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   preface
 

  
 

   

   Haskell is a language that, from the outside, may seem shrouded in mystery, academic vocabulary, and foreign concepts. While some of that is true, I fully believe you don’t have to have a PhD in mathematics to get things done with the language. It’s only a matter of the right introduction. It’s possible to start writing real programs very quickly with Haskell, and that is what this book is primarily about.
 

  
 

   

   I will let you in on a little secret: the first time I tried learning Haskell, I failed miserably. No language ever felt this confusing and strange to me (except for Prolog and Uiua, maybe). It took me many years to revisit Haskell, and I couldn’t be happier that I did! 
 

  
 

   

   What changed the second time around was the introduction. I already had a few years of experience with other functional programming languages at that point and was fully entrenched in the academic jargon commonly found in Haskell discourse. First and foremost, I understood how to apply it, and since a language only makes sense once you can meaningfully apply it to a problem you are facing, I think this aspect is vital to learning the language. In this book, I want to highlight exactly that.
 

  
 

   

   But why even learn Haskell? What do we get out of it? Other than bragging rights, we learn a whole new way of structuring programs and thinking about problem-solving. Haskell is a pure functional programming language, and it will teach us to minimize state and make our programs fundamentally easier to understand. Apart from that, knowing how to apply Haskell to real problems will give you one more tool in your toolbox and make you a better programmer. Learning other functional languages after learning Haskell is also usually much simpler. Whether you want to learn Haskell to write more correct software, just out of curiosity, or because you want to broaden your horizons, this book will serve as your guide into the deep and wonderful world Haskell can be.
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   about this book
 

  
 

   

   Learn Haskell by Example aims to teach Haskell from the ground up by building practical applications instead of tiresome exercises. Too often, Haskell is regarded as a purely academic language. Away with this preconceived notion! Haskell is as practical as we need it to be.
 

  
 

   

   By setting the focus on the application of the language, the reader will get a better understanding of its inherent and fundamental strengths as well as how its beautiful abstractions are not just a thought experiment but a real tool for real work.
 

  
 

   

   Who should read this book
 

  
 

   

   This book is for programmers and software engineers who already know at least one programming language and want to dip their toes into functional programming with Haskell. Prior exposure to functional programming is not required. While this book does not serve as a comprehensive study of the language, it serves as an entry point that will enable the reader to, first and foremost, write their own code.
 

  
 

   

   How this book is organized: A road map
 

  
 

   

   This book covers nine different software projects throughout 15 chapters.
 

  
 

   

   Concepts of the language are explained when they are needed. The chapters are divided as follows:
 

  
 

   

   	 Chapter 1 is an introduction to Haskell and the book. It covers some history and the very basics of functional programming without going into the specifics of Haskell code. 
 

   	 Chapter 2 starts with an introductory project: Caesar’s cipher, an ancient encryption algorithm. 
 

   	 Chapter 3 and 4 introduce a clone of the nl tool to number lines of text input, which serves as the first executable program introduced in this book. 
 

   	 Chapter 5 and 6 are more focused on handling data and designing algorithms with an algorithm to solve the word ladder game. 
 

   	 Chapter 7 and 8 introduce a practical tool to parse, serialize, search in, and modify CSV files. 
 

   	 Chapter 9 is focused on property testing, covering practical tips on how to write test suites for our software. 
 

   	 Chapter 10 and 11 cover writing a software synthesizer with a built-in domain-specific language for composing music. 
 

   	 Chapter 12 and 13 introduce a library to parse image data and provide a parallelized image transformation pipeline. 
 

   	 Chapter 14 and 15 cover working with exceptions in a file synchronization application. 
 

   	 Chapter 16 and 17 teach the reader how to write a server for a REST API using JSON, a database for persistence, and an automatically generated client application. 
 

  
 

   

   In general, each chapter builds on the knowledge acquired in previous chapters, so chapters should not be skipped. Even if a project isn’t necessarily for you, you should still understand the core concepts of a chapter before moving on to the next.
 

  
 

   

   About the code
 

  
 

   

   This book contains many examples of source code both in numbered listings and in line 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; we’ve added line breaks and reworked indentation to accommodate the available page space in the book. In rare cases, even this was not enough, and listings include line-continuation markers (↪). Additionally, comments in the source code have often been removed from the listings when the code is described in the text. Code annotations accompany many of the listings, highlighting important concepts.
 

  
 

   

   You can get executable snippets of code from the liveBook (online) version of this book at https://livebook.manning.com/book/learn-haskell-by-example. The complete code for the examples in the book is available for download from the Manning website at https://www.manning.com/books/learn-haskell-by-example, and from GitHub at https://github.com/phagenlocher/learn-haskell-by-example.
 

  
 

   

   liveBook discussion forum
 

  
 

   

   Purchase of Learn Haskell by Example 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/learn-haskell-by-example/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 a 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 you try asking the author some challenging questions lest his interest stray! The forum and the archives of previous discussions will be accessible from the publisher’s website as long as the book is in print.
 

  
 

   

   Other online resources
 

  
 

   

   There are many great resources online that you can additionally check out:
 

  
 

   

   	 “What I Wish I Knew When Learning Haskell” by Stephen Diehl (https://github.com/sdiehl/wiwinwlh) 
 

   	 The Haskell Wiki (https://wiki.haskell.org/Haskell) 
 

   	 Haskell for Imperative Programmers by yours truly (https://www.youtube.com/playlist?list=PLe7Ei6viL6jGp1Rfu0dil1JH1SHk9bgDV) 
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   In those days, it was easy to identify where people lived and what their trade or station in life was just by their dress. Manning celebrates the inventiveness and initiative of the computer business with book covers based on the rich diversity of regional culture centuries ago, brought back to life by pictures from collections such as this one.
 

  


 

   

   
1  Introduction

 

  
 

   

   This chapter covers
 

    

    	What Haskell is
 

    	What pure functional programming is and why it matters
 

    	The advantages of using abstractions within programming
 

    	What we will learn in this book
 

   
 

  
 

   

   Complex software is all around us, and we, as programmers, need tools to construct it. Mainly, we need programming languages that can facilitate and ease our development process and Haskell, a state-of-the-art language providing a mix of various cutting-edge technologies, is exactly that. Featuring an impressive amount of language features mixed with a certain elegance that few other languages can achieve, Haskell has become shrouded in legend and myth … and we are going to take a look behind the curtain!
 

  
 

   

   In this book, we will cover the implementation of various small (some might even call them tiny) projects. Some of them are just for fun, some of them are useful tools, and some of them were chosen to specifically show you, the reader, how to effectively use Haskell to create fast, safe, and reliable software. In following along with these projects, you will learn the ins and outs of writing software using some of the most elegant and elaborate programming models.
 

  
 

   

   If you have researched Haskell before and thought, “I don’t know where to start” or were unsure about the practicality of it, don’t worry. This book does not require any prior knowledge about any of Haskell’s features or functional programming in general. We will start slowly with simple algorithms and end by writing our own web servers!
 

  
 

   

   So jump in. The journey is worth it!
 

  
 

   

   
1.1 What is Haskell?
 

  
 

   

   If you have picked up this book, there is a good chance you already have some idea of what Haskell is. You know that it is a programming language, you most likely know that it is a functional programming language, and you probably have heard of the unique nature of some of its features. But why would you use Haskell, and what is it that makes it special?
 

  
 

   

   
1.1.1 Abstraction and theory
 

  
 

   

   Firstly, Haskell features many high-level abstractions, such as algebraic data types, type classes, and monads, all of which will be explored in this book. These abstractions allow us to write neat, composable, and clean code that lets us generalize complexities into reusable functionalities. Why is that a good thing? It saves time and avoids a lot of headaches when debugging. It is very common to implement algorithms only once in Haskell and then reuse them in different contexts over and over again. Why write a sorting algorithm for multiple different data types, when you could just write it once?
 

  
 

   

   A special property of Haskell is its direct connection to academia and contemporary programming language research. Other languages typically are born from an industrial need. This is reflected heavily in their architectural design. Java serves as a prime example, since many low-level design decisions were first made due to the advertised write once, run anywhere promise. Later, specification changes came with the Enterprise Edition, promising a well-designed API for web services and distributed computing. Haskell, on the other hand, doesn’t have such a background. It was built with modern results from type theory and programming language design, focusing on simple concepts from which the language was built. This makes Haskell much more focused on program correctness than other languages, leading to design decisions that heavily favor safety. 
 

  
 

   

   However, that does not mean that performance has been neglected in Haskell. Its compiler is an optimizing compiler, which means it will try to analyze the source code and perform rewriting steps to decrease its execution time. In certain situations, aggressive optimizations can even lead to code with a performance comparable to low-level languages, such as C! Haskell also features powerful libraries for parallelism, concurrency, and asynchronous computations, making it simple to write multithreaded code to improve performance even further—all the while, you, as a programmer, do not have to worry about pesky details, such as memory management, since the runtime uses a garbage collector. 
 

  
 

   

   Haskell is not an ordinary functional programming language but a pure functional programming language. By pure, we mean that functions we write in our programs are much like functions in the mathematical sense. They have input and produce some output but have no side effects. This means functions can only work with the data we put into them and cannot, for example, read additional data from files or the network. Is that helpful? Yes! It makes Haskell programs easier to analyze and understand just by reading the code itself and generally leads to fewer bugs and more reliable software. We will explore this concept at great length in this book, since it forces us to think about programming differently than we normally do. 
 

  
 

   

   
1.1.2 A safe place
 

  
 

   

   So how does Haskell compare to other languages, keeping the aforementioned design decisions in mind? An important attribute of programming languages is their strength of assertions, meaning how many rules on the programming semantics the compiler or interpreter of that language enforces. This brings about two qualities in programming languages: freedom and safety. Freedom specifies how unrestricted the programmer is in their ability to modify the program state and work with resources such as memory, files, sockets and threads. Safety specifies the likeliness of a written program to be inherently free of undefined behavior and bugs. Both have an inverse correlation. If the language allows many dangerous operations its safety decreases, but if these operations are simply forbidden the safety increases while the freedom to do dangerous things decreases since these operations are either impossible or have a much higher implementation overhead. This relationship is represented in figure 1.1. 
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Figure 1.1 The Freedom-Safety relationship


  
 

   

   Programming languages have to make compromises when it comes to these qualities. Many dynamically typed scripting languages, like Python, allow almost everything that you could want. As a result of this design decision, the inherent safety of these languages is very low. It is easy to write scripts and it is even easier to write scripts that fail on execution. Statically typed, compiled languages try to increase safety by letting the compiler perform sanity checks, which forces the programmer to adhere to the type system’s rules to produce programs that are allowed to be executed. The stronger the assertions the compiler makes are, the less error-prone the language becomes but the harder it also is to write a program that the compiler allows. For example, Python allows for values of arbitrary type to be passed to any function which makes it very easy to write polymorphic functions but also is prone to errors since you can not necessarily be sure of the types the arguments of your functions have. In a language like C, your compiler at least checks if the types of variables match, but it gives you free rein over the memory, which makes it easy to manipulate data on a low level but might lead to undefined behaviors. Java uses a garbage collector as an abstraction to deal with this problem but still lets you share object references across processes, which can lead to race conditions. A language like Rust disallows such behavior, ruling out many types of unexpected behaviors, but still allows for mutable state. Haskell is a language on the safe side of programming, having many restrictions like enforcing immutable data and not allowing side effects without the usage of special programming models. 
 

  
 

   

   In figure 1.2 we can see how we can understand the process of compiling programs as a pipeline. The programmer writes (syntactically correct) source code which is then used by the compiler (or interpreter) to create executable binary code. The stricter the compiler enforces rules the “harder” it becomes for the programmer. However, this filters away many programs which might eventually fail while executing. So if the compiler is very strict there is a good chance that if the program compiles it produces the correct result and does not crash while executing or produce undefined behavior. This means that the compiler makes sure that the programmer’s intent is correctly reflected by the executable code. Haskell falls into this safe category. To help you understand the uniqueness and helpfulness of Haskell’s safe paradigm, we will start with a little bit of background.
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Figure 1.2 The programming pipeline


  
 

   

   
1.2 The pure functional way
 

  
 

   

   Since the dawn of programming, we have been confronted with a question that is easily stated but almost impossible to solve: How do we know that our programs are correct? With this question, we don’t just want to know that our programs don’t crash but that they indeed have the intended behavior we as programmers specified. Many resources are used for quality assurance and testing in software development. This makes it seem like we simply can’t trust the programs we wrote. Why is that? When we write a function, don’t we know what it does? For the most part, we do! However, there is one thing that often cannot be correctly accounted for: state. When a program is running, it has some internal state, which consists of the data the program is working with (e.g., the values of our variables) and the execution context (e.g., what system the program is running on and what its environment is). In the last 50 years, many attempts have been made to work with state in a more manageable way. One answer was to split up the state and package it into objects, associated with some interface to work with that state in a controlled manner. That is essentially what object-oriented programming is. However, there is another way of dealing with this problem. 
 

  
 

   

   
1.2.1 A declarative recipe
 

  
 

   

   What if, instead of trying to split up the state, we tried to simply minimize it? The less of that pesky stuff around, the better, right? This idea is at the heart of pure functional programming used by Haskell!
 

  
 

   

   For the uninitiated, here is a little excursion into the world of functional programming. What is it? First, let us think of how nonfunctional programs usually work. Such a program can be thought of as a sequence of instructions, like in a recipe. They tell you the steps you need to take to arrive at a finished result. That might look something like this:
 

  
 

   

   	 Melt butter in a pan on low heat. 
 

   	 Add chocolate. 
 

   	 Beat 8 eggs in a bowl. 
 

   	 Add flour, sugar, and baking powder. 
 

   	 Mix well with a hand mixer. 
 

   	 Add the butter and chocolate mixture. 
 

   	 Pour the chocolate cake batter onto a baking sheet. 
 

   	 Bake for 25 minutes at 200°C. 
 

  
 

   

   In the end, following the steps will result in a chocolate cake! But what if we now want to create a lemon cake? It’s possible that the recipe would look almost identical to our chocolate cake but will vary in step 2, where we don’t add chocolate but something lemony. So if we wanted to write a lemon cake recipe, we would need to copy most steps. This poses a problem. Which steps do we copy? We realize that steps 1 and 2 have nothing to do with making a generic cake batter—they are additional steps. Step 6 is also highly specialized and cannot be copied into other recipes, since you need a butter and chocolate mixture to add it to something. This is a problem of state! After completing each step, you have changed the state (the finished products in your kitchen in this case), and some steps depend on this state. An instruction like “mix well” only makes sense when you have something to mix!
 

  
 

   

   So what would a functional recipe look like?
 

  
 

   

   	 A butter and chocolate mixture consists of melting butter and chocolate over low heat. 
 

   	 A cake batter consists of 8 beaten eggs, flour, sugar, and baking powder. 
 

   	 A chocolate cake batter is a cake batter mixed with a butter and chocolate mixture using a hand mixer. 
 

   	 A chocolate cake is a chocolate cake batter baked in an oven for 25 minutes at 200°C. 
 

  
 

   

   We immediately see a profound difference. The recipe doesn’t tell us what to do, but how our intermediate results are defined! However, from this, we can easily infer the steps we need to take to produce the finished chocolate cake. We first have to create the chocolate cake batter, for which we need the general cake batter mixed with the butter and chocolate mixture. Both, in turn, have their own definition. So by recursively looking at the definitions, we arrive at the most basic steps (adding basic ingredients), from which we can then produce the desired result. So what if we wanted to create a lemon cake recipe? It’s easy! We need to switch out the butter and chocolate mixture in the third step with something lemony, and we are done! The definition of a cake batter stays the same. We have no state in our recipe; we only have definitions for intermediate results. This also means this recipe doesn’t have a fixed order. It doesn’t matter if you first create the cake batter or the butter and chocolate mixture. You, as the baker, can decide which is more convenient for you!
 

  
 

   

   
1.2.2 From cake to program
 

  
 

   

   So how does this relate to programming? If we imagine the ingredients, mixtures, and cakes to be variables, we realize that in the imperative recipe, they change over time, being modified by our instructions. In the functional recipe, they never change; they are produced once. The steps are not reliant on the state of those variables but only on their existence. Once a variable is needed, we can evaluate it. In the functional recipe, some steps contain information on how to perform transformations, like baked in an oven for 25 minutes at 200°C. In software, this would be represented by a function, which, in turn, can be parametrized. This is one of the main properties of functional programming: functions are first-class objects. They can be passed as arguments to other functions!
 

  
 

   

   This type of programming is also called declarative programming, since the program can be interpreted as a single, big definition made up of other smaller or even recursive definitions. This approach makes it much easier to create reusable code, since the same definition might be used in different contexts. This makes it clear that we don’t want to have mutable variables, since they don’t follow a clear definition but change over time. However, some functional programming languages allow mutable state. Those languages might be functional, but they are not pure. For a programming language to be pure, functions cannot have side effects. A side effect is any interaction with the state of the program outside of a function while being inside that function. This means functions are not allowed to do several things:
 

  
 

   

   	 Input (reading)/output (writing) of 

     

     	 Files 
 

     	 Network sockets 
 

     	 Threads or other processes 
 

     	 Databases 
 

    


 

   	 Values that change between accesses 

     

     	 Random numbers 
 

     	 Information on the current time 
 

    


 

   	 Access memory 

     

     	 Reading from memory directly 
 

     	 Writing to memory 
 

    


 

  
 

   

   Of course, there is a way of doing all these operations in pure languages, by controlling the effects using a variety of software design patterns. In Haskell, the chosen paradigm is called monadic programming, which we will eventually go into. This way of programming is very different than the programming you are probably used to and forces us, as programmers, to rethink many concepts we have taken for granted. Interestingly, modern programming languages employ an increasing number of functional concepts and features—be it Java, TypeScript, Python, or even C++. Additionally, many new languages designed by large companies leave behind historically popular paradigms, like imperative or object-oriented programming, instead focusing on a more functional design. F# (Microsoft) and Reason (Facebook), which are two direct descendants of the functional programming language OCaml, serve as two examples. Understanding functional concepts is an important step to future proofing yourself as a developer. 
 

  
 

   

   
1.2.3 It’s all for simplicity
 

  
 

   

   Additionally, Haskell uses a large number of exotic and foreign concepts as its main language features. Some of them include the following:
 

  
 

   

   	 Monadic programming 
 

   	 Type classes 
 

   	 Lazy evaluation 
 

   	 Software transactional memory 
 

   	 Generalized algebraic data types 
 

  
 

   

   But why? What is it for? In software engineering, we have figured out many concepts to help our architecture stay maintainable—keep it simple, stupid (KISS) and don’t repeat yourself (DRY) are two examples. While we try our best to fit our implementations to follow these rules, we, as software engineers, often have to fight against the programming languages we are working with to achieve these goals. Sometimes, we just have to copy code from one class to another because otherwise, we would need to refactor our class hierarchy, and sometimes, we cannot keep our procedures short and simple, since there is no way to further break up the process we are trying to describe. Haskell’s declarative approach mixed with its high abstraction potential doesn’t just make it simple to follow clean coding principles but actively aids the developer in creating maintainable code, which is why the language has become more and more popular within the software industry. Haskell’s academic roots show in almost every language feature it presents. These features were not just created as fun thought experiments but have practical value if you know how to use them. 
 

  
 

   

   Haskell’s pure nature makes it easy to write tests for our functionalities. If the specification of our functionalities is clear, tests can often reflect that specification exactly. We don’t have to write adapter classes to plug our code into some test framework; we rarely need to set up fake environments to reflect a real production environment, and we generally have an easier time determining good code coverage than in other languages. All we test are functions without side effects. Observing a function’s behavior is as simple as looking at its output directly.
 

  
 

   

   Industrial applications and testability aside, Haskell also has a passionate open source community that actively develops tools and libraries for the language. This passion might be fueled by intellectual curiosity or the need for a quicker and easier way to develop software, but I think there is a much more important reason: Haskell is fun! It’s that easy. Once you’ve gotten the hang of it, Haskell feels like a powerful magic wand, just waiting to be activated with the right spell, unleashing its magic on the digital realm. Developers making a career of writing Haskell code often cite a passion for program correctness, simplicity, and applied theory as their motivation, but I believe this all boils down to something much simpler: the joy of constructing complex and intricate software components that never feel overbearing, never seem too complicated, and always have the potential to be made even easier to work with. In short, it’s the joy of programming. I know that my colleagues and I do it, at least partially, for this exact reason. 
 

  
 

   

   
1.3 Usage of abstraction
 

  
 

   

   It is clear that no programming language is universally useful. Haskell is highly abstract. It redefines what a high-level language is. This means that the source code the developer writes is far removed from the actual instructions run by the processor in the end. This has clear upsides and downsides. 
 

  
 

   

   
1.3.1 The good parts
 

  
 

   

   Abstraction shines when complexity becomes overbearing, and modern software is full of complexities. Haskell makes them manageable, which makes it a prime candidate for usage in cryptographic and distributed systems. By minimizing state, the developer minimizes the possibilities for bugs and unexpected behavior, which is why implementing security-related protocols and web server logic is almost stress free. Declarative languages are generally very definition heavy, which is great if the program logic is mostly based on definitions. This is true for compilers, transpilers, and programs for file conversion. 
 

  
 

   

   However, Haskell is a general-purpose programming language. Generally speaking, any program could be written in it. The vast number of libraries available allows the language to be used in a wide variety of industry applications. Haskell truly shines in building large software with varied data sources, since its fundamental core is composition of disparate software components. After all, the whole is greater than the sum of its parts.
 

  
 

   

   As beginners to the language, we might ask: What projects can we complete in this language? Good choices make tools with well-defined input and output. Think of UNIX tools. They follow a simple philosophy: do one thing, and do it well. They often read their input, process it, and produce some output. Haskell’s pure nature is ideal for such tools. Even if the actual task becomes slightly complicated, like computing advanced statistics on a bunch of data, it often can be modeled very easily. A nice example of such a tool is Pandoc, an open source tool used for the conversion of documents of varying file types. It can take documents in, for example, HTML, OpenDocument, or LaTeX formats and output equivalent documents in other formats, such as DocBook, EPUB, or PDF. 
 

  
 

   

   Somewhat different from many other languages, Haskell was born in the world of academia, not the industry. Thus, it is no wonder that many programming projects in Haskell (by hobbyists and professionals alike) revolve around building compilers, interpreters, and domain-specific languages. What could be more fun than programming in a language someone else wrote? Programming in a language you yourself wrote! Haskell allows you to define your own operators, which lets you create your own domain-specific language components within Haskell itself. The language’s academic roots are also shown in the many proof assistants and automatic reasoning tools written in it. These applications can be used for mathematical proofs or testing software specifications.
 

  
 

   

   Haskell’s ability to simplify complex software architectures makes it a popular choice in backend software for data analysis or complex data management. It is used by large companies, like Facebook, Target, Barclays, Standard Chartered, and NASA, in data-intensive applications, and there is a good reason for it: Haskell code tends to be more reliable, easier to refactor, and much simpler to test and verify. If you need a “safe bet” when writing software, Haskell is an excellent choice.
 

  
 

   

   I find Haskell to be an excellent choice for rapid prototyping because it is easy to create simple applications with just a few lines of code and then extend those lines, often without the need for any refactoring. You can turn a single-threaded processing model into a multithreaded one with just a few lines of code and no additional changes. You can often switch out configuration file structures by simply switching from one parser to the other without any other major changes. You can prototype an application with file input and then, much later down the line, switch to network input, often without changing most parts of your system. Haskell applications often grow very naturally with your changing needs. 
 

  
 

   

   
1.3.2 The bad parts
 

  
 

   

   Abstractions are great. However, Haskell is as far removed from low-level code as a space shuttle is from the Mariana Trench. This has a profound downside: as a programmer, you are never fully in control of what is going on in your program. Between your intentions and the actual hardware sits a runtime you have little to no control over. Threads are being handled by it. Memory gets allocated whenever the runtime pleases. The garbage collector starts acting whenever it deems it necessary. Of course, in some ways, this makes the developer’s job easier, but it also makes the language largely unsuitable for several applications:
 

  
 

   

   	 Real-time critical applications 
 

   	 State-heavy programs, such as video games or multimedia applications 
 

   	 Device drivers or operating systems 
 

  
 

   

   It is in no way impossible to write such applications with Haskell. However, it will likely prove a challenge and require careful study of the technical aspects of Haskell, which is outside of the scope of this book. 
 

  
 

   

   
1.4 The things we learn
 

  
 

   

   Some people claim you need to have studied mathematics to learn Haskell. This book tries to once and for all break this stereotype by explaining the fundamental concepts of the language in an easy-to-understand manner. You don’t have to have any prior exposure to functional programming at all! However, you should be familiar with procedural or imperative programming (C, Java, Python, etc.) and have a basic understanding of algorithms and data structures as well as operating and file systems. The ideal reader has 
 

  
 

   

   	 At least one to two years of programming experience 
 

   	 Worked on different (small) software projects and knows the problems that can arise in real-world applications 
 

   	 Some basic knowledge of operating systems (specifically UNIX) 
 

  
 

   

   Much different from other materials, this book will not give you a crash course on the most advanced techniques and concepts in Haskell but highlight fun, creative, and useful projects, showing you how to tackle certain problems that arise when writing real applications. The chapters will also present best practices and explain why they are important. Haskell can be an ocean of foreign concepts, and this book is not trying to give you a deep dive. It, rather, tries to be the diving instructor showing you the safer, shallower depths of this ocean. By the end of the final chapter, you should then feel comfortable to board a submarine and explore the deepest depths yourself. It’s going to be an amazing journey.
 

  
 

   

   This book is designed to cover a wide variety of projects. We will begin by writing beginner-friendly tools, like a simple (but clever) artificial intelligence for a special variety of the game “word ladder” and a CSV tool capable of neatly formatting a CSV file and printing it as a table in ASCII form as well as providing additional features, like searching. Later in the book, we will cover more data-intensive work, like working with audio and image files and how to manipulate them within our software, even creating our own musical synthesizer and multithreaded image processing library. Of course, no book on software would be complete without trying to emulate the big boys by creating our own microservice—a web server capable of answering requests by performing actions and storing data in a type-safe manner! All the while, we will have a chance to look at some advanced Haskell libraries in action!
 

  
 

   

   We will mostly focus on writing applications used on UNIX-like systems, like Linux, BSD, or macOS. If you want to use Haskell on Windows, that is possible by using Windows Subsystem for Linux (WSL). The projects will consist of applications running on the command line or terminal. This is a deliberate choice, since it simplifies the development process, allowing us to focus and concentrate on minimal user interfaces without needing to worry about GUI programming. 
 

  
 

   

   After reading this book, readers will feel comfortable using Haskell, implementing real-world projects, and avoiding the pitfalls beginners typically fall into. Additionally, readers will know how to apply the learned functional concepts universally to other languages. 
 

  
 

   

   Summary
 

  
 

   

   	 Haskell is a pure functional programming language, focusing on safe and composable code. 
 

   	 Safe code disallows dangerous operations, which translates to fewer bugs and undefined behavior, thus better reflecting the programmer’s intention. 
 

   	 Haskell has strong roots in academia and presents many results from contemporary programming theory in its feature set. 
 

   	 Haskell is a garbage-collected and compiled language, featuring native support for parallelism and concurrency. 
 

   	 Pure functions are functions with no side effects, only consuming some input and producing some output. 
 

   	 Functional and declarative programming focuses on the definitions of intermediate results instead of providing a sequence of instructions. 
 

   	 A side effect is any interaction with the state of the program outside of a function while being inside that function. 
 

   	 Haskell’s declarative approach mixed with its abstractions aids the programmer in following clean coding principles. 
 

   	 Haskell’s abstractions simplify complex software architectures, making it a popular choice in backend software for data analysis or complex data management. 
 

  


 

   

   
2  Ancient secret keeping on modern machines

 

  
 

   

   This chapter covers
 

    

    	How to set up a basic Haskell project and run some code
 

    	Common Haskell data types and how functions work
 

    	Performing basic operations with strings and lists
 

    	Using guards and pattern matching for handling case distinctions
 

    	Working with immutable data and how to represent transformations
 

   
 

  
 

   

   In the last chapter, we learned what Haskell is and discussed its peculiar language design decisions. We also learned some specifics on pure functions and how pure functional programs, such as the ones we write with Haskell, are structured. Although it is essential to understand these concepts, it’s not much use talking about them, without getting our hands a bit dirty. You can’t learn the application of theory without applying anything. So let’s get down to implementing our first project!
 

  
 

   

   When learning any programming language, one has to start somewhere. While I could bore you with mathematics or some other highly academic exercises, the topics in this book are a bit more playful. Some people might even call them fun; however, you don’t have to go that far. This chapter is mainly an introduction to Haskell’s syntax and how to go about writing programs. Since Haskell’s main principles are somewhat foreign (compared to other programming languages) it would be good if you could unlearn some of the patterns you know from programming. Mutable variables? Static data? Imperative control flow? You should forget about these things for now, since the world we will travel to knows no such dark magic.
 

  
 

   

   This description has been somewhat colorful, so let me explain: Haskell’s pure functional design can be intimidating at first. If you have no prior experience with functional languages, the concepts in this chapter might seem strange. This stems from the fact that this kind of program language design is much different from languages you might be used to and feel familiar with. For example, Haskell has no loops! Of course, there are many ways around this limitation. Truthfully, we don’t need any loops, but this means we need to rethink many things about programming. 
 

  
 

   

   While this might seem intimidating at first, it is a journey that is well worth it. The concepts in Haskell are universal and can be implemented in almost any other language. Learning pure functional programming means learning a wholly different way of thinking about writing programs and ensuring whatever you write is correct!
 

  
 

   

   This chapter will begin by showing you how to set up a new Haskell project, using the interactive mode of the Haskell compiler to prototype some code. Then, many fundamental data types of Haskell are introduced in conjunction with how to specify types for our functions and expressions. An introduction to writing functions in Haskell is also given. Following that, working with lists and strings will also be discussed. The discussion on functions will be further elaborated by learning the usage of guards and pattern matching. The chapter will conclude by introducing and using the built-in map function. 
 

  
 

   

   
2.1 A primer on Haskell
 

  
 

   

   Modern computer systems are almost always reliant on an external network to be used effectively. Be it for timekeeping using NTP or PTP, storing data in distributed NoSQL databases, or just streaming video footage of cats in 4K resolution in the evening, the possibilities are endless. However, with this, comes a profound cost: the need to protect our personal data being sent over public networks. We can’t just scream our bank details into the woods and hope nobody hears it!
 

  
 

   

   As you might have already guessed, the solution to this problem is encryption. This is usually achieved by using a procedure that encodes information with a secret key that parties share. Cryptography has become an ever-present part of our lives, and its research field keeps presenting us with algorithms and procedures of ever-growing complexity to make it possible to keep a secret. 
 

  
 

   

   The encryption scheme we want to tackle is called Caesar’s cipher, a rather primitive way to keep secrets. While it is not relevant for real-world usage, it will teach us about the basics of functional programming, nonetheless. 
 

  
 

   

   
2.1.1 Caesar’s cipher
 

  
 

   

   How does this ancient algorithm work? The cipher substitutes each letter in an alphabet with another letter by shifting the original alphabet by a certain offset. Thus, you encrypt the letters by choosing a new letter that has a certain distance, based on the positions of those letters in the alphabet. You can imagine the alphabet as a wheel, where all letters are ordered in a circle. Starting on a letter and turning this wheel by a certain offset will give you a new letter. This idea is illustrated in figure 2.1. 
 

  
 

    

   [image: figure] 

   
Figure 2.1 Letter substitution wheel


  
 

   

   By transforming every single letter in a message, we can encrypt it! The offset used for the transformation is the encryption key for the algorithm and needs to be known by the communicating parties. When decrypting the message, one can do the same process backward and get the old message back. You can see an example in figure 2.2, where a little message is encrypted with an offset of 5. 
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Figure 2.2 Encryption with Caesar’s cipher


  
 

   

   When only encrypting letters from the basic Latin alphabet (and treating uppercase and lowercase letters with their own alphabets), we can observe an interesting symmetry. When using a rotation offset of 13, the encryption and decryption cancel out, meaning you can use the exact same method for encryption and decryption. This special case of Caesar’s cipher is known as ROT13 and is commonly used as a type of word scrambler, since it’s easy to implement. Some editors, such as Vim and Emacs, even have ROT13 built in! Vfa’g gung arng?
 

  
 

   

   Warning  For the love of your and everybody else’s data, never use this encryption in any of your applications!
 

  
 

   

   
2.1.2 A new project
 

  
 

   

   So let’s start by creating a new project with stack. If you haven’t already installed stack, please refer to appendix A. Once the toolchain is running on your computer, you can open a command line on your operating system. On macOS, this could be iTerm, while on Windows, it might be cmd, and on Linux, the choices are much more varied. Then, we can start by navigating to your desired workspace location and running the following command:
 

  
 

   

    

    stack new caesar
  

   
 

  
 

   

   This will create a new directory called caesar, which already contains a premade project structure for our Haskell project.
 

  
 

   

   Let’s go over the folder structure introduced by stack, which can be seen in listing 2.1. It contains files with meta information, like the changelog, a license text, and a README file for usage explanations if this project were ever to be released. caesar.cabal, package.yaml, and stack.yaml are important for configuring dependencies and compilation options of our projects; however, we are not going to touch them in this project.
 

  
 

   

   Now comes the meat of the project: the app and src directories. The app directory has modules that contain the program’s entry point, called main. This is where compiled executables would start, much like in languages such as C or Java. The src directory contains the library code, meaning all the modules, types, and function definitions that can be used in a standalone library. This allows us to use the same functionalities across multiple executables or compile the project as a library alternatively to an executable. The last directory is test, which can be used to bundle testing suites with our library and executable code. We will explore this later in chapter 9.
 

  
 

   

   
Listing 2.1 The project structure for a new stack project
 

    

    caesar

├── CHANGELOG.md

├── LICENSE

├── README.md

├── Setup.hs

├── app              #1

│     └── Main.hs

├── caesar.cabal

├── package.yaml

├── src     #2

│     └── Lib.hs

├── stack.yaml

└── test        #3

       └── Spec.hs
 

    

     #1 Contains modules to build executables from

     
#2 Contains modules from which an independent library can be built

     
#3 Contains test suites for testing library code

     


    
 

   
 

  
 

   

   The only file that is important to us right now is Lib.hs. We will use this file to write our functions and use them in the interpreted mode of the Haskell compiler. Speaking of which … let’s try out the read–eval–print loop (REPL) to get familiar with some of Haskell’s syntax. You can use 
 

  
 

   

    

    stack repl
  

   
 

  
 

   

   This will fire up GHCi, the interpreted mode of the Glasgow Haskell Compiler (GHC). The prompt looks like this:
 

  
 

   

    

    ghci>
  

   
 

  
 

   

   If your current working directory is a project created with stack, the modules and definitions are automatically loaded into GHCi, so you can try them out. Now, we can start typing some Haskell! Let’s try out some basic arithmetic:
 

  
 

   

    

    ghci> a = 1 :: Int

ghci> b = 2 :: Int

ghci> c = a + b

ghci> c

3
  

   
 

  
 

   

   As we can see from the evaluation of the terms, we can define variables in our code to associate values with names. Each input we make in the REPL is being evaluated. The evaluation of an assignment has no result, while evaluating a variable results in its value. Also, we see that values have types, which we indicate in Haskell using ::. 
 

  
 

   

   Note  When putting expressions like 1+1 into GHCi, they will evaluate to 2 but, additionally, give us a warning about defaulting type constraints. These will almost always pop up when we don’t specify types in an expression. To disable these, you can use :set -Wno-type-defaults.
 

  
 

   

   It’s now time to put the function in functional programming by defining some functions. Their semantics are comparable to the semantics of other languages. The basic syntax for functions is very simple. A name is followed by a parameter list, which is followed by an equals sign (=) and a definition. Let’s look at an example:
 

  
 

   

    

    square x = x * x
  

   
 

  
 

   

   This defines the function square with a single argument that is being multiplied by itself. Function applications look like this:
 

  
 

   

    

    square 2
  

   
 

  
 

   

   Neither in the definition nor in the application are parameters surrounded by braces or separated by commas, like in many other languages. By typing a function application like square 2 into the REPL, we make it evaluate the function and print the result. Let us type the definition into the REPL:
 

  
 

   

    

    ghci> :{               #1

ghci| square :: Int -> Int

ghci| square x = x * x

ghci| :}       #2

ghci> square 2

4
 

    

     #1 Starts a multiline input in GHCi

     
#2 Ends a multiline input in GHCi

     


    
 

   
 

  
 

   

   The type given for square is not strictly necessary, but omitting would cause warnings to appear. This should give you a starting ground for experimenting with Haskell. Feel free to spend a few minutes in GHCi to get a feel for things to come.
 

  
 

   

   While the REPL is good for prototyping and rudimentary code testing, it can quickly become cumbersome to work with, especially when writing bigger functions. This is why we want to turn our attention to Lib.hs in our project, where most of the implementation will reside. 
 

  
 

   

   
2.1.3 The first module
 

  
 

   

   The file will have a very basic structure and highlight the most basic aspects of a Haskell module. Modules contain our code, consisting of definitions and implementations. They provide us with a way of structuring our projects by grouping related code. In general, their name has to be equal to the file path (except for Main, depending on the project’s configuration). In this simple case, the module lives on the highest level of the src directory, so its name is just the filename without the file suffix. Additionally, modules can define an export list, which indicates which definitions should be made visible to other modules, since modules can also import other modules. The file will likely look something like the following listing. 
 

  
 

   

   
Listing 2.2 A simple example module created by stack
 

    

    module Lib      #1

    ( someFunc   #2

    ) where



someFunc :: IO ()              #3

someFunc = putStrLn "someFunc"     #4
 

    

     #1 Defines the module name

     
#2 Specifies the export list

     
#3 Gives the type signature

     
#4 Provides the definition

     


    
 

   
 

  
 

   

   This module serves no real purpose but to be an illustrative example of how a module can be constructed. We see a single definition of an IO action with the name someFunc. This definition is exported by the export list in parentheses after the name of the module. We will learn what an IO action is in chapter 3, but for now, we are not concerned with it. 
 

  
 

   

   The most basic way of importing another module is with the import statement. This will import every definition from the module that was specified in its export list (or simply everything if no export list was specified). This is generally good if you import some utility module that provides unique functions but can lead to clashes of names otherwise. In that case, we can simply prepend the name of the module with a dot to choose the correct implementation. So instead of writing x, we would write ModuleName.x. 
 

  
 

   

   We now turn our attention to Main.hs, to see how the Lib module is imported and how the “main module” looks. This module is our entry point in the program, since it contains the main action. For now, we are not interested in what this action is; we can just think of it as a function that is called. This main is the first code that is called in our program on execution. The Main module contains an import statement importing our Lib module. Thus, someFunc is present in our Main module, since it occurs in the export list of the Lib module. The code will look like this. 
 

  
 

   

   
Listing 2.3 A simple main module created by stack
 

    

    module Main where



import Lib      #1



main :: IO ()    #2

main = someFunc
 

    

     #1 Imports the module

     
#2 Defines main action

     


    
 

   
 

  
 

   

   This project will be implemented solely in the Lib module and tested with GHCi, so we can ignore the Main module for now. Just so that we can make the executable compile and your IDE doesn’t throw any weird errors, we change the Main module to not import Lib anymore and make its main action simply to print Hello World. This implementation looks like this:
 

  
 

   

    

    module Main where



main :: IO ()

main = putStrLn "Hello World"
  

   
 

  
 

   

   Let’s go back to Lib.hs and get a bit more familiar with Haskell. We can delete the export list and someFunc for now. The module then looks like this:
 

  
 

   

    

    module Lib where
  

   
 

  
 

   

   Nice and empty—a fresh start! We can leave GHCi behind when defining functions and write them down in that module. In addition to defining our function, we need to export it by writing it down into an export list, which comes after the name of our module:
 

  
 

   

    

    module Lib

  ( square,

  )

where



square :: Int -> Int

square x = x * x
  

   
 

  
 

   

   After saving this file, we can now load it. To do that, we navigate within the command line to our project and run stack repl. 
 

  
 

   

   Note  Don’t forget to add functions and types you want to expose to other modules to the export list of the module the definition resides in. Otherwise, the definition will not be found. While you could, alternatively, expose everything by not writing down an explicit export list, this is considered bad style and leads to unmanageable code later on.
 

  
 

   

   The module will automatically be loaded. After that, you should be able to use the functions in the newly opened GHCi. Keep this GHCi session open, as we will use it for prototyping!
 

  
 

   

   
2.2 Typical types and fantastic functions
 

  
 

   

   To structure our project properly, we should start thinking about what kinds of data we want to work with. More precisely, this means we have to think about the types of our data. Types are invaluable in a language like Haskell. Like some other languages, Haskell is statically typed, which means types are already known at compile time and cannot dynamically change. If a variable has a certain type, this type cannot change during run time. Additionally, Haskell uses type inference. If types are not written down, Haskell will try to figure them out from the context in which functions and variables are used. For the most part, this works flawlessly; however, in certain instances, it’s necessary to tell Haskell the explicit types. This type inference enables us to write down the functions as we did in GHCi in the module, without writing down any types. 
 

  
 

   

   However, it is good style to explicitly write down types for definitions we create on our module’s top level. We can do this by using type expressions. A basic type expression looks like this:
 

  
 

   

    

    name :: type
  

   
 

  
 

   

   It provides some type for a name (sometimes called an identifier). In turn, these names are a simple mapping to some values. So we are specifying that certain values should have certain types. Usually, a type expression is immediately followed by the corresponding definition, even though this is not strictly enforced. Type expressions are an interesting counterpart to the typical semantic expressions that make up our program. We have already seen these semantic expressions; something like x * x is a semantic expression. On evaluation, this expression must produce some value. When a semantic expression has a type expression, this means the produced value has the type given by the type expression, not the actual semantic expression. We will see this difference later, when examining functions. 
 

  
 

   

   
2.2.1 Types on the atomic level
 

  
 

   

   So that’s the primer on type expressions, but what do types look like? The easiest ones are atomic types. These are the most common types for our programs. Table 2.1 describes some of these. 
 

  
 

   

   
Table 2.1 Common atomic types in Haskell
 

    

     

      

      	 

       

         Name 

       

 

      	 

       

         Description 

       

 

      	 

       

         Examples 

       

 

     
 

     

     

      

      	  Bool 

 

      	  Boolean truth values 

 

      	  True and False 

 

     
 

      

      	  Char 

 

      	  UNICODE characters 

 

      	  'a', 'A', '1' 

 

     
 

      

      	  Integer 

 

      	  Integers with arbitrary size 

 

      	  -1, 9999999 

 

     
 

      

      	  Int 

 

      	  Integer with fixed size 

 

      	  -1, 10 

 

     
 

      

      	  Float 

 

      	  Real floating-point number with single precision 

 

      	  3.1415, -1, 1e2 

 

     
 

      

      	  Double 

 

      	  Real floating-point number with double precision 

 

      	  1e-2, 9.99999 

 

     
 

     

   
 

  
 

   

   As you can see from the examples, the numeric types share some values. When using these somewhat ambiguous values, Haskell’s type inference kicks in and tries to infer the correct types. Knowing about these types, we can start thinking about how to implement our cipher.
 

  
 

   

   Looking at figure 2.3, we can start thinking about how to implement the wheel rotation. Since every step in rotating the wheel is a discrete move from one element to the next, we know that our encryption key will be a simple Int, since it is unlikely that we need the arbitrary size from the Integer type. Our message to be encrypted will be simple letters, so a collection of Char values. The function we will create for this project will need to work with these types.
 

  
 

    

   [image: figure] 

   
Figure 2.3 Letter substitution wheel


  
 

   

   Something important to note about atomic types is that the provided types themselves are type expressions! So we can give a value (or semantic expression) of this type, which looks something like this:
 

  
 

   

    

    kilo :: Int

kilo = 1000



mega :: Int

mega = kilo ^ (2 :: Int)



nano :: Double

nano = 1e-9
  

   
 

  
 

   

   Here, we define values for three unit prefixes. By assigning the identifier kilo the type Int, we explicitly define it to be an integer, while nano is a floating-point number of type Double. We see that mega is defined by performing an operation on kilo, namely the exponentiation ^. Thus, it has to be of the same type as kilo, since numeric operators typically consume and produce values of the same type. 
 

  
 

   

   
2.2.2 Lists and tuples
 

  
 

   

   Simple atomic types are not enough to construct useful data structures. In our case, we need something to represent a collection of letters. Luckily, Haskell features some more complex types, which we will go over in detail here. 
 

  
 

   

   The first one is lists. They are an essential building block, not just in Haskell but in many other functional programming languages as well. A list is really simple. It is a homogenous sequence of values, meaning that all these values have the same type. We can write down such a list as comma-separated values surrounded by square brackets. Lists have no size limit and can grow dynamically. Here are some examples:
 

  
 

   

    

    intList :: [Int]

intList = [1, 2, 3]



boolList :: [Bool]

boolList = [True]



floatList :: [Float]

floatList = []



doubleList :: [Double]

doubleList = [1, 1 + 1, 1 + 2]
  

   
 

  
 

   

   The type expression of a list is given by another type expression surrounded by square brackets, similar to how list values are written down. Since all the elements of a list must have the same type, the type arising from the bracketed type expression is the internal type of the list. The values (or expressions producing values in that list) have to have this type. In the examples, we can see that even an empty list (like floatList) can have a certain type. The type of a list tells us that any value from the list has a certain type, but it makes no assertions about the existence of any values in that list. Additionally, with doubleList, we see an example of a list containing some expressions, which later, have to evaluate to Double values. Here, we also see Haskell’s type inference at play. The doubleList can be used in Haskell programs, and the compiler will correctly deduce that all the elements are of type Double. But why? 1 as an expression could also be an Int. So how does Haskell know that this value should be a Double? It’s because of the type of doubleList! Haskell knows that its type is [Double], so it knows that all the values in this list need to be of type Double!
 

  
 

   

   Lists are a “bread and butter” data type of functional programming. The programming languages ML, Lisp (short for list interpreter), and languages derived from these two languages use lists as one of their essential data types. So learning about lists in Haskell is a skill you can transfer to many other languages, even nonfunctional ones. 
 

  
 

   

   Another important data type is the tuple. Much like lists, tuples are a sequence of values but with two differences. First, the length is fixed, and second, tuples can have multiple types! Tuples are comma-separated values surrounded by parentheses. The type expressions are also similar to the value expressions, just like they worked for lists:
 

  
 

   

    

    intPair :: (Int, Int)

intPair = (0, 1)



intFloatPair :: (Int, Float)

intFloatPair = (0, 1)



intCharDoubleTriple :: (Int, Char, Double)

intCharDoubleTriple = (1, 'a', 2)

septuple :: (Int, Float, Int, Float, Int, Float, Char)

septuple = (1, 1, 1, 1, 1, 1, 'a')
  

   
 

  
 

   

   As we can see, we can construct complex types from many different types. We are also not bound by how many different values we want to use, but we have to use at least two. This type is very helpful when constructing an association between different values. 
 

  
 

   

   
2.2.3 Function types
 

  
 

   

   Let’s look at the last (and perhaps most important) data type for now: functions. Yes, that’s right. Functions are a data type! Not just that, but functions are values! So far, we have written down expressions and values for basic, mostly numeric, types. Something we haven’t talked about is why our previous definition of square even resulted in a function we were able to evaluate. We created a value, which we then associated with the name square. First, let’s examine how to write down functions without giving them a name. These functions are called anonymous functions, for obvious reasons. We write them down with a so-called lambda abstraction. They look like this:
 

  
 

   

    

    \x -> x * x
  

   
 

  
 

   

   This is our square function from before. It takes a single argument x and produces an expression x * x. We can associate this function value with a name:
 

  
 

   

    

    square = \x -> x * x
  

   
 

  
 

   

   Here, we arrive at our previous function again! Our square function from before was the same, just written a bit differently. Let’s see what the type for this value looks like:
 

  
 

   

    

    square :: Int -> Int

square = \x -> x * x
  

   
 

  
 

   

   The type expression is very similar to how the actual functional value is written down. Similar to how a function maps a variable (like x) to a value or expression (like x * x), the type makes a similar statement. The function maps an Int to another Int.
 

  
 

   

   This is the type expression for a unary function, meaning a function that only takes a single argument. Let’s look at how a binary function is constructed:
 

  
 

   

    

    add :: Int -> Int -> Int

add = \x -> \y -> x + y
  

   
 

  
 

   

   If a function takes some variable and produces an expression, this expression could be a function as well! We can highlight this by putting parenthesis around the “inner” function:
 

  
 

   

    

    add :: Int -> (Int -> Int)

add = \x -> (\y -> x + y)
  

   
 

  
 

   

   However, writing functions like this would not only be cumbersome but also hard to read, which is why we can use some syntactic sugar:
 

  
 

   

    

    add :: Int -> Int -> Int

add = \x y -> x + y
  

   
 

  
 

   

   Here, we see a lambda abstraction with two arguments, but we can make use of even more syntactic sugar:
 

  
 

   

    

    add :: Int -> Int -> Int

add x y = x + y
  

   
 

  
 

   

   Here, we arrive at how we usually write functions in Haskell. The arguments from a lambda abstraction can just be pulled over to the side of the function name. In many other languages, one might think about a function signature consisting of types for the arguments and a return type. Haskell’s function-type expressions can be interpreted in the same way. The first types are the arguments, and the last type is the functions “return” type. This is highlighted in figure 2.4. The word return is put into quotes for a deliberate reason. In functional programs, you should not think about functions in the sense that they are returning a value. They are evaluating to a value. 
 

  
 

    

   [image: figure] 

   
Figure 2.4 An example type expression for a function with its matching definition


  
 

   

   
2.2.4 Adding types to math
 

  
 

   

   Now that we have some insight into how types are written down, we can see how Int -> Int would be a valid type for the square function. But why are we using Int and not some other numeric type? The truth is, there is no reason; however, we cannot just freely change the types. The (*) operator works with all numeric values; however, the usage of this operator forces us to use the same type for both arguments. If we were to supply the function with values of different types, we would encounter a type error:
 

  
 

   

    

    ghci> a = 1 :: Int       #1

ghci> b = 2 :: Double     #2

ghci> a * b



<interactive>:4:5: error:

    • Couldn't match expected type 'Int' with actual type 'Double'

    • In the second argument of '(*)', namely 'b'

      In the expression: a * b

      In an equation for 'it': it = a * b
 

    

     #1 Specifies a variable to be of type Int

     
#2 Specifies a variable to be of type Double

     


    
 

   
 

  
 

   

   The error description is exactly what was expected. The expression a * b produces a type error, since the usage of a forces b to be of type Int, which it is not.
 

  
 

   

   Thinking back to our encryption algorithm, we can already surmise that we will need some function that can rotate a single character by a specified offset, so we will need a function of type Int -> Char -> Char. However, since we need to handle lowercase and uppercase characters differently, we need to think about how to reason about our used sets of characters and the alphabet. 
 

  
 

   

   
2.3 A little help with the alphabet
 

  
 

   

   To construct our algorithm, we need to think a bit more about how the Caesar cipher works. As we can see from figure 2.5, we substitute each letter with another one, which is why this cipher is a so-called substitution cipher. Since we want to implement this cipher, we should ask an important question: How do we work with letters and alphabets?
 

  
 

    

   [image: figure] 

   
Figure 2.5 Overview of Caesar’s cipher


  
 

   

   We have already started thinking about what types we are working with. We need a way of specifying some offset, which could be positive or negative, so an Int will probably be fine. A message consists of some letters, so String might be fitting for it.
 

  
 

   

   
2.3.1 Synonymous types for readability
 

  
 

   

   Wait, String? We haven’t seen that before. Well, luckily, we implicitly have. Here is the full definition for the String type in Haskell:
 

  
 

   

    

    type String = [Char]
  

   
 

  
 

   

   The type keyword defines a simple synonym for a type. So String is just a synonym of a list of Char! But how do we define a String value?
 

  
 

   

    

    string1 :: String

string1 = "Hello World"



string2 :: String

string2 = ['H', 'e', 'l', 'l', 'o', ' ', 'W', 'o', 'r', 'l', 'd']
  

   
 

  
 

   

   Haskell, much like many other languages, has an explicit syntax for strings, which is simply a nicer way of writing down an instance of a list of chars. The two strings from the preceding example are, thus, identical!
 

  
 

   

   Now that we know what types we are working with, we can start thinking about what we require to write this algorithm. Whatever the solution will be, the function we will write needs to produce a substitution for single characters. First, we need some utility functions to make our life easier. When encrypting messages, it is very helpful for us, to know what we are working with. We want functions telling us if a character of a String is an uppercase letter, lowercase letter, digit, or none of these. We can imagine their types to look like this:
 

  
 

   

    

    isUpper :: Char -> Bool



isLower :: Char -> Bool



isDigit :: Char -> Bool



isMisc :: Char -> Bool
  

   
 

  
 

   

   Implementing these functions requires us to decide if a Char belongs to a certain set of characters. We will call these alphabets. To make that clear, we want to first define a new type synonym for alphabets, which essentially are just lists of chars:
 

  
 

   

    

    type Alphabet = [Char]
  

   
 

  
 

   

   It might seem funny that the types of strings and our alphabet are completely identical. However, the types are supposed to indicate what the values of that type should be used for. A String is something we print to the screen and (for the most part) represents human-readable text. Our new type for alphabets is meant to imply that the value is a collection of characters we want to use in our substitution cipher, which can be rotated as shown in figure 2.1.
 

  
 

   

   Now that we have a type for our alphabets, we can start defining them. Here is an example of the lower Latin alphabet:
 

  
 

   

    

    lowerAlphabet :: Alphabet

lowerAlphabet = ['a', 'b', 'c', 'd', 'e', 'f', 'g', 'h', 'i', 'j',↪

↪ 'k', 'l', 'm', 'n', 'o', 'p', 'q', 'r', 's', 't', 'u', 'v', 'w',

↪ 'x', 'y', 'z']
  

   
 

  
 

   

   But writing that is a bit verbose and cumbersome. Luckily, Haskell has a shorthand syntax for ranges:
 

  
 

   

    

    ghci> [1 .. 10 :: Int]

[1,2,3,4,5,6,7,8,9,10]

ghci> [1, 5 .. 100 :: Int]

[1,5,9,13,17,21,25,29,33,37,41,45,49,53,57,61,65,69,73,77,81,85,89,93,97]

ghci> [0, -2 .. -10 :: Int]

[0,-2,-4,-6,-8,-10]
  

   
 

  
 

   

   As you can see, even step sizes are supported. The great thing about those ranges is that they also work for Char. With that, we can define our alphabet, seen in listing 2.4.
 

  
 

   

   
Listing 2.4 Definitions for different Latin alphabets and digits
 

    

    lowerAlphabet :: Alphabet

lowerAlphabet = ['a' .. 'z']



upperAlphabet :: Alphabet

upperAlphabet = ['A' .. 'Z']



digits :: Alphabet

digits = ['0' .. '9']
  

   
 

  
 

   

   I hope you still have your GHCi session open, because now we can inspect our alphabets! After saving these definitions in Lib.hs, you can reload your GHCi session. This will re-import modules that might have changed and, thus, make the changes we made to the file instantly accessible to us:
 

  
 

   

    

    ghci> :reload          #1

[3 of 3] Compiling Lib              ( .../src/Lib.hs, interpreted )

Ok, three modules loaded.

ghci> lowerAlphabet

"abcdefghijklmnopqrstuvwxyz"

ghci> upperAlphabet

"ABCDEFGHIJKLMNOPQRSTUVWXYZ"

ghci> digits

"0123456789"
 

    

     #1 Reloads modules and makes new versions of modules available after the reload

     


    
 

   
 

  
 

   

   If you have closed the pevious session, don’t worry. Just save the alphabets in Lib.hs, and call stack repl in the project directory again. 
 

  
 

   

   Warning  When using :reload in GHCi, all local definitions and values will be deleted! The command acts like closing and reopening GHCi.
 

  
 

   

   As you can see, the alphabets contain all the characters we want. However, why are they being printed as String values? Didn’t we specify them to be of our special type for alphabets? Let us double-check that within GHCi, using the :type command:
 

  
 

   

    

    ghci> :type lowerAlphabet

lowerAlphabet :: Alphabet

ghci> :type upperAlphabet

upperAlphabet :: Alphabet

ghci> :type digits

digits :: Alphabet
  

   
 

  
 

   

   Indeed, they are of our custom type. However, since alphabets are a synonym for lists of chars and, in turn, they are almost always used as String values, Haskell prints them as such by default. When using type synonyms, they can be used interchangeably. This might raise a question: Why would we create type synonyms in the first place if they are treated identically? The short answer is readability. If a function takes an Alphabet type as an argument, we can infer that the function treats this list of characters in a special way. In this case, we can infer that we have written the function ourselves and that we are treating those values in the context of the cipher. 
 

  
 

   

    

    The FilePath type
 

   
 

    

    Such usage of types for readability can be observed in the standard library as well. A special type for file paths exists, called FilePath; however, when observing it in GHCi, we find something interesting:
 

   
 

    

     

     ghci> :info FilePath

type FilePath :: *

type FilePath = String

        -- Defined in 'GHC.IO'
  

    
 

   
 

    

    This special type is nothing but a normal String (which, in turn, is just [Char])! However, this improves readability for many functions. If a function has a FilePath as a parameter, it is much clearer that it expects a String in a certain formatting. Using type synonyms this way can make your code much clearer!
 

   
 

  
 

   

   When trying to figure these types, :info can be used to obtain information on how and where they are defined. 
 

  
 

   

   Note  Instead of :reload, :type, and :info, you can use :r, :t, and :i, respectively!
 

  
 

   

   
2.3.2 The kinds of letters
 

  
 

   

   Now that we have our alphabets, we can get to writing the functions that decide if a character is part of one of them. We can use a function called elem for that. elem is a binary function, taking two arguments: the element and a list we want to check for the element. It will return True if the element is present in the list and False if not. We are allowed to use this function on our alphabets, since their type Alphabet is a synonym of [Char]. Using this function is straightforward:
 

  
 

   

    

    ghci> elem 'a' lowerAlphabet

True

ghci> elem 'a' upperAlphabet

False

ghci> elem '1' lowerAlphabet

False

ghci> elem '1' digits

True
  

   
 

  
 

   

   Haskell has a little syntactic trick up its sleeve when using binary functions, making them a bit more readable:
 

  
 

   

    

    ghci> 'a' `elem` lowerAlphabet

True
  

   
 

  
 

   

   Any binary function can be used in an infix notation, using backticks! Now, we can actually read our code out loud. The expression is equivalent to the question, “Is a an element of the lower alphabet?” Putting everything together results in the code shown in the following listing. 
 

  
 

   

   
Listing 2.5 Helper functions to check alphabet membership
 

    

    isLower :: Char -> Bool

isLower char = char `elem` lowerAlphabet   #1



isUpper :: Char -> Bool

isUpper char = char `elem` upperAlphabet     #2



isDigit :: Char -> Bool

isDigit char = char `elem` digits    #3
 

    

     #1 Returns True if a character is a lowercase letter

     
#2 Returns True if a character is an uppercase letter

     
#3 Returns True if a character is a digit

     


    
 

   
 

  
 

   

   Let’s test these functions in GHCi:
 

  
 

   

    

    ghci> :r

[3 of 3] Compiling Lib              (.../src/Lib.hs, interpreted )

Ok, three modules loaded.

ghci> isLower 'a'

True

ghci> isLower 'A'

False

ghci> isUpper 'A'

True

ghci> isDigit '5'

True
  

   
 

  
 

   

   
2.3.3 Logical combinations
 

  
 

   

   But how do we decide if a character is miscellaneous, meaning it is not part of any of these alphabets? For that, we can use Boolean operators:
 

  
 

   

    

    isMisc :: Char -> Bool

isMisc char = not (isUpper char || isLower char || isDigit char)
  

   
 

  
 

   

   The Boolean operators we can use are the logical OR (||), AND (&&), and NOT (not). They have the types one would expect from these operators:
 

  
 

   

    

    ghci> :type not

not :: Bool -> Bool

ghci> :type (||)

(||) :: Bool -> Bool -> Bool

ghci> :type (&&)

(&&) :: Bool -> Bool -> Bool
  

   
 

  
 

   

   The parentheses around the operators are needed to interpret them as functions, since that is what operators in Haskell are: functions written in infix notation. We could also write them in prefix notation:
 

  
 

   

    

    ghci> (||) False True

True

ghci> (+) 1 2

3
  

   
 

  
 

   

   Returning to our isMisc function, we can see that while the function is correct, it is not easy to extend further. Let’s assume we would add another alphabet. Then, we would need to create another helper function and add its result to the disjunction. We don’t want that. So maybe it’s more helpful to check if the character in question is not an element of all the alphabets we have. This raises the question of how to combine our alphabets. The answer is the append operator for lists ((++)):
 

  
 

   

    

    ghci> [1,2,3] ++ [4,5,6]

[1,2,3,4,5,6]

ghci> "Hello" ++ " " ++ "World!"

"Hello World!"
  

   
 

  
 

   

   Note that this operator works on String values as well, since they are just lists! We can use this operator to combine our alphabets. Additionally, a function is provided that is the negation of elem, called notElem! Combining these functions yields the code shown in the following listing. 
 

  
 

   

   
Listing 2.6 A helper function that determines if a character is neither a letter nor a digit
 

    

    isMisc :: Char -> Bool

isMisc char = char `notElem` lowerAlphabet ++ upperAlphabet ++ digits   #1
 

    

     #1 Returns True if a character is not part of either the lower or upper Latin alphabet or a digit

     


    
 

   
 

  
 

   

   There we go! Much better. Extending this function by providing more alphabets or characters that are not considered miscellaneous can now be achieved by simply appending another list to the expression that creates the list of characters we check. 
 

  
 

   

   
2.4 Rotating the wheel
 

  
 

   

   Now that we have our helper functions in place, we can think about implementing our cipher. We want to focus on understanding how to perform concise and appropriate case distinctions for our algorithm. 
 

  
 

   

   The following steps still have to be taken care of:
 

  
 

   

   	 Get the index of a letter within an alphabet. 
 

   	 Get the letter at a certain index within an alphabet. 
 

   	 Transform a String, character by character. 
 

  
 

   

   
2.4.1 Finding an element’s index
 

  
 

   

   Let us start with the first subtask: finding the index of an element in a list. This will require us to do two things: first, go through the list, and second, keep track of our index. However, there is a little catch—Haskell uses immutable data. You cannot change a value after setting it. It might seem like it’s possible in GHCi, but that is actually not true. When “changing” a value, you are overwriting it. Such a thing is not possible in our functions. Furthermore, we do not have a concept of loops. So how is it possible to go through a list? The answer in pure functional programming is recursion. 
 

  
 

   

   Functions are allowed to be defined in terms of themselves. When this is the case, a function is calling itself. This is the concept of recursion. Since we are unable to use loops, we have to somehow be able to apply the same definition over and over again on different parts of some data.
 

  
 

   

   Let us look at how to recursively implement a function that determines the length of a list. Assuming there is a way to split a list into its first element and the rest of it, we could define the length of the list to be the length of the rest of the list plus one. The length of the rest is then determined recursively. But how can we split a data structure?
 

  
 

   

   This can be achieved with something called pattern matching, a powerful language feature that allows us to write function definitions for different “patterns” of data. Let us first look at how to implement a function that determines the length of a list. A list for which we always know its length is the empty list:
 

  
 

   

    

    listLength [] = 0
  

   
 

  
 

   

   Here, we specify that if the input has the structure of an empty list, the result will be 0. This function is now a partial function. This means there exist inputs for which it does not have a definition. We can test this:
 

  
 

   

    

    ghci> listLength []

0

ghci> listLength [1,2,3]

*** Exception: .../src/Lib.hs:...: Non-exhaustive patterns in function↪

↪ listLength
  

   
 

  
 

   

   Here, Haskell tells us what’s wrong. There exists an input for which we have not specified a pattern, hence it is nonexhaustive. How can we make it exhaustive? To understand this, we need to understand that lists have two constructors. These constructors are used to build lists. The two constructors are [] and (:). We already know [], which is simply the empty list. (:) is a prepend operation that takes an element and an existing list and prepends the element to that list. 
 

  
 

   

   Here are examples of these constructors:
 

  
 

   

    

    ghci> []

[]

ghci> 1 : []

[1]

ghci> 1 : [2, 3]

[1,2,3]

ghci> 1 : 2 : 3 : []

[1,2,3]
  

   
 

  
 

   

   These constructors are what we use for pattern matching. We are already using [] in our definition. To have exhaustive pattern matching, we need to add the second constructor as well. This leads us to a pattern matching frequently seen for lists, shown in the following listing.
 

  
 

   

   
Listing 2.7 Function displaying the usual patterns for pattern matching on lists
 

    

    listLength [] = 0     #1

listLength (x:xs) = ...     #2
 

    

     #1 Matches if the list is empty

     
#2 Matches if the list is built from the prepend operation

     


    
 

   
 

  
 

   

   It might look strange, but in Haskell, you can create partial function definitions for different patterns, for which we essentially define completely different behavior.
 

  
 

   

   Note  For lists, the two patterns we have introduced are always exhaustive!
 

  
 

   

   In the definition for the (x:xs) case, we use x as the variable for the first element (head) and xs as the rest (tail) of the list that was given as an argument. In figure 2.6, we can see how a list would be split up into two variables. Note that for a list with a single argument, xs would be [].
 

  
 

    

   [image: figure] 

   
Figure 2.6 Pattern matching of a nonempty list


  
 

   

   So how do we compute the length of the list? It is clear that the length of an empty list is 0, but what about the case where the list consists of an element x and some rest xs? As we have already discussed, it must be the length of xs + 1, since x is an element in the list (so it must be counted) and the rest of the list’s length is determined recursively on the rest of that list (which is xs). Here is how we can do it:
 

  
 

   

    

    listLength [] = 0

listLength (x : xs) = 1 + listLength xs
  

   
 

  
 

   

   Here, we have our first recursive function! This function terminates if the list supplied as an argument is finite, since that means its definition will end in an []. 
 

  
 

   

   Similarly to the function determining a list’s length, retrieving the index of a certain element can also be done recursively. In the case where we have a list with at least one element, it is rather simple. If the one element we have is the element we are searching for, we have found our index, but what if the element is not the one we are searching for? Let’s start with this:
 

  
 

   

    

    indexOf :: Char -> [Char] -> Int

indexOf ch (x : xs) = if x == ch then 0 else 1 + indexOf ch xs
  

   
 

  
 

   

   This function starts at the beginning of a list using this pattern. Thus, if the first element we find is the right one, the index must be 0 (since indices always start at 0). If we need to keep searching, we are searching in the tail of our current list. The result in this recursive call is offset by exactly 1 (the element we have ignored in the recursive call). Thus, we increment the result. For this, we, of course, assume the recursive result is correct. Now the important question is this: What do we do in the case of the empty list? There is no correct result! Thus, we will explicitly keep this case undefined. This implementation is shown in the following listing.
 

  
 

   

   
Listing 2.8 Function to compute the index of a character in a list of characters
 

    

    indexOf :: Char -> [Char] -> Int

indexOf ch [] = undefined         #1

indexOf ch (x : xs) = if x == ch then 0 else 1 + indexOf ch xs    #2
 

    

     #1 Throws an exception in the case that the input list is empty or the end of recursion has been reached

     
#2 Recursively computes the index of the character in the list

     


    
 

   
 

  
 

   

   However, this way we must always ensure that the character we are searching for is present in the list. Otherwise, our program will crash:
 

  
 

   

    

    ghci> indexOf 'a' lowerAlphabet

0

ghci> indexOf 'f' lowerAlphabet

5

ghci> indexOf 'f' upperAlphabet

*** Exception: Prelude.undefined

CallStack (from HasCallStack):

  error, called at libraries/base/GHC/Err.hs:75:14 in base:GHC.Err

  undefined, called at .../src/Lib.hs:... in main:Lib
  

   
 

  
 

   

   Note  Explicitly using undefined is very bad style. We will learn other ways of working with such problems in chapter 3. The proper function that returns the index of an element in a list is elemIndex from the Data.List module. 
 

  
 

   

   Since we are in control of how this function is used, this is fine for now. Nevertheless, we should make it more obvious that this function should be used on an alphabet and not any arbitrary list of characters, so we can change the type:
 

  
 

   

    

    indexOf :: Char -> Alphabet -> Int
  

   
 

  
 

   

   
2.4.2 Finding the element at an index
 

  
 

   

   Now that we have a way of getting the index of an element in a list, we still need a function that retrieves an element at a certain index. Luckily, this function exists and is called (!!). It can be used in infix notation like this:
 

  
 

   

    

    ghci> [1,2,3] !! 0

1

ghci> [1,2,3] !! 2

3

ghci> [1,2,3] !! 3

*** Exception: Prelude.!!: index too large
  

   
 

  
 

   

    

    Exercise: Writing the (!!) function using pattern matching
 

   
 

    

    Try to write this (!!) function yourself using pattern matching and a recursive approach. If the index is too large or negative, you can use undefined to make your function throw an exception.
 

   
 

  
 

   

   Just like our indexing function, this one has the problem of some inputs not producing valid results. Thus, we have to be very careful when using them! However, now, we can write functions that perform the rotation we specified in figure 2.1 for the uppercase and lowercase alphabets! Given a character and an offset as an integer, we can retrieve the correct character from the alphabet:
 

  
 

   

    

    upperRot :: Int -> Char -> Char

upperRot n ch = upperAlphabet !! ((indexOf ch upperAlphabet + n) `mod` 26)



lowerRot :: Int -> Char -> Char

lowerRot n ch = lowerAlphabet !! ((indexOf ch lowerAlphabet + n) `mod` 26)
  

   
 

  
 

   

   We are computing the new index by adding the offset to the index of the old character. To achieve the cycling of the wheel, we use mod to compute the modulo of the new index with 26 (the length of the respective alphabet). As we can quickly surmise, even negative indices work this way:
 

  
 

   

    

    ghci> upperRot 3 'Z'

'C'

ghci> upperRot (-3) 'C'

'Z'
  

   
 

  
 

   

   However, the two functions are essentially one function that we duplicated. We can make the definition more general by having another helper function that receives the alphabet as an argument. The finished code is shown in the following listing.
 

  
 

   

   Listing 2.9 Rotation functions for general alphabets and uppercase and lowercase letters
 

    

    alphabetRot :: Alphabet -> Int -> Char -> Char

alphabetRot alphabet n ch =                          #1

  alphabet !! ((indexOf ch alphabet + n) `mod` length alphabet)



upperRot :: Int -> Char -> Char

upperRot n ch = alphabetRot upperAlphabet n ch      #2



lowerRot :: Int -> Char -> Char

lowerRot n ch = alphabetRot lowerAlphabet n ch      #3
 

    

     #1 Defines a general rotation on an arbitrary alphabet

     
#2 Defines a rotation function for uppercase letters

     
#3 Defines a rotation function for lowercase letters

     


    
 

   
 

  
 

   

   We have arrived at a very general definition for a rotation function for any alphabet!
 

  
 

   

   
2.4.3 Guarding control flow
 

  
 

   

   Now, we can write a general function that transforms an arbitrary character using our helper functions. What we’d like to do is either not use any transformation (e.g., for a digit or whitespace) or use one of the previously defined rotation functions based on whatever the input was. Thus, what we need is some kind of case distinction. A way to do this is using if-then-else statements. Common in almost any programming language, the if-then-else construct is used to provide control flow, based on predicates in our code:
 

  
 

   

    

    ghci> x = 10 :: Int

ghci> if x > 5 then "x is larger than 5" else "x is not larger than 5"

"x is larger than 5"
  

   
 

  
 

   

   However, this construct does not work like in many other languages. In Haskell, it is not possible to have an if



OEBPS/Images/2-5.png
Message
Messages to be encrypted
/ / l \\ are being split up into
single characters.
M e s s a g e
A substitution is performed ' ' ¥ ¥ ' ¥ '
substitution is performes
on each character based on \y \y \' \y \y \y \y
rotating the substitution % @ @ % % @ %
wheel by a fixed amount. I v I } \ | \
z r fl " ! " The rotated characters are
\\“\ l / “// combined into an encrypted

message.
Zrffntr





OEBPS/Images/cover0001.jpg
Philipp Hagenlocher

/'I MANNING






OEBPS/Images/2-4.png
Type
ezgression iy

Definition —S~

Function

Function
arguments Result
8 \ ™

r

N

/ / \

/
el






OEBPS/Images/2-2.png
————-T

Z <~-——-

————-m

C -——=—

Bl

o -——-—

R

0 -———

-----0

- - ———

)

1. Start with your
message.

2. Rotate each
letter with the
same offset
(e.g., five).

3. The
independently
rotated
characters
become the
encoded
message.





OEBPS/Images/manning_m.jpg





OEBPS/Images/Manning_M_small.png





OEBPS/Images/2-1.png
ZAft tt gwe end up
h which
ryP ted”
h aﬂe N te thatth
wheel can loop around for
a bigger offset!





OEBPS/Images/1-2.png
Programmer

int x =
while foo do

print bar
end

Source code

0110001001100
0010111001001
1000100110000
1011100100110

Compiler

Binary





OEBPS/Images/1-1.png
Strength of assertions

VAV
\\ //
N e

Freedom Safety






OEBPS/Images/2-3.png
wheel in one direction.





OEBPS/Images/2-6.png
An identifier can match arbitrary
data. In the case of the list, only the
first cons (:) is matched, while the
rest is being assigned to the

The pattern tries to match the identifier (xs).

constructors and associate every >

identifier in the pattern (x : xs) with
avalue (1and2:3:4:5:[])in 1
the data structure for which the

pattern match is performed.






OEBPS/Images/Hagenlocher.png





