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Introduction to GCC and Its Intermediate Forms

The GNU Compiler Collection (GCC) is a powerful, open-source compiler system
supporting various programming languages such as C, C++, Objective-C,
Fortran, Ada, and others. One of its core strengths lies in its multi-stage
compilation process, which involves transforming source code into executable
machine code through several intermediate representations (IMFs). These
intermediate forms are crucial for optimization, portability, and code
generation.

Understanding the three major intermediate forms used in GCC—GIMPLE, RTL, and
GENERIC—is essential for grasping how GCC optimizes code and adapts to
different architectures. This comprehensive guide explores each IMF, their
characteristics, and their roles within the GCC compilation pipeline.

---

Overview of GCC’s Compilation Pipeline

GCC's compilation process can be broadly divided into several phases:

1. Preprocessing: Expanding macros and including headers.
2. Parsing: Converting source code into an abstract syntax tree (AST).
3. GIMPLE Generation: Simplifying the AST into an intermediate form.
4. Optimizations: Applying various transformations at different intermediate
stages.
5. RTL Generation: Converting GIMPLE into a register transfer language
suitable for machine code generation.
6. Assembly and Linking: Final steps to produce executable code.

The three key intermediate forms—GENERIC, GIMPLE, and RTL—are integral to
stages 3, 4, and 5, enabling GCC to perform platform-independent
optimizations, target-specific code generation, and ultimately produce
efficient machine code.

---

The Three Major Intermediate Forms in GCC



1. GENERIC (High-Level Representation)

What Is GENERIC?

GENERIC is the earliest platform-independent intermediate representation used
in GCC. It is a simplified, high-level form derived from the language's
abstract syntax tree (AST). GENERIC captures the core semantics of the source
code without specific machine details, making it suitable for high-level
optimizations and analyses.

Characteristics of GENERIC

- Simplifies complex language constructs into a uniform representation.
- Maintains high-level semantic information.
- Contains explicit control flow structures like basic blocks.
- Designed for platform-independent analysis and transformations.

Where Is GENERIC Used?

- During initial stages of the compilation, especially after parsing.
- For performing high-level optimizations such as constant propagation, dead
code elimination, and common subexpression elimination.
- As a basis for converting source code into GIMPLE.

2. GIMPLE (Simplified Representation)

What Is GIMPLE?

GIMPLE is a simplified, three-address code form derived from GENERIC. It is
designed to make optimization and analysis easier by representing complex
expressions as a sequence of simple, atomic statements. GIMPLE strips away
language-specific features and complex control structures, focusing on a
normalized form suitable for aggressive optimization.

Characteristics of GIMPLE

- Uses three-address code (i.e., each statement has at most three operands).
- Eliminates complex expressions into simpler assignments.
- Represents control flow explicitly with basic blocks.
- Facilitates data flow analysis and optimization passes.
- Easier for compiler developers to implement transformations.

Where Is GIMPLE Used?

- In the middle of the compilation pipeline, after GENERIC.
- For performing many optimizations, including loop transformations,
inlining, and constant propagation.
- As the primary form for GCC's optimization passes.

3. RTL (Register Transfer Language)



What Is RTL?

RTL (Register Transfer Language) is a low-level, platform-specific
intermediate form used for code generation and optimization close to machine
code. It models operations in terms of registers and memory addresses,
reflecting the actual hardware architecture.

Characteristics of RTL

- Represents machine-level instructions and data movement.
- Uses a low-level, machine-oriented syntax.
- Facilitates target-specific optimizations like instruction scheduling.
- Encodes details about registers, memory addresses, and instructions.

Where Is RTL Used?

- During the final stages of the compilation process.
- For instruction scheduling and register allocation.
- In the generation of assembly code tailored for specific hardware
architectures.
- When performing low-level optimizations that depend on hardware specifics.

---

Detailed Comparison of the Three IMFs

| Aspect | GENERIC | GIMPLE | RTL |
|---------|-----------|---------|-----|
| Level of abstraction | High-level, platform-independent | Mid-level,
simplified three-address code | Low-level, hardware-oriented |
| Purpose | High-level analysis and initial optimization | Optimization,
analysis, transformation | Final code generation, target-specific
optimization |
| Structure | Control flow with explicit basic blocks | Three-address code,
normalized expressions | Machine instructions, register and memory operations
|
| Ease of analysis | Easy | Easier | Complex, but detailed |

---

Where These IMFs Are Used in GCC

Role of GENERIC
GENERIC serves as the initial platform-independent IR, enabling GCC to
perform high-level language analysis and transformations. It is primarily
used immediately after parsing and before converting into GIMPLE.

Use Cases:
- Early-stage optimizations such as dead code removal.
- High-level semantic checks.
- Preparation for lowering into GIMPLE.



Role of GIMPLE
GIMPLE is the workhorse for most of GCC's optimization passes. Its
simplified, normalized form allows for efficient implementation of complex
transformations.

Use Cases:
- Loop optimizations, inlining, and constant propagation.
- Data flow and control flow analysis.
- Preparation for target-specific lowering into RTL.

Role of RTL
RTL is used in the backend of GCC for generating machine code. It captures
the specifics of the target architecture, enabling optimizations like
instruction scheduling and register allocation.

Use Cases:
- Final code emission.
- Target-specific optimizations.
- Instruction scheduling and register management.

---

Conclusion: The Significance of Intermediate
Forms in GCC

GCC's ability to compile high-level language code into efficient machine code
hinges on its sophisticated use of intermediate forms. Each of the three
major IMFs—GENERIC, GIMPLE, and RTL—serves distinct purposes within the
compilation pipeline, enabling GCC to perform a wide range of optimizations
at appropriate levels of abstraction.

- GENERIC provides a platform-independent, semantic-rich foundation for
initial analysis.
- GIMPLE simplifies complex constructs into a normalized form for effective
optimization.
- RTL allows for detailed, architecture-specific code generation and final
optimization.

Understanding these forms not only sheds light on GCC's internal workings but
also highlights the importance of intermediate representations in modern
compiler design. They collectively contribute to GCC’s ability to produce
fast, reliable, and portable executables across diverse hardware
architectures.

---
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Frequently Asked Questions

What are the three major intermediate forms used in
GCC?

The three major intermediate forms used in GCC are Tree, RTL (Register
Transfer Language), and GIMPLE. These forms serve as stages in the
compilation process to optimize and generate machine code efficiently.

Where is the Tree intermediate form used in GCC?

Tree form is used early in the compilation process for high-level language
analysis and transformations, such as type checking and syntax tree
manipulations, before converting to lower-level representations.

What is RTL in GCC, and where does it fit in the
compilation process?

RTL (Register Transfer Language) is an intermediate representation used after
the Tree phase. It is closer to assembly language and facilitates low-level
optimizations and register allocation before generating machine code.

How does GIMPLE differ from the other intermediate
forms in GCC?

GIMPLE is a simplified, three-address code form derived from RTL. It
simplifies complex expressions to enable easier optimization and analysis,
serving as a key step before final code generation.

In which stages of GCC are the Tree, RTL, and GIMPLE
forms used?

Tree is used during initial semantic analysis, RTL is used for low-level code
optimizations and register allocation, and GIMPLE is employed for high-level
optimizations before final code generation.

Why are multiple intermediate forms used in GCC's
compilation pipeline?

Multiple intermediate forms allow for targeted optimizations at different
abstraction levels, improving the efficiency, correctness, and performance of
the final generated code.



Can you explain the role of Tree in GCC's
optimization process?

Tree representation captures the high-level structure of source code,
enabling semantic checks and high-level optimizations like constant
propagation and dead code elimination.

What advantages does RTL provide in GCC's compilation
process?

RTL provides a low-level, machine-independent representation that facilitates
register allocation, instruction scheduling, and other machine-specific
optimizations.

At what point does GCC convert from GIMPLE to
machine-specific code?

GCC converts from GIMPLE to machine-specific code after performing high-level
and low-level optimizations on GIMPLE and RTL, respectively, during the final
stages of code generation.

How do the intermediate forms contribute to GCC's
portability and optimization capabilities?

They allow GCC to perform platform-independent optimizations at higher levels
(Tree and GIMPLE) and platform-specific optimizations at lower levels (RTL),
enhancing both portability and performance.
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The GNU Compiler Collection (GCC) is a cornerstone in the landscape of modern
compiler design, renowned for its flexibility, extensibility, and support for
a multitude of programming languages. At the heart of GCC's architecture lies
a complex, multi-stage process of transforming source code into optimized
machine instructions. Central to this transformation are the Intermediate
Forms (IMFs), which serve as abstract representations of the code at various
stages of compilation. These IMFs facilitate analysis, optimization, and code
generation, acting as bridges between high-level language constructs and low-
level machine code.

This article explores the three major intermediate forms used in GCC,
elucidating their structures, roles, and the specific points in the
compilation pipeline where they are employed. By understanding these IMFs,
developers and researchers can gain deeper insights into GCC’s internal
workings, optimization strategies, and the challenges of compiler design.

---



Understanding the Role of Intermediate Forms in
GCC

Before delving into the specific IMFs, it is essential to comprehend why GCC
employs multiple intermediate representations. The compilation process is
inherently complex, involving parsing, semantic analysis, optimization, and
code generation. Directly transforming high-level source code into machine
code in a single step would be inefficient and inflexible. Instead, GCC
decomposes this process into stages, each represented by a distinct
intermediate form.

These forms provide a simplified, normalized view of the program, allowing
various analyses and transformations to be applied uniformly. They also
enable the modular design of the compiler, where different optimization
passes can be developed and tested independently. The three major IMFs in
GCC—Tree, RTL, and GIMPLE—each serve specialized roles aligned with specific
stages of the compilation pipeline.

---

The Three Major Intermediate Forms in GCC

GCC primarily utilizes the following three intermediate representations:

1. Tree (High-Level Representation)
2. GIMPLE (Simplified High-Level Representation)
3. RTL (Register Transfer Language, Low-Level Representation)

Each represents a different abstraction level, optimized for particular
phases of analysis and transformation.

---

1. Tree: The High-Level Abstract Syntax Tree

Overview and Structure

The Tree form is the earliest and most abstract intermediate representation
used within GCC. It closely mirrors the source language's syntax and
semantics, representing code in a structured, tree-like format. Trees encode
various language constructs—such as expressions, statements, declarations,
and types—in a hierarchical manner.

The Tree representation is derived directly from the parser's output and
includes:

- Declarations (variables, functions, types)
- Expressions (arithmetic, logical, function calls)
- Statements (if, for, while, switch)
- Types and Attributes

This form is rich in semantic information, making it ideal for high-level



analysis and transformation.

Where and How It Is Used

- Parsing Stage: After initial parsing, source code is converted into the
Tree form.
- Semantic Analysis: Enabling type checking, scope resolution, and other
semantic checks.
- Initial Optimizations: Such as constant folding or dead code elimination.
- Transformation and Simplification: Preparing code for lower-level
intermediate forms.

Significance in GCC

The Tree form provides a comprehensive, language-agnostic representation that
captures the program's structure and semantics, facilitating complex analyses
and high-level optimizations. Its detailed nature allows GCC to support
multiple languages and enable language-specific transformations before
lowering to more machine-oriented forms.

---

2. GIMPLE: The Simplified High-Level Representation

Overview and Structure

GIMPLE is a simplified, three-address code-like intermediate form derived
from the Tree representation. Its primary purpose is to facilitate
optimization by reducing complex constructs into a normalized, linearized
form.

Key characteristics of GIMPLE include:

- Simplification of Control Flow: GIMPLE converts complex control flow
constructs into a normalized form, often using basic blocks and explicit
jumps.
- Three-Address Code: Expressions are broken into simple statements with at
most one operation per statement, making data dependencies explicit.
- SSA Form (Static Single Assignment): GIMPLE employs SSA form, where each
variable is assigned exactly once, simplifying data flow analysis.

Where and How It Is Used

- Optimization Passes: GIMPLE is the primary representation for most
optimization passes, including loop transformations, inlining, and constant
propagation.
- Analysis and Transformation: Enables straightforward data flow and control
flow analyses.
- Preparation for Lowering: Acts as an intermediate step before generating
RTL, bridging the high-level language constructs and machine-specific code.



Advantages of GIMPLE

- Simplifies complex expressions into manageable, uniform statements.
- Facilitates aggressive optimizations due to SSA form.
- Provides a platform for language-independent transformations within GCC.

Transition from Tree to GIMPLE

The conversion involves:

- Normalization of complex expressions.
- Expansion of macros or syntactic sugar into fundamental operations.
- Conversion into SSA form through renaming and insertion of φ-functions
during the control flow graph formation.

---

3. RTL (Register Transfer Language): The Low-Level
Representation

Overview and Structure

RTL (Register Transfer Language) is GCC’s lowest-level intermediate form,
designed to closely mirror actual machine instructions and hardware
capabilities. It represents code as a sequence of register-to-register or
memory-to-register transfer operations.

Key features of RTL include:

- Explicit Control Flow: Basic blocks with jumps and labels.
- Machine-Dependent: RTL instructions are closely tied to hardware
architecture, such as specific registers and instruction formats.
- Linear and Graphical: Can be viewed as linear sequences or control flow
graphs representing program flow.

Where and How It Is Used

- Code Generation: RTL is the primary representation during the final stages
of compilation, where code is translated into assembly or machine code.
- Machine-Dependent Optimizations: Such as instruction scheduling, register
allocation, and peephole optimizations.
- Target-Specific Code Emission: Converts RTL instructions into architecture-
specific machine instructions.

Advantages of RTL

- Enables fine-grained control over hardware-specific features.
- Facilitates low-level optimizations that are crucial for performance.
- Acts as a bridge between architecture-independent IRs and actual machine
code.



Transition from GIMPLE to RTL

This involves lowering high-level constructs into machine-specific
instructions, which may include:

- Register allocation.
- Instruction selection.
- Scheduling and final optimization passes.

---

Summary and Interplay of the Three IMFs

The three intermediate forms serve as a layered stack, each optimized for
particular types of analysis and transformations:

| Intermediate Form | Abstraction Level | Primary Use | Key Characteristics |
|---------------------|-------------------|--------------|-------------------
--|
| Tree | High-level | Semantic analysis, high-level optimization | Rich
semantic info, language-specific constructs |
| GIMPLE | Mid-level, simplified | Optimization, analysis, transformation |
SSA form, three-address code, normalized control flow |
| RTL | Low-level, architecture-specific | Code generation, low-level
optimization | Machine-oriented, register-level operations |

This layered approach allows GCC to perform complex, high-level optimizations
before proceeding to low-level, architecture-specific code generation,
ensuring both correctness and performance.

---

Conclusion

Understanding the three major intermediate forms used in GCC—Tree, GIMPLE,
and RTL—reveals the sophistication of modern compiler design. Each form plays
a vital role in enabling GCC to produce efficient, optimized code across a
wide range of architectures and programming languages.

From the high-level semantic richness of the Tree to the normalized,
analysis-friendly GIMPLE, and finally to the architecture-tailored RTL, each
stage embodies a different facet of the compilation journey. Recognizing
where and how these IMFs are used allows developers to better appreciate
GCC’s modular architecture, its strengths in optimization, and the challenges
faced in translating human-readable code into machine instructions.

As GCC continues to evolve, these intermediate representations will remain
central to its flexibility and robustness, supporting ongoing innovations in
compiler technology and software development.
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