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Introduction

This chapter describes the main features of functional programming,
compares it with other programming paradigms, indicates the core lan-
guage of functional programming and its enrichments, and finishes with
a historic account of the development of functional programming.

1.1 Preliminary remarks

The simplest way to describe computations is by expressions. For ex-
ample, if we wish to compute the sum of areas of three circles with radii
2, 3 and b5, respectively, we would write the expression

3.14159265 - 22 4 3.14159265 - 32 + 3.14159265 - 52 (1.1)

and give it to a tool who knows how to compute its value. Such a
tool could be an interpreter, and the computation of the value is called
evaluation.

Expressions are combinations of values, variables, operators, func-
tions, and special forms that the interpreter knows how to handle (ac-
cording to its particular rules of precedence and of association). For
example, to evaluate (1.1), we expect the interpreter to know the mean-
ing of the constants 2, 3, 5, and 3.14159265, of the arithmetic operators
for multiplication, addition, and raising to a power, and the fact that
addition is a left-associative operation. The computation of the value
would be a sequence of elementary reduction steps

3.14159265 - 22 43.14159265 - 32 4+ 3.14159265 - 52
= 3.14159265 . 4+ 3.14159265 - 324 3.14159265 - 52
= 12.5663706 - 3.14159265 - 324 3.14159265 - 52
= 12.5663706 + 3.14159265 - 9 + 3.14159265 - 52
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= 12.5663706 4 28.27433385 + 3.14159265 - 52
= 40.84069445 + 3.14159265 - 52 = 40.84069445 4+ 3.14159265 - 25
= 40.84069445 { 28.14159265 =- 68.9822871

The underlined expressions are those selected to be reduced, and are
called redezes. The evaluation stops when all redexes have been reduced.

Expressions made only of values and predefined functions and oper-
ators can easily become cumbersome. One such example is expression
(1.1), where we wasted effort to write several times similar functionality:

1. The numeric approximation 3.14159265 of the value of  is long
and possibly hard to remember.

2. The code for the computation of the area of a circle occurs repeat-
edly, for different values of the radius.

This way of writing code is bad practice. The Principle of Abstrac-
tion states the following: “Each significant piece of functionality in a
program should be implemented in just one place in the source code.
Where similar functions are carried out by distinct pieces of code, it
is generally beneficial to combine them into one by abstracting out the
varying parts.” [37]

Programming languages support this principle with various defini-
tional mechanisms. A definitional mechanism allows to name objects
of interest, and to refer to them later, whenever they are relevant for
further computations. For example, a language like C++ allows to name
values and functions, like:

float pi = 3.14159265;
float circleArea(float r) { return pi*r*r; }

and to replace expression (1.1) with the equivalent expression
circleArea(2) + circleArea(3) + circleArea(5) (1.2)

As we shall see, functional programming is exactly about this: comput-
ing by evaluating expressions.

1.2 What is functional programming?

Functional programming is a programming paradigm which views
every computation as the evaluation of an expression. Programs consist
of naming constructs, mainly function definitions, which simplify the
writing of expressions.
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This is not the only way of viewing a computation: other paradigms
propose other ways of thinking. In general, a programming paradigm is a
style or “way” of programming that prescribes a number of programming
constructs and how to use them in order to model and solve efficiently
a wide range of problems.

To fully master the benefits of a programming paradigm, one should
know not only the behaviour of its basic programming constructs but
also the general principles that guide the thinking of a good programmer,
and how to apply them wisely. This is similar to what characterizes a
good chess player: In addition to knowing the basic rules to move the
pieces, he must also know playing strategies with high chances to win.

Software engineering recognizes four major programming paradigms:

1. Imperative (or procedural) programming,
2. Object-oriented programming (OOP),

3. Functional programming (FP), and

4. Logic programming (LP).

With the exception of logic programming, all the other programming
paradigms claim to be suitable for a very large range of applications.
Every seasoned programmer or software engineer should know (1) the
concepts and principles that characterize every programming paradigm,
and (2) the programming languages that support them best. Based on
this knowledge, he should be able to make the right choice of a program-
ming language and programming style when faced with the implemen-
tation of a particular application.

Often, the best solution to a problem is a combination of different
programming styles. Most programming languages are multi-paradigm:
they have programming constructs that support well different ways of
thinking. However, most programming languages are designed to sup-
port best a particular programming paradigm, and the separate study
of every programming paradigm is a very important experience.

The rest of this section is organized as follows. First, we put things
into perspective by giving a concise description of the other three ma-
jor programming paradigms: imperative programming, object-oriented
programming, and logic programming. Next, we indicate the character-
istic features of functional programming. Afterwards, we describe the
A-calculus, a very simple computational model implemented by almost
all functional programming languages. Finally, we conclude with a his-
toric account of the development of the functional programming style.
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1.2.1 Other programming paradigms
Imperative programming

Imperative programming views every computation as a sequence of com-
mands that act on an implicit program state, until we reach a state
containing the desired result. Historically, this is the first proposed
programming paradigm: The notion of implicit state was inspired by
hardware, to reflect the values of variables stored in the memory of
the computer. The order of commands is important, and imperative
programming languages typically provide programming abstractions for
control flow (e.g., block constructs, conditional statements, and while
loops) to permit a precise and deterministic control over the program
state. This way of thinking is similar to descriptions of everyday rou-
tines, such as food recipes which prescribe the steps to be performed to
achieve a desired result. The main programming abstraction is the pro-
cedure, which abstracts the actions of one or more commands, and can
be called as a single command. For this reason, imperative programming
is also called procedural programming.

For example, the pseudocode of an imperative implementation for
the computation of the minimum element of a list L of n numbers L is

minlList(L,n) min(a, b)
r « L[0] if a <b then
i «— 1 m — a
while 7 <n do else
r < min(r, L[i]) m < b
end while endif
return r i — 1+1
return m

The minimum is computed by the procedure call minList(L,n). The
auxiliary procedure min(a,b) groups together three commands:

1. a conditional statement whose overall effect is to store the mini-
mum of a and b in the state variable m,

2. an assignment which increments the value of ¢ by 1, and

3. the command which returns the value of m.
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Procedures versus mathematical functions.
The main difference between procedures and mathematical func-
tions is the following:

» A mathematical function computes a result only from the
values of its input arguments. It does not have any side ef-
fects on the implicit state of the program, such as: changing
the value of a non-parameter variable, writing to a file, etc.
Therefore, we can not distinguish different calls of the same
mathematical function with the same input arguments: They
always have the same behaviour. For this reason, we say that
mathematical functions are referentially transparent.

» A procedure groups a set of commands whose actions may
have side effects. Therefore. different calls of the same proce-
dure with the same input arguments may have different effects.

An example of a procedure which is not a mathematical function is
min: the procedure call min{a, b) computes the minimum of a and
b, but it also has the side effect of incrementing the value of ¢ by 1.

The imperative programming style is problematic because it is focused
on simulating computations on a particular computer architecture in-
stead of providing a computational model closer to human thinking.
Efficiency is the primary concern, rather than the suitability of the lan-
guage for software development.

Representative languages for imperative programming are Fortran [4],
Algol, Pascal, Basic, and C.

Object-oriented programming

Object-oriented programming (OOP) advocates thinking in terms of ob-
jects communicating with each other by message passing. Objects con-
sist of data fields (attributes that characterize their state) and associ-
ated procedures known as methods which characterize their computing
capabilities. There are two main kinds of OOP languages: class-based
(e.g., Simula, Smalltalk, C+4 and Java) where objects are instances of
classes, and prototype-based (e.g., JavaScript) where objects are clones of
existing objects that serve as prototypes. Computations are performed
by method calls addressed to objects. This is different from imperative
programming: instead of changing an implicit state by executing com-
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mands, OOP changes the states of objects by sending them messages
consisting of method invocations. OOP can be viewed as an improve-
ment of imperative programming with several new features, including:

e Encapsulation: The facility to bundle data with methods (or other
functions) operating on that data.

e Dynamic dispatch: When a method is invoked on an object, the
object itself determines what code gets executed by looking up the
method at run time in a table associated with the object.

e Inheritance: Objects defined by classes can inherit fields and be-
haviour (that is, methods) from pre-existing classes, superclasses,
or parent classes.

Logic Programming

Logic programming (LP) is very much different from the other three
programming paradigms. It is based on the following way of thinking:

Answer questions by search according to a fized, predictable strateqy.

This way of thinking is useful for solving problems related to the ex-
traction of knowledge from basic facts and relations. The programmer
must describe what he knows as facts and rules collected in a program,
and leave to the compiler of interpreter of the programming language
the task of answering the questions that he may ask afterwards. LP is
considered a declarative programming style because programming con-
sists only in declaring what we know; how to answer arbitrary questions
is predefined by the built-in search strategy of the language, e.g., SLD
resolution in Prolog, which is a representative language for LP.

For example, a logical model for the computation of the minimum
element of list of numeric values is given by the following facts and rules
of inference:

e Fact: The minimum element of a singleton list made of number
m is m.

e Rules of inference:

1. The minimum of z and y is z if x < y.

2. The minimum of z and y is y if y < .
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3. The minimum of a list starting with z, y followed by sublist ¢
is m if m is the minimum of z and n, where n is the minimum
of the list with first element y followed by sublist t.

If we consider the predicates min(z, y, z) with the intended reading “the
minimum of z and y is z,” and minList(L,n) with the intended reading
“the minimum element of list L is n,” then the previous facts and rules
of inference can be written as follows in the language of first-order logic:

Vz,y.(x <y = min(z,y,1)).
Vz,y.(y < z = min(z,y,y)).
Vm .minList([m],m).

Vz,y,t,m,n. (minList([y|t], n) Amin(z,n,m) = minList([z,y|t], m)).
and as follows in Prolog:

min(X,Y,X) :- X =< Y.

min(X,Y,Y) :- Y < X.

minList ([M],M).

minList ([X,Y|T],M) :- minList([Y|T],N), min(X,N,M).

1.2.2 Declarative versus procedural programming

An interesting classification of programming paradigms is by looking
how they separate the concerns of specifying what we know from how
to solve a concrete problem.

The procedural programming paradigms require the programmer to
specify how to solve a problem, by indicating the flow of control which
modifies repeatedly a global program state (in imperative programming)
or the local states of communicating objects (in OOP) until we reach a
situation that yields the desired solution.

In contrast, the declarative programming paradigms require the pro-
grammer to focus on specifying what he knows, and leave the task of
finding the desired answers or solutions to the implementation of a lan-
guage. Typically, the declarative programming languages have a built-in
strategy to make use of the knowledge encoded in programs.

LP and FP are declarative programming paradigms because:

e In logic programming, the programming activity resumes to spec-
ifying what we know, by encoding knowledge as rules and facts.
Solving problems is reduced to finding answers to queries, and this
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job is the business of the search engine of the language, which im-
plements a predefined search strategy (e.g., SLDNF-resolution in
Prolog) which is guaranteed to find all possible answers.

e In functional programming, the programming activity resumes to
specifying what we know, by encoding knowledge as function def-
initions. Solving a problem is modelled as finding the value of
an expression, and this job is the business of an evaluator that
implements a predefined reduction strategy.

Although declarative programming seems to make programmers’ life eas-
ier by relieving them from the details of how to compute the solutions,
for efficiency reasons it is very important to understand the predefined
strategy of the language. In particular, the performance of programs
written in LP and FP can be greatly improved if we follow a few pro-
gramming guidelines, such as writing tail-recursive specifications.

1.3 Characteristics of functional programming

As already mentioned, functional programming (FP) is based on the
principle

Compute by evaluating expressions.

The evaluation of an expression eg to a value v can be viewed as a
sequence of reduction steps eg = €1 = ... = e, = v, where every step
e; = ejy1 selects a subexpression of e;, called a redez, and replaces it
with a simpler one. When the redex coincides with e;, we may write
e; — e;41 instead of e; = €;41.

The simplest expressions are combinations of values and variables.
Before going any further, it is important to clarify what are values, what
are variables, and what data structures are used to get their meaning.

1.3.1 Values

Every programming language has a predefined collection of datatypes
to work with. Typical examples are integers, booleans, lists of integers,
etc. The elements of a datatype are called values.

Most datatypes have literal representations of their values. For ex-
ample, the literal representation of number two in Java is 2. There may
be, however, datatypes with no literal representation for their values.
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In functional programming, all values are first-class objects.
This means that, regardless of the datatype, any value can be named,
passed as input argument to a function call, returned as result of a func-
tion call, or stored as component of a compound value (e.g., as element
of a list, set, or vector).

An outstanding feature of functional programming is that functions
are values: they can be named, passed as arguments or returned as re-
sults of function calls, or stored as elements of compound values. Before
explaining what this means, let’s introduce some notation to describe
functions. Back in 1928, Alonzo Church proposed the lambda notation
A(x).e with the intended reading “the mathematical function which, for
input argument x, returns the value of expression e.” A slight general-
ization of Church’s notation is the expression

Az ... x,).€

with the intended reading “the mathematical function which, for input
arguments z1,. .., Ty, returns the value of expression e.”

Assume we wish to define the function sum which, for

input arguments z and y, computes their sum. With this notation, we
could define

sum = A(x,y).x+y
Similarly, we could define
prod = A(z,y) .xxy

to refer to the function that multiplies the values of its input arguments.
Since functions are values, we can store them in a compound value, such
as a list. For example we can define the list of functions

L = [sum, prod]

NoTE: The functions for arithmetic operations (addition, multiplica-
tion, etc.) are predefined in almost all programming languages. Also,
almost all functional programming languages have built-in support to
work with lists. In this example we write [v; ... w,] for the list
with component values vy, ..., v,, and assume the predefined operation
get(L, i) returns the i-th element of list L.

Next, we could define a function f (L,a,b) which takes as input a list
L of two functions and computes the list of values obtained by applying
the functions from list L to arguments a and b:



