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Pure Functional Languages

2. The concept of assignment is not part
of functional programming
e nO explicit assignment statements

e variables bound to values only through
the association of actual parameters

to formal parameters in function calls
e function calls have no side effects

e thus no need to consider global state

3. Control ow is governed by function calls

and conditional expressions
= no iteration

= recursion is widely used

Part III: Functional Programming

Pure Functional Languages

Fundamental concept: application of
(mathematical) functions to values

1. Referential transparency: The value of
a function application is independent of
the context in which it occurs
e value of £(a,b,c) depends only on the

values of £, a, b and ¢
e It does not depend on the global state
of computation

= all vars in function must be parameters

Pure Functional Languages

4. All storage management is implicit

e needs garbage collection

5. Functions are
e Can be returned as the value of an
expression
e Can be passed as an argument
e Can be put in a data structure as a
value

e nnamed functions exist as values



A program includes:

1. A set of function de nitions

2. An expression to be evaluated

E.g. in Scheme:

( £ (ab a )
(£ ( )

C )

(ab a ( ))

C LISP

e Implementations of IS did not
completely adhere to semantics

e Semantics rede ned to match

implementations

o C N IS has become the
standard

e Committee-designed language (1 0s)
to unify IS variants

e any de ned functions

e Simple syntax, large language

LISP

Functional language developed by ohn
cCarthy in the mid 50 s

Semantics based on

All functions operate on lists or atomic
symbols: (called S-expressions )

nly ve basic functions: list functions

c ,ca, c , a, a and one

conditional construct: ¢
seful for list-processing applications

rograms and data have the same
syntactic form: S-expressions

sed in Arti cial Intelligence

SC

Developed in 1 75 by G. Sussman and
G. Steele

A version of IS

Consistent syntax, small language

Closer to initial semantics of IS

rovides basic list processing tools

Allows functions to be rst class ob ects



Commonalities et een LISP an
SC

e Expressions are written in pre X,

parenthesized form
(f c a a a )
( )
¢ ( ) ( )

e In order to evaluate an expression:

1. evaluate £ ¢ to a function value
2. evaluate each a in order to obtain
its value

3. apply the function value to these

values
uilt In Functions
° : identity on atoms
° 1 is list empty

e ca : Selects rst element of list

e ¢ : selects rest of list

o (c ): constructs lists by
adding to front of
° or : produces constants
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S e pressions

S-expression i Atom

( S-expression
Atom ' Sym Num t f
O
(a b c)
(a (bc) )

((abc) ( (£)))

¢ ® )

ists have nested structure.

uilt In Functions

() is the empty list

o (ca (abc))

e (ca ((a) b (¢ )

e (c (a b c))

e (c (@) b (¢ )))

()
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e ca and c

(ca

(ca

(c
(c
(c
(c

can break up any list:

(c (@) b (c )N

(@) b (¢ )))

can construct any list:

a )
)N
(ab) (c )

(abec) ((a) b))

t er Functions

numeric operators, e.g.,

, ( )
, ( )

number comparison ops

e Run-time type checking functions:

All return oolean values: and O
( b ) is

( ) is

( b a)lis

( (a b)) is

) is

ore a out lists

roper lists:

O, (@ ® ) ) )

(c a (b)) (a b)

Dotted pairs (improper lists):

a b) (a b)

(a b)) a

(a b)) b

a (b c)) (a b

(abc) (a (b (c (

t er Functions

a ) evaluates to ()

(a)) evaluates to ()

( )) evaluates to
( )) = type error
( )) evaluates to ()
( )) evaluates to

c)

2)))



R L PRI Loop ample
(c a (c b (¢ )))

R L PRI Loop a (abc )
R : Read input from user: 1. Read the function application
a function application (c a (c b (¢ )))
2. Evaluate ¢ to obtain a function
L: Evaluate input: 3. Evaluate a to obtain a itself
(f a a a ) 4. Evaluate (c b (c )):

(a) Evaluate ¢ to obtain a function

(b) Evaluate b to obtain b itself

2. evaluate each a  to obtain a value (c) Evaluate (c ) to obtain (¢ ) itself
(d) Apply the ¢ function to b and (¢ )

to obtain (b ¢ )

1. evaluate £ to obtain a function

3. apply function to argument values

PRI : rint resulting value: 5. Apply the ¢ function to a and (b ¢ )
the result of the function application to obtain (abc )
rint the result of the application:
(abc )

uotes In i it valuation

a a b f
(c a (c b (¢ )))
uotes In i it valuation
a (abc )
a a
c a
( £f 0)
(c a (c b (c )))
a ( O O)
a (a ¢ ( b) ( (c D))
ca a b
a, f a
( £ Q0O)
(c a (c b (¢ )))
a ( O O)
b a ab a
c , ca



R L PRI Loop

Can also be used to de ne functions.

R : Read input from user:
a symbol de nition

L: Evaluate input:

store function de nition

PRI : rint resulting value:
the symbol de ned

Example:

a a
21
Function e nition
2. ( £ fc a fc a )
( £ a

(aba()( )))

( £ a
(aba( ) C ( ) )

ambda calculus:

e A formal system for de ning functions

and their properties

e E uivalent to Turing machines

Function e nition

Two syntaxes for de nition:

Con itional ecution: if

(f ¢ )

1. Evaluate c¢

2. If the result is a true value (i.e.,
anything but () or f£), then evaluate
return

3. therwise, evaluate and return

( f ( f f )
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and



Con itional

(c (c
(c

ecution: con

1. Evaluate conditions in order until

obtaining one that returns a true value

2. Evaluate and return the corresponding

result

3. If none of the conditions returns a true

value, evaluate and return

Con itional versus oolean pressions

rite a function that takes a parameter

and retu

otherwise.

(c

rns

(a
(C ©
(C »
((c a
((
((
(

if

O)

sing ¢

)

is an atom, and false

) )

) )
)

) )

Con itional ecution: con

( f (ab a )

(c (( ) )
( «C N
)
)
( £ ( f f )
(c (( ) O
(( (ca )) (c ))
( 0)
)
)

Con itional versus oolean pressions

Now write a without using ¢
( f (a )
(£ C b )
(£ C b )
(f (c a )
(£ ( )
(£ ( ) 0O
)
)
)
)
)



etter atom function . .
Recursive Sc eme Functions: Sum

Any list is a pair (dotted pair with CAR and
CDR), except the empty list (which is both
list and atom).

arameter: integer n 0.

Result: sum of integers from O to n.

o ) (£ < )

(f (a ) O )

) (c ( )

(£ C(a )

c (Ca ) ( )
( )

) )

) )

Recursive Sc eme Functions: Lengt Recursive Sc eme Functions: Lengt

¢ £ ( )

)

This is called cdr-recursion.

Note: There is a built-in function.



Recursive Sc eme Functions: s List
e (ab ( )) = ( )
e (ab O)= 0O
( £ (ab )

Recursive Sc eme Functions: Counting

( f (a ¢ )
(c (( ) )
((a ) )

( ( (a ¢ (ca )
(a c (c ))))))

e (a ¢ « N =
e (a ¢ C C ) »N)=>

This is called car-cdr-recursion.

Recursive Sc eme Functions: ppen

(a C ) <« )) = ( )
(a C ) C ) »N=« ()
(a O ( ) = ( )

(a ( ) O) = ( )

(a O O)y=0

( f (a )

)

Note: There is a built-in a function.

ciency Issues

Pro lem: Evaluating the same expression

twice.
Example:
( £ ( )
(c ((a ( ) ( )) )
C ( ) ( ))
( ))
( ( ))
))

hat can you do if there is no assignment
statement



ciency Issues

Solution ind values to parameters in a

helper function.

( f (a )
(c (C ) )
( )
)
( f ( )
(c ((a ( ) ( )) )
(
(a ( ) ( )))
)

Note: There is a built-in a function.

Polymorp ic an onomorp ic
Functions

° functions can be applied to

arguments of many forms

e T he function is polymorphic: it
works on lists of numbers, lists of

symbols, lists of lists, lists of anything

e T he function a IS monomorphic: it

only works on numbers

ciency Issues

Solution 2: se a or construct,

that binds variables to expression results.

( (C a )
(a ))
a a f a ca b )
( (C a )
(a ))
a a f a <ca b )

uality C ec ing

The predicate doesn t work for lists.
hy not

1. (c a () makes a new list

2. (c a ()) makes a(nother) new list

3. checks if its two arguments are

4. ( (c a () (c a )
evaluates to () (ie, f)

ists are stored as pointers to the rst
element (car) and the rest of the list (cdr).

Symbols are stored uni uely, so works
on them.



uality C ec ing for Lists ig er r er Functions

For lists, need a comparison function to Functions as input values:
check for the same structure in two lists
( £ (a )
(£ ( a ) ( ( )
b
( (@ (a ) (a ) ( )) @ « (ca )
(a (c ))))
(a ( (a )) ( (a )) )
( a (ca ) (ca ) (£ (a P )
( a (C ) (C ))))) (C ((a ) (f ))
o ( a a a) evaluates to ( )
)
e ( a a b) evaluates to () (a f ab ( ))
a ( )
e ( a (a) (a)) evaluates to
e( a ((a)) (a)) evaluates to () (a fab ¢ a)
a
1 2

ig er r er Functions

uilt In ig er r er Functions: a
Functions as returned values:

( £ (a f )

( £ ( ) (c (C ) O)
(c (C » ) ( (c (f (ca )
(aba () ( ( ) ) (a f (c NN
(C ) ))
(aba() ( ( ) )
( (aba() ) e a takes two arguments: a function and
) a list
(( ) )

e a builds a new list whose elements are
the result of applying the function to

each element of the (old) list
(( ( )) )



ig er or er Functions: a

e Example:
(a ab ( )) =
( )
(a (abad()( )) ( )) =
( )

e Actually, the built-in a can take more

than two arguments:

(abc)
(ta ) (® ) (¢ )

(a ¢

() ) () =

sing a to Correctt e Pro lem

( £ (a c )
(c g ) )
((a ) )
(
( a
(c (a a ¢ )y 0))
))
(a ¢ (a b))
a
(a ¢ ) ( ¢ )) «CCCHNN)

ats rong ere

( £ (a ¢ )
(c (C ) )
((a ) )
( ( (a a ¢ )))
))
a a C
(a ¢ (a b))
b ¢ ( ), a a a a
’ C C

y oesnttis or

Limitations of sing a

a only works in the current
de nition of a ¢

evaluate to themselves.

( )
a

(c ( ))
a ( )

( a (c ( ) O
a

because numbers



sing a to valuate pressions pplying Functions it a

(a (a) (b)) (a ( ))
a (a b) a
(c a ((a) (b)) (a a ((a) (b))
a (a (a) (b)) a (a b)
( a (c a (@) M)) O)
b a ab
( £ (a ¢ )
(c a ( @ ® N (e« ) )
a (a ( () ( O ((a > )
(
( a (a (a a ¢ )))))
(c a ¢ @ @))) O)
a (a b) a a C
(a c (a (b) <))
o0 complicate a
ig er or er Functions: C
¢ ¢ ( . ) ig er or er Functions: c
(£ ( )
( c ( ) ) =>
( (ca )
( c (c ) )
))
ote: ( ) =
A binary n-ary function.
( c ( ) ) =
The ¢ function takes a binary
operation and applies it right-associatively
to a list of an arbitrary number of
arguments.
ote: ( ) =

¢ is not e uivalent to a



ig er or er Functions: c ample Functions

Given _ which takes two lists e cdr ists: given a list of lists, form new

representing sets and returns their union: list giving all elements of the cdr s of the
sublists.

(a () ((12) (345) ()= (245)

a ( ) e swapFirstTwo: given a list, swap the

rst two elements of the list.

(a « YO HC N (1234)= (2134)

C C [
e swapTwoln ists: given a list of lists,
ac a form new list of all elements in all lists,
with rst two of each swapped.

( W C I N O (123)@)6G ) =(2134 5)
a ( ) e addSums: given a list of numbers, sum
the total of all sums from 0 to each
uestion: ow would you have to change number

c to be able to take c as its
(135) =22

function argument

ore on ciency
ore on ciency

sing an accumulator.



ample Functions

e addToEnd: add an element to the end
of a list.
(addToEnd a (abc)) = (abca)

e rev ists: given a list of lists, form new
list consisting of all elements of the
sublists in reverse order.
((12)B345 () =>( 54321)

e rev istsAll: given a list of lists, form new

list from reversal of elements of each list.

((12)345)())=(21543 )

Lam a pressions:
nvironments an Local aria les

ambda variables get values by the process
of lam a re uction: when a lambda
expression is followed by a se uence of
expressions, the values of those expressions
are substituted for the lambda variables.

( (lambda (xy) ( xy))3(4 5))

= by lambda reduction

= by simpli cation
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Lam a pressions:
nvironments an Local aria les

Recall that functions are lam a

e pressions:

(de ne (mult xy) ( xvVy))
(de ne mult (lambda (xy) ( XVy)))

ambda expressions are a formal notation
for establishing an environment (a local
context) in which the lambda variables (the

parameters to the function) are de ned.

Compare logic expressions:

x( ()= ()

Function Calls an Lam a Re uction

A function call in Scheme is lam a
re uction:

( ( ))

= by evaluation

( (lambda (xy) ( xy))3 )

= by lam a re uction

= by simpli cation



The special forms

de ne local variables in a new environment.

General Form:

( ((
( ((

)

an

and are used to

oth establish the variables s , to

have values

in the expression

° does the binding in parallel
° does the binding in order
an are not primitive

All binding of values to variables is by

parameter passing (

=

SSI

lambda reduction):

an

( ¢ )« ))
= 4

( C N« C <« ))) ( )))
= 24

( C )y ¢« ))) ( ))
is an error: unbound variable x

( C ) C ( ))) ( ))
= 24

Summary of Part III:
Functional Programming Languages



