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1. Introduction to Crystal: The Best of Both Worlds
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Crystal emerged as a remarkable programming language that bridges two seemingly contradictory worlds: the developer friendliness of Ruby and the performance characteristics of statically typed, compiled languages. For developers who have spent years working with Ruby, Crystal feels like coming home to a familiar place that's been subtly enhanced with modern amenities. The syntax is immediately recognizable, the expressiveness is preserved, but underneath lies a powerful type system and compilation process that delivers exceptional performance.
The journey of Crystal began in 2011 when Ary Borenszweig and Juan Wajnerman at Manas Technology Solutions sought to create a language that would maintain Ruby's elegant syntax while addressing its performance limitations. Their vision was to build something that would feel natural to Ruby developers while delivering the kind of performance typically associated with languages like Go or C++. The result is Crystal, a language that compiles to native code and includes a sophisticated type inference system that often makes type annotations optional.
One of Crystal's most compelling features is its ability to detect type errors at compile time while still maintaining a clean, Ruby like syntax. Consider how in Ruby, you might encounter runtime errors when passing incorrect types to methods. These errors might only surface during production, leading to potential system failures. Crystal prevents these issues by performing type checking during compilation, yet it does so without requiring explicit type annotations in most cases. The type inference system is smart enough to understand your intentions while ensuring type safety.
Performance is where Crystal truly shines. By compiling to native code through LLVM, Crystal programs can run at speeds comparable to C++ and Go. This compilation process eliminates the overhead associated with interpreted languages like Ruby, making Crystal an excellent choice for performance critical applications. The language achieves this without sacrificing developer productivity, as the compilation process is typically quick and the feedback loop remains tight during development.
Crystal's standard library is comprehensive and well designed, offering many of the conveniences Ruby developers have come to expect. From built in JSON parsing to HTTP clients and servers, the standard library provides the tools necessary for building modern web applications and services. The standard library is also written in Crystal itself, making it easy to understand and extend when necessary. This transparency allows developers to learn from the implementation and contribute back to the ecosystem.
Concurrency in Crystal is handled through a fiber based model, similar to Go's goroutines but with some unique characteristics. Fibers are lightweight threads managed by the Crystal runtime, allowing developers to write concurrent code without dealing with the complexities of operating system threads. The channel system provides a safe way to communicate between fibers, promoting a message passing approach to concurrency that helps avoid many common concurrent programming pitfalls.
Memory management in Crystal strikes a balance between performance and safety. While the language includes a garbage collector, it's designed to be predictable and efficient. Crystal also provides tools for working with low level memory operations when needed, though this is typically unnecessary for most applications. The type system helps prevent memory related errors while maintaining performance, making Crystal suitable for systems programming tasks that might traditionally require C or C++.
For web developers, Crystal offers several compelling frameworks and libraries. Kemal, inspired by Sinatra, provides a lightweight and fast web framework that feels familiar to Ruby developers. Lucky, a more full featured framework, takes advantage of Crystal's type system to provide compile time guarantees about route handling and database queries. These frameworks demonstrate how Crystal's type system can enhance developer productivity while maintaining high performance.
Crystal's macro system is another powerful feature that sets it apart. While Ruby offers metaprogramming through its runtime reflection capabilities, Crystal provides compile time metaprogramming through its macro system. This approach allows for code generation and DSL creation while maintaining type safety and performance. The macro system is particularly useful for reducing boilerplate code and creating domain specific abstractions.
When it comes to testing, Crystal provides a testing framework in its standard library that will feel familiar to Ruby developers. The spec syntax is inspired by RSpec, allowing for readable and expressive tests. The type system adds an extra layer of confidence, as many potential errors are caught at compile time rather than during testing. This combination of familiar testing patterns and static typing leads to robust and maintainable test suites.
Deployment of Crystal applications is straightforward, as the compilation process produces a single binary that includes all dependencies. This makes Crystal applications easy to distribute and deploy, whether you're using traditional servers or container based environments. The small memory footprint and fast startup times of Crystal applications make them well suited for modern cloud environments and microservices architectures.
As we progress through this book, we'll explore these aspects of Crystal in detail, building increasingly sophisticated applications while maintaining code quality and performance. We'll see how Crystal's type system can prevent common errors, how its concurrency model enables scalable applications, and how its performance characteristics make it suitable for a wide range of use cases. We'll also examine real world examples and patterns that demonstrate how Crystal can be used effectively in production environments.
The Crystal ecosystem, while younger than some other languages, is growing rapidly. The community is active and welcoming, with new libraries and tools being developed regularly. The language's stability has improved significantly, making it increasingly suitable for production use. Companies around the world are already using Crystal in production, from web services to data processing applications.
Throughout this book, we'll take a practical approach, focusing on real world scenarios and production ready code. We'll explore not just the language features but also the ecosystem, tools, and practices that make Crystal development productive and enjoyable. Whether you're coming from Ruby seeking better performance, or from a statically typed language looking for more expressiveness, Crystal offers a compelling combination of features that make it worth considering for your next project.
As we conclude this introduction, it's worth emphasizing that Crystal represents more than just a new programming language; it represents a philosophy that high level expressiveness and low level performance need not be mutually exclusive. In the chapters that follow, we'll see how this philosophy manifests in practice, and how we can leverage Crystal's unique characteristics to build robust, performant, and maintainable applications.
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2. Setting Up Your Crystal Development Environment
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Setting up a proper development environment is crucial for productive Crystal programming. While Crystal's installation and setup process is relatively straightforward, there are several important considerations and best practices to ensure an optimal development experience. Let's explore the complete process of setting up a Crystal development environment across different operating systems and development scenarios.
The first step in setting up Crystal is installing the language itself. On macOS, the simplest approach is using Homebrew, the popular package manager. A simple brew install crystal command will install the latest stable version of Crystal along with its dependencies. For those who prefer to manage their programming language versions more granularly, asdf version manager also provides excellent support for Crystal, allowing you to maintain multiple versions of the language on the same system.
Linux users have several installation options depending on their distribution. Ubuntu and Debian users can add the Crystal repository and install via apt, while Fedora users can utilize dnf. The Crystal team maintains official repositories for major Linux distributions, ensuring you get reliable and up to date packages. For other Linux distributions, compiling from source is always an option, though it requires more setup time and understanding of system dependencies.
Windows users have historically had a more complicated setup process, as Crystal was primarily developed with Unix like systems in mind. However, the Windows Subsystem for Linux (WSL) provides an excellent environment for Crystal development on Windows. By installing Ubuntu or another Linux distribution through WSL, Windows users can follow the standard Linux installation procedures. This approach provides the best of both worlds: Windows' familiar environment with Linux's native development capabilities.
Once Crystal is installed, the next essential tool is a suitable code editor or IDE. Visual Studio Code has emerged as a popular choice among Crystal developers, thanks to its excellent crystal lang extension. This extension provides syntax highlighting, code completion, and basic error checking. Sublime Text and Atom also offer Crystal plugins, though they typically provide fewer features than VS Code's extension. For developers coming from Ruby, RubyMine with its Crystal plugin can provide a familiar environment, though it's worth noting that the Crystal support is still maturing.
Setting up your editor properly is crucial for productivity. In VS Code, you'll want to install the crystal lang extension and configure it to use the correct Crystal binary path. It's also recommended to install the EditorConfig extension to maintain consistent coding styles across your projects. Many Crystal projects include an .editorconfig file that specifies formatting rules, and having this extension ensures your editor respects these conventions.
The Crystal compiler itself includes a built in code formatter, similar to Go's gofmt. Running crystal tool format will automatically format your code according to the Crystal style guide. It's recommended to configure your editor to run this formatter automatically on save, ensuring consistent code style across your project. This can typically be configured through your editor's settings or through a project specific configuration file.
Dependencies in Crystal are managed through the built in Shards package manager. Creating a new Crystal project is as simple as running crystal init app myproject, which generates a project structure including a shard.yml file. This file, similar to Ruby's Gemfile, defines your project's dependencies and metadata. Understanding how to properly structure your shard.yml file is crucial for managing project dependencies effectively.
For testing purposes, Crystal includes a built in testing framework inspired by RSpec. Setting up your development environment to run tests efficiently is important. Most editors can be configured to run tests directly from the editor interface, and it's worth taking the time to set up these integrations. The crystal spec command runs your test suite, and you can configure your editor to execute this command with a keyboard shortcut.
Git integration is another important aspect of your development environment. While not specific to Crystal, proper Git configuration can significantly improve your workflow. Setting up .gitignore files appropriate for Crystal projects, configuring Git hooks for running formatters and tests before commits, and establishing branch naming conventions are all important considerations.
For debugging, Crystal provides several tools that should be set up in your development environment. The crystal play command starts an interactive playground where you can experiment with Crystal code, similar to IRB in Ruby. The crystal tool hierarchy command helps visualize type relationships in your code, which is particularly useful when working with Crystal's type system.
When working on web applications, it's useful to set up local SSL certificates for development. Crystal's HTTP server can use SSL certificates, and tools like mkcert make it easy to generate locally trusted development certificates. This allows you to develop with HTTPS locally, matching your production environment more closely.
Docker can be a valuable addition to your Crystal development environment, especially for ensuring consistency across team members and deployment environments. Creating a Dockerfile for your Crystal application is straightforward, and using Docker Compose can help manage development dependencies like databases and cache servers. We'll explore Docker configuration in detail in later chapters, but setting up Docker early in your development environment can save time later.
Performance profiling tools are another important consideration. Crystal includes built in profiling capabilities, and setting up your environment to easily capture and analyze performance metrics can be valuable. The crystal build—release—stats command provides compilation statistics, and various profiling tools can be integrated into your development workflow.
For larger projects, setting up continuous integration (CI) locally can be beneficial. Tools like GitHub Actions or GitLab CI can be run locally using act or gitlab runner, allowing you to test your CI pipelines before pushing to remote repositories. This local CI setup can catch issues early in the development process.
Environment variable management is crucial for Crystal applications. Tools like direnv or dotenv can help manage different environment configurations between development, testing, and production. Setting up these tools early and establishing conventions for environment variable management can prevent configuration related issues later.
Documentation tools should also be part of your development environment. Crystal generates documentation using crystal docs, and setting up your editor to preview this documentation locally can be helpful. Some developers also set up automatic documentation generation as part of their development workflow.
Finally, consider setting up system monitoring tools even in development. While not as critical as in production, understanding how your Crystal applications behave in terms of memory usage and performance can help catch issues early. Tools like htop or monitoring systems specific to your operating system can provide valuable insights during development.
Remember that a development environment is personal, and what works for one developer might not work for another. The key is to establish an environment that promotes productivity while maintaining code quality and consistency with team standards. As you become more comfortable with Crystal, you may find yourself adjusting and optimizing your development environment to better suit your workflow.
	[image: image]
	 	[image: image]


[image: image]

3. Crystal Syntax for Ruby Developers
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Crystal's syntax will feel immediately familiar to Ruby developers, as it was designed to maintain Ruby's elegant and expressive nature while adding the benefits of static typing. This chapter explores Crystal's syntax, highlighting both the similarities with Ruby and the important differences that developers need to understand.
At its core, Crystal maintains Ruby's object oriented nature. Everything is an object, and most Ruby idioms translate directly. Method definitions look almost identical, using the def keyword followed by the method name. However, Crystal introduces optional type annotations that can make code more explicit. While type annotations aren't always necessary thanks to Crystal's powerful type inference, they can improve code clarity and catch potential errors at compile time.
Control structures in Crystal mirror Ruby's syntax. The if, unless, while, and until statements work exactly as Ruby developers would expect. Crystal maintains Ruby's elegant block syntax with do...end and curly braces, making iterators and custom block methods feel natural. The yield keyword functions similarly, allowing methods to accept blocks of code. However, Crystal's static typing means that block parameters and return values must have compatible types.
One significant difference from Ruby is Crystal's handling of nil. While Ruby allows any method to return nil implicitly, Crystal requires explicit handling of nil values through union types. This is denoted using the question mark syntax (String?) to indicate that a value could be either a String or nil. This strictness helps prevent the dreaded "undefined method for nil:NilClass" errors common in Ruby applications.
Array and hash literals in Crystal use the same familiar syntax as Ruby. You can create arrays with square brackets and hashes with curly braces. However, Crystal's static typing means that arrays and hashes must contain elements of consistent types unless explicitly declared as unions. The Array(String | Int32) syntax, for example, declares an array that can contain both strings and integers.
Crystal preserves many of Ruby's syntactic conveniences. Symbol literals with the colon prefix, string interpolation with #{}, and heredocs all work as Ruby developers would expect. The language even maintains Ruby's flexible method naming conventions, allowing question marks and exclamation marks in method names to indicate predicates and dangerous operations respectively.
Instance variables in Crystal use the same @ prefix as Ruby, but they must be initialized before use. Crystal's compiler ensures that instance variables can't be read before they're assigned a value. This strictness prevents common runtime errors but requires more careful handling of object initialization. The initialize method remains the primary constructor, but Crystal adds syntax for specifying default values and type restrictions.
Crystal's approach to modules and classes closely follows Ruby's pattern. The include and extend keywords work similarly, allowing for module inclusion and extension. However, Crystal adds powerful features like generic types, allowing classes and modules to be parameterized with type variables. This enables more flexible and reusable code while maintaining type safety.
Method overloading, a feature absent in Ruby, is available in Crystal. You can define multiple methods with the same name but different parameter types, and Crystal will select the appropriate version based on the argument types at compile time. This feature enables more expressive APIs while maintaining type safety.
Enumerable methods in Crystal will feel familiar to Ruby developers. Map, select, reduce, and their variants work similarly, but with the added safety of compile time type checking. Crystal's implementation often provides better performance due to compile time optimizations and the ability to avoid dynamic dispatch.
String manipulation in Crystal maintains Ruby's developer friendly approach while adding performance optimizations. String interpolation, regular expressions, and common string methods work similarly to Ruby. However, Crystal adds features like string pools and compile time string optimization to improve performance.
Exception handling syntax mirrors Ruby with begin, rescue, ensure, and raise. However, Crystal distinguishes between different types of exceptions more strictly and provides better tools for handling specific error cases. The type system helps ensure that all possible error conditions are handled appropriately.
Crystal preserves Ruby's emphasis on readability with features like implicit returns and trailing if conditions. However, it adds compile time guarantees that help catch errors before they reach production. The unless keyword, postfix conditionals, and case statements all work as Ruby developers would expect, but with added type safety.
One area where Crystal diverges from Ruby is in its handling of constants. While the syntax for declaring constants remains the same (uppercase identifiers), Crystal enforces true immutability for constants at compile time. This prevents accidental modifications and enables various compiler optimizations.
Crystal's macro system, while syntactically similar to Ruby's metaprogramming features, operates at compile time rather than runtime. This provides similar flexibility for code generation while eliminating the runtime overhead associated with Ruby's metaprogramming. The syntax for writing macros will feel familiar to Ruby developers, though the execution model is quite different.
Method visibility modifiers (public, private, protected) function similarly to Ruby but with some important differences in inheritance behavior. Crystal's type system ensures that visibility rules are enforced at compile time rather than runtime, preventing potential security issues.
Operator overloading in Crystal follows Ruby's pattern of defining methods with symbolic names. However, Crystal adds type restrictions and compile time checks to ensure that operator overloading remains type safe. This prevents common errors while maintaining the expressiveness that Ruby developers appreciate.
Crystal's syntax for working with generics and union types introduces concepts not present in Ruby. While the basic syntax remains familiar, developers need to understand type annotations, especially when working with complex data structures or implementing generic algorithms.
The language maintains Ruby's support for keyword arguments and default parameter values, but adds compile time type checking. This preserves the flexibility of Ruby's method calling conventions while adding safety guarantees. Named arguments work similarly to Ruby but with stricter type checking at compile time.
Understanding these syntactic elements and their implications is crucial for Ruby developers transitioning to Crystal. While the familiar syntax makes the transition smoother, the additional type safety features require some adjustment in coding practices. The reward is code that maintains Ruby's expressiveness while providing better performance and earlier error detection.
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4. Understanding Static Typing in Crystal
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Chapter 4 delves into one of Crystal's most distinguishing features: its static typing system. While Ruby developers are accustomed to dynamic typing, understanding Crystal's static typing approach is crucial for writing reliable and performant applications.
Static typing in Crystal serves as a safety net, catching potential errors at compile time rather than runtime. This fundamental difference from Ruby means that type related errors are discovered before the code ever runs, significantly reducing the likelihood of production issues. However, Crystal's type system is designed to be as unobtrusive as possible, often requiring minimal explicit type annotations thanks to its sophisticated type inference capabilities.
Type inference is one of Crystal's most powerful features. The compiler can automatically determine the types of variables, method parameters, and return values in many cases. For example, when you write x = "Hello", Crystal automatically infers that x is of type String. This inference works across method calls and complex expressions, making the code feel as natural as Ruby while maintaining type safety.
However, there are situations where explicit type annotations are necessary or beneficial. Method parameters often benefit from type annotations to make the interface clearer and catch usage errors early. The syntax for type annotations is straightforward: you add a colon followed by the type name. For example, def greet(name : String) clearly indicates that the greet method expects a String parameter.
Union types are a crucial concept in Crystal's type system. Unlike Ruby, where any variable can hold nil, Crystal requires explicit declaration of nullable types using the union type syntax. For example, String? is shorthand for (String | Nil), indicating that a variable can hold either a String or nil. This explicit handling of nil values prevents null pointer exceptions and forces developers to consider and handle nil cases appropriately.
Crystal's type system also supports generic types, allowing you to write classes and methods that work with different types while maintaining type safety. For example, you can create a Stack(T) class that works with any type T, and the compiler ensures that operations on the stack are type safe. This feature enables the creation of reusable container types and algorithms without sacrificing type safety.
Type restrictions in Crystal go beyond simple type annotations. The language supports complex type restrictions using union types, generic type parameters, and type expressions. For example, you can specify that a method accepts any type that implements a particular method using a proc type restriction: def process(x : T) forall T, T.responds_to?(:to_s).
Crystal's type system includes powerful features for working with interfaces and duck typing. While the language doesn't have explicit interface declarations like some statically typed languages, it supports structural typing through abstract types and modules. This allows for flexible designs that maintain Ruby's duck typing philosophy while providing compile time safety.
Understanding type hierarchy and inheritance is crucial in Crystal. While the syntax for class inheritance matches Ruby's, Crystal's static typing adds additional considerations. Method overriding must maintain type compatibility with the parent class, and the compiler ensures that type constraints are respected throughout the inheritance chain.
Crystal introduces the concept of type aliases, allowing developers to create alternative names for types. This is particularly useful when working with complex union types or when you want to provide more descriptive names for common type patterns. Type aliases can significantly improve code readability while maintaining type safety.
The compiler's type checking extends to blocks and closures. When passing blocks to methods, Crystal ensures that the block's parameter types and return type are compatible with the method's expectations. This prevents common errors while maintaining the flexibility of Ruby's block syntax.
One area where Crystal's type system shows its sophistication is in handling method overloading. Unlike Ruby, Crystal allows multiple method definitions with the same name but different parameter types. The compiler selects the appropriate method based on the argument types at compile time, enabling more expressive APIs while maintaining type safety.
Crystal's type system also handles generics in a way that will feel familiar to developers coming from languages like Java or C#, but with less verbose syntax. Generic type parameters can have constraints, ensuring that only compatible types are used while still maintaining the flexibility of generic programming.
Understanding how Crystal handles type conversion is crucial. While Ruby allows implicit type conversion in many cases, Crystal requires explicit conversion between types. The language provides standard conversion methods like to_s, to_i, etc., but you must use them explicitly when type conversion is needed.
The type system's interaction with Crystal's concurrency features is particularly important. The compiler ensures that data sharing between fibers is type safe, preventing common concurrency related bugs. This is achieved through compile time checks of channel types and other concurrent programming constructs.
Crystal's type system extends to its macro system, allowing for powerful metaprogramming while maintaining type safety. Macros can generate code that is type checked at compile time, enabling sophisticated code generation patterns without sacrificing type safety.
For Ruby developers transitioning to Crystal, understanding these type system concepts is essential. While the initial learning curve might seem steep, the benefits of catching type related errors at compile time and the performance improvements enabled by static typing make it worthwhile. The key is to embrace the type system as a tool that helps write more reliable code while maintaining much of Ruby's expressiveness.
As you continue developing with Crystal, you'll find that the type system becomes second nature, and the additional safety it provides becomes invaluable. The next chapter will dive deeper into advanced type system features, building on these fundamental concepts to explore more sophisticated typing patterns and techniques.
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5. Crystal's Type System Deep Dive
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Crystal's type system is one of its most powerful and sophisticated features, building upon the fundamentals covered in the previous chapter. This deep dive explores advanced type concepts and patterns that enable developers to write robust, maintainable code while leveraging the full power of Crystal's type system.
One of the most powerful features of Crystal's type system is its support for algebraic data types. Unlike simpler type systems, Crystal allows developers to compose complex types using unions and generics in ways that can precisely model domain concepts. For example, you can create a Result type that explicitly handles both success and failure cases: Result(T, E) = Success(T) | Error(E). This pattern enables compile time enforcement of error handling, making it impossible to forget to handle error cases.
Type refinement is another advanced feature that sets Crystal apart. When you perform type checks in conditional branches, Crystal's compiler understands the implications and refines the type information accordingly. This means that within an if x.is_a?(String) block, the compiler knows that x is definitely a String, eliminating the need for explicit type casts and reducing the potential for runtime errors.
Crystal's type system includes sophisticated support for variance in generic types. Covariance and contravariance allow for flexible but safe type relationships in generic contexts. For instance, if you have a Producer(T) type, it might make sense for a Producer(String) to be usable where a Producer(Object) is expected, as any consumer of Object values can safely consume String values. The compiler understands these relationships and enforces them appropriately.
The concept of self types in Crystal deserves special attention. When defining methods that return self, Crystal correctly tracks the type through method chains, enabling fluent interfaces while maintaining type safety. This becomes particularly powerful when combined with generic types and inheritance, allowing for precise typing of method chaining patterns common in builder or fluent interface designs.
Crystal's type system includes support for literal types, allowing you to create types that represent specific values. For example, you can define a method that only accepts the symbols :read or :write, providing compile time guarantees about valid arguments. This feature enables encoding of domain constraints directly in the type system, catching invalid usage at compile time rather than runtime.
Intersection types, while not explicitly supported with dedicated syntax, can be achieved through careful use of modules and generic constraints. This allows you to specify that a type must implement multiple interfaces, enabling powerful composition patterns while maintaining type safety. For example, you might require that a type both responds to to_json and is comparable.
The type system's handling of recursive types is particularly elegant. Crystal can handle complex recursive type definitions, which is essential for working with tree like data structures or parsing complex data formats. The compiler's ability to resolve these recursive types while maintaining type safety sets it apart from simpler type systems.
Type inference in Crystal goes beyond simple variable assignment. The compiler can infer types through complex method chains, generic instantiation, and even certain forms of duck typing. However, understanding the limits of type inference is crucial for writing clear, maintainable code. Sometimes explicit type annotations can make code more readable and help catch errors earlier in the development process.
Crystal's type system includes sophisticated support for method overloading based on both argument types and count. This enables creating expressive APIs that can handle different input types naturally while maintaining type safety. The compiler's algorithm for selecting the most specific matching method is both powerful and predictable, avoiding the ambiguity issues that can plague some other languages with method overloading.
The handling of nilable types in Crystal deserves special attention. While the basic concept was covered previously, the type system provides several sophisticated tools for working with nilable types safely. The compiler's flow sensitive typing can track when nil checks have been performed, automatically refining types in subsequent code. This makes working with optional values both safe and ergonomic.
Crystal's type system also includes powerful support for enumerated types through the enum keyword. Unlike simple integer based enums in some languages, Crystal's enums are full fledged types that can include methods and can be used in pattern matching contexts. This enables encoding domain concepts clearly and safely while maintaining excellent runtime performance.
The interaction between Crystal's type system and its macro system is particularly powerful. Macros can generate methods and types based on compile time type information, enabling sophisticated metaprogramming patterns while maintaining type safety. This
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