
build your own programming language

build your own programming language is an ambitious and rewarding project
that offers deep insights into how programming languages work under the hood.
Creating a custom language involves understanding syntax design, parsing,
semantic analysis, and code generation or interpretation. This article
provides a comprehensive guide to building your own programming language from
scratch, covering essential concepts such as lexical analysis, grammar
definition, and runtime implementation. Whether the goal is to design a
simple scripting language or a full-fledged compiled language, mastering
these foundational elements is crucial. Additionally, the discussion includes
useful tools, best practices, and common challenges faced during development.
The following sections will walk through the process step-by-step, providing
a roadmap for both beginners and experienced developers interested in
language creation.

Understanding Programming Language Concepts

Designing the Language Syntax and Semantics

Implementing the Lexer and Parser

Building the Abstract Syntax Tree (AST)

Semantic Analysis and Type Checking

Code Generation and Interpretation

Testing and Debugging Your Language

Understanding Programming Language Concepts

Before embarking on the journey to build your own programming language, it is
essential to grasp the fundamental concepts that define programming
languages. These include syntax, semantics, and pragmatics. Syntax refers to
the structure and rules that govern the arrangement of symbols in the
language. Semantics involves the meaning of those symbols and statements,
while pragmatics deals with how the language is used in practical scenarios.
Understanding these elements provides the foundation necessary to design a
coherent and functional language.

Types of Programming Languages

Programming languages can be broadly categorized into compiled and
interpreted languages, as well as high-level and low-level languages.
Compiled languages translate code into machine instructions before execution,
offering performance benefits. Interpreted languages execute code directly
through an interpreter, providing flexibility and easier debugging. High-
level languages focus on human readability and abstraction, whereas low-level
languages are closer to machine code. Recognizing these distinctions helps in
deciding the nature and purpose of the language to be created.



Core Components of a Programming Language

Every programming language consists of several core components:

Lexer (Tokenizer): Breaks down code into tokens.

Parser: Analyzes token sequences to build a structural representation.

Abstract Syntax Tree (AST): Represents the hierarchical syntactic
structure.

Semantic Analyzer: Checks meaning and consistency of code.

Code Generator or Interpreter: Translates or executes the code.

Designing the Language Syntax and Semantics

Designing a programming language requires careful planning of its syntax and
semantics. Syntax design includes defining keywords, operators, and the
overall grammar structure. Semantics determine what each statement or
expression does during execution. Clarity and consistency in language design
ensure ease of use and prevent ambiguous interpretations.

Choosing Syntax Style

The syntax style affects how users write programs and can range from verbose
and descriptive to succinct and symbolic. Common syntax styles include:

C-like Syntax: Uses braces and semicolons.

Python-like Syntax: Relies on indentation and minimal punctuation.

Functional Syntax: Emphasizes function composition and expressions.

Selecting an appropriate style depends on the language’s target audience and
purpose.

Defining Grammar Rules

A grammar formally specifies the language’s syntax through production rules.
Using formal grammar notations like Backus-Naur Form (BNF) or Extended
Backus-Naur Form (EBNF) helps clearly express valid program constructs.
Grammar rules determine how tokens combine to form valid statements and
expressions, which is critical for parser implementation.

Implementing the Lexer and Parser

The lexer and parser are foundational components that convert raw source code
into a structured format that the language processor can work with. The lexer



scans the input text to produce tokens, while the parser organizes these
tokens into syntactic structures.

Writing the Lexer

The lexer, or tokenizer, identifies meaningful symbols such as keywords,
operators, identifiers, and literals. It removes whitespace and comments,
simplifying the input for parsing. Lexers can be implemented using regular
expressions or lexer generator tools. Efficiency and accuracy at this stage
improve the overall language performance.

Developing the Parser

The parser takes the token stream and constructs an Abstract Syntax Tree
(AST) based on the grammar rules. There are two main types of parsers: top-
down (recursive descent) and bottom-up (LR parsers). Recursive descent
parsers are easier to implement but may not handle all grammars. Parser
generators can automate this process by converting grammar definitions into
parsing code.

Building the Abstract Syntax Tree (AST)

The Abstract Syntax Tree is a tree representation of the syntactic structure
of source code. The AST abstracts away unnecessary syntactic details and
focuses on the hierarchical relationships between language constructs. It
serves as an intermediate representation for further processing such as
semantic analysis and code generation.

Structure and Purpose of the AST

Each node in the AST represents a language construct like expressions,
statements, or declarations. Nodes can have child nodes, reflecting nested
structures or sub-expressions. The AST simplifies complex source code into a
manageable format, facilitating error detection and optimizations.

Constructing the AST During Parsing

As the parser recognizes grammar rules, it simultaneously builds the AST by
creating nodes for each recognized construct. This approach ensures that the
AST precisely mirrors the syntactic structure of the source code. Proper
design of AST node types is critical for later stages of the language
processing pipeline.

Semantic Analysis and Type Checking

After creating the AST, semantic analysis verifies that the code makes sense
beyond its syntactical correctness. This includes type checking, scope
resolution, and enforcing language-specific rules. Semantic errors are common
sources of bugs and must be meticulously handled.



Type Systems and Type Checking

Type checking ensures that operations and assignments are performed on
compatible data types. The language may support static or dynamic typing.
Static type checking happens at compile-time, catching errors early. Dynamic
typing defers checks to runtime, offering flexibility. Designing a robust
type system enhances language reliability.

Scope and Symbol Table Management

Scope rules define the visibility and lifetime of variables and functions.
The symbol table stores information about identifiers and their attributes.
During semantic analysis, the symbol table is consulted to detect undeclared
variables, duplicate definitions, and other semantic errors.

Code Generation and Interpretation

The final stage in building your own programming language is transforming the
semantically validated AST into executable code. This can be done through
direct interpretation or by generating code for a target platform such as
machine code or bytecode.

Interpreters

An interpreter executes the AST nodes directly, evaluating expressions and
executing statements in real-time. Interpreters are easier to develop and
allow for immediate feedback but may have slower performance compared to
compiled code.

Compilers and Code Generators

Compilers translate the AST into lower-level code such as assembly, machine
code, or an intermediate bytecode. This process involves optimization and
platform-specific code generation. Compiled languages typically offer better
performance but require more complex tooling.

Virtual Machines and Runtime Environments

Some languages use virtual machines (VMs) to execute bytecode, providing
platform independence and security. Examples include the Java Virtual Machine
(JVM) and the .NET Common Language Runtime (CLR). Implementing a VM can add
complexity but enhances portability and control.

Testing and Debugging Your Language

Thorough testing and debugging are crucial to ensure the language works as
intended and provides a good developer experience. This involves validating
syntax, semantics, runtime behavior, and error handling.



Creating Test Suites

Develop comprehensive test cases covering all language features, edge cases,
and error scenarios. Automated testing frameworks can facilitate regression
testing and continuous integration, maintaining language quality as features
evolve.

Debugging Tools and Error Reporting

Implement informative error messages and debugging support to aid users in
diagnosing issues. Features such as syntax highlighting, stack traces, and
interactive debuggers improve usability and adoption.

Performance Profiling

Analyzing the execution performance of the language runtime helps identify
bottlenecks and optimize critical components. Profiling tools can guide
enhancements in the lexer, parser, interpreter, or code generator.

Frequently Asked Questions

What are the first steps to build your own
programming language?

The first steps include defining the purpose and features of your language,
designing its syntax, and creating a lexer and parser to process the source
code.

Which tools are commonly used to create a programming
language?

Common tools include lexer and parser generators like Lex/Yacc, ANTLR, or
Flex/Bison, as well as compiler frameworks like LLVM for code generation.

Should I build an interpreted or compiled programming
language?

It depends on your goals; interpreted languages are easier to implement and
debug, while compiled languages offer better performance and optimization
opportunities.

How important is designing a grammar for your
programming language?

Designing a clear and unambiguous grammar is crucial as it defines the syntax
rules, helps build the parser, and ensures that programs written in your
language are correctly understood.



What programming languages are best for building a
new programming language?

Languages like C, C++, Rust, and Python are popular choices due to their
performance and available tooling, but the best choice depends on your
familiarity and project requirements.

How can I implement semantic analysis in my
programming language?

Semantic analysis involves checking for type errors, scope resolution, and
other semantic rules after parsing, typically by traversing the abstract
syntax tree (AST) and enforcing language-specific constraints.

What resources are recommended to learn about
building your own programming language?

Books like 'Programming Language Pragmatics' and 'Crafting Interpreters',
online tutorials, compiler courses, and open-source language projects are
excellent resources.

How long does it usually take to build a basic
programming language?

It varies widely based on complexity and experience; a simple interpreted
language can be built in a few weeks, while a full-featured compiled language
may take months or years.

Additional Resources
1. “Crafting Interpreters” by Robert Nystrom
This book offers a comprehensive guide to building your own programming
language from scratch. Nystrom walks readers through the creation of a fully
functional interpreter for a dynamically typed language. The text balances
theory and practical implementation, making it accessible to both beginners
and experienced programmers interested in language design.

2. “Programming Language Pragmatics” by Michael L. Scott
A thorough exploration of programming language concepts, this book covers
syntax, semantics, and implementation techniques. While not solely focused on
building languages, it provides essential foundational knowledge that aids in
language creation. The detailed explanations of parsing, type systems, and
runtime environments are particularly useful.

3. “Language Implementation Patterns” by Terence Parr
Parr presents reusable patterns for designing and implementing programming
languages and domain-specific languages. The book emphasizes practical
techniques and includes numerous examples using Java and ANTLR. It’s an
excellent resource for understanding how to structure language components and
build robust parsers and interpreters.

4. “Writing An Interpreter In Go” by Thorsten Ball
This hands-on guide shows how to construct an interpreter for a simple
programming language using the Go programming language. Ball breaks down



complex concepts into manageable parts, helping readers understand lexical
analysis, parsing, and evaluation. It’s ideal for those who prefer learning
by doing with a modern language.

5. “The Definitive ANTLR 4 Reference” by Terence Parr
ANTLR is a powerful parser generator, and this book serves as a practical
manual for using it to build language parsers. Parr explains how to define
grammars and generate parsers that can be integrated into language tools.
This resource is invaluable for anyone looking to automate the parsing phase
of language implementation.

6. “Programming Languages: Application and Interpretation” by Shriram
Krishnamurthi
This textbook focuses on the principles behind programming languages and how
to implement them using interpreters. It guides readers through designing
language features and writing interpreters in Scheme. The conceptual depth
combined with practical exercises makes it a great choice for learners aiming
to understand language internals.

7. “Build Your Own Lisp” by Daniel Holden
Holden’s book is a step-by-step tutorial for creating a Lisp interpreter in
C. It covers fundamental language concepts such as parsing, evaluation, and
garbage collection in a clear and approachable manner. The project-based
approach is excellent for those interested in Lisp and language
implementation in low-level languages.

8. “Essentials of Programming Languages” by Daniel P. Friedman, Mitchell
Wand, and Christopher T. Haynes
This classic text dives into the theory and practice of programming
languages, emphasizing interpreters and semantics. Readers learn to build
interpreters that illustrate key concepts like environments, control flow,
and data abstraction. It’s well-suited for those who want a rigorous
understanding of language design.

9. “Modern Compiler Implementation in ML” by Andrew W. Appel
Focusing on compiler construction, this book guides readers through building
a complete compiler, which is crucial for language implementation. Using ML,
Appel covers lexical analysis, parsing, semantic analysis, optimization, and
code generation. It’s an authoritative resource for those looking to go
beyond interpreters and develop full-fledged compilers.
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