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The most powerful programming language is Lisp.
If you don’t know Lisp (or its variant, Scheme),
you don’t appreciate what a powerful language is.
Once you learn Lisp you will see what is missing in
most other languages.

Richard Stallman

In this session, we will learn about Scheme.
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Where we are

• No new programming-language idea
• Imperative programming:

programming with assignments and control structures (like loops)

• New mathematical approaches to specify semantics
• Operational semantics (theory and meta-theory)
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Where are we going?

• We enter the realm of functional programming

• Key idea: do everything by writing functions and composing them
• no mutable state variables
• no side effects:

no modification to any state variable when evaluating an expression
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• Emphasis is on “transformation” rather than on “state”

• Functional programs are timeless:
if a program produces a result for a given set of arguments,
it will always produce the same result for the same arguments
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Functional Programming

• Recursion takes the place of iteration

• Functions are first-class citizens:
• Functions can take functions as arguments and

can return functions as results

Pros and Cons

• John Hughes: “Why Functional Programming Matters”

• Read Norman Ramsey’s comment on Pitfalls/Disadvantages of
Functional Programming

• http://stackoverflow.com/questions/1786969/

• Some advantages:
- functions can be reasoned about in isolation
- facilitates parallel and distributed programming
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Lisp

• Lisp: List processor

• Oldest functional language, its development goes back to 1959-60
(John McCarthy)

• Lisp has several dialects including
- Common Lisp

• Many commercial compilers (Allegro CL, CLISP, GCL, SBCL, ...)
• Many language features

- Scheme
• Clean, fairly small but powerful
• Suitable for teaching

- Racket
• Descendant of Scheme
• Focus on education and programming language research

• In this course we study µScheme (micro-Scheme)
• Shares most of Scheme’s essential features
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Lisp Popularity in Past

Xerox was one of the major companies that offered systems based on Lisp

(Advertisement from Computerworld July 1985)
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Lisp Popularity in Past

PC Magazine - November 1986

You could call 1-800-242-LISP
to transform your PC into a Lisp machine
(custom computer for specifically executing
Lisp)
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Lisp Popularity in Past
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Applications of Lisp

Software

• Emacs: the famous well-known text editor

• Auto-CAD: one of the first computer-aided design programs

Companies

• ITA Software: travel industry software division of Google

• Naughty Dog: video game company
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For a new language, five powerful questions

As a lens for understanding, you can ask these questions about any
language:

1. What is the abstract syntax?
- What are the syntactic categories,
- What are the terms in each category?

2. What are the values?
- What do expressions/terms evaluate to?

3. What environments are there?
- What can names stand for?

4. How are terms evaluated?
- What are the judgments?
- What are the evaluation rules?

5. What’s in the initial basis?
- Primitives and otherwise, what is built in?
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Scheme Values

• Languages in late 1950s before Lisp (Algol and Fortran) could only
manipulate numeric values

• Lisp was originally designed to manipulate non-numeric “symbolic”
data

• For example a program can manipulate (x + y)2 and can determine
it is equivalent to x2 + 2xy + y2

• Typically, such data is recursively defined
• For example an expression consists of an operator and subexpressions

11



Scheme Values

• The values in Scheme are symbolic expressions (S-expressions)

• S-expression is defined recursively as follows (simplification for now)

1. An atom is an S-expression.
- a symbol x RIT rochester

- a literal integer 0 77

- a literal Boolean #t #f

2. If S1, · · · ,Sn are S-expressions then (S1 · · · Sn) is an S-expression.
- Empty list is equivalent to a special atom nil

• Recursive Definition: Something is defined in terms of itself!
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S-expression Example

• Some examples:
#f

#t

(a b c)

(a b (c d))

((a b) (d e))

(1 (b) 2)
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Pair (Cons-Cells)

• Scheme uses singly linked lists to represent S-expressions internally

• Each node in a list is called a “cons-cell” or simply a “pair”

car cdr

• A pair consists of two pointers:
car and cdr (pronounced “could-er”)

• Names come from the original 1958 implementation of Lisp

• car points to the element

• cdr points to the next pair in the list,
or else it points to nil (end of the list)

14



S-expression Example

(a b c)

a b c

car car carcdr cdr cdr

nil
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S-expression Example

(a (b c))

a

car carcdr cdr

b c

car carcdr cdr

nil

nil
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S-expression Example (Exercise)

(a (b c) (d))

?
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S-expression Example (Exercise)

(a (b c) (d))

a

nil

b

c nild

nil
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Functions on S-expressions

Selectors:

• car: returns the car component of a pair

• cdr: returns the cdr component of a pair

• (car nil) and (cdr nil) are defined to be nil

• car and cdr of other atoms are undefined

• car returns the left subtree of an S-expression

• cdr returns the right subtree of an S-expression

- (car (a (b c) (d))) is a
- (cdr (a (b c) (d))) is ((b c) (d))
- (car ((b c) (d))) is (b c)
- (cdr ((b c) (d))) is ((d))

a

nil

b

c nild

nil

(a (b c) (d))
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Special Operator: Quote

• Scheme represents both program and data by S-expressions

• (+ 1 2) is which one?
- list of +, 1, 2
- 3

• 'S: Do not evaluate the S-expression S
- (+ 1 2) is 3
- '(+ 1 2) is '(+ 1 2)

• When you want to use the symbol x and not its value,
you should use 'x

• '() means empty list nil
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S-Expression Operators

Like any other abstract data type

• creators create new values of the type:
1 #t 'a '()

• producers make new values from existing values
(+ i j) (not b) (cons x xs)

• observers examine values of the type
number? boolean? symbol?

null? pair? car cdr

• mutators change values of the type
none in µScheme
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Examples of S-Expression Operators

(cons 'a '()) = '(a)

(null? '(a b c)) = #f

(cdr '(a b c)) = '(b c)

(car '(a b c)) = 'a

(boolean? (= 'x 'y)) = #t

(pair? (car '(a b c))) = #f

(pair? (cdr '(a))) = #f

(pair? (cons '(a) '())) = #t

(null? (car '(() b))) = #t

(cons '() (cdr '(null? a))) = '(() a)
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List Data Structure

• S-expressions are nice to manipulate trees

'(A (B C D) (E F G H))

A

B

C D

E

F G H

• Notion of an S-expression is too general in some applications

• How can we define the List data structure?

• Lists are a “linear” subset of S-expressions

nil
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List Data Structure

• A list may be defined recursively as follows:
- an empty list is a list
- an item followed by a list is a list

• LIST (A): The set of all lists whose elements are in set A

• LIST (A) is the smallest set satisfying the recursive equation:

LIST (A) =

{
'()

}
∪
{

(cons a as) | a ∈ A ∧ as ∈ LIST (A)

}
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List Data Structure

LIST (A) =

{
'()

}
∪
{

(cons a as) | a ∈ A ∧ as ∈ LIST (A)

}
Alternative way to express the same definition:

• a ∈ LIST (A) is a judgment defined by the inference rules:

'() ∈ LIST (A)
(Empty)

a ∈ A as ∈ LIST (A)

(cons a as) ∈ LIST (A)
(Cons)
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List Usefulness

Lists are useful data structures

• Sequences are a frequently used abstraction

• Can easily approximate a set

• Can implement finite maps with association lists (aka dictionaries)

• You do not have to manage memory

• Very easy to implement and work with
- although not efficient as balanced binary trees
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Summary

This Lecture

• An introduction to Scheme: a functional programming language
and one of the main dialects of Lisp

• We studied S-expressions and recursive definitions

Next Lecture

• We discuss equational reasoning and algebraic laws
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