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foreword


  Many introductory books on Haskell are out there, as well as lots of online tutorials, so the first steps in learning Haskell are readily available. But what happens after that? Haskell has a low “floor” (anyone can learn elementary Haskell) but a stratospherically high “ceiling.” Haskell is a uniquely malleable medium: its support for abstraction, thorough algebraic data types, higher kinds, type classes, type families, and so on is remarkable. But this power and flexibility can be daunting. What are we to make of the following:

  traverse :: Applicative f => (a -> f b) -> t a -> f (t b)


  What are f and t? What on earth does this function do? What is Applicative, anyway? It’s all too abstract!


  Becoming a power user of Haskell means getting a grip on abstractions like these, not as a piece of theory, but as living, breathing code that does remarkably useful stuff. As we learn these abstractions and see how they work, we realise they are not baked in—they are just libraries—so we can build new abstractions of our own, implemented in libraries.


  This book exposes you to many of these techniques. It covers many of the more sophisticated parts of the language: not just type classes, but existentials, GADTs, type families, kinds and kind polymorphism, deriving, metaprogramming, and so on. It describes many of the key abstractions (Functor, Applicative, Traversable, etc.) and a carefully chosen set of libraries (for parsing, database, web frameworks, streaming, and data-type-generic programming). As well as being useful in their own right, each part illustrates in a concrete way how Haskell’s features can be combined in powerful and unexpected ways.


  Finally, the book covers aspects of software engineering. How do you design a functional program? How do you test it? How do you benchmark it? What error handling is appropriate? These classic issues show up in rather different guises when you are thinking about functional programming.


  Functional programming lets you think “big thoughts.” It reduces the brain-to-code distance by allowing you to program at a very high level. We are still learning what those high-level abstractions should be. This book will help put you in the vanguard of that journey.


  Simon Peyton Jones, Senior Principal researcher at Microsoft Research, Cambridge, England


  
preface


  The history of Haskell started more than 30 years ago, in 1987 (see “A History of Haskell: Being Lazy with Class” at https://www.microsoft.com/en-us/research/publication/ a-history-of-haskell-being-lazy-with-class/ for many exciting details). Nowadays, Haskell is a mature programming language. It is full of features and has a stable implementation, the Glasgow Haskell Compiler, a helpful and friendly community, and a big ecosystem.


  Paraphrasing the Haskell 2010 Language Report (https://www.haskell.org/ onlinereport/haskell2010/), which is an effective standard description of the Haskell language, we can give it the following definition.


  Haskell is a general-purpose, purely functional programming language featuring higher-order functions, nonstrict semantics, static polymorphic typing, user-defined algebraic data types, pattern matching, a module system, a monadic I/O system, and a rich set of primitive data types (including lists, arrays, arbitrary- and fixed-precision integers, and floating-point numbers).


  This definition is feature centric but gives a little information about how to use all these features professionally. Haskell is by far not the most popular programming language in the world, however. Two unfortunate myths contribute a lot to its limited adoption:


  
    	
      It is hopeless to program in Haskell without a PhD in math.

    


    	
      Haskell is not ready/suitable for production.

    

  


  I believe that both of these claims are false. In fact, we can use Haskell in production without learning and doing math by ourselves. The truth is that the deep mathematical concepts behind the language itself give us a tool that can be used to write flexible, expressive, and performant code that is resilient to frequent changes in requirements, well suited to massive refactoring, and less prone to mistakes. If you like these software qualities, then Haskell is definitely for you and your team.


  When talking about any programming language in general and its use in industry, we usually discuss the following components:


  
    	
      Language features, programming style, and how they affect one another

    


    	
      The set of libraries (packages) available to developers and their distribution

    


    	
      The tooling that forms a convenient programming environment

    

  


  Figure 1 presents these components for the Haskell programming language. They form a language ecosystem and make building software for the real world possible.
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  Figure 1 Haskell ecosystem


  This is precisely what I talk about in this book: what Haskell is nowadays with respect to the language itself, the tooling around it, the libraries available to get things done, and the programming styles (sometimes known as best practices) supported.


  The Haskell definition mentions three of the most valuable Haskell features, namely:


  
    	
      Support for functional programming

    


    	
      Static polymorphic typing

    


    	
      Nonstrict semantics (more often referred to as lazy evaluation)

    

  


  These Haskell features greatly affect the programming style of Haskellers, who write programs by exploiting functional style with higher-order functions and various manipulations over functions. They use Haskell’s type system to express their intentions about data and functions. They count on laziness to write clear code without losing performance guarantees. Let’s review these three features in general and then talk about the other Haskell ecosystem components.


  
Functional programming


  We often refer to the term functional programming, meaning the following programming techniques:


  
    	
      Composing functions for structuring programs and using recursion instead of loops

    


    	
      Purity, so that the result of a function is fully determined once its parameters have been fixed

    


    	
      Absence of side effects (doing literally nothing except evaluating the result)

    


    	
      Immutability (the inability to change the value of a variable)

    

  


  Academics would also mention referential transparency (the ability to replace a variable with its value without introducing any effects) and equational reasoning (the ability to reason about functions and their results). Although all this is true in general, this is not extremely helpful for getting a feel for functional programming.


  Functional programming was initially invented, and these ideas crystallized, to fix problems with everyday programming when mutating the state of a global variable in one subroutine caused unwanted effects in another. These problems were pretty common, but now we know how to deal with them without resorting to overly sophisticated tools.


  We use functions for structuring programs, and we understand a function in a mathematical sense as a process for transforming arguments into results. That’s it. A function is not allowed to do anything else. We call such functions pure. They have a useful property: calling the function again with the same parameters must give the same result. This also provides referential transparency: there is no difference between an expression calling a function and its value, so we can replace one with the other without changing anything observable.


  In contrast, other programming languages use the term function as a synonym for subroutine or procedure—simply a named part of a program. In object-oriented languages, we have another synonym—method—but the idea is the same. In those languages, nothing prevents us from mutating something outside the subroutine (and we are sometimes forced to).


  Clearly, it’s impossible to write a whole program without any side effects (with I/O being a crucial example). With the functional approach, we are supposed to keep the effectful part of a program as small as possible. In Haskell, even this part can be structured functionally (although not necessarily purely) with such tools as monadic I/O actions. Both pure functions and I/O actions reside in modules, which are the main mechanism for structuring code in Haskell.


  Functions are so important in functional programming (not surprising, is it?) that we may use them as first-class (as in passengers, not as in OOP classes) values. We can do whatever we like with them: store them in a list, return them as results, or use them as parameters for other functions. This extremely powerful idea of using functions that take other functions as parameters (that is, higher-order functions) is built into every functional programming language. Interestingly, we can find higher-order functions in almost every mainstream programming language nowadays. This concept proved itself valuable far beyond traditional functional programming languages.


  It is often claimed that functional programming makes it easier to glue functions together, and the truth is as simple as that. Every function gives a result that can be used as a parameter for another function. If it cannot be used directly for some reason, we can always write and call another function to transform it to the needed form—and here we are with three functions glued together.


  Embracing purity together with higher-order functions provides us with a convenient way of structuring our programs: we write many small functions for computing this and that from parameters, going all way back to the starting point (the main function). Our simplest functions don’t use anything except for functions from the standard library, and then we call them on variables inside other functions or use them as parameters to our own or standard higher-order functions.


  
Type system


  Although functional programming, in general, doesn’t necessarily require us to use types, they play nicely together: before writing a function, we normally specify what it is going to do using types. The compiler can then check our intentions and warn us if we attempt to do something incorrectly.


  The definition of Haskell says that it features static polymorphic typing. “Static” means that types are checked, and any errors are reported at compile time. This static control gives us some degree of confidence that certain kinds of errors can’t emerge in our programs. The compiler will prevent us from using price instead of weight, for example, but this will only be the case if we use different types for representing these attributes in a program. As a result, we generally don’t want to reuse a type for several things. “Polymorphic” refers to the fact that any typed program entity (function, expression, variable, etc.) can have different types, depending on the context in which it is used. Type classes and other type system features are used to express these polymorphic properties of program entities.


  The idea of introducing new types all the time contradicts the well-known programming principle of avoiding repetition—often formulated as DRY (don’t repeat yourself). Haskell makes it easier to use types without repeating too much via a mechanism of functions over types so that we can use the power of functional programming, even for user-defined types. Although somewhat limited initially, this mechanism has become extremely sophisticated over the years with the introduction of generalized algebraic data types, type families, and kind polymorphism.


  There is no need to understand these terms right now. Haskell’s philosophy is to gain control via compiler checks and expressiveness with type system advances to write correct and flexible programs. An expressive type system gives us a lot of flexibility to change over time, as always happens in software development.


  Interestingly, this flexibility is used in Haskell’s development. When something changes significantly in the base library, old code may stop working. The type system ensures that the compiler is able to control this and report it to the user. Nothing goes unnoticed. This is extremely convenient when refactoring code.


  In other languages, we may encounter different approaches to type discipline. In weak type systems, we can use an integer value instead of Boolean one, and it works like a charm (unless we’ve done that by mistake—there is no help from the compiler here; it was our choice). With dynamic typing, we run a program and then face type errors while trying to multiply a string with an integer (yeah, I know it’s fine in some programming languages, but it looks like a disaster to me).


  When searching for information about Haskell, we often encounter such mathematical notions as categories, functors and bifunctors, catamorphisms, monads, and so forth. Oddly enough, they are often used to explain Haskell features. That’s because Haskell’s type system is good for expressing them, too. The truth is, we can apply those mathematical concepts to our code without worrying too much about them. Math is good for applying; it was created and developed over the centuries precisely for that. Nobody bothers about prime numbers and the problem of factorization when buying something with a credit card nowadays.


  Another piece of good news is that we can use solid math concepts to make our types more convenient. In Haskell, we can speak in math all the time without even knowing it, thanks to already elaborated concepts built into the language and its libraries.


  Control and expressiveness—that’s our mantra when using types in Haskell. The language helps us to make fewer mistakes and allows us to use an expressive vocabulary that combines general and domain-specific terms, with math being either one of those domains or a general tool for expressing ideas.


  Let me say it again: strong math is not a prerequisite to be a Haskell professional.


  
Lazy evaluation


  Haskell is the only industrial-strength programming language based on lazy evaluation. Although other programming languages may support it in various limited forms, it is supported by default in Haskell.


  A traditional misunderstanding exists of the notions of lazy evaluation and nonstrict semantics, which was mentioned in the definition of Haskell. Semantics is a term relating to the definition of how things should behave. In Haskell, this means that we can provide a function with an undefined value as one of its parameters and get the result from the function if, for example, it doesn’t need that parameter for computation. In other words, an expression could have a value, even if its subexpression couldn’t. This is nonstrictness. We may meet it in other programming languages in a limited form of conditional expressions, where a branch is not evaluated if it corresponds to the opposite condition. Haskell brings nonstrictness to every function or operator, giving us tools for controlling it in a way we like.


  In contrast, lazy evaluation is a mechanism for implementing nonstrict semantics. Instead of evaluating some value, the compiler gives us a substitute for it: a thunk—a recipe for how to compute it in case we need it.


  You may wonder why on earth we’d decided to write code for something we don’t need. Well, this ability sometimes helps to describe and solve problems more easily.


  Here is just one example: Imagine we have to generate a sequence of some objects and then prune it to get those with the required properties. The simplest solution to generate all of the objects and then start pruning is not always efficient, depending on their number and size. In some programming languages, we are forced to interleave the code for generating with the code for pruning, making it strongly coupled and hard to read. In Haskell, we simply compose two functions for generating and pruning, and everything else is done by the compiler and the runtime system.


  When we write programs relying on lazy evaluation, we don’t have to know how they are actually evaluated. We call functional programming declarative : we write a program by declaring our intentions, and the compiler decides how to execute it in the most efficient way.


  I’m not saying that nonstrictness and lazy evaluation are ideal—they come with their own cost, such as difficulties in predicting performance. If you can’t deal with those, you may want to choose another language (and another book)—but we will see many examples of when they simplify code in this book.


  
Tooling around Haskell


  Haskell is often blamed for its lack of tooling. In most cases, this complaint means, “I’ve googled for the Haskell IDE to write a Hello World program, and there is no such thing.” Most Haskellers use text editors: VS Code, vi, or Emacs (see, for example, the survey that Taylor Fausak ran in November 2020: https://taylor.fausak.me/2020/11/22/haskell-survey-results/). Many resources are available online with recommendations on turning your favorite text editor into a real Haskell IDE (see https://wiki.haskell.org/IDEs for a list of options).


  So there is no such beast as a dedicated Haskell IDE yet (although there were and there are many attempts). All our tooling is currently based on the following:


  
    	
      Glasgow Haskell Compiler (GHC)—There are other compilers, but this one is the most mature and actively developed.

    


    	
      GHCi (an interpreter)—A program that implements a REPL (read-evaluate-print loop) approach to software development.

    

  


  Every piece of code in this book was compiled by GHC; I never run other compilers, myself.


  We also have the Cabal framework with the cabal tool for building software projects containing and using libraries and applications, and the Stack tool (based on the Cabal framework) for pretty much the same. I’ll get to issues with package management for Haskell software projects in chapter 4.


  Apart from Stack or your favorite OS distribution tools, GHC can be distributed by the Haskell Platform (https://www.haskell.org/platform/), a collection of Haskell tools and libraries.


  Haskell’s ecosystem contains everything we need for the life cycle of our applications. There are tools for configuring, testing, benchmarking, profiling, exploring issues with concurrency, and so forth. We’ll meet many of them later in this book. Haskellers often use GitHub or GitLab to develop their software. They may also use Travis CI or AppVeyor services for continuous integration. For example, the code in this book is regularly built with these two CI providers. AppVeyor builds the corresponding package via stack for Windows, whereas Travis CI builds it via cabal for Ubuntu Linux and via stack for macOS. There are plenty of other online services for Haskell development.


  
What can be done using Haskell: Libraries


  Haskell belongs to the family of general-purpose programming languages. In theory, we can write virtually any software in it, from web development to data science. It would be fair to say that in some areas, using Haskell is more challenging than in others. Fortunately, the language is supported by many libraries that make it widely applicable, for example:


  
    	
      servant for building web services

    


    	
      pandoc for transforming text document formats

    


    	
      async for concurrent programming

    


    	
      esqueleto and persistent for storing and updating data in databases

    


    	
      Frames for computing with some machine learning methods

    


    	
      HaskellR for bridging with R code

    


    	
      accelerate for GPU programming

    


    	
      amazonka for binding to Amazon cloud-computing services

    


    	
      req for making HTTP requests

    

  


  These are just some examples (alternatives are also available). Gabriel Gonzalez keeps a record of Haskell’s suitability for different programming needs in his extremely useful “State of the Haskell Ecosystem” document (https://github.com/Gabriel439/post-rfc/blob/master/sotu.md). At the time of writing, he considers Haskell support as mature (suitable for most programmers) or even better in such application domains as compiler development, server-side programming, and command-line applications (or scripting). Support for areas such as GUI programming and mobile applications is immature, or even bad, if it exists at all. At the same time, the support for common programming needs such as testing and benchmarking, concurrency, parsing, package management, and more is generally considered very good. Of course, there is always room for improvement, so why not pick one and try to improve it? A reader of Haskell in Depth can undoubtedly cope with that, and the Haskell community will be grateful. The language itself is always ready to help.
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about this book


  This is a book about the Haskell language as implemented in the Glasgow Haskell Compiler (GHC/Haskell for short). Although I refer to various Haskell libraries from the very beginning, I do that mainly for illustrative purposes to explain Haskell features and to provide a useful toolkit for your own Haskell projects.


  
Who should read this book


  This book is not meant for a Haskell novice. If that’s your case, you’re better off starting somewhere else. I personally prefer Will Kurt’s Get Programming with Haskell (Manning Publications; https://www.manning.com/books/get-programming-with-haskell) due to its practical approach and very strong topic development with teaching in mind. Of course, many other alternatives are also available. After grasping the basics, you are certainly welcome to come back to improve your knowledge of Haskell.


  Intermediate to advanced Haskell users are very welcome to work through the book or skim the chapters you’re interested in. My publisher wants me to mention that you’ll double your salary after mastering this book, but as we Haskellers all know, Haskell programming is great fun first off. However, a high salary is not bad, indeed.


  
How this book is organized: A roadmap


  This book contains five parts and 16 chapters in total:


  
    	
      The first part, “Core Haskell,” quickly introduces the reader to main Haskell features and techniques, such as functions, data types and type classes, modules, and developing software with REPL and external libraries. I assume that the reader is already familiar with that, but I try to present those features in pragmatic ways. For example, I embrace Text instead of String for text processing. I also use several recent extensions of GHC/Haskell. In case of severe problems with understanding the first part, I’d suggest working through any introductory Haskell book first.

    


    	
      In the second part, “Introduction to application design,” I talk about language features and tools that support describing software architecture, such as modules, packaging in general, monads, and monad transformers.

    


    	
      I devote part 3, “Quality assurance,” to the ways of achieving several software characteristics generally referred to as software quality, namely: fault tolerance (via exception handling and logging), correctness (via extensive testing), and performance (via describing Haskell code behavior at run time, benchmarking, and profiling).

    


    	
      For part 4, “Advanced Haskell,” I chose two topics in Haskell traditionally considered the most difficult: the type system and metaprogramming (using Haskell to generate code in Haskell).

    


    	
      In part 5, “Haskell toolkit,” I present and discuss many idiomatic Haskell libraries used extensively in practice, ranging from concurrent programming to databases. Even in these chapters, however, my main focus stays on the Haskell language itself and its features that make those libraries possible.

    

  


  As an author, I prefer you to read the book from cover to cover. But, in fact, it’s okay to go straight to the topics you are interested in. I give links back when it’s helpful to look at the material covered earlier. Besides a couple of projects spanning several chapters, every chapter develops its own topic quite independently and uses its own examples.


  
About the code


  I believe that learning programming is never possible without experimenting with the code. By experimenting, I mean running the source code examples, modifying them, adding tests, implementing new features and reimplementing old ones, profiling, and benchmarking. With that in mind, I provide the full source code for the examples from the book as a Haskell package to make sure that everything stays updated with new releases of GHC, external libraries, and tools. This source code is available on GitHub: https://github.com/bravit/hid-examples. Feel free to do whatever you like with this code. Reporting issues or bugs is welcome. Please ask questions regarding working with the code examples right on GitHub.


  All the source code in this book is written in GHC/Haskell, so you will definitely need to get GHC to work with it. Apart from your OS distribution, you can get GHC using one of the following:


  
    	
      A minimal GHC installation (https://www.haskell.org/downloads)

    


    	
      The Haskell Platform (https://www.haskell.org/platform/)

    


    	
      Stack (http://haskellstack.org)

    

  


  Make sure that you have a relatively recent GHC release. Every example is supposed to be compiled by GHC 8.6 and newer.


  In what follows, I give brief instructions on how to work with the source code examples. I support both stack and cabal tools because they are customary for Haskell projects. Depending on your own preferences, you may choose the packaging and building approach. If you prefer cabal, then you should have the latest version installed (3.0 and newer are supported).


  
Getting the sources


  All the source code examples in this book are organized into a Haskell package. The easiest way to get them is to clone the GitHub repository https://github.com/bravit/hid-examples:

  $ git clone https://github.com/bravit/hid-examples.git


  This will create the hid-examples folder that readers are free to explore on their own. For example, there is a Hello world traditional program in the intro subfolder. Every example that is backed by the source code is accompanied with a block like the following:


  Example: “Hello world” in Haskell


  [image: ] intro/hello.hs


  [image: ] hello


  [image: ] We can print “Hello world” in Haskell.


  Such blocks inform the reader on the following:


  
    	
      Where the source code is located (intro/hello.hs): the path is relative to the hid-examples package root folder.

    


    	
      The name of the project component (hello): this name can be used to run, explore in GHCi, test, and benchmark the corresponding component (if applicable).

    


    	
      Key points of the example: this is what the reader is expected to learn while following this example.

    

  


  Note that smaller examples reside in chXX subfolders, whereas larger projects, some of them spanning several chapters, have their own subfolders in the root folder of the package.


  
Using cabal


  I assume that you have the relatively fresh version (3.0 and up) of the cabal tool installed on your system. To build the whole package, issue the following command:

  $ cabal build


  This will build and install all the dependencies, so it takes time. When working through a particular example, we can rebuild it by mentioning the corresponding project component name in cabal build as follows:

  $ cabal build hello


  After building, we can run an executable, as shown next:

  $ cabal run hello
Up to date
Hello, world


  The Up to date line comes from cabal, saying that there is no need to rebuild an executable before running it. We can hide it by setting the verbosity level to 0 as follows:

  $ cabal -v0 run hello
Hello, world


  If an executable expects command-line arguments, then we supply them using the following syntax:

  $ cabal run <executable> [ -- <arguments>]


  For example, to run the stockquotes example from chapter 3, we need to specify the CSV file location and (optionally) several flags as follows:

  $ cabal run stockquotes -- data/quotes.csv -s


  It is also possible to explore any module in the REPL. For example, let’s check the function, defined in the hello example, as follows:

  $ cabal repl hello
<MANY LINES OF OUTPUT>
ghci> hello
"Hello, world"
ghci> :type hello
hello :: String


  I use the ghci> prompt for the code executed in the GHCi REPL. The reader can set the same prompt by issuing the following command:

  $ ghci
GHCi, version 8.10.1: http://www.haskell.org/ghc/  :? for help
Prelude> :set prompt "ghci> "
ghci>


  Alternatively, it is possible to tweak the .ghci file to make this change permanent. The GHC User’s Guide (https://downloads.haskell.org/~ghc/latest/docs/html/users_guide/) provides details about the location of the .ghci file: any GHCi command can be written there (e.g., defining values, importing modules, or executing some Haskell code).


  If the particular example consists of several modules, then we can access all the functions of the module by loading it. For example, let’s look through the StatReport module of the stockquotes example, shown next:

  $ cabal repl stockquotes
ghci> :module StatReport
ghci> :type mean
mean :: (Fractional a, Foldable t) => t a -> a


  First, we run the REPL with all the dependencies compiled. Then, we load the module we are interested in. Finally, we ask the type checker about the type of the mean function, which is defined in that module. Instead of the long forms :module and :type, we could also use :m and :t.


  In addition, we can run tests and benchmarks provided with the package as follows:

  $ cabal test
$ cabal bench


  Alternatively, we could ask for testing or benchmarking one particular project component like so:

  $ cabal test radar-test
...
1 of 1 test suites (1 of 1 test cases) passed.


  Note that not every example provides tests and benchmarks.


  More information about using cabal can be found in chapters on packaging, testing, and benchmarking.


  
Using stack


  Most of the operations can also be done with stack. To build the whole package, run the following:

  $ stack build


  To run one of the executables provided with the package, issue the following command:

  $ stack exec hello
Hello, world


  Command-line arguments can be given as follows:

  $ stack exec stockquotes -- data/quotes.csv -s


  We can explore modules in GHCi as follows (note the colon before component name):

  $ stack repl :stockquotes
ghci> :m StatReport
ghci> :t mean
mean :: (Fractional a, Foldable t) => t a -> a


  It is also possible to run all tests and benchmarks in the package as follows:

  $ stack test
$ stack bench


  Running one particular test suite can be done as follows:

  $ stack test :radar-test


  
liveBook discussion forum


  Purchase of Haskell in Depth includes free access to a private web forum run by Manning Publications where you can make comments about the book, ask technical questions, and receive help from the author and from other users. To access the forum, go to https://livebook.manning.com/#!/book/haskell-in-depth/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.


  
about the author


  Vitaly Bragilevsky has been teaching Haskell at the university level for more than a decade. He serves as a member of the GHC Steering Committee, a group of people responsible for deciding whether to accept the proposed new features into GHC/ Haskell. Vitaly is currently working at JetBrains and at the Department of Mathematics and Computer Science of Saint Petersburg University in Russia. Follow him on Twitter (https://twitter.com/VBragilevsky).


  
about the cover illustration


  The figure on the cover of Haskell in Depth portrays the dress of a woman from an ancient Russian nomadic group (Astrakhan Tatars). The illustration is taken from a collection of dress costumes from various countries by Jacques Grasset de Saint-Sauveur (1757–1810), titled Costumes civils actuels de touse les peoples connus, published in France in 1788. Each illustration is finely drawn and colored by hand. The rich variety of Grasset de Saint-Sauveur’s collection reminds us vividly of how culturally apart the world’s towns and regions were just 200 years ago. Isolated from each other, people spoke different dialects and languages. In the streets or in the countryside, it was easy to identify where they lived and what their trade or station in life was just by their dress.


  The way we dress has changed since then and the diversity by region, so rich at the time, has faded away. It is now hard to tell apart the inhabitants of different continents, let alone different towns, regions, or countries. Perhaps we have traded cultural diversity for a more varied personal life—certainly for a more varied and fast-paced technological life.


  At a time when it is hard to tell one computer book from another, Manning celebrates the inventiveness and initiative of the computer business with book covers based on the rich diversity of regional life of two centuries ago, brought back to life by Grasset de Saint-Sauveur’s pictures.


  
    
Part 1. Core Haskell

  


  We have many ways to start learning Haskell. You could come to this book from pure mathematics, or from theoretical underpinnings of functional programming, or from practical tutorials. Consequently, Haskell beginners have very different backgrounds. In this part, we’ll fly over the main building blocks for Haskell programs—namely, functions, types, type classes, modules, projects, and external packages—to make sure that we are on the same page before diving deeper into Haskell.


  Even though there should be nothing new here for a junior Haskell developer, we’ll still talk about plenty of good practices ranging from using Text instead of String and looking for help to the pragmatics of using abstractions in Haskell. In the last chapter of this part, we’ll apply all the essential Haskell components to develop a standalone application that reports stock quote data.


    


  
    
1 Functions and types

  


  This chapter covers


  
    	
Using the Glasgow Haskell Compiler (GHC) interpreter to solve problems


    	
Writing simple functional programs with pure functions and I/O actions


    	
Using a type-based approach to design programs


    	
Using GHC extensions for greater code readability


    	
Efficient processing of text data

  


  Functional programming differs significantly from imperative programming in the ways we design programs. Typing discipline adds some specifics, too. When we code in Haskell, we think in a special way: in terms of the given data and the desired processing results (with both sides expressed by types), instead of focusing on the steps we should execute to get those results.


  In this chapter, we’ll see several examples of how to solve problems in the most Haskellish way:


  
    	
      By using GHCi REPL (read-evaluate-print-loop) without writing a program

    


    	
      By writing functions properly

    


    	
      By keeping pure functions separate from the I/O actions that communicate to users

    


    	
      By expressing ideas with types

    

  


  We’ll also explore several of Haskell’s libraries for text processing, which is arguably one of the most common, albeit routine, tasks in software development nowadays.


  
1.1 Solving problems in the GHCi REPL with functions


  Suppose we want to analyze the vocabulary of a given text. Many sophisticated methods for such analysis are available, but we will do something quite basic, though still useful:


  
    	
      Extract all the words from the given text file.

    


    	
      Count the number of unique words used (size of the vocabulary).

    


    	
      Find the most frequently used words.

    

  


  This problem could be a component of a larger social media text analyzer. Such software could mine various pieces of information (ranging from level of education or social position to the risk of financial default) by analyzing texts people post on their social media pages.


  Or, more likely, we’ve just gotten up in the middle of the night with a desire to explore the size of Shakespeare’s vocabulary. How many unique words did Shakespeare use in Hamlet ? How can Haskell functions help us to answer this question?


  Example: Extracting a vocabulary in REPL


  [image: ] data/texts/hamlet.txt (The Tragedie of Hamlet)


  [image: ] We can solve problems in the GHCi REPL without writing programs.


  We don’t have to write a program to use GHCi to compute the number of unique words used in a text file. We just need to fire up GHCi (let’s do that in the root folder of the hid-examples package), import a couple of modules for processing lists and characters, read the given file into a String, and then manipulate its content, as shown in the next code:

  $ ghci
ghci> :module + Data.List Data.Char
ghci> text <- readFile "data/texts/hamlet.txt"
ghci> ws = map head $ group $ sort $ words $ map toLower text
ghci> take 7 ws
["&","'em?","'gainst","'tane","'tis","'tis,","'twas"]


  The idea is to make the file’s content lowercase and then split it into a list of words, sort them, and remove repetitions by grouping the same words together and taking the first word in each group. Haskellers often check the types of functions they use right in GHCi as follows:

  ghci> :type toLower
toLower :: Char -> Char
ghci> :type map
map :: (a -> b) -> [a] -> [b]
ghci> :type words
words :: String -> [String]
ghci> :type sort
sort :: Ord a => [a] -> [a]
ghci> :type group
group :: Eq a => [a] -> [[a]]
ghci> :type head
head :: [a] -> a


  If it’s hard to understand what is going on in the map head $ group $ sort $ words $ map toLower text expression, I’d advise writing out the specific types in place of the type variables in the type signatures. I’ll start here:

  text :: String = [Char]
toLower :: Char -> Char
map :: (a -> b) -> [a] -> [b]


  Here, map has the following type:

  map :: (Char -> Char) -> [Char] -> [Char]


  Consequently,

  map toLower text :: [Char]


  and so on.


  The results we got in GHCi show that we’ve forgotten about leading and trailing punctuation, so we need to do some cleanup. The solution is becoming quite long, so I will introduce several temporary variables to make reading easier, as shown here:

  ghci> text <- readFile "data/texts/hamlet.txt"
ghci> ws = words $ map toLower text
ghci> ws' = map (takeWhile isLetter . dropWhile (not . isLetter)) ws
ghci> cleanedWords = filter (not . null) ws'
ghci> uniqueWords = map head $ group $ sort cleanedWords
ghci> take 7 uniqueWords
["a","abhominably","abhorred","abilitie","aboord","aboue","about"]
ghci> length uniqueWords
4633


  This is better, although if we look at some other words in the resulting ws list, we’ll see that we’ve cleaned words in an incorrect way: for example, the second parts of all the hyphenated words have been removed (due to takeWhile isLetter). 


  
1.2 From GHCi and String to GHC and Text


  The REPL approach to solving problems gets clumsy in time, so let’s try to write a complete program to solve the same problem—extracting a vocabulary (a list of used words) from the given text file and computing the size of the vocabulary.


  Example: Writing a program to extract a vocabulary


  [image: ] ch01/vocab1.hs


  [image: ] vocab1


  [image: ] Writing a program as opposed to using REPL


  [image: ] Replacing String with much more efficient Text


  In this attempt, we’ll also switch to the Data.Text data type, which is much more suitable for handling textual data in terms of both performance and convenience. The whole program can be written as follows:

  import Data.Char
import Data.List (group, sort)
import qualified Data.Text as T                                            ❶
import qualified Data.Text.IO as TIO                                       ❶
import System.Environment                                                  ❷
 
main = do
  [fname] <- getArgs                                                       ❸
  text <- TIO.readFile fname                                               ❹
  let ws = map head $ group $ sort $ map T.toCaseFold $ filter (not . T.null)
           $ map (T.dropAround $ not . isLetter) $ T.words text            ❺
  TIO.putStrLn $ T.unwords ws                                              ❻
  print $ length ws


  ❶ Imports the modules for working with text


  ❷ Imports the module for reading command-line arguments


  ❸ Reads the command-line arguments into a list of strings


  ❹ Reads the file content into the Text value


  ❺ Transforms Text into a list of words


  ❻ Prints all the words, delimited by spaces


  Note that we read the filename from the command line in the first line of the main function without worrying too much about incorrect user input. The modules Data.Text and Data.Text.IO are usually imported with qualifiers to avoid name clashes with Prelude (the module that is imported by default). These two modules come with the text package, which will be installed when we build the project. The text package is listed as a dependency in the vocab1 executable’s description in the configuration of the hid-examples package. Look at the package.yaml file and search for the vocab1 entry if you are interested in the details. We’ll get back to dependency management in chapter 4.


  The Data.Text module provides many functions analogous to the list functions from Prelude and Data.List. It also adds new specific text-processing functions that were used in previous code, such as the following:

  toCaseFold :: Text -> Text
dropAround :: (Char -> Bool) -> Text -> Text


  The toCaseFold function converts the whole Text value to the folded case and does that significantly faster than mapping with toLower over every character. In addition, it respects Unicode. The dropAround function removes leading and trailing characters that satisfy the given predicate (the function of type Char -> Bool).


  Searching for the function Haskellers use the website hoogle.haskell.org to find functions by name or, even more usefully, by type annotation. For example, searching for “(Char -> Bool) -> Text -> Text” leads to the dropAround function I just described, together with other functions for cleaning text.


  Running this program on the text of Shakespeare’s Hamlet results in something like the next output sample (with the part in the middle stripped away):

  $ cabal run vocab1 -- data/texts/hamlet.txt
a a'th a-crosse a-downe a-downe-a a-dreames a-foot a-sleepe a-while a-worke
...
4827


  We won’t attempt to make the cleaned-up results even better because the main goal of this chapter is to discuss structuring functional programs. In fact, breaking text on words cannot be done reliably without diving deep into the Unicode rules on text boundary positions. If you are interested, look at the documentation for the Data.Text.ICU module from the text-icu package; you will find many fascinating details there on what a word is. Even then, you will have to add some sort of semantic analysis to come up with a bulletproof solution that works beyond English. Don’t forget to check your solution with several text files (I’ve provided some useful test files in the data/texts folder). 


  
1.3 Functional programs as sets of IO actions


  The sort of programming presented in the previous sections resembles scripting more than actual programming. In Haskell, we tend to express our ideas in types and functions first and then proceed with implementing them.


  Example: Extracting a vocabulary with many IO actions


  [image: ] ch01/vocab2.hs


  [image: ] vocab2


  [image: ] A Haskell program may be structured as a set of IO actions.


  [image: ] We use types to design our program.


  Remember that our task is to explore the vocabulary of a given text file, but let’s be more specific here: from now on, we’ll regard a vocabulary as consisting of entries with words and numbers of occurrences. These entries can be used later for determining the most frequent words, for example. Now that we’ve agreed on the types of an entry (a word and the number of its occurrences) and a vocabulary (a list of entries), we are ready to write a type-based outline for the program, as shown next:

  type Entry = (T.Text, Int)                 ❶
type Vocabulary = [Entry]                  ❷
 
extractVocab :: T.Text -> Vocabulary
printAllWords :: Vocabulary -> IO ()
processTextFile :: FilePath -> IO ()
main :: IO ()


  ❶ One vocabulary entry


  ❷ List of entries


  This outline clearly shows that our plan is to read and process the text file (processTextFile) by 


  
    	
      Extracting a vocabulary from the file’s content

    


    	
Using the vocabulary to print all words

  


  But there is more than that in this outline. We plan to read and process command-line arguments (the name of the file, which is a variable of the FilePath type) in the main function. If that is done correctly, proceed with processing the text file (with processTextFile). This function will then read the content of the given file (this is the second component of the user input in this program, after the command-line arguments) into a variable of the Text type, extract the vocabulary (with the extractVocab function), and finally print it (with printAllWords).


  Note the extractVocab function here: it is the only pure function in this program. We can see that from its type, T.Text -> Vocabulary. There is no IO there.


  I’ve visualized the whole scenario in the flowchart depicted in figure 1.1.


  [image: ]


  Figure 1.1 Extracting a vocabulary: program structure flowchart


  
    Reading a program structure flowchart


    I’ve tried to present all the components of the program in a program structure flowchart: user input, actions in the I/O part of the program, and their relations with the pure functions. I use the following notation:


    
      	
        User input is represented by parallelograms.

      


      	
        All functions are represented by rectangles.

      


      	
        Some of the functions are executing I/O actions. These are shown in the central part of the flowchart.

      


      	
        Other functions are pure. They are given on the right-hand side.

      


      	
        Diamonds traditionally represent choices made within a program.

      


      	
        Function calls are represented by rectangles below and to the right of a caller.

      


      	
        Several calls within a function are combined with a dashed line.

      


      	
        Arrows in this flowchart represent moving data between the user and the program and between functions within the program.

      

    

  


  The extractVocab function here does what we did before in vocab1 in the let expression inside main. It takes a Text and returns a Vocabulary, as shown in the next piece of code:

  extractVocab :: T.Text -> Vocabulary
extractVocab t = map buildEntry $ group $ sort ws
  where
    ws = map T.toCaseFold $ filter (not . T.null) $ map cleanWord $ T.words t
    buildEntry xs@(x:_) = (x, length xs)
    cleanWord = T.dropAround (not . isLetter)


  Once we have a Vocabulary, we can print it as follows:

  printAllWords :: Vocabulary -> IO ()
printAllWords vocab = do
  putStrLn "All words: "
  TIO.putStrLn $ T.unlines $ map fst vocab


  I prefer to have a separate function for file processing to avoid many lines of code in the main function, where I am going to read command-line arguments and check them for correctness, as shown next:

  processTextFile :: FilePath -> IO ()
processTextFile fname = do
  text <- TIO.readFile fname
  let vocab = extractVocab text
  printAllWords vocab
 
main = do
  args <- getArgs
  case args of
    [fname] -> processTextFile fname
    _ -> putStrLn "Usage: vocab-builder filename"


  This program structure is flexible enough to accommodate several task changes. For example, it is easy to print the total number of words in the text file and find the most frequently used words. These new goals can be expressed in types as follows:

  printWordsCount :: Vocabulary -> IO ()
printFrequentWords :: Vocabulary -> Int -> IO ()


  Unfortunately, there is a problem with this approach: we tend to stick with IO so that almost every function in the program is an I/O action. In the next section, I’ll show how to do the same task in a completely different way. 


  
1.4 Embracing pure functions


  The problem with functions like printAllWords, printWordsCount, or printFrequentWords from the previous section is that they are too tightly and unnecessarily coupled with I/O. Even their own names suggest that the same functionality can be achieved by combining the impure print function with pure computations.


  There is a consensus within the Haskell community on the role of pure functions. We can get most of the advantages of functional programming when we use pure functions as much as possible. They are easier to combine with other functions. They cannot break anything in other parts of the program, and we can also reason about their correctness.


  Example: Extracting a vocabulary with pure functions and IO actions


  [image: ] ch01/vocab3.hs


  [image: ] vocab3


  [image: ] The only thing IO actions should do is talk to a user.


  [image: ] Main functionality may be implemented by pure functions.


  Let’s try to follow the path of purity while solving our main problem in this section—extracting a vocabulary—to see how pure functions help us to extend the functionality of the program much more easily.


  
1.4.1 Separating I/O from pure functions


  Remember that our initial goal was to write a program that is able to do the following:


  
    	
      Extract the vocabulary of a text file

    


    	
      Print all words used in the text

    


    	
      Count and print the total number of words and the number of unique words (size of a vocabulary)

    


    	
      Print the given number of the most frequently used words

    

  


  For example, when running such a program on Shakespeare’s Hamlet, we’d like to get something like the following:

  All words:
  a
  a'th
  ...
  zone
 
Total number of words: 29575
Number of unique words: 4827
 
Frequent words:
   the: 993
   and: 862
   to: 683
   of: 610
   i: 547


  The task is more ambitious than what we’ve programmed so far. Thanks to the clear separation between pure and impure parts of the program, though, we can handle it with pleasure.


  The following is the new type-based outline, now with a large choice of pure functions:

  extractVocab :: Text -> Vocabulary
 
allWordsReport :: Vocabulary -> Text
wordsCountReport :: Vocabulary -> Text
frequentWordsReport :: Vocabulary -> Int -> Text
 
processTextFile :: FilePath -> Bool -> Int -> IO ()
main :: IO ()


  
    Qualifying imports


    Note that I write Text instead of the qualified T.Text name. The reason is purely aesthetic. We can do the same in the code by using the following simple trick when importing the corresponding Data.Text module:

     Data.Text (Text)
import qualified Data.Text as T


    As a result we can use the Text identifier without explicit qualification but keep mandatory qualification for all the other identifiers from this module.

  


  Every *Report function here is a function that takes a Vocabulary with additional arguments, if needed. These functions return the resulting text in the form of Text ready for printing. We will use them in processTextFile. To prepare these reports, we use the following three pure auxiliary functions:

  allWords :: Vocabulary -> [Text]
wordsCount :: Vocabulary -> (Int, Int)
wordsByFrequency :: Vocabulary -> Vocabulary


  The functions in the I/O part of the program (IO actions) now become more trivial: the goal of processTextFile is reading the text file, calling extractVocab to extract the vocabulary, and printing the results of all the *Report functions. To make the program easier to use, I allow skipping the printing of all words: when the Bool argument to processTextFile is False, we don’t print the result of allWordsReport. The complete flowchart is depicted in figure 1.2.


  We should now deal with the following technical issues:


  
    	
      How to compute the most frequent words

    


    	
      How to format reports (We have three of them!)

    


    	
      How to parse command-line arguments

    

  


  Let’s work on them one by one. 
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  Figure 1.2 Extracting a vocabulary with pure functions: program structure flowchart


  
1.4.2 Computing the most frequent words by sorting them


  Note that I’ve deliberately split the job between two functions, wordsByFrequency and frequentWordsReport, as shown next:

  wordsByFrequency :: Vocabulary -> Vocabulary
frequentWordsReport :: Vocabulary -> Int -> Text


  Is this really useful in practice? The wordsByFrequency function can be used later—its goal is to sort the vocabulary by the number of occurrences of each word—but the goal of frequentWordsReport is to prepare the report for printing. It would not be a good idea to add the Int argument to wordsByFrequency because this would greatly limit the function’s potential for reuse.


  Let’s move on to computing the most frequent words. First, we need to sort the vocabulary entries by descending number of occurrences. This can be achieved using the sortBy function from the Data.List module, with the following type:

  sortBy :: (a -> a -> Ordering) -> [a] -> [a]


  This function requires using a comparison function, which returns the Ordering data type (whose values can be LT, EQ, or GT, meaning less than, equal, or greater than, respectively). The sortBy function sorts the elements of the list in ascending order by default. To sort in descending order, we can construct a comparison function by using the comparing function from the Data.Ord module over the values, wrapped with the type Down. This implementation reverses the results of comparing two values of the given type, providing us with a sort in descending order instead of the default ascending sortBy behavior, as shown here:

  wordsByFrequency :: Vocabulary -> Vocabulary
wordsByFrequency = sortBy (comparing $ Down . snd)


  Note also that calling the snd function over the vocabulary entry enables us to compare numbers of occurrences instead of words themselves.


  Note I recommend reading Roman Cheplyaka’s blog post on the descending sort problem in Haskell (https://ro-che.info/articles/2016-04-02-descending-sort-haskell) to see some of the difficulties behind this seemingly easy task. This post explores the behavior of sortBy and compares it with other sorting functions, such as sortOn and sortWith.


  The data for the frequent words report is ready. Let’s talk about formatting reports in general. 


  
1.4.3 Formatting reports


  The formatting boils down to the problem of combining text and data (see figure 1.3).
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  Figure 1.3 The problem of combining text and data


  This can be done easily by concatenating strings and data converted to String values with show, as shown next:

  ghci> a = 42
ghci> putStrLn $ "The answer is " ++ show a ++ "."
The answer is 42.


  Because we prefer working with Text, we also need the T.pack function, as follows:

  T.pack :: String -> Text


  The Data.Text module also provides the following function to append Text values to each other:

  T.append :: Text -> Text -> Text


  Using these two functions, we could implement the allWordsReports function as follows:

  wordsCountReport :: Vocabulary -> Text
wordsCountReport vocab = T.unlines [part1, part2]
  where
    (total, unique) = wordsCount vocab
    part1 = T.append (T.pack "Total number of words: ")
                     (T.pack $ show total)
    part2 = T.append (T.pack "Number of unique words: ")
                     (T.pack $ show unique)


  Unfortunately, this code is not particularly appealing. We don’t see any formatting ; we just manipulate Text values instead. Another problem is that appending Text values may be quite slow, if we have many of them. Just imagine all the memory-copying operations this would require.


  We could avoid explicit calls to the T.pack function for String literals by teaching the compiler to regard String literals as values of type Text. We can do that through enabling the OverloadedStrings GHC extension in the source code by starting the file with the LANGUAGE pragma, as follows:

  {-# LANGUAGE OverloadedStrings #-} 


  
    Using GHC extensions


    The use of compiler extensions in other programming languages is somewhat controversial. In C or C++, for example, we have the standard language definition, which is implemented by many different compilers, and we also have specific compiler extensions. There are no standards for Python or Ruby, which means that there are no extensions: there is only one compiler, and we can legitimately use everything it implements.


    In Haskell, the situation is different: there is a standard definition (the Haskell 2010 Language Report is the current version) and only one widely used compiler (the Glasgow Haskell Compiler), which implements many extensions beyond what’s defined in the Haskell Report. It is generally considered good practice to use these extensions. Besides providing a programmer with more expressive power, doing so gives the community the experience needed to decide whether to include them in the next standard or, in some cases, to exclude them from the compiler itself.

  


  The OverloadedStrings GHC extension saves us a couple of T.pack calls, as shown here:

  wordsCountReport :: Vocabulary -> Text
wordsCountReport vocab = T.unlines [part1, part2]
  where
    (total, unique) = wordsCount vocab
    part1 = T.append "Total number of words: "
                     (T.pack $ show total)
    part2 = T.append "Number of unique words: "
                     (T.pack $ show unique)


  We’ll discuss what is behind this extension in the next chapter. Unfortunately, the situation doesn’t become any better.


  The key idea here is to employ a builder, which is a data type responsible for collecting text components incrementally and then concatenating them into one Text value. The builder should be able to absorb data of various types without converting them to String or Text explicitly. It should also support patterns to specify formats and rules for representing the data in textual form. The task of formatting text is very close to templating, where you provide a template of the text with some tokens, which are substituted by values at the final stage of processing.


  In Haskell, we have many alternative approaches to text formatting, including the following:


  
    	
      Data.Text.Lazy.Builder from the text package provides a very limited builder without any formatting. We can use it when we have many Text values that should be combined into one.

    


    	
      The printf function from the Text.Printf module provides many format specifiers. It takes a format string and data and produces a String.

    


    	
      The text-format, formatting, and the more recent fmt packages are very close in their goals but different in their interfaces and implementation.

    


    	
      The template package provides a very simple template substitution engine. Other full-blown templating systems are used mainly in web programming.

    

  


  In this project, we’ll use the fmt package, but the same work can be easily done with other text-formatting packages as well. After enabling the OverloadedStrings GHC extension in GHCi and importing the Fmt module, we can construct formatting strings by operators and then use the fmt function to create a resulting Text value, as shown next:

  ghci> :set -XOverloadedStrings
ghci> import Fmt
ghci> name = "John"
ghci> age = 30
ghci> fmt $ "Hello, "+|name|+"!\nI know that your age is "+|age|+".\n"
Hello, John!
I know that your age is 30.
ghci> fmt $ "That is "+|hexF age|+" in hex!\n"
That is 1e in hex!


  The operators +| and |+ are used for including variables and formatters (which are ordinary functions like hexF here). Sometimes we need to call show for our variable (if the fmt package doesn’t know how to convert it to textual form). This can be done implicitly via the other pair of operators, +|| and ||+. Formatters from the fmt package are powerful enough to present tuples, lists, and even associated lists, but we can always provide a formatter for our data by writing a function returning Builder, which is the data type used for efficiently constructing Text values.


  Besides operators for combining string and values, we’ll use the following fmt features:


  
    	
      The nameF function gives a name to the rest of the output.

    


    	
      The unlinesF function combines elements of the list into one Builder.

    


    	
      The blockListF' function formats list elements in the given way and presents them line by line.

    

  


  All the details about this package and these functions can be found in the documentation for the fmt package. Our reports made with fmt follow:

  allWordsReport :: Vocabulary -> Text
allWordsReport vocab =
  fmt $ nameF "All words" $ unlinesF (allWords vocab)
 
wordsCountReport :: Vocabulary -> Text
wordsCountReport vocab = fmt $
     "Total number of words: " +|total|+
     "\nNumber of unique words: " +|unique|+ "\n"
  where
    (total, unique) = wordsCount vocab
 
frequentWordsReport :: Vocabulary -> Int -> Text
frequentWordsReport vocab num =
    fmt $ nameF "Frequent words"
        $ blockListF' "" fmtEntry reportData
  where
    reportData = take num $ wordsByFrequency vocab
    fmtEntry (t, n) = ""+|t|+": "+|n|+""


  
1.4.4 Rule them all with IO actions


  We have the following pure functions by now:


  
    	
      We can extract a vocabulary from a given text.

    


    	
      We can prepare data for reports.

    


    	
      We can format reports.

    

  


  The only thing we have to do is communicate with the user, so we need some sort of a driver. Our main processing IO action is almost trivial, as expected. It reads the text from a file and then prints all the reports, as shown next:

  processTextFile :: FilePath -> Bool -> Int -> IO ()
processTextFile fname withAllWords n = do
  text <- TIO.readFile fname
  let vocab = extractVocab text
  when withAllWords $ TIO.putStrLn $ allWordsReport vocab
  TIO.putStrLn $ wordsCountReport vocab
  TIO.putStrLn $ frequentWordsReport vocab n


  Note the when function from the Control.Monad module. It allows printing the corresponding report if the user requests it.


  We analyze command-line arguments in the main function as follows:

  main :: IO ()
main = do
  args <- getArgs
  case args of
    ["-a", fname, num] ->
      processTextFile fname True (read num)
    [fname, num] ->
      processTextFile fname False (read num)
    _ -> putStrLn "Usage: vocab3 [-a] filename freq_words_num"


  Feel free to analyze any file you want by running the following command:

  $ cabal -v0 run vocab3 -- -a data/texts/hamlet.txt 10


  We’ll see a much more advanced way to process command-line arguments in chapter 3. 


  
Summary


  
    	
      Structure programs clearly with types, pure functions, and I/O actions.

    


    	
      Use the Text type for processing textual information instead of String.

    


    	
      Enable the OverloadedStrings extension to make it more convenient to use string literals as Text values.

    


    	
      Choose your own favorite package for representing data in text: formatting and fmt are good candidates.

    

  


  
    
2 Type classes

  


  This chapter covers


  
    	
Exploiting type classes as tools for writing code that works for values of different types


    	
Considering type classes as a concept applicable to many types


    	
Using basic type classes defined in the standard library


    	
Abstracting computations via type classes

  


  Haskell programmers tend to write code that can be reused in many ways. To achieve that, they avoid using specific types while writing code and use type variables instead. Depending on the types, the actual code may differ. This is possible thanks to type classes and their instances.


  Type classes are usually considered Haskell’s most prominent feature. They originated in Haskell and were then taken up by other programming languages. A type class is defined with respect to some type variable. It contains a collection of methods, given by type signatures. We can define as many instances, or implementations, for specific types as we need.


  Writing functions with respect to a type class, as opposed to using concrete types, allows you to be more general: a function will work with different types, even if they don’t exist at the time of declaring a type class. This makes type classes especially useful for libraries because we don’t know in advance which user-defined types will be used with our library in the future.


  This chapter is about type classes. We’ll start with a simple problem, where we’ll use about a dozen type classes. We’ll derive (ask GHC to generate) and define (implement manually) instances. We’ll even declare our own type classes. Then we’ll discuss several issues with numeric and text data regarding type classes. Finally, we’ll talk about abstracting computations with type classes and see how this helps us to write generic code.


  
2.1 Manipulating a radar antenna with type classes


  It is useful to think about type classes as abstract concepts. They don’t refer to specific types but can be applied to them with the help of instances that materialize those concepts. Whenever we do something in Haskell, chances are we are repeating what is already described by some type class. An experienced Haskeller often looks for a type class first and then starts coding.


  In this section, we’ll solve the problem of manipulating a radar antenna. This task requires a surprising number of type classes with instances, both derived and implemented manually. We’ll also try to invent our own abstract concept and express it using a brand-new type class.


  
2.1.1 The problem at hand


  A radar antenna is a device with the ability to be oriented toward four points of direction (namely, north, east, south, or west).


  Example: Manipulating a radar antenna
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  We can rotate a radar antenna. It supports a limited set of commands to be turned left, right, and all around, as shown in figure 2.1. It can also stay in its current direction.


  The task is to write a program that manipulates a radar antenna. The following are the two modes of operation:


  
    	
      When given a file with a list of turns and a starting direction, the program executes all the turns and reports the final direction with all the intermediate directions.

    


    	
      When given a file with a list of directions, the program computes and reports the corresponding set of turns to orient the radar antenna as required.
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  Figure 2.1 Rotating a radar antenna: directions and turns


  Let’s express a radar antenna state and behavior with the following two data types:

  data Direction = North | East | South | West
data Turn = TNone | TLeft | TRight | TAround


  Basic operations over a radar includes the following:


  
    	
      rotate: determine a new antenna direction after rotating.

    


    	
      orient: find a rotation to change an orientation from the first given direction to the second one.

    

  


  As usual, we describe these operations with their type signatures, as shown next:

  rotate :: Turn -> Direction -> Direction
orient :: Direction -> Direction -> Turn


  Once we’ve implemented them, we can define functions over lists as follows:

  rotateMany :: Direction -> [Turn] -> Direction
rotateManySteps :: Direction -> [Turn] -> [Direction]
orientMany :: [Direction] -> [Turn]


  We are going to end up processing files and the main function, as shown next:

  rotateFromFile :: Direction -> FilePath -> IO ()
orientFromFile :: FilePath -> IO ()
main :: IO ()


  It is always a good idea to test our functions. We should do that, too.


  No sign of type classes yet? Buckle up!


  
2.1.2 Rotating a radar antenna with Eq, Enum, and Bounded


  We could start coding the rotate function as follows:

  rotate :: Turn -> Direction -> Direction
rotate TNone d = d                            ❶
rotate TLeft North = West
rotate TLeft East = North
...


  ❶ Direction is not changed.


  This is extremely boring, isn’t it? This approach requires more than a dozen lines, which could easily go wrong. We definitely don’t want to follow this path.


  Doing it the Haskell way means that we should abstract a little: going from one direction to another is, in fact, going through the list of the data constructors to the next or previous element (thanks to the order of constructors used in the definition). This is a well-known abstract concept of enumerating data constructors expressed in Haskell with the Enum type class. The only problem arises when we reach bounds—for those cases, we should restart from the beginning or the end. There is a type class for that, too. Bounded is used to specify minimum and maximum bounds among all the data constructors. Note that we should also be able to see whether the two directions are equal. Otherwise, we couldn’t tell whether or not we reached one of the bounds. Thankfully, there is the Eq type class for that.


  Equality, enumeration, and boundedness


  Interestingly, type classes originated in Haskell from the problem of checking the equality of two values. The idea was to do that in a uniform way, whether those values are two Bool values, two Integer numbers, or whatever.


  In Haskell, we have the Eq type class with two methods, (==) and (/=). The full definition of this class follows:

  class Eq a where                            ❶
    (==), (/=)           :: a -> a -> Bool  ❷
 
    {-# INLINE (/=) #-}                     ❸
    {-# INLINE (==) #-}
    x /= y               = not (x == y)     ❹
    x == y               = not (x /= y)
    {-# MINIMAL (==) | (/=) #-}             ❺


  ❶ Head of the class definition, specifying its name and type variable


  ❷ Two methods with a shared type signature


  ❸ GHC pragma that defines rules for inline method definition


  ❹ Default method implementation


  ❺ Minimal complete definition: it’s enough to implement either (==) or (/=)


  
    Exploring documentation in GHCi


    GHCi provides two commands to get information about type classes: :info and :doc. The former shows the type class definition with all the instances available at this point. The latter explains goals and expectations on instances. These commands can be used as follows:

    ghci> :info Eq
class Eq a where
  ...
ghci> :doc Eq
 The 'Eq' class defines equality ('==') and inequality ('/=').
  ...


    It’s always a good idea to read this information when using or implementing a new type class.

  


  Other useful concepts are boundedness and enumeration. In Haskell, they are represented by the type classes Bounded (for types with minimum and maximum bounds) and Enum (for types whose values can be enumerated by the Int values). The Bounded type class defines only two methods, shown next:

  class Bounded a where
  minBound :: a
  maxBound :: a
  {-# MINIMAL minBound, maxBound #-}


  The Enum type class has the following eight methods:

  class Enum a where
  succ :: a -> a
  pred :: a -> a
  toEnum :: Int -> a
  fromEnum :: a -> Int
  enumFrom :: a -> [a]
  enumFromThen :: a -> a -> [a]
  enumFromTo :: a -> a -> [a]
  enumFromThenTo :: a -> a -> a -> [a]
  {-# MINIMAL toEnum, fromEnum #-}


  These methods allow going from the a type to Int and back with the fromEnum and toEnum functions, respectively. This defines an enumeration that can be used to get successors, predecessors, and lists of values of the a type.


  We’ll apply these type classes shortly, but for now let’s build an intuition about them as follows:


  
    	
      If the values of a type can be checked for equality, we define an instance of the Eq type class.

    


    	
      If it makes sense to enumerate elements of a type one by one, then it is a good sign that we should implement Enum. The moment we do that, we get a bunch of methods we can use with its values.

    


    	
      If a data type supports the idea of minimum and maximum values, then we define the Bounded instance—the presence of such an instance serves as a part of this type specification, indicating that it is bounded.

    

  


  In general, every type class provides cheap added knowledge. If we say which type classes are implemented for a type, everyone gets plenty of information on how this type can be used.


  Deriving instances


  Once we’ve established useful abstract concepts, it’s time to apply them to our types. Haskell gives us two options:


  
    	
      We can derive instances automatically using some built-in compiler magic (there is a special term for that: automagically).

    


    	
      We can implement those instances manually.

    

  


  The first option is available for a limited set of type classes including the following, which we need:

  data Direction = North | East | South | West
  deriving (Eq, Enum, Bounded, Show)
 
data Turn = TNone | TLeft | TRight | TAround
  deriving (Eq, Enum, Bounded, Show)


  Besides these three discussed type classes, I’ve added a Show instance to be able to print values in GHCi. Automatic deriving of these instances follows the natural algorithms:


  
    	
      For Eq, we get equality for values built from the same data constructors and inequality for all others.

    


    	
      Enum value constructors are enumerated in order of appearance, so the enumeration starts with North.

    


    	
      The bounds for Bounded are North (minimum bound) and West (maximum bound), apparently.

    


    	
      The Show instance allows printing data constructors literally.

    

  


  The following GHCi session demonstrates that everything works as expected:

  ghci> succ North
East
ghci> minBound :: Direction
North
ghci> maxBound :: Direction
West


  Tip Remember, you can follow the GHCi session examples by executing the cabal repl radar command. It loads all the modules and dependencies in GHCi and allows exploring everything available in the example.


  We’ll get back to deriving instances in chapter 12—there is much more about it to learn.


  Building abstractions upon abstractions: The cyclic enumerations


  Unfortunately, Enum doesn’t allow going from the West to the North because the succ method on West raises an exception, shown next:

  ghci> succ West
*** Exception: succ{Direction}: tried to take `succ' of last tag
    in enumeration


  If values of some type can be compared for equality, enumerated, and have bounds (the type has instances of Eq, Enum, and Bounded), then we can enumerate them in a cycle. Let’s express this abstract concept in the form of a CyclicEnum type class as follows:

  class (Eq a, Enum a, Bounded a) => CyclicEnum a where
  cpred :: a -> a
  cpred d
    | d == minBound = maxBound
    | otherwise = pred d
 
  csucc :: a -> a
  csucc d
    | d == maxBound = minBound
    | otherwise = succ d


  This class defines two methods with default implementations. We can use them instead of writing our implementation, or we can redefine them in instances. The former is usually done when it’s possible to define them more efficiently by exploiting an internal representation of a type.


  The default definitions in the CyclicEnum type class (and empty minimal complete definition) allow us to define an instance in one line as follows (note the absence of where):

  instance CyclicEnum Direction


  In trivial cases like this one, we could also derive the same instance automatically using the DeriveAnyClass GHC extension. Deriving mechanisms has many gotchas, but for now it suffices to know that we’ll get exactly the same instance, shown here:

  {-# LANGUAGE DeriveAnyClass #-}
 
data Direction = North | East | South | West
  deriving (Eq, Enum, Bounded, CyclicEnum, Show)


  Now we are free to go from the West to the North as follows:

  ghci> csucc West
North


  It seems we’ll never need a corresponding instance for Turn.


  Implementing radar manipulation functions


  With all these instances, the definition of rotate becomes rather trivial, as shown next:

  rotate :: Turn -> Direction -> Direction
rotate TNone = id
rotate TLeft = cpred
rotate TRight = csucc
rotate TAround = cpred . cpred


  Note the programming pattern here: instead of writing the simplest (but quite cumbersome) definition, we’ve come up with a straightforward generalization and applied it to the Direction data type.


  Remember, we should also define the orient function as follows:

  orient :: Direction -> Direction -> Turn


  The simplest idea (maybe not the most efficient one) might be to go over all the possible turns and find which one is the solution, as shown next:

  orient d1 d2 = head $ filter (\t -> rotate t d1 == d2)
                             [TNone, TLeft, TRight, TAround]


  It’s clear that any two directions can be reached from one another by one turn, so we can safely use head here. There is always exactly one element in the list.


  Let’s focus on the list [TNone, TLeft, TRight, TAround]. Because we have an instance of Enum for the Turn data type, this list expression can be shortened to [TNone .. TAround]. Also, because we have Bounded, it can be [minBound .. maxBound]—and this can be abstracted again as a list with every value of a bounded enumerable type! We could define yet another type class, but let’s write the following generic function instead:

  every :: (Enum a, Bounded a) => [a]
every = enumFrom minBound


  The default implementation of enumFrom makes sure that we get the correct finite list for every. Note that we can use it for both Direction and Turn. This is how functions written with respect to type classes work.


  Now we can redefine the orient function as follows:

  orient :: Direction -> Direction -> Turn
orient d1 d2 = head $ filter (\t -> rotate t d1 == d2) every


  Implementations of functions over lists are almost trivial, as shown next:

  rotateMany :: Direction -> [Turn] -> Direction
rotateMany = foldl (flip rotate)
 
rotateManySteps :: Direction -> [Turn] -> [Direction]
rotateManySteps = scanl (flip rotate)
 
orientMany :: [Direction] -> [Turn]
orientMany ds@(_:_:_) = zipWith orient ds (tail ds)
orientMany _ = []


  Make sure you understand what is going on in these functions. I use traditional list-processing functions: foldl, scanl, and zipWith. As usual, the best way to understand them is to explore the types in GHCi with the :type command. 


  
2.1.3 Combining turns with Semigroup and Monoid


  We are not done with abstract concepts yet! Note that rotating a radar antenna twice to the left is the same as rotating it twice to the right—that is, it is the same as rotating it around. Turning an antenna around and then to the left is the same as turning it right in the first place. It looks like we can combine any two turns and get some other turn as a result. Combining turns is an example of a generic binary operation. This concept is captured by the two type classes, Semigroup and Monoid.


  Semigroup and Monoid


  The Semigroup type class declares such an operation as follows:

  (<>) :: Semigroup a => a -> a -> a


  Many things can be combined with it, as shown next:

  ghci> import Data.Semigroup
ghci> [1,2,3] <> [4,5,6]
[1,2,3,4,5,6]
ghci> "Hello " <> "world"
"Hello world"
ghci> Sum 2 <> Sum 3
Sum {getSum = 5}
ghci> Product 2 <> Product 3
Product {getProduct = 6}


  Remember that a String is a synonym for a list of Char, so the first two examples share an instance for lists (and this operation is just list concatenation). The third and fourth examples apply instances that represent addition and multiplication—two basic operations over numeric types. They feature newtype wrappers Sum and Product for any type a with an instance of Num a.


  The Monoid type class extends Semigroup and adds another method

  mempty :: Monoid a => a


  which defines a so-called neutral element, as follows:

  ghci> mempty :: [Int]
[]
ghci> mempty :: String
""
ghci> mempty :: Sum Int
Sum {getSum = 0}
ghci> mempty :: Product Int
Product {getProduct = 1}


  This element is called neutral because it is expected to satisfy the monoid laws, so that for any element a

  mempty <> a == a
a <> mempty == a


  The empty list, an empty String, and the numbers Sum 0 and Product 1 satisfy these rules with respect to the corresponding operation.


  In general, we use the (<>) operation to accumulate information, such as concatenating lists and other containers (Data.Set or Data.Sequence, to name a few), combining configuration properties, and so forth. When encountering a new data type, it is always a good idea to look for provided instances. If we see instances for Semigroup or Monoid, then we know that values of this data type can be combined with (<>). For example:

  ghci> import Data.Text
ghci> :info Text
data Text
...
instance Monoid Text -- Defined in 'Data.Text'
...
instance Semigroup Text -- Defined in 'Data.Text'


  The presence of these instances makes it possible to concatenate Text values, as shown next:

  ghci> :set -XOverloadedStrings
ghci> h = "hello" :: Text
ghci> c = ", " :: Text
ghci> w = "world" :: Text
ghci> h <> c <> w
"hello, world"  


  
    Demystifying the OverloadedStrings GHC extension


    We’ve met the OverloadedStrings GHC extension several times already, so now is a good time to explain it. This extension gives simple but very useful examples of type class usage. When we enable it, types for String literals become more generic, as follows:

    ghci> :type "hello"
"hello" :: [Char]
ghci> :set -XOverloadedStrings
ghci> :type "hello"
"hello" :: Data.String.IsString p => p


    The IsString type class defines only one method, fromString, as shown next:

    fromString :: IsString a => String -> a


    The only thing the extension OverloadedStrings is responsible for is replacing every string literal in the source code with a call to the fromString method on that literal. Then it’s time for instance resolution algorithms to find the right instance and convert a String to some other type. Note, it should be unambiguous from the context which type is expected at the position of a String literal.


    
      Enabling and disabling GHC extensions in GHCi


      The :set GHCi command allows you to manage various GHCi settings and also supports enabling and disabling GHC extensions. In the following session, I enable and then disable the OverloadedStrings GHC extension as an example:

      ghci> :set -XOverloadedStrings
ghci> :set -XNoOverloadedStrings

    

  


  Besides (<>) and mempty, other methods are available in Semigroup and Monoid. For example, we can apply a binary operation to a list of values, as follows:

  mconcat :: Monoid a => [a] -> a


  The mconcat function returns mempty if the given list is empty and applies an operation over all the elements from left to right otherwise.


  The Semigroup type class defines the sconcat function, which is similar to mconcat with one exception: there is no neutral element in Semigroup, so we wouldn’t be able to return something meaningful in the case of an empty list. This is why the sconcat function takes NonEmpty (provided by the Data.List.NonEmpty module) as an argument, as follows:

  sconcat :: Semigroup a => NonEmpty a -> a


  The value of the NonEmpty type is a list, which must have a head and a potentially empty tail. We can construct such a list with the (:|) operation as follows:

  ghci> import Data.List.NonEmpty
ghci> 0 :| [1,2,3]
0 :| [1,2,3]
ghci>  'x' :| ""
'x' :| ""


  The sconcat function takes a nonempty list and applies (<>) to all the elements, starting with a head, which accumulates a total value. For example:

  ghci> sconcat ("x" :| ["y", "z"])
"xyz"


  Note The definitions of the type classes Semigroup and Monoid are works in progress. A while ago we had only Monoid; then Semigroup was added, but at that time there were no direct connections between these two classes. In GHC version 8.4, Semigroup became a superclass of Monoid. If you look at their definitions, chances are you will see traces of their history, such as the mappend method, which is the same as (<>). This mappend method is expected to be removed from the Monoid type class at some time in the future.


  We’ll meet many examples of using the type classes Semigroup and Monoid throughout the book. They are truly ubiquitous in Haskell programming.


  Implementing instances for Semigroup and Monoid


  It should be clear by now that it is possible to implement Semigroup and Monoid for the Turn data type. Let’s check all the combinations of the Turn values. They are presented in table 2.1. Such tables are called Cayley tables. Every value in such a table is a result of applying a Semigroup operation to the first elements of the corresponding row and column (in that order). Note that our Semigroup of rotations is commutative, meaning that t1 <> t2 is the same as t2 <> t1. This simplifies the definition.


  Table 2.1 Cayley table for rotating a radar antenna
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  To implement an instance of the Semigroup type class, one should express such a table in code as follows:

  instance Semigroup Turn where
  TNone <> t = t
  TLeft <> TLeft = TAround
  TLeft <> TRight = TNone
  TLeft <> TAround = TRight
  TRight <> TRight = TAround
  TRight <> TAround = TLeft
  TAround <> TAround = TNone
  t1 <> t2 = t2 <> t1


  The last line in this implementation employs commutativity, whereas all others define half of the table with and over the diagonal.


  Clearly, TNone is a neutral element, so the Monoid instance is trivial, as shown next:

  instance Monoid Turn where
  mempty = TNone


  These instances work as expected:

  ghci> TLeft <> TRight
TNone
ghci> TLeft <> TAround
TRight
ghci> mconcat [TLeft, TRight, TAround, TAround]
TNone


  So, the Turn type is both Semigroup and Monoid. Do we really need to know that? Well, remember the rotateMany function?

  rotateMany :: Direction -> [Turn] -> Direction
rotateMany = foldl (flip rotate)


  Instead of rotating the antenna many times to get to the final direction, we could compute the combined turns and rotate it only once, as follows:

  rotateMany' :: Direction -> [Turn] -> Direction
rotateMany' dir ts = rotate (mconcat ts) dir


  Imagine how much energy we could save thanks to Semigroup and Monoid! Of course, if we need to know all the intermediate directions, we have to rotate a radar antenna step by step anyway. 


  
2.1.4 Printing and reading data with Show and Read


  Suppose we have a couple of files, one with a list of directions and another one with a list of turns, as shown next:

  $ head -3 data/dirs.txt
East
North
South
$ head -3 data/turns.txt
TLeft
TLeft
TNone


  Our goal now is to implement the following two functions:

  rotateFromFile :: Direction -> FilePath -> IO ()
orientFromFile :: FilePath -> IO ()


  Both functions should read the corresponding files and make them into [Turn] and [Direction] lists. I assume that lines in the files contain data constructor names. The simplest way to read them is to use the read function from the Read type class. The following is the type signature of read:

  read :: Read a => String -> a


  The default implementation of Read can handle this task. Unfortunately, we didn’t derive it. We can do that by changing the data type declarations, or, alternatively, we can write a standalone deriving clause as follows:

  deriving instance Read Direction
deriving instance Read Turn


  This requires the StandaloneDeriving GHC extension to be enabled. Once we do that, we can use the Read instance as follows:

  ghci> read "North" :: Direction
North
ghci> read "TRight" :: Turn
TRight


  We don’t have to specify the type explicitly if it can be inferred from the context. For example, in the following GHCi session, types are known to the compiler:

  ghci> rotate (read "TAround") (read "North")
South


  With this function it is easy to read the whole file and make it a list of some data type. For example, in some do block we could write

  do
  f <- readFile fname
  let dirs = map read $ lines f


  Now reading data is not a problem. What about printing? We have Show instances already. What if we want to print directions or turns differently? For example, we could output something like the following:

  N W S S N W N W N N N
<- || -> <- -> --


  One option is to leave the existing Show instance for GHCi and apply the fmt package machinery to prepare reports. In the previous chapter, we prepared reports from Text and numbers. To use fmt with user-defined types, we have to implement the Buildable type class. It requires only one method, build, which transforms every value into a Builder. This data type is used to build a final report from its components. An implementation is straightforward, as shown next:

  instance Buildable Direction where
  build North = "N"
  build East = "E"
  build South = "S"
  build West = "W"
 
instance Buildable Turn where
  build TNone = "--"
  build TLeft = "<-"
  build TRight = "->"
  build TAround = "||"


  The fmt library uses these instances in its functions. It is also possible to use Show instead. The full implementation of the rotateFromFile function is given in the following code sample:

  rotateFromFile :: Direction -> FilePath -> IO ()
rotateFromFile dir fname = do
  f <- readFile fname
  let turns = map read $ lines f                           ❶
      finalDir = rotateMany dir turns
      dirs = rotateManySteps dir turns
  fmtLn $ "Final direction: "+||finalDir||+""              ❷
  fmt $ nameF "Intermediate directions" (unwordsF dirs)    ❸


  ❶ Using Read instance


  ❷ Using Show instance (note +|| and ||+ operators)


  ❸ Using Buildable instance 


  For example, this is the type of the unwordsF function:

  unwordsF :: (Foldable f, Buildable a) => f a -> Builder


  In our case, it takes [Direction] and applies build from Buildable to every element.


  Note, we don’t use putStr or a similar function: the fmt function is clever enough to print the given value in the context, where IO () is expected. Of course, this is also implemented with type classes and instances. The fmt result has the type FromBuilder b => b. The IO () instance of FromBuilder prints the given value. The FromBuilder type class also has an instance for Text, so it can be used to return a Text value as well.


  Polymorphic values The values of the C a => a type are called polymorphic, because they can be used in many forms, depending on the required type. For example, we can use numeric values polymorphically without specifying a type, such as Num a => a. String literals become polymorphic (IsString s => s) if we enable the OverloadedStrings GHC extension. The FromBuilder b => b type follows the same idea.


  The main function is trivial. Its goal is to analyze command-line arguments and run the corresponding functions, as shown here:

  main :: IO ()
main = do
  args <- getArgs
  case args of
    ["-r", fname, dir] -> rotateFromFile (read dir) fname
    ["-o", fname] -> orientFromFile fname
    _ -> putStrLn $ "Usage: locator -o filename\n" ++
                    "       locator -r filename direction"


  We can use this program as follows:

  $ cabal -v0 run radar -- -r data/turns.txt North
Final direction: North
Intermediate directions: N W S S N W N W N N N
$ cabal -v0 run radar -- -o data/dirs.txt
All turns: <- || -> <- -> --


  
2.1.5 Testing functions with Ord and Random


  We are not done yet! We have to test our radar manipulation functions. We’ll need a couple more type classes for that. Let’s discuss corresponding concepts first and then get back to writing tests.


  Example: Testing a radar antenna


  [image: ] tests/radar/


  [image: ] radar-test


  [image: ] Writing a test suite as a separate package component to test a program


  [image: ] Using randomness for testing


  
    Running the test suite in the REPL


    The test suite for the radar-antenna-manipulation program is a separate program. We can run the tests as follows:

    $ cabal test radar-test


    In fact, the same code can be used as an executable (via cabal run radar-test) and explored in GHCi (via cabal repl radar-test).

  


  Order


  Many types with values can be ordered. They are not necessarily numeric. For example, Turn values can be ordered by the energy required to rotate a radar antenna in the corresponding directions. The concept of being ordered is captured in Haskell by the Ord type class. Order depends on equality. It’s impossible to introduce order without introducing equality first. That’s why Ord extends Eq. The definition of the Ord type class is as follows:

  class Eq a => Ord a where
  compare :: a -> a -> Ordering
  (<) :: a -> a -> Bool
  (<=) :: a -> a -> Bool
  (>) :: a -> a -> Bool
  (>=) :: a -> a -> Bool
  max :: a -> a -> a
  min :: a -> a -> a
  {-# MINIMAL compare | (<=) #-}


  Ordering is built upon equality and adds several operators and functions. It is enough to implement only one function, compare, or one operator, (<=), to get all the other methods for free. We can also derive an instance; in that case, data constructors are ordered from left to right. Let’s do that for Turn using the StandaloneDeriving GHC extension as follows:

  deriving instance Ord Turn


  Randomness


  Introductory Haskell books often avoid discussing randomness, because the corresponding functionality in Haskell is heavily based on type classes and requires IO to be used properly.


  The main entry point for random numbers in Haskell is the random package. This package was heavily revised in 2020, so be aware that most of the educational materials based on the previous versions are outdated. I’ll describe here version 1.2, the most current one at the time of writing.


  Several parts of the random-numbers interface are available to a Haskell programmer:


  
    	
      Pure random-number generators

    


    	
      Stateful random-number generators

    


    	
      Infrastructure for drawing random values of various types

    

  


  Random-number generators are basically functions that compute pseudorandom numbers by taking them from some sequence of numbers. Depending on the implementation, they can either be the pure functions or use some internal state. The random package gives us the RandomGen type class for describing pure random-number generators (found in the System.Random module) and the StatefulGen type class for describing stateful random-number generators (found in the System.Random.Stateful module).


  We also have the StdGen type, a standard random-number generator, which implements the RandomGen type class. Every time we need a random number, we have to provide some StdGen value first. After generating a random number, we also get a new StdGen value that should be used for generating the next one. If we try to use the same StdGen twice, we get the same “random” number, because a function that computes a random number from StdGen is a pure function. There is also the global standard random-number generator available in the IO monad. We’ll use it in all our next examples.


  The random package supports generating random values for many different types. This ability is implemented via other type classes, Uniform and UniformRange, for drawing a value from a whole domain or from a restricted range, respectively. The names of these type classes suggest that they guarantee the uniform distribution of the random numbers we generate. We have instances of these classes for many types in the Haskell standard library.


  The simplest way of generating random values of type a is to use one of the following uniform or uniformR functions:

   uniform :: (RandomGen g, Uniform a) => g -> (a, g)
 uniformR :: (RandomGen g, UniformRange a) => (a, a) -> g -> (a, g)


  The uniformR function takes a range in the form of (lo, hi) tuple values. We may expect any value x within the specified bounds lo ≤ x ≤ hi as a result.


  Note the g generator given and returned in the previous code. These functions are pure, so we need the resulting generator for creating the next random numbers. Where should we get the generator? One option is to access the global one kept in the IO monad. We have the following functions to manipulate it (their types are simplified a little bit):

  getStdGen :: IO StdGen
setStdGen :: StdGen -> IO ()
newStdGen :: IO StdGen
getStdRandom :: (StdGen -> (a, StdGen)) -> IO a


  The first two functions get and set the global random-number generator. The third one gives us a generator and updates the global one at the same time, so we don’t have to set it once we are done generating the numbers we need. The standard generator is splittable, meaning that we can produce two generators from the one we have and use them independently. The last function is perfectly suitable to be used with both the uniform and uniformR functions. For example, to generate a random value in the IO monad without thinking too much about managing the global generator, we could write the following IO action:

  uniformIO :: Uniform a => IO a
uniformIO = getStdRandom uniform


  The general scenario while working with random numbers is the following:


  
    	
      Acquire the random-number generator from the operating system using the newStdGenIO action somewhere close to the main function.

    


    	
      Do whatever we like with the generator, generating any number of random values, as long as we keep updating the generator every time we generate a random number.

    

  


  Later in this book, we’ll see how to keep and update random-number generators in a convenient way without going back to the IO part of our program. For now it’s okay to generate random values in IO. 


  Generating random directions and turns


  To generate a random Direction or random Turn, we need to provide instances to the Uniform and UniformRange type classes. A minimal complete definition requires the uniformM and uniformRM methods, respectively. Note the M suffix: these methods are defined in the System.Random.Stateful module and use the monadic interface more generally. The uniform and uniformR functions are implemented in the package via uniformM and uniformRM. The good news is that these methods can be implemented almost trivially, given the Enum and Bounded instances: the idea is to go to the corresponding Int with fromEnum, generate a random Int, and then return the result with toEnum. Instances for Direction are presented in the following code:

  instance UniformRange Direction where
  uniformRM (lo, hi) rng = do
    res <- uniformRM (fromEnum lo :: Int, fromEnum hi) rng
    pure $ toEnum res
 
instance Uniform Direction where
  uniformM rng = uniformRM (minBound, maxBound) rng


  Note that we’ve implemented Uniform using the already defined UniformRange instance. Instances for Turn are identical.


  For our testing purposes, we need random lists of directions and turns. Let’s implement the next function for random generating lists first:

  uniformsIO :: Uniform a => Int -> IO [a]
uniformsIO n = replicateM n uniformIO


  The replicateM function comes from the Control.Monad module. It executes an IO action a given number of times and collects all the results into a list. Now we have to fix a type, and the uniformsIO function does the rest, as shown next:

  randomTurns :: Int -> IO [Turn]
randomTurns = uniformsIO
 
randomDirections :: Int -> IO [Direction]
randomDirections = uniformsIO


  These functions can be used to generate a file with random values. We could use such a function to create a file for running the main radar-antenna-manipulating program.


  We should be able to generate two sorts of random files: one with directions and another one with turns. The Haskell way is to write a common function for that: it could take a function that generates the given number of any random values (we depend on Random) and prints all these values (we depend on Show). The function itself, shown next, is shorter than this discussion:

  writeRandomFile :: (Random a, Show a) =>
                   Int -> (Int -> IO [a]) -> FilePath -> IO ()
writeRandomFile n gen fname = do
  xs <- gen n
  writeFile fname $ unlines $ map show xs


  We can use this function as follows:

  $ cabal repl radar-test
ghci> writeRandomFile 10 randomDirections "dirs.txt"
ghci> writeRandomFile 10 randomTurns "turns.txt"


  Writing the test suite


  Finally, we are ready to write tests. I suggest the following three testing scenarios:


  
    	
      All turns are in use: if we apply the orient function to every possible pair of directions, the resulting turns should include all turns.

    


    	
      Two implementations of rotateMany agree with each other for any original Direction.

    


    	
      orientMany and rotateManySteps agree with each other: starting with any list of directions, then orienting toward them and then rotating again give the same original list of directions.

    

  


  All these scenarios are implemented in the following functions:

  test_allTurnsInUse :: Bool
test_allTurnsInUse =
  sort (nub [ orient d1 d2 | d1 <- every, d2 <- every ])
   == every
 
test_rotationsMonoidAgree :: [Turn] -> Bool
test_rotationsMonoidAgree ts =
   and [ rotateMany d ts == rotateMany' d ts | d <- every ]
 
test_orientRotateAgree :: [Direction] -> Bool
test_orientRotateAgree [] = True
test_orientRotateAgree ds@(d:_) = ds == rotateManySteps d (orientMany ds)


  The nub function of type Eq a => [a] -> [a] from the Data.List module removes all duplicates from the given list. Using sort in the first function requires Ord for Turn. Note the three invocations of the every function in test_allTurnsInUse. It is instantiated for different types: twice for Direction and once for Turn. Note also the pattern matching in the last function: we want to refer to the whole list as ds and to its head element as d.


  The last question: what does it mean for a program to be a test suite? Very simply, it should exit with a nonzero code if any of the tests fail. The System.Exit module provides the exitFailure IO action precisely for that. Implementing the main function as follows makes this program a test suite:

  main :: IO ()
main = do
  ds <- randomDirections 1000
  ts <- randomTurns 1000
  when (not $ and [test_allTurnsInUse,
                   test_orientRotateAgree ds,
                   test_rotationsMonoidAgree ts])
       exitFailure


  Note Funnily enough, while preparing this example, I forgot about two equal directions in orient and got an exception in the first test! The fix was to add the TNone data constructor to the Turn data type. See? Even this naive sort of testing can be useful.


  We’ll get back to much more sophisticated approaches to testing later in this book. 


  
2.2 Issues with numbers and text


  In this section, we’ll discuss several issues with the most used types in every programming language, namely, numbers and text. As we’ll see, type classes heavily influence how to work with those types in Haskell.


  
2.2.1 Numeric types and type classes


  The Haskell standard library defines many numeric types, including


  
    	
      Int and Word for fixed-precision integers

    


    	
      Integer for arbitrary-precision (unbounded) integers

    


    	
      Float and Double for floating-point numbers, with single and double precision, respectively

    

  


  Both Int and Word have instances of Bounded, so we can check their bounds as follows:

  ghci> (minBound, maxBound) :: (Word, Word)
(0,18446744073709551615)
ghci> (minBound, maxBound) :: (Int, Int)
(-9223372036854775808,9223372036854775807)


  All these types are available by default. They are exported by the Prelude module. After importing the Data.Ratio module, we can use more numeric types, such as Ratio a and Rational (a type synonym for Ratio Integer), and the (%) operator for representing fractions as follows:

  ghci> 1%4 + 1%4
1 % 2


  We can also import the Data.Complex module to get the type Complex a and complex numbers with real and imaginary parts represented with the (:+) operator, as shown next:

  ghci> (0 :+ 1) + (0 :+ (-1))
0.0 :+ 0.0
ghci> (1 :+ (-1))^2
0.0 :+ (-2.0)
ghci> (1 :+ 1) * (1 :+ (-1))
2.0 :+ 0.0
ghci> (0 :+ 1)^2
(-1.0) :+ 0.0


  Many useful functions for working with Ratio a and Complex a are in the corresponding modules.


  We expect that numeric types support common operations. At least addition should be implemented for all of them. We don’t want to end up with different functions for adding numbers of different types. In Haskell, this problem is solved with numeric type classes.


  Numeric type classes, as defined in the Haskell Report, receive a lot of criticism for their mathematical incorrectness, inflexibility, and difficulties with defining instances for user types. The numeric type classes form a hierarchy, which starts with the most abstract numeric type class called Num. The Num type class defines the most general arithmetic operations, such as addition, subtraction, and multiplication of numbers. Other type classes in this hierarchy include the following:


  
    	
      Integral unifying operations for all integer types, including integer division

    


    	
      Real for operations over real (meaning noncomplex) numbers

    


    	
      Floating for operations with floating-point numbers (Float and Double)

    


    	
      Fractional for everything that can be used with division

    

  


  Figure 2.2 presents the whole hierarchy of numeric type classes according to the Haskell Report, with other nonnumeric type classes they extend.


  [image: ]


  Figure 2.2 Standard Haskell numeric type classes (highlighted with gray)


  As usual, the :info GHCi command gives all the information about methods defined in those type classes. The :doc GHCi command also gives additional details regarding usage and rules the instances should follow.


  It is often necessary to mix values of different numeric types in a single computation. To do that, we have to convert those values to some common type first. 


  
2.2.2 Numeric conversions


  Let’s start discussing numeric conversions with a small problem of computing the area of a circle with a given radius. Basic high school math teaches us the following:

  circleArea :: Double -> Double
circleArea r = pi * r * r


  The pi constant comes from the Floating
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