

At the LLVM IR level, def-use and use-def chains are maintained automatically. In other words, you
do not have to worry about updating any sort of data structure on the side for this information to
remain correct.

Almost all the classes that make the IR derive from the Value class from the IR library. This class
represents the value itself - for instance, the actual instruction that defines this value. As such, when
you have a handle on a value, you already know the definition. For instance, if you obtain an instance
of the Function class (for example, through Module: :getFunction(StringRef Name)), the pointer
that you get represents conceptually the definition of the related function.

Using the handle you have of a value, you can use the family of Value: :useXXX() methods (where
XXX means that several endings are possible; for example, uses, use_begin, use_end, and so on) to
get iterators on the use list of that value.

These iterators return instances of the Use class. You can use Use: : get () or Use: :operator*() to access
the instance representing the value being used and Use: : getUser () to access the user of the value. The
Use: :getOperandNo() iterator also gives the index at which the value is used in this user. The returned
user is of the User class, which is also a subclass of Value, and that notably exposes methods to get
and set operands, respectively User: : getOperand(unsigned i) and User: :setOperand(unsigned i,
Value *val).In other words, a User object is a kind of Value object that uses Value objects as inputs.
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To put everything together, given an object of the Use class, MyUse, MyUse.get() is equal to MyUse.
getUser()->getOperand(MyUse.getOperandNo()).

It is possible to use a different set of iterators if you want to traverse only the users of a value and not
its uses. For this, use the methods of the form Value: : userXxX().

The difference between a use and a user can be puzzling at first, so let us spend some time refining
your understanding.

Essentially, the Use class represents the link between an instance of the Value class and its users,
themselves represented with the User class. Figure 4.5 illustrates the relationship and differences
between a Value object, its Use objects, and its User objects:

Yy OF fool()
getopenand(0) => getOperand(0) | ,’l use
getopenand(n) => getOperand(1) ', ' 2\

N { ~~_user
) b=a+a Y

Figure 4.5: The difference between the Use and User classes

The value a is the returned value of the foo function and is represented with one of the derived classes
of Value (CallInstin this case). The value a has two uses - 1) b at operand 0 and 2) b at operand 1 - but
only one user: b.

Note

As you saw with Module: : getFunction and the input argument, not all instances of the
Value class are represented with an instruction. While this is obvious in this case, it is

\G/\/ easy to end up with non-instruction values while walking through the use-def chain of the
operand of an instruction. Similarly surprising at first, depending on the kind of value you
are looking at, it is possible to jump around different functions when traversing the list
of uses/users. Be careful about that in the algorithm you write, or you may inadvertently
impact code in a different scope than intended.

Table 4.1 gives an example of code where the code snippet on the right would jump from the scope of
bar to the scope of foo, simply by following the use-def chain starting at bar_res:
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Input IR A program using LLVM APIs
extern char *global; Value *Global = BarRes.
char **other_global = &global; getOperand(0);
for (User *UserOfGlobal : Global-

char foo() { >users()) {

char foo_res = global[0]; auto *UserInstr = dyn_

return foo_res; cast<Instruction>
} (User0fGlobal);
char bar() { if (!UserInstr) {

errs() << "Found a non-
instruction use of global:
*UserOfGlobal

<< '\n';

char bar_res = global[@o];

<<
return bar_res;

continue;

¥

Function *UserFunc = UserInstr-
>getParent()->getParent();

if (UserFunc != BarFunc)

errs() << "Went from bar to
<< UserFunc->getName() << '\n';

}

Table 4.1: Code sequence showing an implicit change of function scope

Let us detail what happens in Table 4.1:

1.

The code starts from the definition of bar_res (we omitted the code to get this value for
conciseness, but a full example can be found at ch4/ implicit_func_scope_change).

We get the definition of global: Value *Global = BarRes.getOperand(0).
We walk the users of global: for (User *UserOfGlobal: Global->users()).

We try to dynamically cast this user to an instruction: auto *UserInstr = dyn_cast<Instru
ction>(User0OfGlobal).

For other_global, this cast returns nullptr, and we print the first error, Found a non-
instruction.., which illustrates that not all users are instructions.

For bar_res and foo_res, the cast succeeds, and we look for the parent of the parent of this
definition (hence, we get the basic block first (->getParent()), and from there, the function
second (->getParent()).

Finally, we check if that function is the same as bar, and for foo_res's function, this prints the
second error, Went from bar to.., which illustrates that while walking def-use and use-def
chains, it is possible to go from an instruction in a function to an instruction in another function.
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Warning

Depending on how this example runs, you may notice that the order of the error messages
V4 may change. This is expected and is the last takeaway from this section: the lists of uses
\G/‘ and users do not follow any specific order. Make sure your code is resilient with respect
to order; for instance, even if all the users are within the same basic block, it is incorrect
to expect that these users will be handed to you in the topological order (top to bottom)

of this block.

To summarize, you can walk the def-use chain using the Value: :useXXX and Value: :userXXX family
of methods. You can walk the use-def chain by using the User: : getOperand method.

Note

y 4 To get used to navigating LLVM APIs, we encourage you to locate the Value class in the
\@/ Doxygen documentation. When you access the page for the Value class, you will see the
inheritance diagram of this class at the very top of the page. The link to this page for the

open source repository is https://11vm.org/doxygen/classllvm_1_1Value.html.

Def-use and use-def chains in the Machine IR

The Machine IR also automatically maintains information around def-use and use-def chains.
This information is maintained in a side data structure represented by the MachineRegisterInfo
class from the CodeGen library. Each MachineFunction instance has its own MachineRegisterInfo
instance that you can access through the MachineFunction::getRegInfo() API. Any modification
to a MachineFunction instance’s content (through MachineInstr or MachineOperand, for instance)
automatically updates MachineRegisterInfo.

Zooming in on the MachineRegisterInfo class, its APIis not strictly about the def-use or use-def chain.
It instead covers a grouping and mapping of definitions and uses of an entity that may contain a value.
This entity is called a register and is represented by the Register class, also from the CodeGen library.

We will go into more details of what a register is in Chapter 11. For now, assume that a register is like a
variable in your favorite programming language. Variables can be values if they are uniquely defined,
but not all variables are values.

Back to the MachineRegisterInfo class - its API does the following:

1. Operates on registers

2. Gives you a def-use/use-def chain when the input register is uniquely defined
These two properties raise a few questions:

1. Register: How do you get such an instance from the Machine IR?
2. Unique definition: How do you find out that a register is uniquely defined?

3. Non-unique definition: What do you get in this case?


https://llvm.org/doxygen/classllvm_1_1Value.html
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Getting a register requires unboxing an instance of the MachineOperand class. You have already
learned how to get a MachineOperand instance through a MachineInstr instance (reminder: use
MachineInstr::getOperand). Now, to get to a register, you have to do the following:

1. Checkthat this operand is a register using MachineOperand: :isReg().
2. Unbox the MachineOperand instance to get the register, using MachineOperand.getReg().

3. (optional) Check whether this operand is a definition (MachineOperand: : isDef()).
Do not worry about the other kinds of MachineOperand instances; you will discover them in Chapter 11.

Using the previously obtained register, you can use MachineInstr *MachineRegisterInfo::getUni
queVRegDef (Register Reg) to try to obtain the unique definition of this register.

If the returned MachineInstr instance is not nullptr, then you can do one of the following:

. If Reg was a use (MachineOperand: :isDef() == false), then you just obtained its definition,
so you effectively followed its use-def chain.

. If Reg was a def, you can use MachineRegisterInfo::use_operands(Register Reg) for a
range iterator on all MachineOperand instances that use Reg, or MachineRegisterInfo: :use_
instructions(Register Reg) for a range iterator on all MachineInstr instances that use Reg
(you should recognize the distinction between the Use and User classes, which we explained
in the Def-use and use-def chains in the LLVM IR section).

If the returned MachineInstr instance is nullptr, then you are not dealing with a value, and
MachineRegisterInfo: :use_operands and MachineRegisterInfo: :use_instructions will give you
range iterators over the list of all the uses/users of this variable. In other words, you do not have an
easy way to link a use to its definition(s). Depending on what you are after at this point, you will need
to either reconstruct the SSA form, perform a reachability algorithm, or use a different data structure
called LiveInterval, which we will present in Chapter 16. Before doing any of that, check that you are
not dealing with a physical register (Register::isPhysical()) since these can never be put in SSA
form. We will cover them properly in Chapter 11.

Note

\Q/ If you feel you must reconstruct SSA, step back and check if whatever you want to do can
be done earlier in your pipeline, where SSA is still maintained.

To summarize, MachineRegisterInfo does not care whether your registers are values or not. This is
your responsibility to interpret what it returns to you. Also, you will notice that this class offers a lot
more methods to iterate through various flavors of instructions, operands, and so on. You will learn
about their use later in Chapter 11.

This concludes our section on the concept of value. You saw how it simplifies some compiler
optimizations and analyses and how it is implemented in the middle-end and backend through the SSA
form. In the process, you have learned important concepts used throughout LLVM, such as dominance
and def-use/use-def chains.
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At this point, you have enough background to start experimenting with the different IR levels. Our
next section will teach you the concepts and the related helper structures you can use when writing
optimizations.

Tackling optimizations
Alot of the work of a backend compiler engineer is about improving the performance of the generated
code - in other words, write optimizations.

Although you could write any optimization you want from scratch, the LLVM infrastructure provides
many APIs to help you in this endeavor.

This section has two goals:

1. Teach you some of the basics of compiler optimizations

2. Show you how to leverage LLVM to do the heavy lifting

Let us start with our first concept: legality!

Legality
The concept of legality is prevalent in every aspect of the work of a compiler engineer. The question

you should ask yourself when coming up with new optimization is: Is this legal? In other words, does
this optimization preserve the semantics of the program?

If the answer is yes, great — you only have to worry about the profitability aspect described in the next
section!

If the answer is no, think about what you need to prove to be able to apply your optimization and
whether this proof can be done at compile time or if it requires some information at runtime.

For instance, let us say you want to write an optimization that turns a sequence of half-precision
floating-point additions into a smaller sequence of additions by combining constant terms together;
for example, 3.0 + a + 3.0 becomesa + 6.0.

Pause for a second and think about it.
The problem here is that although the math looks sound, you may be hitting rounding errors.

Using alive, a tool that checks if your transformation is likely correct based on an input source LLVM
IR and a target LLVM IR, you can easily find a counter-example. See https://alive2.1lvm.org/ce/z/
eBV7vs.

Therefore, such optimization is not generally legal.

Several APIs can help you decide whether something is legal. However, depending on what you are
trying to achieve, the information you seek may not be directly accessible. Here, we list a few of these
APIs to give you an idea of the information you can leverage when checking for legality.


https://alive2.llvm.org/ce/z/eBV7vs
https://alive2.llvm.org/ce/z/eBV7vs
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Integer overflow/underflow

The No Unsigned Wrap (NUW) and No Signed Wrap (NSW) flags allow us to determine the behavior
of an instruction when integer overflow/underflow (when you go out of the range of the representable
integer) occurs. When this flag is present, this means the related instruction will have an undefined
behavior (UB) (meaning the program may not function properly at this point) on unsigned or signed
overflow/underflow, respectively. While this may sound scary, this is the bread and butter of compiler
optimizations. If a value goes into UB territory, then your optimization is correct as long as it is
valid while the value is in the defined behavior range. In other words, if your optimization behaves
improperly only when the value would have been undefined, this is okay since anything can happen
when you are in the undefined range.

When the NSW flag is absent, the semantic of integer overflow/underflow is well defined. The related
integer instruction wraps around its result following a 2" modulo. For the exact details, check out the
related section in the language reference: https://11lvm.org/docs/LangRef.html#id89.

Let us take an example to make this more concrete.

Consider the optimization that tries to replace x * 2 == 2 with x == 1; thatis, you divide both sides
of the comparison by two.

This optimization is only legal when x * 2 has the NSW flag. Indeed, let us assume it does not have
this flag; this means that when x is greater than INT_MAX / 2, x * 2 will wrap around the maximum
representable number. Using this property, we can choose a value of x such that ((x * 2) % 2732)
== 2but(x % 27~32) != 1;forinstance, x = 0x80000001 (thatis, 2731 + 1).

Now, assuming that the NSW flag is set, the optimization becomes valid because the troublesome values
would be in the undefined range since this flag tells us that x * 2is not supposed to require wrapping
to be computed correctly. For your information, here are the alive proofs with NSW (https://alive2.
11lvm.org/ce/z/WP8rwF) and without NSW (https://alive2.1lvm.org/ce/z/DdwIpB).

In terms of API, you can query the presence or absence of these flags:

« At the LLVM IR level: bool Instruction::hasNoUnsignedWrap() and bool
Instruction::hasNoSignedWrap()

+  Atthe Machine IR level: bool MachineInstr::getFlag(MIFlag Flag) with the MIFlag: :NoUWrap
and MIFlag: :NoSWrap values

Fast-math flags

Fast-math flags (FMF) describe the assumption you can make on specific instructions. For instance,
having the ninf flag on an instruction means that this instruction will not have to deal with infinity
values. If an infinity value is fed to this instruction at runtime, then the behavior is undefined. A full
list of FMF is available at https://1lvm.org/docs/LangRef.html#fast-math-flags.


https://llvm.org/docs/LangRef.html#id89.
https://alive2.llvm.org/ce/z/WP8rwF
https://alive2.llvm.org/ce/z/WP8rwF
https://alive2.llvm.org/ce/z/DdwJpB
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These flags can be queried as follows:

+  AttheLLVMIRIlevel: Thereisa method for each flag; for example, bool Instruction: :hasNoInfs().
+ At the Machine IR level: bool MachineInstr::getFlag(MIFlag Flag) with the appropriate
MIFlag: :FmXXX enumerator.

Going back to our example, 3.0 + a + 3.0 becomesa + 6.0. The transformation would be valid if
the related instructions had the reassoc flag, which allows doing reassociation on math expressions,
irrespective of the impact this may have on the precision of the result.

Side effects

Side effects are things that happen indirectly when executing something. For instance, consider the
following sequence of C statements:

vall = A[@];
B[1] = val2;
val3 = A[0];

In this sequence, is it legal to replace val3 directly with val1?

The answer depends on which memory location B[1] points to. If the address of B[1] is equal to
or overlaps with A[@] (in other words, if B[1] and A[0] alias), then this is not legal. Writing to B[1]
produces a memory side effect, and you have to determine which memory locations are affected to
be able to safely perform the vall/val3 replacement.

Side effects are either known - that is, pin to a specific resource such as memory, flag register (for
example, for comparison, add-carry, and so on) - or unknown. When a side effect is unknown, that
means that it is not explicitly represented or deductible with the IR alone. In this case, we say that the
side effect is unmodeled. When dealing with unmodeled side effects, tread conservatively.

For known side effects, you can leverage the following APIs:

+  Atthe LLVM IR level: You can directly check if the instruction deals with memory location by
checking the opcode of the related instruction (load, store, atomic, and so on), use bool Ins
truction: :mayWriteToMemory (), and so on methods, or use bool Instruction::mayHaveSi
deEffects() methods.

. At the Machine IR level: bool MachineInstr::mayLoad(), bool MachineInstr::mayStore(),
bool MachineInstr::mayRaiseFPException(), and so on.

On the other hand, unmodeled side effects are flagged with the following APIs:

. At the LLVM IR level: bool Instruction::mayHaveSideEffects()
+  Atthe Machine IR level: bool MachineInstr::hasUnmodeledSideEffects()

To disambiguate memory side effects, you can use the alias analysis and/or the MemorySSA analysis
available in the Analysis library. Although these analyses are only available at the LLVM IR level, it
is possible to query them at the Machine IR level through MachineMemoryOperand. We will go into
more detail in Chapter 11.
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Note

The body of a function can contain any kinds of instructions. This means calls to arbitrary
functions must be conservatively modeled as having side effects. To avoid unnecessarily
constraining optimizations, known functions, such as functions from the standard libraries,
are tagged, when appropriate, with specific attributes that you can query to decide whether

\Q/\/ something is legal or not. For instance, the Function class exposes a getMemoryEffects()
method that describes the memory effects (represented with the MemoryEffects class)
of the related function. Using the returned object, you can check the type of accesses that
may be made. For instance, bool MemoryEffects::doesNotAccessMemory() tells you
whether the memory is accessed at all. When a function has no side effect, and different
calls to this function with the same inputs yield the same outputs, we say that the function
is pure.

This was a quick survey of the kind of API you can leverage to do your legality checks when modifying
a program. This is not exhaustive, and, for instance, we did not mention things that you must always
guarantee, such as the dominance property of a definition over its uses.

At this point, we assume you determined that your optimization is valid, but is it worth it? Put differently,
will your transformation improve the quality/performance of the generated code?

The next section tackles exactly these questions by introducing the concept of profitability.

Profitability

The next big thing that you need to answer is whether your transformation is profitable.

In other words, legality is about whether you can do your transformation, but profitability is about
whether you should.

Unfortunately, there is no silver bullet to decide whether something is profitable. Answering the
profitability question depends on what you are trying to achieve. What is profitable in one case may
be the opposite of what you would like to do in another case.

For instance, consider the inlining optimization. This optimization replaces calls to functions with the
content of their body. By inlining the code of a function into its caller (the function that calls it), you
remove the overhead of executing the call, you expose more optimization opportunities by breaking
the boundaries of the call, and so on. If you are optimizing for performance, you should always inline
a callee in its caller; easy, right?

This is not that simple; inlining may increase the code size of your final executable and thrash your
instruction cache. Similarly, later optimizations may be pushed in corner cases, and you may end up
oversubscribing the physical registers. In both cases, this is averse to our original performance goal
since this may slow down the runtime of the final executable code compared to a non-inlined version
of the executable code.
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Let us consider another scenario. We listed the negative effects of inlining, and they were all around
code size. Therefore, if we were to optimize for minimum code size (identified with the minsize function
attribute and queried with bool Function::hasMinSize()), meaning we want to produce the smallest
executable code possible, we would not use inlining. This time, that was easy, right?

This is not generally the best option either. Sometimes inlining produces smaller executable code
because you can specialize the body of the callee to the context of the caller and, similarly, the body
of the caller may become smaller because of the additional context from the body of the callee, as
illustrated in Table 4.2:

Original code After inlining After further optimizations
int bar(int a) { int bar(int a) { int bar(int a) {
if (a == 1) if (a == 1) if (a == 1)
return 0; return 0; return 0;
return 1;

return 1; } return 1;
} int foo() { ¥
int foo() { if (1 ==1) { int foo() {
int barRes = barRes = 0; return 9;
bar(1); } else { }
if (barRes) {
barRes = 1;
return 1; }
} if (barRes) {
return 0;
}
return 1;
}
return 0;
}

Table 4.2: Inlining enables other optimizations
As shown in the rightmost column of Table 4.2, inlining can shrink the code size.

The point of this example was to show you that profitability is hard to predict. This is especially true
for a modern compiler that emphasizes modularity over monolithic design. This is not a criticism of
modern compiler design, only a reflection on the implications.
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Going back to the example in Table 4.2, if you stop the compiler right after inlining (middle column),
then it would be the right thing to disable inlining to optimize for minimal code size. Indeed, at this
point, the code takes more space. However, if you run a later dead code elimination pass, the code
shrinks. Therefore, to accurately model the profitability of one transformation, this transformation
would need to know exactly which transformations are still to be run and what they do. Obviously,
this is not practical.

Instead, each transformation must rely on a proxy to make its decisions. We call such a proxy a cost
model.

A cost model defines an objective function that a transformation needs to maximize or minimize
depending on the goal to achieve. To get to the best/sufficiently good solution, various techniques
can be used (for example, dynamic programming, integer linear programming, heuristics, and so on),
and this part is totally in your hands. The method to use depends on the problem, your compile-time
budget, and so on. In other words, you will need to do your own research and experimentation and
talk to the community and people in general!

That said, the LLVM infrastructure offers a few APIs that you can use to build your own cost model.

Let us describe a few of them.

Instruction lowering — TargetTransformiInfo and TargetLowering

The TargetTransformInfo class from the Analysis library abstracts at the LLVM IR level what the
codegen passes (the transformations that work on the code generation part of the compiler) do. The
TargetTransformInfo instances are often held in variables named TTI.

It is used by the LLVM IR passes to get an estimate of the cost of LLVM IR instructions. The cost is
represented by the InstructionCost class, which is part of the Support library. This class encapsulates
the standard operations you need to handle costs (+, -, comparisons, and so on.) and exposes an
InstructionCost::isValid() method to checkif the related constructis even valid. The actual value
of the cost depends on the target implementation, and in general, you should avoid unboxing it. In
other words, you should manipulate the InstructionCost class through the dedicated APIs instead of
using the actual values underneath them because how to interpret these values is target-specific. At
the end of the day, if you are writing your own backend, you will have to populate these costs yourself,
so how you handle them is up to you. Generally speaking, however, users of these APIs will not look
past the InstructionCost abstraction.

The main API is InstructionCost TragetTransformInfo::getInstructionCost(const User *U,
TargetCostKind CostKind).

The CostModelPrinterPass class from the Analysis library can be used to print the estimated cost
for each instruction in a function. Assuming you have an LLVM IR representation handy, you can see
it in action with the following command line:

$ ${LLVM_BUILD DIR}/bin/opt -passes="print<cost-model>" -cost-kind=${COST_KIND}

input.11
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Here, ${COST_KIND} can be throughput, latency, code size, or size.

The printed costs change based on which target is defined in the triple field. You will get more
information on the triple field in Chapter 7.

This information is used throughout the LLVM IR passes to build their cost model. For instance, the
inliner, loop vectorizer, loop unroller, and straightline program (SLP) vectorizer build their cost model
on top of this information.

The TargetLowering class fills a similar goal to TargetTransformInfo but is used by lower-level
APIs. In other words, TargetTranformInfo is aimed at generic LLVM IR transformations, whereas
the TargetLowering API is used by target-specific transformations, typically toward the end of the
middle-end. This is reflected in the location of this API: it lives in the CodeGen library. This class is
often named TLI in the LLVM code base but must not be confused with the TargetLibraryInfo class,
which is our next topic.

Library support — TargetLibrarylnfo

The TargetLibraryInfo class from the Analysis library provides information about which library
functions are supported for the current target and whether specific optimized versions of a library
call are available. Instances of this class are often named TLI, which is the same as TargetLowering,
so beware of the context!

For instance, you can use this API to check, using TargetLoweringInfo:: isFunctionVectorizable
(StringRef F, const ElementCount &VF), if a particular function F ((for instance the cosf function
from the mathematic library (libm))) has a variant that supports a specific vector size VF, meaning
that it can process a given number of elements in parallel.

Datatype properties — DatalLayout

The DataLayout class from the IR library provides an API to query how different datatypes are aligned,
how much space they take in memory, and so on and so forth.

The information provided here has all sorts of implications; for instance, if you want to read from
memory the content of a big structure in one go, you may want to check that the size of the structure
fits your largest possible load (TypeSize Datalayout::getTypeSizeInBits(Type *Ty)).

That said, most of the time, you may want to query directly the TargetTransformInfo API, which itself
depends on an instance of the DatalLayout class to provide you with an InstructionCost instance.

Instances of the DatalLayout class generally appear with a variable named DL.

Register pressure

The idea behind register pressure is to keep track of all resources that may reside in the register and
make sure that this number does not exceed the number of physical registers.

For instance, if you move some instructions around in your transformation, the related values will
ultimately need to be available in some hardware storage. If by doing your transformation, you
oversubscribe the registers, you will need to back up the additional values with memory, which is
slower to access than registers.
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Most of the LLVM IR passes do not care about how many physical registers are going to be used to
lower the current IR. The assumption is the backend passes will do the right thing.

As such, the concept of register pressure is not available at the LLVM IR level. It is relatively easy,
though, to estimate it by keeping track of which values are going to be used at any program point by
following the dominator tree (remember the reverse post-order (RPO) traversal!) and leveraging the
Datalayout to know how much space is required for each value.

Atthe Machine IR level, the CodeGen library features a RegPressureTracker class to help you keep track
of this information. This works through what we call register pressure sets, which can be obtained either
through the MachineRegisterInfo or TargetRegisterInfo APIs, depending on what you are doing.

We will go into more detail about the register pressure sets and register pressure trackers in Chapter 11.

Basic block frequency

To help guide decisions, it may be important to know how often different parts of the CFG are executed
compared to others. The BlockFrequencyInfo and MachineBlockFrequencyInfo classes fill that gap.
These APIs are respectively available in the Analysis library for the LLVM IR passes and the CodeGen
library for the Machine IR passes.

The usage of these APIs is straightforward: you run the related pass, either BlockFrequencyAnalysis or
MachineBlockFrequencyInfo (more on how to do that in the next chapter), then you use the resulting
BlockFrequencyInfo instance or directly the MachineBlockFrequencyInfo instance to access the
frequency of your blocks:

+  Atthe LLVM IR level: BlockFrequency BlockFrequencyInfo::getBlockFreq(const BasicBlock
*BB)

. At the Machine IR level: BlockFrequency MachineBlockFrequencyInfo::getBlockFreq(con
st MachineBasicBlock *MBB)

By default, the block frequencies are heuristically computed. For instance, a block before an if-then-
else statement would have a frequency of 1, the then and else blocks a frequency of 0.5, and the
block after the if-then-else-statement would have a frequency of 1.

The frequencies can also use profile-guided information if it is provided. Profile-guided information
means that you compile your program once with some instrumentations enabled. This instrumentation
collects the frequencies of the basic blocks of your program while you run it on representative examples.
This information can then be fed back to the compiler to improve the accuracy of the cost models/
heuristics. We will not cover how to enable this in this book, but you can search for profile-guided
optimization (PGO) on the internet to get some insights into how to do that.

You can see the BlockFrequencyInfo class on the LLVM IR by using the following command:

$ ${LLVM _BUILD DIR}/bin/opt -passes='print<block-freq>' input.ll

It is also possible to print this information at the Machine IR level, but the command is not as trivial,
so we will cover it later in this book.
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More precise instruction properties — scheduling model and
instruction description

During the lowering, the closer you get to the final executable code, the more information about the
target you can leverage in your transformations.

At the Machine IR level and below, you have access to the instruction’s description. This information
is represented with the MCInstrDesc struct from the MC library, and it gives you access to a lot of low-
level details about each instruction. For instance, using this struct, you can tell what kind of instruction
you are dealing with (MCInstrDesc::isCall(), MCInstrDesc::isBranch(), and so on), its code size
(MCInstrDesc::getSize()), and its scheduling class identifier (M\CInstrDesc: :getSchedClass()); that
is, the identifier that allows getting to the scheduling class that describes how the instruction behaves
with respect to the scheduling model.

You can access MCInstrDesc information directly from a MachineInstr instance using
MachineInstr::getDesc() or by querying the TargetInstrInfo instance of a MachineFunction
instance (MachineFunction::getInstrInfo(), then MCInstrInfo::get(unsigned Opcode)).

Going back to the scheduling model of the target, it is represented with the MCSchedModel struct and
gives you for each scheduling class some information about the latency of the instructions in that
class, their throughput, and so on. To access the scheduling model, you can, for instance, start with
aMachineFunction instance, get the TargetSubtargetInfo information (MachineFunction::getSub
target(); thatis, the actual microarchitecture being targeted), and then the scheduling model from
the sub-target (MCSubtargetInfo::getSchedModel()).

Then, using the MCInstrDesc instance of the instructions you are interested in, you can get the identifier
of the related scheduling class and use it to query the model and get the underlying MCSchedClassDesc
instance that holds the necessary information: MCSchedModel: : getSchedClassDesc(MyInstrDesc.
getSchedClass()).

We will go into more detail about scheduling models in Chapter 15.

Now that you have a sense of what you can leverage to do your own profitability checks, let us conclude
this section around optimization with some terms that are used a lot in the optimization space.

Transformation jargon

This section goes over a few terms commonly used when describing optimizations and that you will
see in the LLVM code base or compiler literature.

Instcombine

You will see that people use the term instcombine a lot. Instcombine refers to a certain class of
optimization that essentially takes a pattern formed by some instructions and rewrites them in either
a more efficient form or a canonical pattern. For instance, takinga = b * 2 and rewriting it into
a = b << lisasortof instcombine.
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In LLVM, instcombine is also the name given to an optimization that does exactly this kind of
transformation and has a strong focus on canonicalization. We will go into more detail about this in
Chapter 8.

More generally, optimizations that perform instcombine-like transformations are called peephole
optimizations.

Fixed point

Some transformation aims at reaching a fixed point. What this means is the transformation is applied
repeatedly until nothing changes, hence it reaches a fixed point. Fixed-point optimizations (FPOs)
are rarely used in practice in LLVM because if for one reason or another your changes oscillate (that
is, do not have a proper fixed point), the compiler would never stop. Therefore, it is common to put
a maximum number of iterations while trying to reach a fixed point. Unless reaching a fixed point is
required for correctness, this is a sensible thing to do in your optimization.

Liveness

A value is said to be alive at a given program point when its definition reaches this point, and use of
that value is still reachable from this point. To put it simply, liveness is about whether a value needs
to be kept around for future use.

This is an important concept because it affects the register pressure, but also things such as dead
code elimination, and so on.

Hoisting
The term hoisting refers to a transformation that moves something up in the CFG. For instance, if you
pull up an invariant outside of a loop, you are hoisting this invariant outside of the loop.

Sinking
The term sinking refers to the opposite transformation of hoisting. In other words, sinking is about

pushing entities down the CFG. For instance, if you move the definition of a value before an if block
into its then block, you are sinking the definition.

Folding

Folding is a transformation that consists of taking several entities and producing a smaller number
of entities. Folding can be seen as a special kind of instcombine. Indeed, not all instcombines reduce
the number of instructions.

You are now armed with a better understanding of which LLVM APIs you can leverage to implement
your own transformations. Next, we will do a quick refresher on loops and how to leverage the LLVM
infrastructure to handle them.
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Loops

Loops are important structures to identify in the CFGs in order to generate efficient code. Indeed,
most programs spend most of their time in loops, which means that the code generated in loops is
especially critical to get right for performance.

We are sure you are already familiar with the concepts of loop, loop nest, inner loop, outer loop, and
the like. However, it is less likely that you are familiar with some terminologies used in compilers
and, especially, LLVM.

This section focuses on concepts that are likely new to you and, hence, does not reintroduce all of
them. You can find a complete refresher on loops at https://11lvm.org/docs/LoopTerminology.html.

Terminology

Let us first start with a diagram representing the different elements of a canonical loop in LLVM,
Figure 4.6, and we will define these terms one by one:

preheader
Loop l
' header |
| | backedge g !
: excluding :
E latch E

Figure 4.6: A canonical loop in LLYM

Preheader

The preheader of a loop is a basic block that is not part of the loop but that dominates the loop. This
is typically the basic block where you would put the initialization of your induction variables (the
variables that are increased/decreased at each iteration of the loop).
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Header

This is the first basic block within the loop. It dominates all the basic blocks within the loop.

Exiting block

The exiting block is a basic block within the loop that has successor blocks outside the loop.

Latch

The latch is a basic block within the loop that carries a backedge to the header.

Exit block

An exit block is a basic block outside of the loop that is a successor of an exiting block.

These different blocks make what a canonical loop in LLVM is. Blocks with these roles also always
existin a non-canonical loop but one block may assume different roles; for example, the exiting block
may also be the header block.

Where to get loop information

LLVM offers loop-related information through the derived classes of the LoopBase class. The LoopBase
class lives in the Support library. Its LLVM IR specialization, the Loop class, lives in the Analysis library.
The Machine IR specialization, the MachineLoop class, lives in the CodeGen library.

The API offered by the LoopBase class and its derived classes is a straightforward application
of the terminology that you now know. Indeed, you will find methods to find the preheader
(LoopBase: :getLoopPreheader()), the loop header (LoopBase: : getHeader()), and so on.

To get this information populated, you need to use the LoopInfo and MachineLoopInfo passes
respectively for the LLVM IR level and the Machine IR level. You will learn how to run passes in the
next chapter.

Throughout this section, you refreshed your memory around loops and learned how information
about loops is presented in the LLVM infrastructure.

You have now all the necessary background to start writing your own optimizations, and the next
section offers you a motivating example to start that!

Writing a simple constant propagation optimization
To help you master LLVM APIs, this section offers a hands-on exercise where you will implement your
own constant propagation optimization at the LLVM IR level.

To be able to complete this exercise, you will have to take a closer look at the APIs of the classes that
we introduced earlier, mainly the Module, Function, BasicBlock, and Instruction classes, butbelieve
it or not, you have been exposed to almost everything you need to be able to do that.
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A possible solution is given in ch4/simple_constant_propagation, and the README.md file in this
directory explains how to use your implementation in the provided framework.

Before we give you the few APIs that you need to complete this exercise, let us introduce the problem
properly.

The optimization

The constant propagation optimization is as simple as it sounds: you find constant values in your
programs, and you try to form more constants by simulating the computations that appear in the
program.

For instance, let us consider the following snippet:
a =2

b = 3;

d=a+b+ c+ 3;

When we reach the assignment for d, we know that a is equal to 2, b is equal to 3, and that we add
another constant, 3. Therefore, disequalto2 + 3 + ¢ + 3; hence, 8 + c.

The goal of the constant propagation optimization is exactly that: simplify computations by replacing
variables with constants and combining the constants to produce fewer computations.

Simplifying assumptions
For this exercise, we made the following assumptions to keep the implementation trackable:
. Only integer types are constant propagated.
+  Constant propagation is always legal and profitable.
+  We give up on constants when the constant type changes; for instance, zero extension (for

example, unsigned a = -3; long long b = aj;).

In the Going further section, we hint at how to lift these assumptions, but the actual implementation
is out of the scope of this chapter.

Missing APlIs

To be able to complete this exercise, here are a few APIs that you will need to use.

The Constant class

The Constant class from the IR library is what is used to represent all sorts of constants in the LLVM
IR. For this exercise, you will focus on one of its sub-subclasses: ConstantInt. This class holds the
value of the constants you will need to propagate in your optimization.
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Note

If you remember, everything in the LLVM IR is an instance of the Value class, so how
do you get an instance of the ConstantInt class from a Value object? In a regular C++
program, you would use run-time type information (RTTI) to dynamically cast your Value
V4 instance to the desired class. However, LLVM explicitly disabled all RTTI support. Instead,
\G/‘ it has its own RTTI support that essentially assigns an embedded unique identifier to
each class and uses this identifier to statically (that is, without RTTI support) check if
an instance is of a certain type. What you need to remember is that you will need to use
LLVM'’s rolled-out RTTI constructs (isa<typename>(0bj), cast<typename>(0bj), and
dyn_cast<typename>(0bj)) to get the type you want. More details about LLVM’s RTTI

are available at https://11lvm.org/docs/HowToSetUpLLVMStyleRTTI.html.

The most generic way to get the actual constant value from ConstantInt is through const APInt
&ConstantInt::getValue(). There are more direct ways to get a value (for example, uint64_t
ConstantInt::getZExtValue()), but these are less generic in the sense that you have to first check
that the value fits in the returned type. In other words, it is easy to shoot yourself in the foot if you
are not careful.

The APInt class

The APInt class from the ADT library abstracts arbitrary precision integers. Thanks to this class, you
can perform integer arithmetic with integers of any bit-width (for example, 32-bit integer, 64-bit integer,
but also 13-bit integer!). This is especially useful in compilers because your host may not have the
same precisions as your target, so by using APInt for all your integer computations (APFloat for all
your floating-point ones), you make sure that all the math you do at compile time reflects accurately
what would have happened on the target.

Creating a constant

You know how to get a constant and perform computation on it, so now we need to see how to create
a ConstantInt instance from a constant.

Instances of ConstantInt are a bit particular because they do not have a definition per se. Instead, they
are accessible everywhere in the module (Module class) and, if you remember, are uniqued across an
LLVMContext instance. As a result, you can create a ConstantInt instance out of thin air (as opposed
to requiring a parent scope, such as an instance of a Module or Function class), but you need to have
an LLVMContext object around.

Putting things together, you can create ConstantInt objects by using one of the static methods this
class offers - for instance, ConstantInt::get(LLVMContext &Context, const APInt &V).
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Replacing a value

You have now your shiny new constant, so let us see how you can modify the IR with it.

The immediate thing you may have thought of is to simply use the setter for the User object’s operands:
User::setOperand(unsigned i, Value *Val).While this works, you will have to maintain your own
map (Value, NewConstant) and update the operands as you go through them during your traversal of
the IR or through the def-use chain.

As you can imagine, replacing a value with another one is a common operation, so the vValue
class offers a method to do that in one go so that you do not have to maintain your own map:
Value::replaceAllUsesWith(Value *NewVal).

Your turn

At this point, your job is to fill out the myConstantPropagation function located in ch4/simple_
constant_propagation/your_turn/opt.cpp.

The prototype of the function is the following:

bool myConstantPropagation(Function &F)

This function takes a Function object as input, modifies it in place, and returns true if any changes
have been made and false otherwise.

When you are done with the implementation, follow the steps in the README . md file and run both your
and the reference implementation to see if you can get the same simplifications.

Going further

This section gives you ideas on what you could try to challenge yourself and push your optimization
further.

Legality

While legality is relatively easy with integer types, try to think about when it is legal to preserve the
NSW and NUW flags in the process.

Next, think about how to support floating-point types.
Remember to check the FMF and leverage APFloat!

Finally, think about reassociation: how would you simplify something suchasa = 3 + b + 3 when the
constants do not appear in the same expression; that is, you have the following two different sequences:

tmp = b + 3
a =1tmp + 3
Here is an alternative:

tmp = 3 + 3
a=tmp+b
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Profitability

You have guessed it - while constant propagation is profitable most of the time, it can be harmful in
some specific cases depending on architectural constraints. For instance, imagine that materializing
a constant in the final assembly requires 2 instructions and 1 register of storage when the constant
does not fit in 16-bit.

Think how you could model that and the kind of trade-offs you would need to do.
For instance, consider the following sequence:

cst = 262144
a=cst+b
c=cst +3

e=c+d

This will be lowered in as follows:

cst = load <low_part(262144)>
cst |= load <high_part(262144)>

a cst + b

C cst + 3

e c+d

And now, here is the same sequence with constant propagation:

cst = load <low_part(262144)>
cst |= load <high_part(262144)>
a=cst+b

c = load <low_part(262144 + 3)>
¢ |= load <high_part(262144 + 3)>
e

=c+d

Notice how the new sequence is longer than the default sequence.

If you want an idea of how to optimize for this sort of problem, look at 11vm/1ib/Transforms/Scalar/
ConstantHoisting.cpp.

Propagating constants across types

To propagate constants across type changes (for example, int8_t to int32_t), you can take a closer
look at the API of APInt. This class offers type-changing methods such as APInt: :sext, APInt: :trunc,
and so on that return a new APInt instance with the right value.

In this exercise, you were able to write your first optimization and directly manipulate the APIs used to
modify the IR. You also had a few hints about the kind of problems you will have to solve as a compiler
engineer, and we hope they demonstrate how fascinating this field is.



112 Writing Your First Optimization

Summary

You discovered the world of optimizations and the challenges you must solve when writing new
optimizations. These challenges revolved around two concepts: legality and profitability. In the process,
you learned about the helper structures that can be leveraged to build a cost model: something that
can be used to reason about profitability.

Finally, you put all this knowledge into action by writing your own first optimization.

Your next stop is with the pass manager, where you will learn how to create a sequence of optimizations
and reuse the existing ones. Before you go there, you have guessed it - it is quiz time!

Quiz time

Now that you have completed reading this chapter, try answering the following questions to test your
knowledge:

1. Whatis the difference between a Use object and a User object in LLVM?

A Use object represents the relationship between a definition and an operand of one of its users;
that is the entity that uses that value. A user is represented with an instance of the User class.

Put differently, a Use object represents the edge between a definition and a User object, and a
definition can have several Use instances for one User object. For example, a = b + b: b has
one user (the computation that produces a) and two uses (the first and second operands of the
computation that produces a).

See the Def-use and use-def chains in the LLVM IR section for more details.

2. Point out the latch basic blocks in the following CFG:

2

Y N\

3 and 4. 4 is also an exiting block, but blocks can assume several roles.

See the Loops section for loop terminology.



Chapter 4 113

3. Does the definition of b dominate its use in this program?
void foo(int a) {
int b;
if (a == 3)
b = foo();
else

if (a == 3)
bar(b);

else

}

Although b is always defined when reaching its use, its definition does not statically dominate
its use. Indeed, it exits a path (first then block, then second then block) where b's use can be
reached without going through its definition. While this path is not possible at runtime, it does
not matter, because the concept of dominance is purely static.

See the Dominance section for more details about dominance.
4. Given the program from question 3, write it in SSA form:

void foo(int a) {

int bil;

if (a == 3)
b2 = foo();

else

b3 = phi(b2, bl)

if (a == 3)
bar(b3);
else

}

This can be further simplified into the following representation if you do not want to represent
uninitialized variables (b1's definition):

void foo(int a) {
if (a == 3)
b2 = foo();

else



114 Writing Your First Optimization

b3 = phi(b2, poison)

if (a == 3)
bar(b3);
else

}

See the SSA section for more details about the SSA form.
5. Name two things you can leverage when doing your legality checks.
Wrapping flags and FMF. See the Legality section for more details.
6. What is register pressure?

Register pressure measures how many registers are required (or expected) for a particular
region.

See the Register pressure section for more details.

7. Given the following program and its IR, is the rightmost IR equivalent to the one in the middle?

input.c IR Optimized IR

int foo(int a) {

a += 3;

return ((unsigned)
a) + 3;

%tmp = add nsw
i32 %a, 3

%res = add i32
%tmp, 3

%res = add nsw i32
%a, 6

}

The rightmost IR is not equivalent because the NSW flag has been incorrectly preserved. As a
result, it is possible to find a counter-example that proves that this transformation is incorrect.
If you set 2147483642 for a, the IRs are not equivalent (see https://alive2.1lvm.org/ce/z/
E4Q021I for the details).

In other words, this transformation is not legal.

For more details about legality and the NSW flag, please check the Legality and Integer overflow/
underflow sections.

Which API gives you at the Machine IR level the definition(s) of a register?
The MachineRegisterInfo class.

See the Def-use and use-def chains in the Machine IR section.
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Dealing with Pass Managers

This chapter describes the pass manager framework. This framework is used to structure the work
that the compiler does.

Throughout this chapter, you will do the following:

+  Learn what a pass and a pass manager are
+  Getfirst-hand experience in creating a pass and a pass pipeline

+  Learn about the developer tools you can leverage to debug a pass pipeline

It is possible to use the LLVM infrastructure without working with passes and pass managers. However,
if you want to reuse any of the compiler transformations that the LLVM project has to offer, you must
manipulate these concepts.

The concept of the pass and the mechanism used to drive them, the pass manager, is core to the LLVM
infrastructure and, as such, is well documented. Therefore, this chapter primes you for these concepts
to make the existing documentation more approachable, and while it teaches you how to write a pass
and a pass pipeline, it focuses on teaching what happens under the hood and how to leverage the
existing tools to inspect what happens at compile time.

Let us get started with the technical requirements.

Technical requirements

You will find the complete code of what we are building in this chapter in the ch5 folder of the repository
of this book: https://github.com/PacktPublishing/LLVM-Code-Generation.

At this point, you know the drill with respect to the tools that you need to build a project that uses the
LLVM infrastructure.
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Therefore, let us dive right into the topic by defining what a pass is.

What is a pass?

Alot of the interesting pieces of the LLVM infrastructure are articulated around the concept of a pass.

In a nutshell, a pass is a class that does the following:

Encapsulates a transformation (for example, an analysis, an optimization, ...)

Describes the dependencies of this transformation (for example, the transformation needs to
have access to the dominator tree analysis)

Returns the effect of this transformation on the intermediate representation (IR) (for example,
the transformation modified the control flow graph (CFG))

A pass also applies to a scope, meaning it can only modify elements within this scope. For instance,
a loop-scoped pass can only modify what is within the loop that the pass is currently processing. In
other words, the pass can modify all the basic blocks and instructions that live within this loop, but
it is not allowed to modify unrelated loops or its parent loop (if any) or parent function, for instance.

Warning

Although modifying something that is outside of the scope of a pass (for example,

\/V; modifying a module from a function-scoped pass) might work, you must not do this. The

LLVM infrastructure may not report any issue if you do that, but you may have nasty bugs
lurking around analysis invalidation and so on. Therefore, make sure to always use the
appropriate scope for the type of transformation you want to write.

The available scopes, from broad to narrow, are as follows:

Module: The full IR of the current module.

CGSCC: Call-graph strongly connected component (CGSCC) is a strongly connected subset
of the functions within a module, where a call graph is the directed graph where the nodes
are the functions, and the edges are the possible function calls from the caller and the callee.
Strongly connected means that each function within this subset can reach all the other ones
in this subset by following the call graph.

Function: The IR representing a single function.

Loop: The IR representing a single loop.

Region: The IR representing a single-entry single-exit (SESE) region; for example, the IR of
a single basic block.

MachineFunction: The IR of a single function in Machine IR.

The last two scopes are usable only with the legacy pass manager.
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Note

\/{,/: Although MachineFunction objects are conceptually functions, they are in their own
category because they do not have access to the rest of the IR, as already mentioned in
the A module at the Machine IR level section of Chapter 3.

Now that you have a basic understanding of what a pass is, let us see how you articulate them with a
pass manager.

What is a pass manager?

A pass manager is a driver for the set of passes that you want to run.
It fulfills three main functions:

. It provides a structure to run passes in a specific order.
+ It makes sure that the dependencies of a pass are properly executed before the pass itself.
« It preserves or invalidates the various analyses based on the passes’ effects.

When a pass manager invokes a pass, it also provides specific guarantees on the order in which the
IR is visited.

These guarantees are as follows:

«  For CGSCC-scoped passes, a pass manager invokes the pass on the leaf strongly connected
component (SCC) regions first then moves up in the call graph.

. For loop-scoped passes, loops are visited following their nested level from innermost to
outermost loops.

«  Forregion-scoped passes, the nesting level is also used in a similar fashion: from the innermost
region to the outermost regions.

«  For other scopes, the order is not specified.
The takeaway is for scopes where some logical structure makes sense, the order follows a children-to-

parents traversal. For scopes where no logical structure exists (that is, each element is independent),
the order should not matter.

Note

\/V: If possible, refrain from using the region scope. It is expensive to compute, needs to be
recomputed most of the time between passes, and you can, most of the time, define a
similar algorithm using the more efficient dominator tree construct.

So far, you have seen a high-level picture of how passes and pass managers are structured. The next
section goes into more detail by going through the two implementations that the LLVM project provides.
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The legacy and new pass manager

The LLVM infrastructure is in the middle of a several-years-long transition from the previous pass
manager to the new one. While the goal is ultimately to use only the new pass manager, the reality is
for the time being that you still must deal with both implementations. This is especially true for all
the passes used for code generation (that is, MachineFunction-scoped) because the new pass manager
does not provide any support for them.

In this section, you have the following:

+ A comparison of pass managers’ capabilities
+  An overview of how they work internally

« A primer on the application programming interface (API) required by both pass managers

Let us start with the first bullet point: a comparison of their capabilities.

Pass managers’ capabilities

As already hinted, the new pass manager supports fewer scopes than the legacy one. This limitation
is a calculated one. Aside from the MachineFunction scope, all the removed capabilities either have
an equivalent implementation in the new pass manager or were deemed sufficiently irrelevant to not
warrant an implementation in the new framework.

Table 5.1 gives an overview of the supported scopes and the related API:

Scope Legacy pass manager New pass manager

Module legacy: :PassManager ModulePassManager

CGSCC Implementation detail CGSCCPassManager
CGPassManager

Function legacy: :FunctionPassManager FunctionPassManager

Loop Implementation detail LoopPassManager
LPPassManager

Region Implementation detail Not available
RGPassManager

MachineFunction | ymplementation detail MachineFunctionPassManager
MachineFunctionPass Under development

Table 5.1: Pass manager APls
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In Table 5.1, for the legacy pass manager, some scopes are marked as Implementation detail. What this
means is you do not need to interact directly with these pass managers. Instead, you can focus on
creating a pass with the right scope, and the top-level pass manager takes care of the plumbing. For
instance, the CGPassManager class represents a nested pass manager that is implemented using the
ModulePass class doubled with the PMDataManager class (used to manage analyses.)

When it gets executed by legacy: :PassManager (that is, the module-scoped manager), CGPassManager
builds the call graph of the SCC and calls the SCC passes accordingly. What this means for you is that
with the legacy pass manager, you just need to register your pass with the top-level pass manager, and
this manager will automatically add it to a properly scoped manager.

At this point, you see the different types of pass managers that exist, but you are still in the unknown
with respect to what they exactly do and how to populate them. The next section covers the latter
point as this will help introduce the inner workings of pass managers and hence explain what they do.

Populating a pass manager

In essence, a pass manager is a simple object with a simple purpose: you add passes to it and it executes
them in the provided order.

As already mentioned, what the pass manager brings is twofold:

« It feeds the passes the level of IR they expect.

« It makes the analyses you rely on available and current.

The technicalities of how these two mechanisms work will become clear after you learn how to create
a pass of a particular scope. For now, let us assume you know how to create such a pass, and then
populating a pass manager becomes trivial:

. For the legacy pass manager, you simply call the following: legacy: :PassManager: :add
(Pass *).

«  For the new pass manager, you need to call something that resembles the following:
RelatedScopedManager.addPass(YourPass()).

The actual method used for the new pass manager is difficult to capture in a one-line snippet because
it relies on template specialization. For this call to : :addPass to work properly, you need to do the
following:

1. Use the rightly scoped pass manager to add your pass (that is, FunctionPassManager for a
function-scoped pass, ModulePassManager for a module-scoped pass, and so on, although you
can use adaptors to target a differently scoped pass manager).

2. Use the constructor of your pass directly in the : :addPass method.
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On the other hand, the legacy pass manager handles all the complexity behind the scenes, but this
has several drawbacks:

The implementation of the legacy pass manager is not straightforward.

2. This creates several compile-time inefficiencies due to the untangling of the complexity and
the heavy use of polymorphism.

3. The implementation of a pass requires a lot more work than with the new pass manager.

Anyhow, after calling add/addPass with all the transformations you want to execute, you simply call
: :run on the related pass manager and you are done: your pass pipeline is running!

Now that you know how to create a pass pipeline, let us see what happens under the hood.

Inner workings of pass managers

This section goes into detail about how pass managers work. While the information here is not crucial
for the use of the LLVM infrastructure, this will help you make better design choices when it comes
to crafting your own pass pipeline. First, it will help you understand why certain analysis passes need
to be (re)run, and second, it will help you fix compile-time issues by making an informed decision on
whether you should preserve some analysis or tweak your pass pipeline.

At the high level, both the legacy and the new pass managers work the same way:
1. Before running a pass, they check if the analyses that this pass relies on are available:

a. Ifyes, nothing needs to be done.

b. Ifno, they run these analyses beforehand.

2. They run the pass.

3. Ifthe pass modified the IR, they check what kind of information the pass affects and preserves
and invalidate the results of the analyses that are affected and not preserved.

One takeaway of this sequence is analyses and passes are treated differently. Passes are simply run,
whereas analyses are carried around.

Going back to pass managers, one thing to remember is the new pass manager is more efficient.

First, the new pass manager gets rid of the overheads induced by polymorphism by using heavily
templated code that leverages a technique called curiously recurring template pattern (CRTP).
In a nutshell, this technique relies on a templated parent class P, which is then derived using the
children themselves as the template argument (for example, class Child : public P<Child>). This
eliminates the polymorphism by hardcoding the dispatching of the relevant methods through template
instantiation. You will see which classes you need to use to leverage this technique for your passes in
the Writing a pass for the new pass manager section.
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Second, the new pass manager handles the available analyses as a cache and lazily runs them when a
pass needs them. By contrast, the legacy pass manager handles the analyses as a scheduling problem.
This means it must change the execution pipeline on the fly to (re)schedule analyses that have been
invalidated. On top of that, the legacy pass manager must know beforehand all the dependencies,
which impacts the effort you need to produce to write a pass. You will see this in action in the Writing
a pass for the legacy pass manager section.

To summarize, a pass manager needs three things from a pass:

+  Which analyses it requires

«  What effects the pass has on the IR

+  Whether the pass modified the IR
At this point, you know what a pass manager does, how to create your own pass pipeline, and how the
two different flavors of pass managers work. You also discovered that pass managers make a distinction

between regular passes and analyses. The next section teaches you how to create a pass or an analysis
and points out which APIs you need to use.

Creating a pass
The legacy and the new pass managers have different ways of creating passes. In this section, you will

learn how to achieve that task with both frameworks.

In both cases, you will see that you must provide the three main bits of information that the related
pass manager needs to perform its task:

1. Whatis the scope of a pass?

2. What analyses does this pass depend on?

3. What effect does this pass have on the input IR?

Let us see how you can provide this information, starting with the legacy pass manager.

Writing a pass for the legacy pass manager

As already mentioned, there are three things that a pass needs to provide for the pass manager
to do its job. Depending on what your pass does, some parts may be optional because the default
implementation may do what you want. You will find what the default implementation is in the related
sections later in the chapter.

Now, let us start with how to specify the scope of your pass.

Using the proper base class

For the legacy pass manager, creating a pass for a specific scope implies inheriting from the related
scoped pass class and implementing the runOnXXX method.



122 Dealing with Pass Managers

Table 5.2 lists which parent class you must use for each scope and the method that you need to override:

Scope Inherit from Method to override

Module ModulePass bool runOnModule(Module&)

CGSCC CallGraphSCCPass bool runOnSCC(CallGraphSCC&)

Function FunctionPass bool runOnFunction(Function&)

Loop LoopPass bool runOnLoop(Loop*, LPPassManager&)
Region RegionPass bool runOnRegion(Region*, GPassManager&)
MachineFunction | MachineFunctionPass | bool runOnMachineFunction(MachineFunction&)

Table 5.2: The base classes for the different scopes

The Boolean returned by the runOnXXX method tells the pass manager whether the related pass made
any changes to the IR fed to this method.

Note

\E/‘ The legacy pass manager does not make any distinction between a pass and an analysis.
In other words, all analyses are also passes.

If you look at the inheritance graph of the Pass class from the IR library and, more specifically, the
ModulePass class, you will notice a class named ImmutablePass. This class is worth mentioning because
it is used to carry information around. What this means is this class is never run. Instead, it is only
instantiated and cannot be invalidated. If this is a capability that interests you, look at the Specificities
of the Pass class section to see the APIs you can leverage to populate the information of your own
ImmutablePass class.

At this point, you know what the skeleton of your pass looks like:

class MyPass : public XXXPass {
public:
bool runOnNXXX( ) override;

};

Your next stop will cover how you specify dependencies for your pass.
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Expressing the dependencies of a pass

To describe the dependencies of a pass (and, by extension, of an analysis) to the legacy pass manager,
you must describe two elements:

1. Which analyses the pass depends on

2. How to initialize this class and its dependencies
You achieve the first element by overriding the Pass: : getAnalysisUsage(AnalysisUsage &AU) method.

Using the provided AnalysisUsage object, you can describe the dependencies by calling AnalysisUs
age: :addRequired</*PassClass*/>() for each analysis.

Then, you will be able to use the related analysis in the runOnXXX method by calling Pass: : getAnal
ysis</*PassClass*/>().

Note

It is a mistake to try to access an analysis in runOnXXX while not adding it to the list

\G/\/ of dependencies. However, this may work by accident if a pass A before yours needed
that analysis and a pass B after yours needs that analysis, and this analysis has not been
invalidated between A and B. Make sure you do not rely on this behavior, or you are
exposing yourself to bugs!

The second element, which describes how this pass and its analyses are initialized, may feel redundant
but is sadly mandatory when you write analysis passes. It is mandatory for analyses because this is
how the legacy pass manager knows how to instantiate and run analyses before the passes that need
them. For regular passes, you can skip this step, but we recommend that you still do it because it is
what registers your pass with the pass manager and makes it discoverable and callable directly from
the command-line interface of the related LLVM-provided developer tools (opt and 11c).

Concretely, to tell the pass manager how your pass is instantiated, you need to use the following macros:
«  If your pass does not have any dependencies, use the following:

. INITIALIZE_PASS(passName, arg, name, cfg, analysis)
Here, the following applies:

. passName is the C++ name of your class.

«  argisthe string that will be used on the command line to invoke your pass.

. name is the string that is printed in the built-in debug capabilities of LLVM. This
name can be overridden within your pass by writing your own getPassName ()
method.

«  cfgis a Boolean that tells the pass manager whether your pass only looks at
the CFG. For instance, an analysis pass building the dominator tree should set
this to true.

«  analysis is a Boolean that tells whether your pass is an analysis.
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«  Ifyour pass has dependencies, use the macros in this order:

1. INITIALIZE_PASS_BEGIN(passName, arg, name, cfg, analysis), wherethe arguments
are the same as INITIALIZE_PASS.

2. INITIALIZE_PASS_DEPENDENCY(passName): One entry per dependency. In other words,
you should have as many of this macro as the number of AnalysisUsage: :addRequired
calls that you have in your Pass: :getAnalysisUsage override.

3. INITIALIZE_PASS_END(passName, arg, name, cfg, analysis), where the arguments
are the same as INITIALIZE_PASS and should match whatisin INITIALIZE_PASS_BEGIN.
In practice, these arguments are dropped.

Note

It is equivalent to using directly INITIALIZE_PASS or the INITIALIZE_PASS_BEGIN and

\E/\/ INITIALIZE_PASS_END pair withoutany INITIALIZE_PASS_DEPENDENCY dependency in
between. A lot of passes do that in LLVM, but we recommend using directly INITIALIZE_
PASS when appropriated as it makes the code immediately clear that the related pass does
not have any dependency.

Additionally, the legacy pass manager needs a specific identifier to register your pass. You provide
this by adding a static char ID field to your class and initializing this field to any value (usually )
outside of the class. You will notice that you need to provide this ID to the constructor of the parent
class too (ModulePass, FunctionPass, and so on).

Finally, you need to declare somewhere the prototype of the initializeXXX function that is going to
be generated with the macros. If you are developing directly in the LLVM tree, this prototype is usually
added to the file at ${LLVM_SRC}/11lvm/include/11lvm/InitializePasses.h. If you are developing
outside of the LLVM tree, just put it at the beginning of your C++ file where you call the macros.

Note

\G/‘ When developing in the LLVM tree, if you add a new . cpp file for your class, make sure
to add an entry in the CMakeLists. txt file that lives in the same directory.

In any case, the prototype needs to look like this:

namespace 1llvm {
void initialize##PassName##Pass(PassRegistry &);

}

Here, ##PassName## is the name of the C++ class that implements your pass. Notice that the macro adds
Pass at the end of the function name, so if your pass’ name is, for instance, MyPass, the initialization
function will end in PassPass (for example, initializeMyPassPass.) It is a detail but one that could
cause a few minutes of debugging some missing symbol errors!
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Note

The INITIALIZE_PASS_DEPENDENCY macro must capture all analyses that you might use.

\E/\/ The Pass: :addRequired calls need only to capture the ones that you actually use. What
this means is at compile time, you can execute your calls to addRequired conditionally.
For instance, maybe you require some analyses only when a certain command-line option
is used.

Let us put everything together with an example.
Let us say that we have a pass called MyOptim and that it depends on analyses A, B, and C.
First, your pass needs to have an ID:

class MyOptim : public XXXPass {
static char ID;

public:
MyOptim() : XXXPass(ID) {}

}
char MyOptim::ID = 0;

Next, the getAnalysisUsage method of MyOptim will look like this:

void MyOptim::getAnalysisUsage(AnalysisUsage &AU) {
AU.addRequired<A>();
AU.addRequired<B>();
AU.addRequired<C>();

}

Then, somewhere, usually at the end of the same C++ file, you should have something resembling
the following:

INITIALIZE_PASS_BEGIN(MyOptim, "my-cli-flag-for-myoptim", "My wonderful optim",
false, false)

INITIALIZE_PASS_DEPENDENCY(A)

INITIALIZE_PASS_DEPENDENCY(B)

INITIALIZE_PASS_DEPENDENCY(C)

INITIALIZE_PASS_END (MyOptim, "my-cli-flag-for-myoptim", "My wonderful optim",
false, false)
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For these macros to expand correctly, you need to also declare the following prototype before calling
this macro (or directly in the InitializePasses.h file in LLVM):

namespace 1llvm {
void initializeMyOptimPass(PassRegistry &);
}

Finally, if you want the registration process to happen properly, you must call this initializer from
somewhere - for instance, the main function of your application. The recommended way requires
more explanations and is the topic of our next paragraph.

If you are developing your pass in the LLVM tree, the directory where you put your pass should come
with a file that contains an initializer for all passes in that directory. For instance, all passes that
live under ${LLVM_SRC}/11lvm/1lib/Transforms/Scalar are initialized in the initializeScalarOpts
function located at the root of this folder in Scalar. cpp. Similarly, all passes in ${LLVM_SRC}/11vm/1ib/
CodeGen are initialized in the initializeCodeGen function located at the root of this folder in CodeGen.
cpp. Locate the file for your library and add a call to your initializer in the initializer of this library.

If you are developing out of the LLVM tree, either call your initializer directly from the main function
or from your pass’ constructor. Calling this function directly from the constructor is less principled
in the sense that this means something must know that this pass exists to be able to register it, but
in practice, a lot of passes do that because they are not used as an analysis and thus do not require to
be pre-registered. In any case, the argument of this initializer is a PassRegistry object, and in both
cases, you should use the PassRegistry: :getPassRegistry() static method to get one. This method
returns a singleton object that will be shared with the pass manager:

1lvm::initializeMyOptimPass(*PassRegistry::getPassRegistry());

Now, your pass is properly registered and so are its dependencies. Next, let us see how to describe
the effects of your pass on other analyses.

Preserving analyses

Unless your runOnXXX method returns true, the pass manager assumes that your pass did not make
any changes. Therefore, make sure the returned status accurately captures whether you made changes
to the IR. Otherwise, you are in for some nasty bugs such as stall analyses used in passes that occur
later in the pass pipeline.

By default, when your pass returns true, the pass manager assumes that each analysis is invalidated
(this is technically more complicated than that, but this approximation suffices), meaning that if a
later pass needs one of them, the pass manager will have to reschedule them to recompute them.

To override this behavior, you must explicitly mark in your getAnalysisUsage method which analyses
you preserve. This is the same method used to describe your dependencies. You mark an analysis as
preserved by calling AnalysisUsage: : setPreserved</*AnalysisPass*/>().

That’s it!
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Careful, however, that when you mark an analysis as preserved, it is indeed preserved by your
implementation. In other words, this means that you know that the modifications you are doing are
not affecting this analysis, or you update the analysis yourself within your pass. Some analyses provide
some API to update them on the fly, such as the DominatorTree analysis; others do not.

Before we close this section on the legacy pass manager, there are a few specificities that are interesting
to know to take advantage of everything that this pass manager has to offer.

Specificities of the Pass class

The Pass class offers additional member functions that you can override to have better control of what
happens during the lifetime of your pass.

This section lists a few of them and explains what you can achieve with them.

Let us start this list with the bool doInitialization(Module &) and bool doFinalization(Module
&) methods from the Pass class.

The doInitialization method is called at the very beginning of the pass pipeline and doFinalization
is called at the very end.

Compared to the related class’ constructors and destructors, these methods provide you more context
because you have access to the current module. Also, they are more flexible than the class constructor
and destructor because they are called more often.

Indeed, your class constructor or destructor is called once during the compilation process, whereas
these methods are called once per module. While this distinction is not particularly relevant for a
classic compiler that compiles one module and then stops, this becomes important when your compiler
may proceed with more than one module - for instance, when the compiler is used as a service for
just-in-time (JIT) compilation.

As with the runOnXXX method, the returned Boolean specifies whether a change has been made to
the IR. This Boolean, however, does not trigger any analysis invalidation since at this point, the pass
pipeline does not yet run. This Boolean is mainly used for nested pass managers such as LPPassManager.

The next interesting method is releaseMemory(). This method is called when the pass manager
determines that your pass is not used anymore. This method is used to release resources before
reaching the end of the pipeline.

Putting doInitialization, doFinalization, and releaseMemory together, let us assume we have a
pass pipeline with two passes, PassA and PassB, where PassB depends on PassA. The order in which
these methods are called during the execution of the compiler for each module looks like this:

. PassA::doInitialization
. PassB::doInitialization
. PassA: :runOnXXX
. PassB: :runOnXXX

. PassA: :releaseMemory



128 Dealing with Pass Managers

. PassB::releaseMemory
. PassB::doFinalization

. PassA::doFinalization

The runOnXXX/releaseMemory pair is called the same number of times. This means that if your pass
is implemented with a FunctionPass class, runOnXXX and releaseMemory are called as many times as
there are functions in the module. Notice also how the doInitialization/doFinalization pair for
PassB is enclosed within the doInitialization/doFinalization pair for PassA.

The last method worth mentioning is getAnalysisIfAvailable</*AnalysisName*/>(). This method
can be used in your runonXxX method to access an analysis pass that may be available at this point. If
the pass is available, then the pass manager will hand it to you; if not, it will give you nullptr. This
method does not require declaring any dependency between your pass and this one, but the drawback
is that your pass needs to be able to work without this analysis.

This can be useful when your pass can perform a little better if certain information is available, but
the improvements of this pass alone with this information are not worth computing this information
from scratch.

At this point, you know all the details around the legacy pass manager and the Pass class, the base
entity used to represent a pass.

It is now time to learn how to represent a pass and everything around it in the new framework.

Writing a pass for the new pass manager

Writing a pass for the new pass manager is much easier than with the legacy one. In essence, with the
new pass manager, anything can be a pass as long as it implements a run method with the appropriate
level of IR as input. We list the actual signatures for the different levels in the next section.

Now, in practice, your pass needs some boilerplate to fit nicely with the infrastructure (for example,
a name,) but most of this boilerplate can be inherited from the following two structures:

. For passes: PassInfoMixin<YourPass>

. For analyses: AnalysisInfoMixin<YourPass>
The analyses require a different base class because, unlike passes, they need an identifier to be

registered in the pass manager so that other passes can depend on them and can be (re)computed
on the fly.

Implementing the right method

As already stated, in the new pass manager, a pass must implement a run method with the appropriate
inputs. Table 5.3 shows what this signature looks like for each scope:
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Scope Method signature

Module Result run(Module &M, ModuleAnalysisManager &AM)

CGSCC Result run(LazyCallGraph::SCC &C, CGSCCAnalysisManager &AM,
LazyCallGraph &CG, CGSCCUpdateResult &UR)

Function | Result run(Function &F, FunctionAnalysisManager &FAM)

Loop Result run(Loop &L, LoopAnalysisManager &AM, LoopStandardAnalysisResults
&AR, LPMUpdater &U)

Table 5.3: Methods to implement for the different scopes
The takeaways are that the run method does the following:

«  Takes two main arguments: the input IR and an XXXAnalysisManager object. The
XXXAnalysisManager object manages the analyses cache for this level of IR.

*  Returns a result that is a templated type. This type is always PreservedAnalyses for regular
passes and is whatever the analysis produces for analyses.

For scopes with additional arguments (that is, CGSCC and loop), these are used to get access to
additional information and utility functions that help the pass manager keep track of how the IR has
been modified.

We invite you to read the comments in the code on the related classes if you want more details on these.

Unlike the legacy pass manager, passes in the new framework do not have to describe their dependencies
with the different analyses. Instead, the XXXAnalysisManager objects manage a cache of the analyses
and recompute them when they are needed but stall.

For these caches to work, your analyses need to be registered in the related XXXAnalysisManager

object. This is the topic of the next section.

Registering an analysis

The registration process requires two things:

1. Your pass needs an identifier.

2. You need to tell the XXXAnalysisManager object how to build your pass.
For the first bullet point, you need to add a static AnalysisKey Key field to your pass.

For the second bullet point, you provide a function, usually a lambda, to XXXAnalysisManager: :re
gisterPass.
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For instance, the following snippet is the skeleton of an analysis that works on function scope and
produces some custom information held in a class called MyAnalysisInfo:

class MyAnalysis : public AnalysisInfoMixin<MyAnalysis> {
friend AnalysisInfoMixin<MyAnalysis>;
static AnalysisKey Key;

public:

using Result = MyAnalysisInfo;
MyAnalysisInfo run(Function &, FunctionAnalysisManager &);

}s
Then you need to instantiate this class Key somewhere:

AnalysisKey MyAnalysis::Key;

And proceed to its registration, for instance, in your main function:

FunctionAnalysisManager FAM;

FAM.registerPass([]{ return MyAnalysisInfo(); });

Note

If you are building your analysis directly in the LLVM tree, you do not have to manually
register your pass. Instead, you need to add an entry in ${LLVM_SRC}/11lvm/1lib/Passes/

\@// PassRegistry.def that resembles IRLevel Type("passname", MyPass()) where
IRLevel can be MODULE, FUNCTION, and so on and Type can be ANALYSIS, PASS, and so
on. Make sure to add your entry in the right section (that is, MODULE with MODULE, FUNCTION
with FUNCTION, and so on) and include the header file of your pass in ${LLVM_SRC}/11vm/
lib/Passes/PassBuilder.cpp.

You now know how to create your own analysis and register it with XXXAnalysisManager. The only thing
left is for you to learn how to tell the pass manager the effects that your passes have on the analyses.

Describing the effects of your pass

Only regular passes need to describe the effects that they have on the analyses. Analyses are assumed
to leave the IR untouched.

The way you describe these effects is through the returned PreservedAnalyses object of your pass’
run method. This object tells which set of analyses are preserved. It is more expressive than its legacy
pass manager counterpart AnalysisUsage because analyses can more precisely define what changes
affect them. In a nutshell, the pass manager provides keys that passes can mark as preserved, and
your analysis can check these keys.
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In its simplest form, the key is a specific analysis. Therefore, if your pass preserves a specific analysis,
you can directly use something like the following:

PreservedAnalyses MyPass: :run( ) {

PreservedAnalyses PA;
PA.preserveSet<MyAnalysis>();

return PA;

}

For more details on how to check for a set of specific keys, look at https://11vm.org/docs/
NewPassManager.html#implementing-analysis-invalidation.

This concludes this section on creating a pass. In this section, you learned how to create a pass both with
the legacy and the new pass managers. You discovered which methods you need to implement to tell
pass managers which scope of the IR your pass works on and how it interacts with the analysis passes.

In the next section, you will learn how to debug a pass pipeline and fix any potential inefficiencies.

Inspecting the pass pipeline

As you grow your expertise in building passes and pass pipelines, you will inevitably run into issues
- for instance, around compile time. In this section, you will learn how to inspect the pass pipeline
and draw conclusions from that.

Available developer tools

The LLVM infrastructure provides several tools and utilities to interact with the passes and the pass
pipelines. The main ones are opt and 11c, which are a driver for LLVM passes and a compiler from
LLVM IR to assembly code (in textual or object form), respectively.

If you look at Clang’s implementation of the codegen pipeline, you will find that it resembles opt's
pipeline for the middle-end and 11c's pipeline for the backend. In other words, you can reproduce
Clang’s behavior with a call to opt with the right options followed by a call to 11c.

Before we present how to debug your pass pipeline irrespective of whether you followed Clang’s way
of building your pass pipeline, here is what you can leverage if you want your own pass pipeline to
do something like Clang:

«  To create your middle-end, use PassBuilder: :parsePassPipeline, or if you already know the
kind of pipeline you want, you can use some of the default pipeline implementations, such as
PassBuilder: :buildPerModuleDefaultPipeline, from the Passes library.

+  To create your backend, use TargetMachine: :addPassesToEmitFile. The difficult part here
is to get TargetMachine, but you can look at the implementation of 11c (${LLVM_SRC}/11lvm/
tools/11lc/1lc.cpp) or themain function in ch3/machineir/main. cpp in the repository of this
book to get an idea of how to do that.
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Note

\/V: If you look closely at the signature of these APIs, you will notice that, as already mentioned,
the middle-end uses the new pass manager, whereas the backend still uses the legacy
pass manager.

The next section will teach you how to connect the different pieces of the LLVM infrastructure to
collect information about a pass pipeline and its passes.

Plumbing up the information you need

Depending on the pass manager, it is more or less difficult to surface the information we need to
inspect the pass pipeline.

On one hand, the legacy pass manager offers backed-in debug capabilities that are relatively easy to
surface. On the other hand, the new pass manager requires an increasing amount of work depending
on how much of the existing infrastructure you want or can reuse.

Going back to Clang, for instance, it exposes a command-line option (-fdebug-pass-structure) that
prints out what the pass pipeline looks like both for the middle-end and the backend and another
command-line option (-ftime-report) that prints out how much time is spent in each pass. We will
see how to interpret these outputs in the next section. Additionally, you can pass an option (-mllvm
-print-pipeline-passes) that prints out a list of options that need to be used to reproduce your
(middle-end) pipeline with opt.

Now, if you do not use Clang, there are some steps you can take to get the same kind of information.

For the new pass manager, for the structure of the pass pipeline, you must rewire the pass instrumentation
from scratch. If you use the PassBuilder class to build your pass pipeline, you can reuse some existing
plumbing. That said, the principle and effort are about the same as doing everything without the
PassBuilder class.

Concretely, beforeinstantiating your pass manager, youneed tohook up the PassInstrumentationAnalysis
class with the logging capabilities enabled. You can achieve that with the following code sequence:

ModuleAnalysisManager MAM;
PassInstrumentationCallbacks PIC;
PrintPassOptions PrintPassOpts;
PrintPassOpts.Verbose = true;
PrintPassOpts.SkipAnalyses = false;
PrintPassOpts.Indent = true;
StandardInstrumentations SI(Context,
true,
false,
PrintPassOpts);
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SI.registerCallbacks(PIC, &MVAM);
MAM.registerPass([&] {
return PassInstrumentationAnalysis(&PIC);

1)

In detail, this snippet instantiates a StandardInstrumentations object from the Passes library with
all the relevant logging options turned on. Then, by calling registerCallbacks, it populates the
PassInstrumentationCallbacks PIC object with all the hooks that enable the logging capabilities.
Finally, we register PIC with the PassInstrumentationAnalysis pass, which is a pass that
ModuleAnalysisManager will run automatically for instrumentation purposes. Now, when this analysis
runs, it will automatically call the callbacks from PIC, and this is going to produce the information
we need to inspect the pass pipeline.

For the legacy pass manager and for the profiling capabilities, things are both easier and more restrictive.
It is easier because you must only hook up the LLVM command-line options in your program and
enable them, but it is more restrictive because as soon as you start hooking up the LLVM command-
line options, all your command-line options need to go through LLVM, which may or may not be an
option for you!

In any case, the command-line options we want to plumb through are the following:

+  -debug-pass=<levelOfDetails> for the structure of the pass pipeline in the legacy pass manager

* -time-passes for the profiling information for both pass managers
To enable these command-line options, you have different alternatives:

1. Adopt the command-line options’ API for your whole handling of command-line options. In
a nutshell, this means that all your command-line options need to be declared with c1: :opt,
and you need to call c1: :ParseCommandLineOptions(argc, argv) atthe beginning of your
main function to set them. More details at https://www.1lvm.org/docs/CommandLine.html.
When this is done, you can pass the related command-line options to your command line. In
other words, you have access to the full set of LLVM command-line options.

2. Modify your version of LLVM and set these options manually. That is, add a
cl::init(<DesiredDefaultValue>) instance (in this case, <DesiredDefaultValue> would
be true) to the definition of the c1::opt PassDebugging globalin ${LLVM_SRC}/11lvm/1lib/IR/
LegacyPassManager. cpp for the structure of the pass pipeline of the legacy pass manager and the
definition of the c1: :opt EnableTiming globalin ${LLVM_SRC}/11vm/1ib/IR/PassTimingInfo.
cpp. You can, of course, modify the source code differently if you prefer!

Finally, if you use several pass managers in your program, you may want to add a call to
reportAndResetTimings between their runs to get the performance of each pass pipeline. Otherwise,
you will automatically only get reports for pass pipelines produced with the new pass managers.

With the work you have done here, you can now see the detailed pass pipeline in action and how well it
performs. In the next section, you will learn how to interpret the information printed by this plumbing.
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Interpreting the logs of pass managers

In the previous section, you learned how to get the logs that show you the structure of your pass
pipeline and its time profile. Depending on the kind of inefficiencies you want to tackle, you may
want to start with one or the other.

The pass pipeline structure

The log for the pass pipeline structure helps you understand the following:

+  How your IR goes through your passes

. When the analysis passes are (re)run

This log corresponds to the -debug-pass=Structure command-line option and the
PassInstrumentationCallbacks object, which you discovered in the previous section.

The following output shows an example of such a log for the new pass manager:

Running pass: ModuleToFunctionPassAdaptor on [module]

Running analysis: InnerAnalysisManagerProxy<FunctionAnalysisManager, Module>
on [module]

Running pass: PassManager<Function> on foo (9 instructions)
Running pass: FctPassA on foo (9 instructions)

Running analysis: DominatorTreeAnalysis on foo

Running pass: FctPassB on foo (9 instructions)

Running analysis: TargetlLibraryAnalysis on foo

Running pass: PassManager<Function> on bar (10 instructions)

Invalidating analysis: SomeAnalysis on bar

Running pass: FctPassA on bar (10 instructions)

Running pass: FctPassB on bar (10 instructions)

Running pass: ModulePassA on [module]

Running analysis: ModuleAnalysisA on [module]

The log is straightforward to read, but there are a couple of things that are worth mentioning as they
will help you fix potential inefficiencies.

The first one is that the log shows you when the analysis passes are run and invalidated. The information
about the invalidation is straightforward with the new pass manager; you get a message that starts
with Invalidating. For the legacy pass manager, this is not immediately obvious, though. Instead,
you must make sure that the analysis passes run as often as they should and not more. In other words,
if they get invalidated, you will see that they are rerun.
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To improve the efficiency of your pipeline, double-check that you need all the analysis passes that are
run and, if you do, try to preserve them across passes.

The second one is the structure of the pass pipeline itself. Here, for instance, we have a module with
two functions, foo and bar, and a pass pipeline with three main passes: two function passes, FctPassA
and FctPassB, and one module pass, ModulePassA. Notice how the IR flows through this pipeline:

. FctPassAis applied to foo
. FctPassB is applied to foo
. FctPassAis applied to bar
. FctPassB is applied to bar
. ModulePassA is applied to the whole module

In other words, the pass manager pushes through the current scope of IR as far as possible in the
pipeline until it reaches a scope change. This structure is the recommended one. However, it is easy to
produce a different structure where FctPassA goes through foo then bar, then FctPassB goes through
foo then bar, then ModulePassA goes through the whole module.

Here is a snippet that builds the recommended structure of a pass manager when PRESERVE_FCT_SCOPE
is defined; otherwise, it produces the simpler module-to-module order by leveraging XXXPassAdaptor.
In both cases, this is the same order of passes, but the IR flows through it differently:

ModulePassManager NewPM;

#ifdef PRESERVE_FCT_SCOPE

FunctionPassManager FPMgr;

FPMgr.addPass(FctPassA());

FPMgr.addPass(FctPassB());

NewPM. addPass(
createModuleToFunctionPassAdaptor(std: :move(FPMgr)));

#else

NewPM. addPass(
createModuleToFunctionPassAdaptor(FctPassA()));

NewPM. addPass(
createModuleToFunctionPassAdaptor(FctPassB()));

#endif

NewPM. addPass(ModulePassA());

For the legacy pass manager, you need to go after the exact same inefficiencies: pass invalidation and
non-scope-preserving structure.
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Before going into how to spot these details, the following output gives a concrete example of a log:

ModulePass Manager
FunctionPass Manager

AnalysisA

FctPassA
AnalysisB

FctPassB

ModuleAnalysisA
ModulePassA

The bad news about the legacy pass manager’s structure log, as with the preceding output, is that
nothing in the log tells you which passes are analyses and which ones are regular passes. In other words,
you know that AnalysisA is an analysis pass only if you know that this name represents an analysis.
If the name is not descriptive enough, you are on your own! The second issue is there is no direct
logging that a pass has been invalidated. Instead, you need to spot whether the name of an analysis
pass keeps coming up in the pipeline. If it does, that means it has been invalidated since it needs to
be rerun. Finally, you must infer how the IR flows through the pipeline by yourself. The indentation
helps you identify a scope, but then you need to know that within one scope the IR flows all the way,
as we already explained (that is, foo goes through the full FunctionManager class’s passes before bar
is fed to this part of the pipeline).

The good news with the legacy pass manager is that you get the recommended structure out of the box:
the pass manager groups the passes together when they are from the same scope. The drawback is
since all of this happens under the hood, it is easy to insert a module pass in the middle of a sequence
of function passes without realizing it. Similarly, while it is possible, it is more complicated to break the
predefined flow when you want (for example, you need to wrap your function pass in a module pass
or create a dummy module pass to force a break in the automatic scoping mechanism). The bottom
line is that this manager offers less control.

Note

In the legacy pass manager, analyses may be bound to a nested pass manager. For instance,

when you add a function pass after a module pass (that is, you have a scope change), what

V4 the legacy pass manager does is first create a new function pass manager (which is itself

\@/ a module pass) and register your pass with this nested manager. While this is mainly a

technical detail, this can have dramatic implications on your ability to preserve analysis.

Indeed, since you are starting with a fresh nested manager, it is likely that it will not

have access to the previously computed analyses. If the information you need cannot be
recomputed from scratch, then you must rethink your pass pipeline structure.
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To summarize, for the legacy pass manager structure, pay attention to the different indentation levels
(this means a break in the pass manager nested structure), and pay attention to the names of the passes
that are repeated a lot. If these are analysis passes, you may want to preserve them.

Now that you are satisfied with the structure of your pass pipeline, let us see how you interpret its
time profile.

Time profile
When you enable the time profile (hooked up with the -time-passes command-line option), you end
up with an output that resembles the following:

Total Execution Time: 0.0007 seconds (0.0007 wall clock)

---User Time--- --System Time-- --User+System- - ---Wall Time---
---Instr--- --- Name ---

0.0004 ( 79.2%) ©0.0001 ( 58.9%) ©.0005 ( 73.6%) ©.0005 ( 73.6%)
3312503 InstCombinePass
[...]

0.0005 (100.0%) ©0.0002 (100.0%) ©.0007 (100.0%) ©.0007 (100.0%)
4462553 Total

Total Execution Time: 0.0002 seconds (0.0002 wall clock)

---User Time--- --System Time-- --User+System- - ---Wall Time---

---Instr--- --- Name ---
0.0000 ( 35.5%) 0.0000 ( 66.2%) 0.0001 ( 45.3%) 0.0001 ( 45.9%)
692166 AAManager

[...]

For both the legacy and the new pass manager, you have the same overall structure, except that the
legacy pass manager does not report the analysis passes in a dedicated section.
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The report is self-explanatory; however, here are a few things to remember when you look at it:

1. The time profile can change drastically between a debug, a release with assertion enabled, and
a release without assertions builds. Make sure to profile what makes sense for your use case.

2. The reported time is the cumulated time spent on a particular pass. A pass may end up being
executed a lot and thus contributing a lot to the compile time just because it is invalidated all
the time. Make sure to double-check the structure of the pipeline because you may be wasting
time to optimize a particular pass.

Note

V4 In the time profile, you will also find sections that go into detail on how time is spent within

\E/‘ passes. We will not cover this in this book, but if you are interested in leveraging this, look

at how the NamedRegionTimer class from the Support library is used; for instance, in
${LLVM_SRC}/11vm/1lib/CodeGen/RegAllocGreedy. cpp.

This concludes this overview of how to inspect the pass pipeline. In this section, you have learned
the following:

+  How to instantiate your pass pipeline to match the behavior of the provided developer tools,
optand 1lc

+  How to connect the logging capabilities of different pass managers to the implementation of
your pipeline

. How to interpret and leverage logging information around the structure of the pass pipeline
and its timing information

Now, it is time to put all your newly acquired knowledge together with some hands-on experience.

Your turn

To help you solidify your understanding of what you learned throughout this chapter, we prepared
two exercises that will put you to the test.

In the first one, you will create a pass with both the legacy pass manager and the new pass manager.

In the second, you will also interact with both managers, but this time, you will create a pass pipeline
that can produce logging information.

Writing your own pass

For this exercise, you will have to produce two implementations: one for the legacy pass manager,
where you will fill in the blanks for a function called createYourTurnPassForLegacyPM, located in
ch5/your_first_pass/your_turn/passWithLegacyPM.cpp, and one for the new pass manager, where
you will have to implement the class called YourTurnConstantPropagationNewPass declared in ch5/
your_first_pass/your_turn/passWithNewPM.h and whose implementation should live in ch5/your_
first_pass/your_turn/passWithNewPM. cpp.
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Note

\/{,/: The pointer that you hand over to the legacy pass manager when adding a pass must
be dynamically allocated. The pass manager takes ownership of this pointer and will
deallocate it at the right time.

For this exercise, your pass will simply reuse the simple constant propagation implementation from
the previous chapter. The prototype of this function is given in the . cpp files you have to fill in, and
the compilation and linking are taken care of for you. If you want to implement your own pass, feel
free to do so!

To know how to run your example, look at the README .md file in ch5/your_first_pass. Also, if you
want some inspiration, feel free to look at the provided solution at ch5/your_first_pass/solution.

You should be able to complete everything by calling the APIs you learned in this chapter.

Next, let us see if you can create a pass pipeline.

Writing your own pass pipeline
In this exercise, you will manipulate both pass managers to create a simple pass pipeline consisting
of three optimizations in this order: mem2reg, instcombine, and alwaysinline.

The mem2reg pass comes from the TransformsUtils library and can be instantiated with createProm
oteMemoryToRegisterPass for the legacy pass manager and PromotePass for the new pass manager,
respectively.

For instcombine, its implementation lives in the Transforms library, and its APIs are the following:

. createInstructionCombiningPass for the legacy pass manager

«  InstCombinePass for the new pass manager
Finally, the alwaysinline pass is available from the IPO library with the following:

+  createAlwaysInlinerLegacyPass for the legacy pass manager

. AlwaysInlinerPass for the new pass manager

In the case of the new pass manager, try to hook up the logging capabilities for the structure of the
pass pipeline. The command-line options are already properly hooked up for you for both managers;
you only have to worry about setting up the proper PassInstrumentionCallbacks options.

Note

We already prefetched all the necessary LLVM libraries in the CMakeLists.txt file of
\E// this exercise. However, if you want to play with different passes or if you want to learn
how to do this for your own project, take a look at https://11vm.org/docs/CMake.
html#embedding-11lvm-in-your-project and, more specifically, at the definition of
11vm_map_components_to_libnames, which is what you would need to update.


https://llvm.org/docs/CMake.html#embedding-llvm-in-your-project
https://llvm.org/docs/CMake.html#embedding-llvm-in-your-project
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The files that you need to modify live at ch5/your_first_pipeline/your_turn/passPipelineWithNewPM.
cpp and ch5/your_first_pipeline/your_turn/passPipelineWithlLegacyPM. cpp. Look at the README.
md file in ch5/your_first_pipeline to see how to build and run this example.

For the new pass manager, you will need to leverage the PassBuilder class to register the analysis
passes that are required by the LLVM passes. This is straightforward; just use the following snippet
to initialize your XXXAnalysisManager instances:

PassBuilder PB;
PB.registerFunctionAnalyses(FAM);
PB.registerModuleAnalyses(MAM);

Also, be careful with the order in which you create your XXXAnalysisManager instances. They need to
be created from the narrower to the broader scope. For more details on why, look at https://11vm.
org/docs/NewPassManager.html#just-tell-me-how-to-run-the-default-optimization-pipeline-
with-the-new-pass-manager.

Finally, there are other pitfalls that you might fall into. Do not worry - this is part of the learning, and
if you are stuck, feel free to look at a possible implementation in ch5/your_first_pipeline/solution.

Now that you have firsthand experience with everything related to passes and pass managers, we can
conclude this chapter.

Summary

In this chapter, you discovered the concept of passes and pass pipelines. You learned the difference
between passes and analyses and the different scopes of IR they can operate on. You were able to get
firsthand experience in implementing your own pass and pass pipeline. This knowledge and experience
are the backbone of how LLVM-based compilers are traditionally built.

You also learned how to leverage the logging capabilities that the LLVM infrastructure has to offer with
respect to the structure of your pass pipeline and its profiling information and saw how to navigate
this information and act based on it.

Before you get started with the next chapter on TableGen, feel free to challenge yourself with the
quiz below!

Further reading
For a more in-depth understanding of the concepts covered in the chapter, we invite you to check out
the following resources:
+  Explanation of how to write a pass with the new pass manager: https://1lvm.org/docs/
WritingAnLLVMNewPMPass.html
»  Explanation of how to write a pass with the legacy pass manager: https://11lvm.org/docs/
WritingAnLLVMPass.html

«  Explanation of how the new pass manager works: https://11lvm.org/docs/NewPassManager.
html


https://llvm.org/docs/NewPassManager.html#just-tell-me-how-to-run-the-default-optimization-pipeline-with-the-new-pass-manager
https://llvm.org/docs/NewPassManager.html#just-tell-me-how-to-run-the-default-optimization-pipeline-with-the-new-pass-manager
https://llvm.org/docs/NewPassManager.html#just-tell-me-how-to-run-the-default-optimization-pipeline-with-the-new-pass-manager
https://llvm.org/docs/WritingAnLLVMNewPMPass.html
https://llvm.org/docs/WritingAnLLVMNewPMPass.html
https://llvm.org/docs/WritingAnLLVMPass.html
https://llvm.org/docs/WritingAnLLVMPass.html
https://llvm.org/docs/NewPassManager.html

https://llvm.org/docs/NewPassManager.html
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Quiz time

Now that you have completed reading this chapter, try answering the following questions to test your
knowledge:

1.

Would it be correct for a function pass to modify the definition of a global variable?

No, it would not because passes are not supposed to modify elements of the IR that are outside
of the scope that was provided to them. It is okay to look at the broader scope, but not modify it.

Modifying a global variable would require a module scope since the variable is visible to the

whole module.

More details in the What is a pass? section.

Draw the CGSCC of the following snippet:

void foo() {
bar();
baz();

}

void bar() {
foo();
baz();

}

void baz() {

charlie();

}

To draw the CGSCC, first compute the call graph. This gives you the nodes of the call graph
and its edges. Then, identify the regions that are strongly connected. The definition of strongly
connected is available in the What is a pass? section.

The result looks like this:

.
[
[
'

()

..................

By .

SCC2 SCC3

., baz——charlie:

..................
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When using the Pass class, should you always override the releaseMemory () method?

No, this method is mainly useful for analysis passes. If you write a regular pass, you should do
your memory allocation/deallocation in the runOnXXX method. For analysis passes, on the other
hand, if you allocate memory dynamically in your runOnXXX method, it may be interesting to
override this method.

Check out the Specificities of the Pass class section to get more information on when the pass
manager calls the different methods.

Let us say that you find out that a pass gets invalidated too often. What can you do?

You can inspect the pass structure to see which passes do not preserve this analysis, check
if the related passes are not just missing to populate the PreservedAnalysis/AnalysisUsage
information, and if all this was correct, teach the related passes how to preserve your analysis.

For more details, check out the Preserving analyses section for the legacy pass manager and the
Describing the effects of your pass section for the new pass manager.

What logging capabilities do pass managers offer?

Pass managers can print out a detailed view of both the structure of your pass pipeline and
the time that each pass individually takes.

More information on this can be found in the Inspecting the pass pipeline section.



TableGen — LLVM Swiss Army
Knife for Modeling

For every target, there are a lot of things to model in a compiler infrastructure to be able to do the
following:

+  Represent all the available resources
«  Extract all the possible performance

+  Manipulate the actual instructions

This list is not exhaustive, but the point IS that you need to model a lot of details of a target in a
compiler infrastructure.

While it is possible to implement everything with your regular programming language, such as C++,
you can find more productive ways to do so. In the LLVM infrastructure, this takes the form of a
domain-specific language (DSL) called TableGen.

In this chapter, you will learn the TableGen syntax and how to work your way through the errors
reported by the TableGen tooling. These skills will help you be more productive when working with
this part of the LLVM ecosystem.

This chapter focuses on TableGen itself, not the uses of its output through the LLVM infrastructure. How
the TableGen output is used is, as you will discover, TableGen-backend-specific and will be covered in
the relevant chapters. Here, we will use one TableGen backend to get you accustomed to the structure
of the TableGen output, starting you off on the right foot for the upcoming chapters.

Before getting started with TableGen, let’s briefly discuss the technical requirements.
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Technical requirements

In this chapter, you will wrestle directly with the TableGen tooling that comes with the LLVM releases.
At this point, you know the drill concerning the tools that you need to build a project using the LLVM
infrastructure (Git, CMake, Ninja, and the C++ toolchain).

Additionally, you will find the code for the examples in this chapter in a folder named ch6, which can
be found in the GitHub repository of this book: https://github.com/PacktPublishing/LLVM-Code-
Generation.

Without further ado, let’s start our journey with TableGen.

Getting started with TableGen

The name TableGen stems from its original usage - generating tables. For instance, TableGen generates
the table that represents all the registers of a target. TableGen outgrew this purpose and is now used
to model a wide range of things, from Clang’s command-line options to multi-level intermediate
representation (MLIR) operations’ boilerplate C++ code, or used directly within LLVM to generate
the instruction selection tables, and so on.

Fundamentally, TableGen is a DSL to produce records. A record is an entity with a name and an
arbitrary number of fields, where each field has its own type.

How these records are used and what output TableGen generates from them depends on the specific
TableGen backend.

We will survey one of the TableGen backends used in this book in the Discovering a TableGen backend
section, but you will learn how to use this backend and the other ones in the relevant upcoming chapters.

TableGen’s strength lies in how you can structure the generation of your records such that you can
factor out the repeated parts of records.

For instance, imagine that you want to produce records that hold the ages and names of people. Without
even describing the TableGen syntax yet, this could look like the following snippet:

class Person<int age, string name> {
int _age = age;
string _name = name;

}

def A: Person<23, "A">;

def B: Person<64, "B">;

def : Person<43, "anonymous">;

Note how the boilerplate of our records is gathered in just one location, the Person class, and how
easy it is to create a record for each person (A, B, etc.).


https://github.com/PacktPublishing/LLVM-Code-Generation
https://github.com/PacktPublishing/LLVM-Code-Generation
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Then, you can process that input (saved in a file named person.td, in this case) through TableGen
with the following command:

$ ${LLVM_INSTALL_DIR}/bin/1lvm-tblgen person.td

Running this command will yield the following records:

def A {
int _age = 23;
string _name = "A";
}
def B {

int _age = 64;
string _name = "B";
}
def anonymous_0 {
int _age = 43;
string _name = "anonymous";

}

Asyou can see, TableGen’s basic functionality expands a structured representation of your records into
a mostly flat representation. The parts that do not get flattened are the fields with non-built-in types.

To summarize, TableGen is a sort of glorified string concatenation tool, at least for the frontend part.

The interesting bits happen when you enable a TableGen backend (through one of the --gen-xxx
options of the 11vm-tblgen tool). When a TableGen backend is enabled, TableGen feeds the records,
after flattening them all, to the related backend. The backend then generates what is expected from
these records, and this content is included in the related part of the LLVM infrastructure. Where
and how things are included depends on the usage of the generated information, but the general
mechanism remains the same for all of them, as illustrated in Figure 6.1.

TableGen

N N

L (e )

.
.

input.td output.inc

use in LLVM

Figure 6.1: Usage of TableGen in LLVM

In Figure 6.1, an input file, usually with the .td suffix, which stands for target description, is fed to
TableGen. The TableGen frontend generates flattened records and feds them to the desired backend.
The backend generates its output in a file with a . inc suffix. That suffix indicates that this file needs
to be included somewhere else to make sense. The type of output in the .inc file depends on the
backend, but usually in LLVM, TableGen is used to produce C++ code.
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The invocation of TableGen happens at build time. The content of certain LLVM files depends on the
presence of the .inc files, and they are generated as part of the build process. This is why building
TableGen in release mode, as described in Chapter 1, can help you speed up your build time even if
you are interested in building your whole compiler in debug mode.

Note

D’ Even if you are tempted to modify the content of a . inc file, do not! Although this is fine
\n/ for exploration purposes, the . inc suffix is used as an indication that the related file has

been automatically generated. In other words, if you want to modify it, you must modify
its source; hence, find its related . td file.

In this section, you learned the basic mechanics of TableGen. You saw that it is used as a DSL to generate,
at build time, information included by the rest of the LLVM infrastructure. You also learned that what
is generated is TableGen-backend specific.

Before looking at the TableGen backends more closely, let’s get a primer on the TableGen syntax.

The TableGen programming language

In this section, we will offer a primer on the TableGen syntax. The goal here is not for you to become
a TableGen programmer but to know enough so that you can understand what you read and write
when working with TableGen in the rest of this book. For a more thorough explanation of the TableGen
syntax, consult the Further reading section.

As you saw in the previous section, TableGen is a language used to generate records. It relies on two
main constructs to describe its records:
+  class: A way to structure, pre-fill, and specify a type for records

+  def: An instantiation of a record
The general syntax to describe a record is as follows:

def [optionalName][: optionalClassA[<argN[, argM]*>][, o