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   about this book
 
  
 
   
   This book is a collection of design patterns and best practices for the Rust programming language, written to appeal to a broad audience of Rust programmers, from beginners to advanced developers. Some parts of this book take a theoretical approach, but most of them focus on practical use. My aim is to help you become a better Rust programmer by teaching you how to write idiomatic Rust code and use Rust’s features effectively.
 
  
 
   
   This book grew out of my other book, Code Like a Pro in Rust (Manning Publications, 2024), which is a more general guide to practical Rust and may be an excellent place for beginners to start before reading this book.
 
  
 
   
   The original working title of this book was Rust Design Patterns, and the inspiration for it came from the classic Design Patterns: Elements of Reusable Object-Oriented Software (Addison-Wesley Professional, 1994). Although this book doesn’t translate the original book’s patterns directly into Rust, it’s a collection of Rust-specific patterns and practices inspired by the original Design Patterns. It also became clear that the book was about more than design patterns, so the title was changed to Idiomatic Rust: Code like a Rustacean to better reflect the book’s content.
 
  
 
   
   How is this book different?
 
  
 
   
   This book isn’t intended to be a comprehensive guide to Rust or a reference manual for syntax or standard library functions. The patterns and practices presented in this book are designed to help you write better Rust and give you a deeper understanding of Rust and how to use it effectively.
 
  
 
   
   Much of the discussion in this book focuses on patterns and practices that are not necessarily described or documented in the official Rust documentation and resources. However, you’ll still find these patterns in use in many Rust codebases. Although these patterns are not always unique to Rust, they are presented here in the context of Rust programming.
 
  
 
   
   Who should read this book?
 
  
 
   
   This book is for Rust programmers at all skill levels, but beginning Rust programmers may find some of the content challenging. The book is not a beginner’s guide to Rust, and it assumes that you have some familiarity with the Rust programming language.
 
  
 
   
   Readers will benefit greatly from being familiar with the classic Design Patterns: Elements of Reusable Object-Oriented Software, as this book references the original design patterns and practices described in that book.
 
  
 
   
   How this book is organized
 
  
 
   
   This book is organized into four parts, each consisting of chapters that cover a specific aspect of Rust programming.
 
  
 
   
   Part 1 is a review of Rust’s core features and building blocks:
 
  
 
   
   	 Chapter 1 discusses the content of the book and introduces design patterns. 
 
   	 Chapter 2 presents the basic building blocks of Rust. 
 
   	 Chapter 3 reviews pattern matching and functional programming. 
 
  
 
   
   Part 2 goes into detail on Rust’s core patterns and library design:
 
  
 
   
   	 Chapter 4 introduces core patterns in Rust. 
 
   	 Chapter 5 presents Rust design patterns. 
 
   	 Chapter 6 discusses library design. 
 
  
 
   
   Part 3 covers more advanced patterns in Rust:
 
  
 
   
   	 Chapter 7 discusses advanced techniques and patterns in Rust. 
 
   	 Chapter 8 builds on the topics in chapter 7. 
 
  
 
   
   Part 4 discusses how to avoid problems and build robust software:
 
  
 
   
   	 Chapter 9 discusses immutability and how it’s used in Rust. 
 
   	 Chapter 10 presents several antipatterns and shows how to avoid them. 
 
  
 
   
   How to read this book
 
  
 
   
   You can read this book from start to finish or jump around to the chapters that interest you most. Each chapter is designed to be self-contained so that you can read in any order, but some chapters reference concepts or patterns from earlier chapters. For less-experienced Rust programmers, reading the book in order may be helpful, as the patterns build on one another.
 
  
 
   
   I recommend reading the book with a computer nearby so you can try the code samples and experiment with the patterns and practices described in the book. The best way to learn programming is to do it, so I encourage you to experiment with the code samples and apply the patterns and practices to your projects. The code samples are liberally licensed, so you can reuse them in your projects.
 
  
 
   
   As described in Mortimer J. Adler’s How to Read a Book, (Touchstone, 1974), you may get the most out of this book by reading it multiple times. The first time, you might focus on understanding the patterns and practices it presents. In subsequent readings, focus on applying the patterns and practices to your projects and experimenting with the code samples.
 
  
 
   
   About the code
 
  
 
   
   This book contains numerous original code samples. To obtain a copy of the source code, you can clone the book’s Git repository on your local machine, hosted on GitHub at https://github.com/brndnmtthws/idiomatic-rust-book. The code samples presented are often partial, so you’ll need to refer to the source code for the complete code listings.
 
  
 
   
   The source code in the book’s text may differ slightly from the code in the book’s repository due to formatting and other presentation-related considerations, including line wrapping, indentation, and compilation (intentional errors shown in the book).
 
  
 
   
   Examples of source code are in both numbered listings and inline with normal text. In both cases, source code is formatted in a fixed-width font like this to separate it from ordinary text. Sometimes, code is also in bold to highlight code that has changed from previous steps in the chapter, such as when a new feature adds to an existing line of code.
 
  
 
   
   In many cases, the original source code has been reformatted; line breaks and reworked indentation have been added to accommodate the available page space in the book. In rare cases, even this change was not enough, and listings include line-continuation markers (↪). Additionally, comments in the source code may be removed from the listings when the code is described in the text. Code annotations accompany many of the listings, highlighting important concepts.
 
  
 
   
   Over time, the code samples in the book may become outdated as the Rust language and ecosystem evolve. The code in the book’s repository, however, will be updated to reflect the latest changes. I recommend referring to the book’s repository for the most up-to-date code samples.
 
  
 
   
   You can clone a copy of the book’s code locally on your computer by running the following command in Git:
 
  
 
   
    
    $ git clone https://github.com/brndnmtthws/idiomatic-rust-book
  
   
 
  
 
   
   The book’s code is organized in directories by chapter and section within the repository, which is itself organized within each section by topic. The code is licensed under the Massachusetts Institute of Technology (MIT) license, a permissive license that allows you to copy the code samples and use them as you see fit, even as the basis for your own work.
 
  
 
   
   You can get executable snippets of code from the liveBook (online) version of this book at https://livebook.manning.com/book/idiomatic-rust. The complete code for the examples in the book is available for download from the Manning website at https://www.manning.com/books/idiomatic-rust and from GitHub at https://github.com/brndnmtthws/idiomatic-rust-book.
 
  
 
   
   liveBook discussion forum
 
  
 
   
   Purchase of Idiomatic Rust: Code like a Rustacean includes free access to liveBook, Manning’s online reading platform. Using liveBook’s exclusive discussion features, you can attach comments to the book globally or to specific sections or paragraphs. It’s a snap to make notes for yourself, ask and answer technical questions, and receive help from the author and other users. To access the forum, go to https://livebook.manning.com/book/idiomatic-rust/discussion. You can also learn more about Manning’s forums and the rules of conduct at https://livebook.manning.com/discussion.
 
  
 
   
   Manning’s commitment to our readers is to provide a venue where meaningful dialogue between individual readers and between readers and the author can take place. It is not a commitment to any specific amount of participation on the part of the author, whose contribution to the forum remains voluntary (and unpaid). We suggest that you try asking the author some challenging questions lest his interest stray! The forum and the archives of previous discussions will be accessible on the publisher’s website as long as the book is in print.
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   about the cover illustration
 
  
 
   
   The figure on the cover of Idiomatic Rust: Code like a Rustacean, titled “L’agent de change” (“The stockbroker”), is taken from a book by Louis Curmer published in 1841. The illustration is finely drawn and colored by hand.
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Part 1  Building blocks

 
  
 
   
   We’ll begin this book by examining some of the basic building blocks of Rust design patterns. These building blocks are essential to understanding the complex patterns we’ll cover later in the book, and they’ll help you write more idiomatic Rust code. Some of these building blocks are specific to Rust; others are more general programming concepts that are particularly important in Rust.
 
  
 
   
   These building blocks are effectively the vocabulary of Idiomatic Rust: Code like a Rustacean and constitute the core features of the Rust language. We can think of them as the atoms of a molecule, which we’ll combine in various ways to create complex substances (or patterns). Those patterns can be combined and architected to create an endless variety of software systems.
 
  
 
   
   Building on a solid foundation allows us to achieve great heights, provided that we build a solid and sound structure with care and attention. Rust provides an excellent foundation, but ultimately, we developers are responsible for deciding how to use the tools and components at our disposal effectively.
 
  

 
   
   
1 Rust-y patterns

 
  
 
   
   This chapter covers
 
    
    	What this book covers
 
    	What design patterns are
 
    	Why this book is different
 
    	Tools you’ll need
 
   
 
  
 
   
   Reading this book is a great way to advance your Rust skills, whether you’re a beginner, intermediate, or advanced Rust programmer. If you’re a beginner, studying design patterns is an excellent path to elevate your skills above the basics of the Rust language, but you may find some parts of this book challenging, so you may need to study other resources as you go. This book presents a variety of techniques for writing high-quality Rust code, but we’ll focus on patterns, idioms, and conventions that are widely used and understood by the Rust community.
 
  
 
   
   Design patterns are powerful abstractions that every programmer can use to produce high-quality code. Humans are excellent at pattern recognition, and following well-understood and easily recognized patterns helps us solve two tricky problems: reasoning about whether a design is good or bad (following well-known patterns helps us avoid creating bad code, for example) and helping other people understand our code.
 
  
 
   
   Reading code is often more challenging than writing code. When we read someone else’s code that follows well-understood patterns, it’s easier to reason about what the code is doing if we recognize the patterns. If you’ve trained your brain to recognize the most common patterns, judging code quality becomes much more manageable, resulting in fewer mistakes. We can take advantage of millions of years of evolution by teaching our brains which patterns to recognize, short-circuiting the challenge of judging code quality.
 
  
 
   
   When it comes to writing code, knowing which patterns to apply in which situations helps us produce good code in less time. This knowledge is no different from learning which data structures or algorithms to use in other circumstances and the trade-offs that come with them.
 
  
 
   
   You won’t find much dogma in this book. I’ll do my best to present the patterns along with detailed explanations of why we’re doing what we do. You, as a programmer, are free to experiment, diverging from the patterns presented in this book to create your own designs. I’ll offer opinionated conventions, however, generally preferring convention to configuration.
 
  
 
   
   To use an analogy, I prefer going to a restaurant where the chef offers one or two items on the menu, preselected as the best items for the season, to scanning a menu of tens or even hundreds of dishes and trying to figure out which are best. The best restaurants generally provide a curated experience (you trust the chef’s good taste), and I hope to do the same with this book.
 
  
 
   
   Many of the code samples in this book are partial listings, but you can find the full working code samples on GitHub at https://github.com/brndnmtthws/rust-advanced-techniques-book. The code is available under the Massachusetts Institute of Technology (MIT) license, which permits use, copying, and modifications without restriction. If you can, I recommend that you follow along with the full code listings to get the most out of this book. The code samples are organized by chapter within the repository; some examples, however, span multiple sections or chapters and are named based on their subject matter. The code samples in the book may differ slightly from those in the repository, as the book’s code samples are edited for clarity, brevity, and suitability for print.
 
  
 
   
   
1.1 What this book covers
 
  
 
   
   In this book, I’ll present various idioms, patterns, and design patterns. Some of these patterns are specific to Rust; others are old ideas presented in a new format within the framework of Rust’s unique features, grammar, and syntax.
 
  
 
   
   This book aims to help you understand and apply these patterns to improve your software design and architecture. Learning and using these patterns allows you to write more efficient, maintainable, scalable code. Throughout the book, I’ll explain each pattern, including why it is important and how it can be applied in real-world scenarios. I’ll also discuss the tradeoffs and considerations involved in using each pattern.
 
  
 
   
   It’s worth noting that you should not follow design patterns blindly. Patterns are tools that you can adapt and modify to suit your specific needs. As a programmer, you have the freedom to experiment and diverge from the patterns presented in this book to create your own unique designs. By the end of this book, you’ll have a solid understanding of various idioms, patterns, and design patterns in Rust, and you’ll be equipped with the knowledge and skills to apply them effectively in your own projects.
 
  
 
   
   Many of the design patterns discussed in the Gang of Four’s classic Design Patterns book relate strictly to object-oriented programming (OOP) in C++. Rust has done an excellent job of making some of those patterns obsolete by providing better alternatives or including them in its standard library (such as iterators). Although the death of OOP has been greatly exaggerated, Rust’s abstractions make more intuitive sense when you grok them.
 
  
 
   
   OOP often leads to excessive boilerplate code and overly complex patterns. Sometimes, we justify complexity for the sake of complexity in OOP, engaging in mental gymnastics. Complex systems, however, tend to fail faster and more dramatically than simple systems and are also more challenging to understand.
 
  
 
   
   I find Rust’s approach to software design and architecture refreshing, and I hope you do too. Rust’s language designers threw away much legacy OOP cruft, focusing instead on what’s needed to build quality software. Rust doesn’t suffer from the cult of complexity that languages like C++ and Java have fostered.
 
  
 
   
   
1.2 What design patterns are
 
  
 
   
   Defining design patterns is a little tricky—often, a case of knowing it when you see it. The more patterns you learn, the easier it becomes to recognize patterns when you come upon and reimplement them. Learning the most common design patterns will allow you to recognize them immediately and implement them quickly. They are patterns because we often see them repeated in many contexts, and they are design patterns because they are high-level abstractions that help us design and architect software sensibly.
 
  
 
   
   Some properties of design patterns are common to all patterns and not specific to any particular programming language. These properties are as follows (though this list may not be exhaustive):
 
  
 
   
   	 Design patterns are reusable. 
 
   	 Design patterns can be applied widely and broadly. 
 
   	 Design patterns solve problems in a way that makes it easy to reason about how someone else’s code works. 
 
   	 Design patterns are well understood by other experienced developers. 
 
   	 Code that doesn’t follow well-established patterns may fall under the category of antipatterns. 
 
  
 
   
   In terms of that last item, you may think, “But hey—I just invented this great new pattern!” Perhaps you did, but until your pattern becomes widely used and understood, it’s probably not a good idea to expect others to understand or use it. Great design patterns become widely adopted over time and are easy to understand and reason about.
 
  
 
   
   Design patterns should not be adhered to religiously; they provide a familiar template for new software designs while allowing a lot of freedom in terms of implementation details. A good design pattern applies to a wide range of applications while imposing minimal constraints on the author. Design patterns evolve as new language features and paradigms emerge, and the essence of many core patterns has changed little in the past few decades.
 
  
 
   
   In this book, I use broad definitions of patterns and design patterns. I refer to techniques, idioms, and conventions that are widely used and understood by the Rust community as patterns. These patterns can range from big and complex, involving multiple structures and components, to small and simple, consisting of a single function or method. On the other hand, I use the term design pattern to encompass widely applicable patterns that serve as templates for code design and solve common programming problems. I use patterns and design patterns interchangeably throughout this book, but I generally refer to patterns as a subset of design patterns.
 
  
 
   
    
    What are antipatterns?
 
   
 
    
    Antipatterns are the evil cousins of design patterns. We usually talk about design patterns as being the right way to solve a certain class of problems; therefore, antipatterns are the wrong way to solve a certain class of problems. This book doesn’t discuss antipatterns exhaustively because, for the most part, Rust is designed to make it relatively hard to construct antipatterns in the first place.
 
   
 
    
    Antipatterns are (in most cases) the wrong tool for the wrong job. You wouldn’t use a hammer to drive a screw, and you wouldn’t use a screwdriver to hammer a nail.
 
   
 
    
    I’ll discuss antipatterns in chapter 10. But I’ll provide reminders throughout the book to show when you shouldn’t use specific patterns.
 
   
 
  
 
   
   I should also take a moment to distinguish patterns from idioms as I define them in this book. A few definitions of the differences have emerged, but I’ll focus on two key points: idioms generally relate to the code itself, and patterns generally relate to the design and architecture of your software. Another way to say the same thing: patterns are composed of idioms. Some patterns may also be idioms (they prefer iterators to for loops, for example), but an idiom is not a pattern, as using snake case for variable names, for example, is not a pattern. Idioms generally relate to syntax and code formatting, such as naming conventions, code style, and other low-level details.
 
  
 
   
   In a hierarchical sense, we can think of idioms as the lowest level of abstraction, design patterns as the middle level, and the overall architecture as the highest level of abstraction, as shown in figure 1.1. The architecture of any system is composed of many smaller units of design patterns, which are in turn composed of many idioms.
 
  
 
    
   [image: figure] 
   
Figure 1.1 Hierarchy of idioms, patterns, and architecture

  
 
   
   We can also think about design patterns and programming languages in the same way that we think about spoken and written languages. Languages evolve, new words are created, and old words and phrases go out of style.
 
  
 
   
   If you try to invent your own words or phrases, however, they may seem like nonsense to others. The entire point of languages is to communicate ideas easily, be understood by others, and feel connection to other human beings. In the context of programming, if you decide to reject the software social norms and march to the beat of your own drum, that may be fine, but there’s a good chance that other people will struggle to understand your code and won’t necessarily want to contribute or work with it. In some cases, that tradeoff is acceptable, but software is often used in social contexts involving customers, users, managers, peers, and so on. No one is an island.
 
  
 
   
   You can’t go far in writing about design patterns without mentioning the Gang of Four’s Design Patterns, well known among programmers as being the original or canonical textbook on design patterns. That book—the full title of which is Design Patterns: Elements of Reusable Object-Oriented Software—was written by Erich Gamma, Richard Helm, Ralph Johnson, and John Vlissides and published by Addison-Wesley Professional in 1994; it includes examples written in C++ and Smalltalk.
 
  
 
   
   Some patterns presented in that book have since been added to many programming languages as core features. Perhaps the best examples are iterators, which are part of nearly every programming language and core library because of how useful the iterator pattern is, how well it solves the problem of iterating over elements in a data structure, and how well-understood it is. Implementing iterators from scratch to learn how they work is still fun, but you can use the built-in equivalents in most languages.
 
  
 
   
   Design patterns fit into what I call the three pillars of good software design: algorithms, data structures, and design patterns (figure 1.2). You, as an author of software, need to understand each of these pillars and apply them effectively. Learning design patterns alone is not enough; you also need a good knowledge of algorithms and data structures to build good software.
 
  
 
    
   [image: figure] 
   
Figure 1.2 The three pillars of good software design

  
 
   
   To summarize, design patterns are high-level abstractions above the core grammar and syntax of a programming language that allow us to communicate ideas effectively and produce high-quality code. Good communication is the responsibility of the person who delivers the message, not the person who receives it, but it certainly helps if the receiver speaks the same language.
 
  
 
   
   
1.3 Why this book is different
 
  
 
   
   Since the Gang of Four’s Design Patterns was published, many more books on design patterns have appeared, and in that sense, this book is no different from those later books. In this book, however, I present some ideas that are specific to Rust. As Rust continues to grow in popularity and proliferation, it’s essential to catalog, document, and describe the patterns we use with Rust.
 
  
 
   
   Unlike the Gang of Four’s book, this book is not a catalog of design patterns but a discussion and exploration of patterns, examples, and implementations of specific patterns. I don’t want to catalog and classify patterns for two reasons: patterns aren’t merely templates or boilerplate, and copying and pasting a pattern will get you only about 10% (or less) of the way toward complete code. This book is for readers who have an appetite for knowledge and personal growth.
 
  
 
   
   To use another food analogy, a particular dish (such as lasagna) could be a design pattern; it’s part of a considerable dining experience involving multiple courses, drinks, and impeccable service. The real challenge for the chef is deciding how to make their version of a dish, where to source the ingredients, and how to bring everything all together and present the food in an appetizing way. (As anyone who’s worked in restaurants knows, presentation is everything.) Programming is both a science and an art; it’s a highly creative endeavor that’s more than the lines of code. Mimicry gets you only so far.
 
  
 
   
   Rust’s unique language features require a little more thought when it comes to API design and the act of building high-quality code. In particular, we have to think harder about how we manage memory and object lifetimes, pass values between contexts, avoid race conditions, and ensure that our APIs are ergonomic. Additionally, Rust is full of greenfield opportunities to create or discover new patterns, which will certainly evolve after this book is published. Before we can go to Mars, we must build a rocket that can take us to Mars and also solve the myriad problems that will arise during the seven-month journey.
 
  
 
   
   Rust is a delightful, wonderful language that is unique partly because of how it evolved—entirely as a community effort. Its abstractions simultaneously unlock new patterns and make old patterns obsolete. Learning the language’s syntax is one thing, but to write great Rust code, we need to use the correct patterns in the right places and use them correctly.
 
  
 
   
   
1.4 Tools you’ll need
 
  
 
   
   This book includes a collection of code samples that are freely available under the MIT license. To obtain a copy of the code, you need an internet-connected computer with a supported operating system (https://mng.bz/JZpa) and the tools shown in table 1.1 installed. For details on installing the tools, see the appendix.
 
  
 
   
   
Table 1.1 Required tools
 
    
     
      
      	 
       
         Name 
       

 
      	 
       
         Description 
       

 
     
 
     
     
      
      	  git 

 
      	  The source code for this book is stored in a public repository hosted on GitHub at https://github.com/brndnmtthws/idiomatic-rust-book. 

 
     
 
      
      	  rustup 

 
      	  Rust’s tool for managing Rust components. rustup will manage your installation of rustc and other Rust components. 

 
     
 
      
      	  gcc or clang 

 
      	  You must have a copy of GCC or Clang installed to build certain code samples. Clang is likely the best choice for most people; thus, it’s referred to by default. When the clang command is specified, you may freely substitute gcc if you prefer. 

 
     
 
     
   
 
  
 
   
   Summary
 
  
 
   
   	 Good design patterns are reusable, broadly applicable, and capable of solving common programming problems. 
 
   	 The hallmarks of a good design pattern are that it becomes widely adopted over time and is easy to understand and reason about. 
 
   	 An antipattern is a design pattern that’s poorly understood, underspecified, or considered harmful. 
 
   	 This book presents Rust-specific design patterns that take advantage of the unique features provided by the Rust language and its tooling. 
 
   	 You need an up-to-date installation of Rust, Git, and a modern compiler such as GNU’s GCC or LLVM’s Clang. 
 
   	 To get the most out of this book, follow along with the code samples at https://github.com/brndnmtthws/idiomatic-rust-book. 
 
  

 
   
   
2 Rust’s basic building blocks

 
  
 
   
   This chapter covers
 
    
    	Exploring the core Rust patterns
 
    	Diving into Rust generics
 
    	Exploring traits
 
    	Combining generics and traits
 
    	Deriving traits automatically
 
   
 
  
 
   
   In this chapter, I’ll introduce and discuss some of Rust’s most important abstractions and features, which I call building blocks and which serve as the foundation of nearly all design patterns in Rust. Reviewing and understanding these building blocks before diving deeper into other patterns is crucial. For some readers, this chapter may appear to be a review of language basics; it sets the stage for more advanced topics, however, so I recommend that you don’t skip it.
 
  
 
   
   We’ll begin by discussing generics and traits in Rust. They are the core building blocks of nearly every design pattern in Rust, along with Rust’s pattern matching and functional features (discussed in chapter 3). These elements constitute the meat and potatoes of the language.
 
  
 
   
   
2.1 Generics
 
  
 
   
   After you’ve moved beyond basic syntax, generics are likely the first big topic you’ll need to learn. Rust’s generics are compile-time, type-safe abstractions that also enhance metaprogramming; they allow you to use placeholders instead of concrete types in function and structure definitions. Generics (combined with traits, which we’ll discuss in section 2.2) permit type-safe programming in a way that doesn’t require explicit definitions of every possible type.
 
  
 
   
   Most commonly, we use generics to define structures, functions, and traits that work with any type. You might have a function that works with integers, floats, or strings, and you don’t want to write the same function multiple times for each type. Generics let you write the function once and use it with any type.
 
  
 
   
   Generics let you build types that are composed of other types without necessarily needing to know about all possible type combinations or downstream uses. Because generics are compile-time abstractions, you incur no cost or runtime overhead by using them. Generics increase complexity at compile time, however.
 
  
 
   
   Rust’s generics are similar to C++’s templates and Java’s generics, so if you’re coming from those languages, you’ll probably feel at home from the start. In C, macros are sometimes used as a way to do generic metaprogramming, but C’s macros are not type-safe like generics in Rust, C++, and Java.
 
  
 
   
   Some languages bolted on generics as late features, but Rust was (mostly) designed from the start with generics in mind. As a result, generics fit well within the language, are used nearly everywhere, and don’t feel kludgy or out of place.
 
  
 
   
   
2.1.1 A Turing-complete type system
 
  
 
   
   Rust’s type system is Turing-complete, and with generics, you can write programs that execute at compile time, which is a neat trick akin to using the compiler as a CPU. When I say Turing-complete, I mean that Rust’s type system is capable of expressing any computation that can be computed by a Turing machine—that is, you can compute anything that’s computable. Turing completeness in a type system is important because it enables you to compute anything at compile time, as opposed to run time, which unlocks some interesting capabilities.
 
  
 
   
   One example of using types for computation is a Minsky machine implemented with Rust’s type system, which you can find at https://github.com/paholg/minsky. A Minsky machine is a simple register-based counter machine that is computationally equivalent to a Turing machine, and we can think of a Minsky machine as analogous to a simple CPU. Thus, if we can build a Minsky machine using Rust’s type system, we can effectively use Rust’s type system to compute anything that’s computable.
 
  
 
   
   To get value out of Rust, you don’t need to worry much about the Turing completeness of its type system, and in practice, you probably won’t need to use the type system for computation. For most people, the main benefits of a Turing-complete type system are the safety and performance features it enables.
 
  
 
   
   
2.1.2 Why generics?
 
  
 
   
   In statically typed languages like Rust, the compiler needs to know the type of everything at compile time. Requiring type information at compile time, before execution, contrasts with dynamically typed languages such as Python and Ruby, which determine the types at run time. Generics allow you to write code that works with any type without the developer’s needing to know the type at compile time. Instead, we let the compiler figure out the types.
 
  
 
   
   We employ generics to follow the DRY (Don’t Repeat Yourself) principle throughout our codebase. Writing the same code in many places where the only difference is the type signature is a recipe for headaches.
 
  
 
   
   The downside to generics is that they can make code harder to read and write, so it’s essential to strike a balance between using generics and writing clear, readable code. The difficulty in using generics stems from the fact that we’re adding layers of abstraction to our code, particularly abstractions that require additional cognitive load on behalf of the programmer. Also, the compiler can’t always figure out the types you want, so you may need to provide hints to tell it what you’re trying to do, which may make generics seem troublesome and verbose. Most of the time, however, the additional mental effort required to use generics is worth any perceived short-term suffering, as generics allow you to build more flexible, reusable, and robust software.
 
  
 
   
   
2.1.3 Basics of generics
 
  
 
   
   Let’s explore the syntax of generics. A basic struct with a single generic field looks like this:
 
  
 
   
    
    struct Container<T> {
    value: T,
}
  
   
 
  
 
   
   Here, we have a basic container that holds a value of type T, which is defined as a generic parameter in angle brackets. Generics can be used in structs, enums, functions, impl blocks, and more. You’ll encounter this syntax everywhere in Rust. When you see the angle brackets (< … >), you know you’re working with generics.
 
  
 
   
   Creating an instance of a generic struct is relatively easy. Often, the compiler can infer the type parameter automatically:
 
  
 
   
    
    let str_container = Container { value: "Thought is free." };    #1
println!("{}", str_container.value);
 
    
     #1 This container is of type Container<&str>, but we don’t need to specify the generic type explicitly because the compiler can infer it.
     

    
 
   
 
  
 
   
   This code snippet creates a Container<&str> instance called str_container. Running the code prints Thought is free., as expected.
 
  
 
   
   Sometimes, the compiler needs hints to determine the generic type. Suppose we want to store an Option<String> in our container but initialize it with None. If we try the code
 
  
 
   
    
    let ambiguous_container = Container { value: None };
  
   
 
  
 
   
   the compiler will fail with the following error:
 
  
 
   
    
    error[E0282]: type annotations needed for `Container<Option<T>>`
 --> src/main.rs:8:50
  |
8 |     let ambiguous_container = Container { value: None };
  |         -------------------    ^^ cannot infer type for type parameter
  |                                   `T` declared on the enum `Option`
  |         |
  |         consider giving `ambiguous_container` the explicit type
  |         `Container<Option<T>>`, where the type parameter `T`
  |         is specified
  
   
 
  
 
   
   Luckily, the compiler tells us exactly what we need to do. We can update our code like this to let the compiler know that we want to use Option<String>:
 
  
 
   
    
    let ambiguous_container: Container<Option<String>> =
    Container { value: None };
  
   
 
  
 
   
   The only difference is that we’re specifying the target type on the left side of the assignment. The types need to match so that the compiler can infer what we’re looking for.
 
  
 
   
   Another way to do the same thing is to use the fn new() constructor pattern (which we’ll revisit in chapter 4), which is often used but not required in Rust:
 
  
 
   
    
    impl<T> Container<T> {     #1
    fn new(value: T) -> Self {        #2
        Self { value }    #3
    }
}
 
    
     #1 The generic parameter T appears twice—for the impl block and Container. You can have more complex constructions (such as placeholders, concrete implementations, and default types), but this construction is the simplest generic construction.
     
#2 We’re moving value into the struct. In other words, no references, copies, or cloning are used.
     
#3 We can use the short form of assignment here because our local variable value matches the name of value in the struct. The longer equivalent would be value: value.
     

    
 
   
 
  
 
   
   Then we can call new(). This time, however, we tell the compiler what our desired target type is on the right side of the assignment by calling the function explicitly with our target type:
 
  
 
   
    
    let short_alt_ambiguous_container =
    Container::<Option<String>>::new(None);
  
   
 
  
 
   
   I find this form to be a little cleaner and easier to read in many cases. In some instances, you must use this form of assignment because the assignment is still too ambiguous for the compiler to infer the target type. In those cases, the compiler lets you know you need to disambiguate.
 
  
 
   
   As mentioned earlier, generic parameters can be added to all structure and function types in Rust. We can do some neat things with generics, such as constructing recursive structures with generics. As an example, we can create a structure that holds an instance of itself, such as a linked list that includes a generic parameter:
 
  
 
   
    
    #[derive(Clone)]      #1
struct ListItem<T>
where
    T: Clone,
{
    data: Box<T>,
    next: Option<Box<ListItem<T>>>,
}
 
    
     #1 We can implement the Clone trait automatically by using the #[derive] attribute.
     

    
 
   
 
  
 
   
   We can also use this pattern with enums. Consider this enum, which could be used to construct linked lists (albeit a useless form of them):
 
  
 
   
    
    enum Recursive<T> {
    Next(Box<Recursive<T>>),
    Boxed(Box<T>),
    Optional(Option<T>),
}
  
   
 
  
 
   
   Here, an enum called Recursive can hold a pointer to another Recursive, a boxed T, or an optional T. This example is fairly useless, but it shows what you can do with generics.
 
  
 
   
   NOTE  I use the linked-list example throughout the book to demonstrate various Rust features, and I’ll build up this example along the way. If you aren’t familiar with linked lists, a singly linked list is a data structure consisting of a sequence of elements, each containing a reference to the next element, such as A → B → C → … → Z.
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