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Book Description
Haskell is an academically studied and peer-reviewed programming language. It is also production-
grade, robust, and industry-oriented. Thus, it is the perfect foundation for building a reasoning
framework for any domain in the problem or solution space.

This book aims to find the right balance between introducing the principles underlying functional
programming and software engineering and providing practical examples of designing famous
Haskell libraries. We will see how everything works, how to read errors, and what actions to take to
solve them. From the ground up, we will explore Haskell and its ecosystem, and the main concepts
of types, functions, and data types. We will then focus on the most common abstractions and how to
build upon them. Finally, we will see how all of these come together while designing small
programs using famous Haskell libraries.

The main idea behind this book is to give design tools usable in any programming language and
paradigms to gain clarity during systems building.
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Introduction
In 2012, I had been coding for a decade, and I had already experimented with many programming
languages (PHP, C, Java, Prolog, Erlang, JavaScript, etc.). I had read "Learn You a Haskell for Great
Good!" in a week, and I thought I was done.

I could not have been more wrong. Two years later, I took an advanced training course, and I had
learned that I had not understood it. This was the beginning of a ten-year learning journey.

In the professional world, Haskell has the bad reputation of being complex, weird, and a toy
language with no real-world usage. It is true that Haskell is the culmination of nearly a century of
research in programming language design, type theory, and formal methods. Yet, they are only tools
used to solve industry grade problems. Many systems are based on Haskell running in production
at financial institutions, technology companies, and open-source projects worldwide.

That being said, discovering Haskell after years of writing software in mainstream languages can
be disorienting. No mutable state, no null references, no uncontrolled side effects, at first glance, it
seems impossible to build programs without them. In their place, Haskell offers a different contract:
express what you mean, and let the compiler verify that it makes sense.

That contract is what this book is about.

The existing Haskell literature serves different audiences well. "Learn You a Haskell for Great
Good!" provides a gentle, humorous introduction. "Real World Haskell" demonstrates practical
applications. "Haskell Programming from First Principles" builds understanding from the ground
up with remarkable thoroughness. Each of these books has its place on a programmer’s shelf.

This book occupies a different niche. The goal is to take the reader from understanding the basics to
designing and building a real application as directly as possible. Every chapter introduces concepts
with a clear purpose: to solve problems that arise when building software that others depend on.

The structure reflects this goal. We begin with functions, types, and type classes — the vocabulary
of Haskell. We then move into I/O, project architecture, and embedded domain-specific languages.
The final chapters cover testing, deployment, and a complete blog engine that ties everything
together.

We do not assume prior experience with functional programming. We do assume familiarity with
writing programs and a willingness to engage with a compiler that is more demanding, and more
helpful, than most.

The ideas in this book are not specific to Haskell. Thinking in types, designing with composition,
and isolating side effects are principles that improve software in any language. Haskell simply
enforces them, which makes it an ideal vehicle for learning.

Let us get started.
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Chapter 2. Mastering Functions and Types

2.1. Introduction
Functions are the cornerstones of functional programming; they shape our systems more than data
types. This chapter exposes how functions are defined, explicitly or implicitly, and the different
types of functions (higher-order, recursive, partial), and enabling us to classify them, which is the
basis of using and composing them.

This chapter provides insights into designing functions such that they are easy to write, easy to
reuse, and efficiently composable. At the end of this chapter, the reader will be able to read and
interpret them from their type only.

More importantly, it equips us with the knowledge to read, understand, and debug type errors, a
crucial skill for collaborating with GHC.

2.2. Structure
• Anatomy of functions

• Immutability and referential transparency

• Creating functions

• Types of errors

• Navigating types

• Project: Playing with diagrams

2.3. Objectives
Discover functions, how to define them, and how to read them. Learn to interpret type signatures
and debug type errors using GHC’s feedback. Understand immutability, referential transparency,
and how to create functions through lambdas, currying, closures, and composition. Apply these
concepts in a practical diagrams project.

2.4. Anatomy of functions
In the previous chapter, we have encountered a few functions, we even have defined a few of them.
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To follow along, open a new file Chap02.hs with this content:

Module declaration and top-level binding

module Chap02 where

answer :: Int
answer = 42

This will enable us to experiment and write multi-line functions.

The reader will then be able to load, reload, and interact with the file:

Loading and reloading a module in GHCi

> :l Chap02.hs ①
[1 of 1] Compiling Chap02           ( Chap02.hs, interpreted )
Ok, one module loaded.
> :r ②
Ok, one module loaded.
> answer
42
it :: Int

① load a file

② reload everything (after a change)

2.4.1. Expressions

Everything defined at file-level (i.e. everything starting at the beginning of a line, not preceded by
spaces) is called top-level binding.

It has the following syntax:

Top-level binding syntax

<name> :: <Type> ①
<name> = <expr> ②

① Type signature

② Binding definition

We could omit the type definition, but, not only is it essential for reasoning about the code,
providing some documentation, it would also make the whole program brittle. Haskell has an
advanced static type system, with a very clever type inference, the strategy is to come up with a
type as generic as possible, and add constraints along the way, which does not produce readable
type errors, moreover, it may move type errors away from the expression definition.
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NOTE

Most functional programming languages are statically typed (the type is known at
compile-time). However, they do not all emphasize putting types first. Some
dynamically typed languages also have type annotations (types being enforced at
runtime), and gradual typing (types can be specified arbitrarily, not systematically).
Nonetheless, only a handful of them are weakly typed (types change implicitly).

2.4.2. Functions

Functions are expressions of the type function (represented by (→)):

Defining a function with type signature

twice :: Int -> Int
twice x = x * 2

-- > twice 5
-- 10
-- it :: Int

NOTE

We may sometimes encounter parameters named “_", or prefixed with "_", it is
used to silence compiler warnings when a binding is declared but not used. "_”-
prefixed bindings can be referenced, but it may be an issue since we cannot track
anymore if some bindings are not used legitimately.

While answer (defined earlier), is of type Int, with all the operations associated (e.g. addition,
display, etc.), the main operation we can perform with functions is application, which will give a
final type here.

At the type level, function application consumes the left side of the function’s type going from Int →
Int to Int. It is a mechanical substitution which is also performed at the expression level, so the
following are equivalent:

Beta reduction step by step

twice 5
5 * 2
10

This process is called beta reduction.
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Haskell, and lambda calculus in general, only have one-parameter functions, which implies that
functions with multiple parameters are in fact, functions producing functions, at the type level,
these two definitions are equivalent:

Equivalence of curried and parenthesized function types

rectangleArea :: Int -> Int -> Int
rectangleArea :: Int -> (Int -> Int)

2.4.3. Long functions

While we should aim to keep functions short, top-level bindings have the major drawback of being
accessible by everyone. It might look like a considerable benefit, but, not only does it create a lot of
noise, but it might lead to unwanted behaviors. For example, consider we have a function fetching
the nth month number of days:

Multi-parameter function with helper definitions

monthDays :: Int -> Int -> Int
monthDays year nthMonth =
  if isLeapYear year
    then monthDaysOf leapYearMonthsDays nthMonth
    else monthDaysOf regularYearMonthsDays nthMonth

isLeapYear :: Int -> Bool
isLeapYear year =
  (mod year 4 == 0 && mod year 100 /= 0) || (mod year 400 == 0)

monthDaysOf :: [Int] -> Int -> Int
monthDaysOf monthsDays nthMonth = monthsDays !! (nthMonth - 1)

regularYearMonthsDays :: [Int]
regularYearMonthsDays = [31, 28, 31, 30, 31, 30, 31, 31, 30, 31, 30, 31]

leapYearMonthsDays :: [Int]
leapYearMonthsDays = [31, 29, 31, 30, 31, 30, 31, 31, 30, 31, 30, 31]
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It will work as expected:

Using monthDays in GHCi

> monthDays 2024 2
29
it :: Int
(0.01 secs, 74,288 bytes)
> monthDays 2025 2
28
it :: Int
(0.00 secs, 69,832 bytes)

However, if we aim to use monthDaysOf directly, with an empty list, it will explode:

Runtime exception from an out-of-bounds index

> monthDaysOf [] 2
*** Exception: Prelude.!!: index too large
CallStack (from HasCallStack):
  error, called at libraries/base/GHC/List.hs:1366:14 in base:GHC.List
  tooLarge, called at libraries/base/GHC/List.hs:1376:50 in base:GHC.List
  !!, called at Chap02.hs:23:46 in main:Chap02

This is due to the assumption made by monthDaysOf that length monthsDays ⇐ nthMonth. We
could enforce it, but it would add a lot of friction, while we could protect them.

There are two ways to encapsulate or group them, the first one is using where

Syntax template for a where clause

<name> :: <Type>
<name> = <expr>
  where <sub-bindings> ①

① can be anything a top-level binding can be (having even a where)

NOTE
Like Python, Haskell uses indentation to delimit expressions. As a general guideline,
every expression continued on another should be indented more than its start.
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Let us consider the following examples:

Valid and invalid indentation patterns

valid :: Type
valid = definition

valid :: Type
valid =
  definition

invalid :: Type
invalid =
definition

valid :: Type
valid = definition
  where sub = subdefinition

valid :: Type
valid =
  definition
  where sub = subdefinition

invalid :: Type
invalid =
  definition
where sub = subdefinition
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We can regroup our functions like so:

Encapsulating helpers with where

monthDays' :: Int -> Int -> Int
monthDays' year nthMonth =
    if isLeapYear' year
      then monthDaysOf' leapYearMonthsDays' nthMonth
      else monthDaysOf' regularYearMonthsDays' nthMonth
  where
    isLeapYear' :: Int -> Bool
    isLeapYear' year' =
      (mod year' 4 == 0 && mod year' 100 /= 0) || (mod year' 400 == 0)

    monthDaysOf' :: [Int] -> Int -> Int
    monthDaysOf' monthsDays nthMonth' = monthsDays !! (nthMonth' - 1)

    regularYearMonthsDays' :: [Int]
    regularYearMonthsDays' = [31, 28, 31, 30, 31, 30, 31, 31, 30, 31, 30, 31]

    leapYearMonthsDays' :: [Int]
    leapYearMonthsDays' = [31, 29, 31, 30, 31, 30, 31, 31, 30, 31, 30, 31]

NOTE
All the bindings and parameters are suffixed by an apostrophe (') to avoid name-
shadowing (the declaration of a binding accessible in the scope). There is no special
behavior associated with apostrophes, they can be part of identifiers.

Unlike top-level bindings, type definitions can be omitted, as the top-level binding already
constrains the types.

Moreover, we can use the top-level parameters, given that, we can simplify our function:

Simplified monthDays using closure over top-level parameters

monthDays'' :: Int -> Int -> Int
monthDays'' year nthMonth =
    monthsDays !! (nthMonth - 1)
  where
    isLeapYear' =
      (mod year 4 == 0 && mod year 100 /= 0) || (mod year 400 == 0)

    monthsDays =
      if isLeapYear'
      then leapYearMonthsDays'
      else regularYearMonthsDays'

    regularYearMonthsDays' = [31, 28, 31, 30, 31, 30, 31, 31, 30, 31, 30, 31]
    leapYearMonthsDays' = [31, 29, 31, 30, 31, 30, 31, 31, 30, 31, 30, 31]
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There is also another syntax to define local bindings within a function:

Local bindings with let expression syntax

let <sub-expression>
in <expression>

Like the where syntax, they can be nested:

Nested let expressions

seven :: Int
seven =
  let four =
        let two = 2
          in two + two
      three = 3
    in four + three

We can rewrite our monthDays like so:

Rewriting monthDays with let bindings

monthDays''' :: Int -> Int -> Int
monthDays''' year nthMonth =
  let
    isLeapYear' =
      (mod year 4 == 0 && mod year 100 /= 0) || (mod year 400 == 0)

    monthsDays =
      if isLeapYear'
      then leapYearMonthsDays'
      else regularYearMonthsDays'

    regularYearMonthsDays' = [31, 28, 31, 30, 31, 30, 31, 31, 30, 31, 30, 31]
    leapYearMonthsDays' = [31, 29, 31, 30, 31, 30, 31, 31, 30, 31, 30, 31]
    in monthsDays !! (nthMonth - 1)

There is no difference between where and let in pure functions/expressions. The only impact is the
way we read it, with where clauses, the most important part is put first, and the details later, while
it is the other way around with let.

2.5. Immutability and referential transparency
It is important to emphasize the concept of immutability.

Nearly everything in Haskell is immutable, which means that, if we want to double an Int (as
in twice), the argument is not changed, but a new one is produced. This is why beta
reduction works. Also, having immutability enables referential transparency, the property of a
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function to be replaceable by its output, there is no difference between twice 5 and 10.

NOTE

If coming from low-level programming languages or performance computing, it
may seem to be wasteful or resource-intensive. In practice, not only GHC optimizes
aggressively, but it also comes with a runtime system intelligent enough to mitigate
these costs.

A practical consequence of referential transparency is that a pure expression can be evaluated once
and shared wherever its result is needed. This lets GHC apply common subexpression elimination
rather than recomputing the same value. Let us take the Fibonacci sequence:

Recursive function definition

fibonacci :: Integer -> Integer
fibonacci n =
  if n < 2
    then 1
    else fibonacci (n - 1) + fibonacci (n - 2) ①

① it is a recursive function, we will see later what it involves

Because the expression is pure, GHC can share its evaluation. When we bind the result to a name, it
is computed only once, even if the name is used several times:

Sharing a pure result through a let-binding

> let x = fibonacci 20 in (x, x)
(10946,10946)

Both elements of the pair refer to the same evaluation of fibonacci 20.

NOTE

This sharing happens because the result is bound to a name (x). GHC does not
memoize function calls by their arguments: evaluating fibonacci 20 as two separate
expressions recomputes it each time. Referential transparency is what makes
sharing safe; a named binding is what makes it happen.

2.6. Creating functions

2.6.1. Lambda functions

Haskell is, like other functional programming languages, based on functions.

Unlike the ones we have seen earlier, there are many ways to define them.
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The first approach we have seen involves explicit bindings:

Explicit binding with parameters

add :: Int -> Int -> Int
add x y = x + y

This is syntactic sugar for the following expression:

Lambda function desugaring

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

We call it lambda functions or lambda (the backslash / represents a lambda λ, the Greek letter).

We can observe the similarity between the type level and the expression level.

Alternatively, we can group parameters in the lambda abstraction:

Grouped lambda parameters

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

Beta reduction becomes clearer when demonstrated:

Beta reduction of add applied to 2 and 3

add 2 3
(\x -> \y -> x + y) 2 3
(\y -> 2 + y) 3
2 + 3
5

2.6.2. Currying

If we look closely at the previous beta reduction, we should have noticed that, functions taking
multiple parameters, are functions, which produce functions (which produce functions, etc.) which
produce plain expressions. This property is known as currying.

It allows us to create functions incrementally.
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For instance, if we want to increment each element of a list, we can write:

Partial application through currying

> map (add 1) [1 .. 5]
[2,3,4,5,6]
it :: [Int]

2.6.3. Closure

Sometimes, functions might reference (or capture) a value outside the lambda scope (it is the case
when we have multiple parameters/we nest them).

Let us define a new one:

Closure capturing a free variable

addEach :: Int -> [Int] -> [Int]
addEach n elements = map (\x -> n + x) elements

The lambda captures n, from the top-level binding, it is called a free variable.

A free variable is a binding used in a lambda function, not declared in its parameters.

This can be used like so:

Using addEach in GHCi

> addEach 1 [1 .. 5]
[2,3,4,5,6]
it :: [Int]

2.6.4. Composition

Finally, in functional programming, we focus on creating small functions and composing them;
however, this approach can sometimes involve some necessary setup code.

For example, suppose, we want to add 1 and double each element, we could run map twice:

Nested map calls (traverses the list twice)

> map (mul 2) (map (add 1) [1 .. 5])
[4,6,8,10,12]

But this would be inefficient because it traverses the list twice.
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However, if we want to create a function performing both operations, we have to introduce a
lambda parameter:

Combining operations with an explicit lambda

> map (\x -> mul 2 (add 1 x)) [1 .. 5]
[4,6,8,10,12]

Haskell comes with the composition operator (.), which removes the last lambda parameter:

Function composition with the dot operator

> map (mul 2 . add 1) [1 .. 5]
[4,6,8,10,12]

We call this point-free functions because the "subject" (the point, the last parameter), is not visible in
the definition.

We can chain operations, they will be applied from right to left, as shown below:

Chaining multiple function compositions

> map (mul 3 . add 5 . mul 2 . add 1) [1 .. 5]
[27,33,39,45,51]

2.7. Types of errors
In programming, we often start by handling the nominal case (i.e., when everything goes right),
then we enumerate edge cases.

For a compiler, the nominal case is when it does not compile.

A significant aspect of working in Haskell involves reading and fixing compiling errors.

Haskell errors can be less straightforward to interpret than those in many other programming
languages. If we compare them to mainstream programming languages such as Java, they often
contain a wealth of detailed information. Haskell has a Hindley–Milner-based type system, we will
not go in-depth as it involves solid type theory knowledge, but, along the way, we will give
examples of errors we will encounter.

Let us begin with a simple example: declaring a binding with a type, incompatible with its
definition:

Type error: mismatched type and expression

anInt :: Int
anInt = True
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Which gives the following errors:

GHC error: type mismatch between Int and Bool

Chap02.hs:98:9: error: [GHC-83865] ① ②
    • Couldn't match expected type ‘Int’ with actual type ‘Bool’ ③ ④
    • In the expression: True
      In an equation for ‘anInt’: anInt = True
   |
98 | anInt = True
   |         ^^^^
Failed, no modules loaded.

① expression location

② since GHC 9.6.1, a documentation effort has been done with The Haskell Error Index[1]

referencing errors and warnings including examples and solving tactics

③ the expected expression type

④ the actual inferred expression type

This error is straightforward because the type and the expression are co-located.

Many errors arise from applying an incompatible expression, as in:

Type error: applying Bool where Int is expected

anInt' :: Int

anInt' = add 5 True

Which yields:

GHC error: mismatched argument type in function application

Chap02.hs:101:16: error: [GHC-83865]
    • Couldn't match expected type ‘Int’ with actual type ‘Bool’
    • In the second argument of ‘add’, namely ‘True’
      In the expression: add 5 True
      In an equation for ‘anInt'’: anInt' = add 5 True
    |
101 | anInt' = add 5 True
    |                ^^^^
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The situation becomes more complex when an expression has no type annotation, the compilation
error is moved to the place where it is used:

Type error propagated from unannotated binding

anInt'' :: Int
anInt'' = 5 + right
  where right = True

The error has the similar structure, but the original expression location is

GHC error: type mismatch propagated from a where clause

Chap02.hs:107:15: error: [GHC-83865]
    • Couldn't match expected type ‘Int’ with actual type ‘Bool’
    • In the second argument of ‘(+)’, namely ‘right’
      In the expression: 5 + right
      In an equation for ‘anInt''’:
          anInt''
            = 5 + right
            where
                right = True
    |
107 | anInt'' = 5 + right
    |               ^^^^^

It is, usually, acceptable when it concerns function bindings, but it is not manageable at code-base
level.

2.8. Navigating types
Developing in Haskell is an ongoing conversation between the programmer and the compiler.

The idea is similar to Test-Driven Development[2]:

• Write the type with a mock expression

• Write the minimal expression to make it compile[3]

• Refactor
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It is often referred to as Type-Driven Development (TyDD) or Structure-Based Development (SBD).

Figure 5. Test-Driven Development vs Type-Driven Development

Fortunately, Haskell comes with two tools.

The first one is hole, whenever a _, or a non-existing binding starting with _ [4], the compiler will
help us figure-out what is the expected type, and which bindings are available. It is called Hole-
Driven Development.

Consider we wanted to use this in monthDay:

Using a typed hole to discover the expected type

monthDays'' :: Int -> Int -> Int
monthDays'' year nthMonth =
    monthsDays !! (nthMonth - 1)
  where
    isLeapYear' =
      (mod year 4 == 0 && mod year 100 /= 0) || (mod year 400 == 0)

    monthsDays =
      if isLeapYear'
      then _
      else regularYearMonthsDays'

    regularYearMonthsDays' = [31, 28, 31, 30, 31, 30, 31, 31, 30, 31, 30, 31]
    leapYearMonthsDays' = [31, 29, 31, 30, 31, 30, 31, 31, 30, 31, 30, 31]

Which gives a very detailed compilation error:

GHC error: typed hole report with relevant bindings

src/Chap02.hs:62:12: error: [GHC-88464] ①
    • Found hole: _ :: [Int] ②
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    • In the expression: ③
        if isLeapYear' then _ else regularYearMonthsDays'
      In an equation for ‘monthsDays’:
          monthsDays = if isLeapYear' then _ else regularYearMonthsDays'
      In an equation for ‘monthDays''’:
          monthDays'' year nthMonth
            = monthsDays !! (nthMonth - 1)
            where
                isLeapYear'
                  = (mod year 4 == 0 && mod year 100 /= 0) || (mod year 400 == 0)
                monthsDays = if isLeapYear' then _ else regularYearMonthsDays'
                regularYearMonthsDays' = [31, ....]
                leapYearMonthsDays' = [31, ....]
    • Relevant bindings include ④
        monthsDays :: [Int] (bound at src/Chap02.hs:60:5)
        isLeapYear' :: Bool (bound at src/Chap02.hs:57:5)
        regularYearMonthsDays' :: [Int] (bound at src/Chap02.hs:65:5)
        leapYearMonthsDays' :: [Integer] (bound at src/Chap02.hs:66:5)
        nthMonth :: Int (bound at src/Chap02.hs:54:18)
        year :: Int (bound at src/Chap02.hs:54:13)
        (Some bindings suppressed; use -fmax-relevant-binds=N or -fno-max-relevant
-binds)
      Valid hole fits include ⑤
        regularYearMonthsDays' :: [Int] (bound at src/Chap02.hs:65:5)
        regularYearMonthsDays :: [Int] (defined at src/Chap02.hs:29:1)
        leapYearMonthsDays :: [Int] (defined at src/Chap02.hs:32:1)
        [] :: forall a. [a]
          with [] @Int
          (bound at <wired into compiler>)
        mempty :: forall a. Monoid a => a
          with mempty @[Int]
          (imported from ‘Prelude’ at src/Chap02.hs:1:8-13
           (and originally defined in ‘GHC.Base’))
        with :: forall d. Default d => d
          with with @[Int]
          (imported from ‘Diagrams.Prelude’ at src/Chap02.hs:4:1-23
           (and originally defined in ‘Diagrams.Util’))
        (Some hole fits suppressed; use -fmax-valid-hole-fits=N or -fno-max-valid-hole
-fits)
   |
62 |       then _
   |            ^
Failed, no modules loaded.

① hole location

② the deduced type

③ context of the hole

④ available bindings
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⑤ compatible bindings

It works with functions too

Named hole for a missing function

monthDays'' :: Int -> Int -> Int
monthDays'' year nthMonth =
    _getAt monthsDays (nthMonth - 1) ①

① this hole has a proper name

Which yields a detailed compilation error:

GHC error: named hole with function type

src/Chap02.hs:55:5: error: [GHC-88464] ①
    • Found hole: _getAt :: [Int] -> Int -> Int ②
      Or perhaps ‘_getAt’ is mis-spelled, or not in scope ③
    • In the expression: _getAt monthsDays (nthMonth - 1)
      In an equation for ‘monthDays''’:
          monthDays'' year nthMonth
            = _getAt monthsDays (nthMonth - 1)
            where
                isLeapYear'
                  = (mod year 4 == 0 && mod year 100 /= 0) || (mod year 400 == 0)
                monthsDays
                  = if isLeapYear' then
                        leapYearMonthsDays'
                    else
                        regularYearMonthsDays'
                regularYearMonthsDays' = [31, ....]
                leapYearMonthsDays' = [31, ....]
    • Relevant bindings include ④
        monthsDays :: [Int] (bound at src/Chap02.hs:60:5)
        isLeapYear' :: Bool (bound at src/Chap02.hs:57:5)
        regularYearMonthsDays' :: [Integer] (bound at src/Chap02.hs:65:5)
        leapYearMonthsDays' :: [Integer] (bound at src/Chap02.hs:66:5)
        nthMonth :: Int (bound at src/Chap02.hs:54:18)
        year :: Int (bound at src/Chap02.hs:54:13)
        (Some bindings suppressed; use -fmax-relevant-binds=N or -fno-max-relevant
-binds)
      Valid hole fits include ⑤
        seq :: forall a b. a -> b -> b
          with seq @[Integer] @Int
          (imported from ‘Prelude’ at src/Chap02.hs:1:8-13
           (and originally defined in ‘GHC.Prim’))
        with :: forall d. Default d => d
          with with @([Integer] -> Int -> Int)
          (imported from ‘Diagrams.Prelude’ at src/Chap02.hs:4:1-23
           (and originally defined in ‘Diagrams.Util’))
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        def :: forall a. Default a => a
          with def @([Integer] -> Int -> Int)
          (imported from ‘Diagrams.Prelude’ at src/Chap02.hs:4:1-23
           (and originally defined in ‘Data.Default.Class’))
   |
55 |     _getAt monthsDays (nthMonth - 1)
   |     ^^^^^^

① hole location

② the deduced type

③ this is due to the ambiguity of named holes

④ context of the hole

⑤ available bindings

Holes also work for types:

Type wildcard hole in a signature

monthDays'' :: Int -> Int -> Int
monthDays'' year nthMonth =
    monthsDays !! (nthMonth - 1)
  where
    isLeapYear' :: _
    isLeapYear' =
      (mod year 4 == 0 && mod year 100 /= 0) || (mod year 400 == 0)
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It will display the following error:

GHC error: type wildcard standing for Bool

src/Chap02.hs:57:20: error: [GHC-88464] ①
    • Found type wildcard ‘_’ standing for ‘Bool’ ②
      To use the inferred type, enable PartialTypeSignatures
    • In the type signature: isLeapYear' :: _
      In an equation for ‘monthDays''’:
          monthDays'' year nthMonth
            = monthsDays !! (nthMonth - 1)
            where
                isLeapYear' :: _
                isLeapYear'
                  = (mod year 4 == 0 && mod year 100 /= 0) || (mod year 400 == 0)
                monthsDays
                  = if isLeapYear' then
                        leapYearMonthsDays'
                    else
                        regularYearMonthsDays'
                regularYearMonthsDays' = [31, ....]
                ....
    • Relevant bindings include
        regularYearMonthsDays' :: [Int] (bound at src/Chap02.hs:66:5)
        leapYearMonthsDays' :: [Int] (bound at src/Chap02.hs:67:5)
        nthMonth :: Int (bound at src/Chap02.hs:54:18)
        year :: Int (bound at src/Chap02.hs:54:13)
        monthDays'' :: Int -> Int -> Int (bound at src/Chap02.hs:54:1)
   |
57 |     isLeapYear' :: _
   |                    ^
Failed, no modules loaded.

① hole location

② the deduced type

While it is usually quite efficient, recommendations are limited to bindings in scope, not to other
modules or libraries. The second tool fills this gap: hoogle[5]

Consider we want to fill _getAt:

Hole type signature to search in Hoogle

src/Chap02.hs:55:5: error: [GHC-88464]
    • Found hole: _getAt :: [Int] -> Int -> Int
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Figure 6. A hoogle search

The interesting result is the last of the screenshot, hoogle has been able to generalize our function
to find a usable function. We will go more in-depth about that later, it will also help us to have more
relevant results.

2.9. Project: Playing with diagrams
To do something more visual, let us play with diagrams[6], a library to build vector graphics.

First, install the library using cabal:

Installing the diagrams library

cabal install diagrams

2.9.1. A tiny house

The first step is to set up a minimal setup to create an SVG file:

First diagram: a filled triangle

house :: Diagram B ①
house = fc brown (triangle 2)

saveHouse :: IO () ②
saveHouse = renderSVG "house.svg" (dims2D 800 800) house

① the image definition

② save the image as a 800x800 image
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Figure 7. A simple triangle

This mechanism also works in two steps:

• Create a triangle of size 2

• Fill it in brown

It can be noticed that the type does not change, which means, the type contains the color.

The next step is to add a facade below the roof thanks to the dedicated operator (===):

Vertical composition with the === operator

house :: Diagram B
house = roof === facade
  where
    roof = scaleY 0.5 (fc brown (triangle 2)) ①
    facade = fc grey (square 2)

① reduce the height of the triangle/roof

NOTE

Composability is one of the main goals of library building. Instead of having
monolithic functions that create diagrams with many parameters (e.g. height,
width, colors, etc.), the library provides a small set of basic shape, and a large set of
"modifiers" which keep the type while changing the expression, making everything
composable.

Figure 8. A simple house
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It can be visualized as:

Figure 9. Scaling

If we aim to add a door and windows, we should adopt a more intricate approach.

There is a function atop which puts a diagram at the center of another one, we have a translate
function to alleviate this issue.

Overlapping diagrams with atop and translate

house :: Diagram B
house = roof === facade
  where
    roof = scaleY 0.5 (fc brown (triangle 2))
    facade = (atop door . atop leftWindow . atop rightWindow) wall
    wall = fc grey (square 2)
    leftWindow = translate (r2 (-0.5, 0.5)) window
    rightWindow = translate (r2 (0.5, 0.5)) window
    door = translate (r2 (0, -0.6)) (scaleY 2 (fc brown (square 0.4)))
    window = fc white (square 0.5) ①

① a window is defined once, used twice

Which renders to the following picture:

Figure 10. A house with a door and windows
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Additionally, we can add a bush:

Adding a bush to the house

house :: Diagram B
house = roof === facade
  where
    roof = scaleY 0.5 (fc brown (triangle 2))
    facade = (atop bush . atop door . atop leftWindow . atop rightWindow) wall
    wall = fc grey (square 2)
    leftWindow = translate (r2 (-0.5, 0.5)) window
    rightWindow = translate (r2 (0.5, 0.5)) window
    door = translate (r2 (0, -0.6)) (scaleY 2 (fc brown (square 0.4)))
    window = fc white (square 0.5)
    bush = translate (r2 (0.55, -0.85)) (atop (translate (r2 (0.15, 0.15)) bushCircle)
(bushCircle ||| bushCircle))
    bushCircle = lw none (fc green (circle 0.15))

Which renders to the following picture:

Figure 11. A house with a bush

2.9.2. A skyscraper

An individual house may be a dream, but it is not really sustainable, let us see if we can build a
modest skyscraper.
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As we did for the tiny house, we have a bit of boilerplate to save the SVG file:

A basic skyscraper diagram

skyscraper :: Diagram B
skyscraper = roof === facade
  where
    roof = scaleY 0.1 (fc black (square 2))
    facade = wall
    wall = scaleY 3 (fc grey (square 2))

saveSkyscraper :: IO ()
saveSkyscraper = renderSVG "skyscraper.svg" (dims2D 800 800) skyscraper

Which renders to the following picture:

Figure 12. A boring skyscraper

The next step is to add a door for entry into the building:

Adding a door to the skyscraper

skyscraper :: Diagram B
skyscraper = roof === facade
  where
    roof = scaleY 0.1 (fc black (square 2))
    facade = (atop door) wall
    wall = scaleY 3 (fc grey (square 2))
    door = translate (r2 (0, -2.8)) (scaleY 2 (fc brown (square 0.2)))
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Which renders to the following picture:

Figure 13. A skyscraper with an entrance

The skyscraper still lacks windows, we can start by adding one, to see where it will land:

Adding a single window to the skyscraper

skyscraper :: Diagram B
skyscraper = roof === facade
  where
    roof = scaleY 0.1 (fc black (square 2))
    facade = (atop windows . atop door) wall
    wall = scaleY 3 (fc grey (square 2))
    door = translate (r2 (0, -2.8)) (scaleY 2 (fc brown (square 0.2)))
    windows = window
    window = fc white (scaleX 0.5 (square 0.5))

Which renders to the following picture:

Figure 14. A skyscraper with a window

In the tiny house example, we have carefully placed each window, here, we have too many
windows to do this. We can leverage two functions:

• hsep which, given a space-size and a list of diagrams, creates a diagram by concatenating each
of them horizontally, adding some space between them

• replicate which creates a list of n elements given a number and an element

54



At this point, we may have realized that all values have the same weight, regardless of how they are
constructed (hard-coded, or generated), they can be used transparently, this principle is the
cornerstone of functional composition.

Repeating elements with replicate and hsep

skyscraper :: Diagram B
skyscraper = roof === facade
  where
    roof = scaleY 0.1 (fc black (square 2))
    facade = (atop windows . atop door) wall
    wall = scaleY 3 (fc grey (square 2))
    door = translate (r2 (0, -2.8)) (scaleY 2 (fc brown (square 0.2)))
    windows = windowsRow
    windowsRow = translate (r2 (-0.75, 0)) (hsep 0.12 (replicate 5 window))
    window = fc white (scaleX 0.5 (square 0.5))

Which renders to the following picture:

Figure 15. A skyscraper with a windows row

We also had to translate them to center the row.

We can use the same tactic to have many rows:

Stacking rows with vsep

skyscraper :: Diagram B
skyscraper = roof === facade
  where
    roof = scaleY 0.1 (fc black (square 2))
    facade = (atop windows . atop door) wall
    wall = scaleY 3 (fc grey (square 2))
    door = translate (r2 (0, -2.8)) (scaleY 2 (fc brown (square 0.2)))
    windows = translate (r2 (0, 2.5)) (vsep 0.40 (replicate 6 windowsRow))
    windowsRow = translate (r2 (-0.75, 0)) (hsep 0.12 (replicate 5 window))
    window = fc white (scaleX 0.5 (square 0.5))
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Which renders to the following picture:

Figure 16. A skyscraper with a lot of windows

2.10. Conclusion
We have covered the essential building blocks of functions in Haskell. We started with the anatomy
of function definitions, understanding how expressions and bindings work together. We explored
immutability and referential transparency, which form the foundation of reasoning about Haskell
programs. We learned to create functions using lambdas, currying, closures, and composition. We
also developed the skill of reading type errors and navigating types using Hoogle and typed holes.

The diagrams project demonstrated how these concepts combine in practice: small, focused
functions compose into complex visual outputs.

In the next chapter, we will build on this foundation to explore control flow, higher-order functions,
and Haskell’s evaluation model.

2.11. Questions
1. What are the two parts of a function?

2. What is the difference between a function and an expression?

3. What is referential transparency?

4. What is currying?

5. What is function composition and what operator is used for it?

2.12. Exercises
1. Write a function addThree that adds three to a number, using lambda syntax as follows:

Exercise template: addThree

addThree :: Int -> Int
-- > addThree 5
-- 8

56



2. Write a function squareAll that squares every element in a list using map as follows:

Exercise template: squareAll

squareAll :: [Int] -> [Int]
-- > squareAll [1, 2, 3]
-- [1,4,9]

3. Using the diagrams library, write a function that renders a horizontal row of five red circles as
follows:

Exercise template: fiveRedCircles

fiveRedCircles :: Diagram B
-- (should render five red circles in a row)

2.13. Answers to questions
1. What are the two parts of a function?

The type signature and the definition (the expression or equations that make up its body).

2. What is the difference between a function and an expression?

An expression is any piece of Haskell code that has a value. A function is an expression that takes
one or more parameters and produces a result.

3. What is referential transparency?

An expression is referentially transparent if it can be replaced with its value without changing the
program’s behavior.

4. What is currying?

Currying is the process by which a function with multiple parameters is represented as a sequence
of functions, each taking a single parameter.

5. What is function composition and what operator is used for it?

Function composition combines two functions into one, feeding the output of the second function
as input to the first. The operator is (.).
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2.14. Answers to exercises
1. Write a function addThree that adds three to a number:

Solution: addThree using lambda syntax

addThree :: Int -> Int
addThree = \x -> x + 3

2. Write a function squareAll that squares every element in a list:

Solution: squareAll using map

squareAll :: [Int] -> [Int]
squareAll = map (^ 2)

3. Using the diagrams library, render a horizontal row of five red circles:

Solution: fiveRedCircles using hsep and replicate

fiveRedCircles :: Diagram B
fiveRedCircles = hsep 1 (replicate 5 (fc red (circle 1)))

[1] https://errors.haskell.org/

[2] https://en.wikipedia.org/wiki/Test-driven_development

[3] sometimes, it could be as simple as introducing bindings not yet defined

[4] this is confusing to use a _-prefixed binding

[5] https://hoogle.haskell.org/

[6] https://diagrams.github.io
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