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A
 session w

ith S
chem

e
%

 scm

>
 '

( ( p
e

rso
n

 Ja
ck  ( m

a
rrie

d
 Jill ) )

     ( p
e

rso
n

 Jim
   ( sin

g
le

 ) )
     ( p

e
rso

n
 Je

rry ( a
lim

o
n

y 8
0

0
 ) )

   )
((p

e
rso

n
 ja

ck (m
a

rrie
d

 jill)) (p
e

rso
n

 jim
(sin

g
le

)) (p
e

rso
n

 je
rry (a

lim
o

n
y 8

0
0

)))

>
 

( co
n

s 'a
lp

h
a

 '( b
e

ta
 ) )

(a
lp

h
a

 b
e

ta
)

>
 

( sym
b

o
l?

 'a
lp

h
a

 )
#

t

>
 

( sym
b

o
l?

 '( a
lp

h
a

 ) )
#

f

>
 

( sym
b

o
l?

 a
lp

h
a

 )
E

R
R

O
R

: u
n

b
o

u
n

d
 va

ria
b

le
:  a

lp
h

a
; in

 e
xp

re
ssio

n
: (... a

lp
h

a
)

; in
 to

p
 le

ve
l e

n
viro

n
m

e
n

t.

>
 

( n
u

ll?
 'a

lp
h

a
 )

#
f

>
 

( n
u

ll?
 () )

#
t

>
 

( cd
r ( co

n
s 'x '( y z ) ) )

(y z)

>
 

( co
n

s 'x ( cd
r '( y z ) ) )

(x z)
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>
 

( d
e

fin
e

 ( a
d

d
O

n
e

 x )
    ( +

 x 1
 )

  )
#

<
u

n
sp

e
cifie

d
>

>
 

( a
d

d
O

n
e

 1
0

 )
1

1

>
 

( a
d

d
O

n
e

 ( a
d

d
O

n
e

 1
5

 ) )
1

7

>
 

( d
e

fin
e

 ( co
n

j x y )
    ( if x y #

f )
  )
#

<
u

n
sp

e
cifie

d
>

>
 

( co
n

j ( sym
b

o
l?

 '(a
) )  ( e

q
?

 'a
 'a

 ) )
#

f

>
 

( d
e

fin
e

 ( d
isj x y )

    ( if x #
t y )

  )
#

<
u

n
sp

e
cifie

d
>

>
 

( d
isj ( sym

b
o

l?
 '(a

) )  ( e
q

?
 'a

 'a
 ) )

#
t

>
 

( e
q

?
 'a

 'a
 )

#
t

>
 

( e
q

?
 'a

 'b
 )

#
f

>
 

( e
q

?
 '( a

 ) '( a
 ) )

#
f
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>( d
e

fin
e

 ( e
q

E
xp

r?
 x y )

  ( if  ( sym
b

o
l?

 x )
        ( if  ( sym

b
o

l?
 y )

              ( e
q

?
 x y )

              #
f

        )
        ( if  ( n

u
ll?

 x )
              ( n

u
ll?

 y )
              ( if  ( e

q
E

xp
r?

 ( ca
r x )

                              ( ca
r y ) )

                    ( e
q

E
xp

r?
 ( cd

r x )
                              ( cd

r y ) )
                    #

f
)  )    )     )
#

<
u

n
sp

e
cifie

d
>

>
 

( e
q

E
xp

r?
  '( a

 b
 ( c d

 ) )
             '( a

 b
 ( c d

 ) )  )
#

t

>
 

( e
q

E
xp

r?
  '( a

 b
 ( c d

 ) )
             '( a

 b
 ( c d

 e
) )  )

#
f

>( d
e

fin
e

 ( e
q

E
xp

r?
 x y )

           ; th
e

 sa
m

e
 a

s b
u

ilt-in
 "e

q
u

a
l?

"
  ( co

n
d

    ( ( sym
b

o
l?

 x )  ( e
q

?
 x y ) )

    ( ( n
u

ll?
 x )  ( n

u
ll?

 y ) )
    ( ( e

q
E

xp
r?

 ( ca
r x ) ( ca

r y ) )
      ( e

q
E

xp
r?

 ( cd
r x ) ( cd

r y ) ) )
    ( e

lse
  #

f )
) )
#

<
u

n
sp

e
cifie

d
>
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>
 

( e
q

E
xp

r?
  '( a

 b
 ( c d

 ) )
             '( a

 b
 ( c d

 ) )  )
#

t
>

 
( e

q
E

xp
r?

  '( a
 b

 ( c d
 ) )

             '( a
 b

 ( c d
 e

) )  )
#

f

>
 

( d
e

fin
e

 ( m
e

m
b

e
r?

 K
 L

 )
  ( co

n
d

    ( (n
u

ll?
 L

 )  #
f )

    ( ( e
q

E
xp

r?
 K

 ( ca
r L

 ) )  #
t )

    ( e
lse

  ( m
e

m
b

e
r?

 K
 ( cd

r L
 ) ) )

) )
#

<
u

n
sp

e
cifie

d
>

>
 

( m
e

m
b

e
r?

 'a
a

 '( b
b

 cc a
a

 e
e

 rr tt ) )

#
t

>
 

( m
e

m
b

e
r?

 'a
a

 '( b
b

 cc (a
a

) e
e

 rr tt ) )

#
f

>
 

( d
e

fin
e

 ( a
p

p
e

n
d

 L
1

 L
2

 )    ; b
u

ilt-in
!

    (if  ( n
u

ll?
 L

1
 )

         L
2

         ( co
n

s ( ca
r L

1
 )

                ( a
p

p
e

n
d

 ( cd
r L

1
 ) L

2
 ) )

  ) )
W

A
R

N
IN

G
: re

d
e

fin
in

g
 b

u
ilt-in

 a
p

p
e

n
d

#
<

u
n

sp
e

cifie
d

>

>
 

( a
p

p
e

n
d

 '( a
b

 b
c cd

 )
           '( d

e
 e

f fg
 g

h
 ) )

(a
b

 b
c cd

 d
e

 e
f fg

 g
h

)

>
 

( e
xit )

;E
X

IT
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Lisp in general

T
here w

ere m
any dialects, starting w

ith Lisp 1.5
(1960), through S

chem
e (1975) to C

om
m

on Lisp
(1985).

[O
ther im

portant functional program
m

ing
languages are H

ope, M
L, M

iranda.]

T
he m

athem
atical basis of m

any functional
program

m
ing languages is 

λ-calculus (it allow
s

expressions that have functions as values).

F
undam

ental control m
echanism

s:
•

function application,
•

function com
position,

•
conditional schem

a,
•

recursion.

D
ata structures are very sim

ple:
•

lists,
•

atom
s.
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P
rogram

s and data are expressed in the sam
e

syntax:
•

function applications and conditional schem
ata

are w
ritten as lists, in a parenthesized prefix

form
;

•
program

 and data are distinguished by context.

T
his uniform

ity of data and program
s gives

functional program
m

ing languages their
flexibility and expressive pow

er:

program
s can be m

anipulated as data.

A
 one-page interpreter of Lisp in Lisp w

as the
basis of a first ever bootstrapping im

plem
entation

of a program
m

ing language (a very pow
erful

technique).

•
P

ure Lisp has only five
 prim

itive functions:
co

n
s

—
build a list,

ca
r

—
head of a list,

cd
r

—
tail of a list,

eq
—

equality of atom
s (B

oolean),
a
to

m
—

is this an atom
 (B

oolean);
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•
T

here are only tw
o other essential operations:

•
evaluate an expression,

•
apply a function to (evaluated) argum

ents

(plus several auxiliary operations to help handle
argum

ent lists and conditional evaluation).

Lisp is used interactively (as P
rolog or S

m
alltalk):

•
there is no  m

ain program
,

•
the top level loop (“ear”) evaluates an
expression for its value or for its side-effects
such as I/O

 (this expression m
ay invoke a

function that im
plem

ents a large and com
plex

algorithm
),

•
a Lisp program

 is a collection of functions that
m

ay  be called (directly or indirectly) from
 the

top level
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E
xpressions are norm

ally evaluated: you m
ust

specially ask Lisp to leave som
ething unevaluated

(quoted).

A
tom

s are treated literally, that is, they stand for
them

selves.

T
he nam

e of an atom
 m

ay m
ean som

ething in the
application dom

ain, but that’s not a concern for
the program

m
ing language.

Lisp 1.5 has several w
eaknesses:

•
aw

kw
ard (though elegantly uniform

) syntax,

•
dynam

ic scope rule,

•
inconsistent treatm

ent of functions as
argum

ents (because of dynam
ic scoping!).
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B
ack to S

chem
e

S
chem

e is a sm
all but w

ell-designed
subset/dialect of Lisp.

•
Lexical scope rule.

•
C

orrect treatm
ent of functional argum

ents
(thanks to lexical scoping):

functions are first-class objects, that is, they
can be created, assigned to variables,
passed as argum

ents, returned as values.

D
ata structures in S

chem
e are sim

ple, uniform
 and

versatile. T
hey are called 

S
-expressions (like in

Lisp).

C
S

I3125, F
unctional program

m
ing, page 

100

S
im

ple data structures

•
A

 num
ber: as usual (integer or float).

•
A

 variable: a nam
e bound to a data object, e.g.,

(d
e
fin

e
 p

i 3
.1

4
1
5
9
)

A
 variable has a type im

plicitly, depending on its
value. It can be assigned a new

 value:

(se
t! p

i 3
.1

4
1
5
9
2
)

(se
t! p

i 'a
lp

h
a
)

•
A

 sym
bol is a nam

e that is used for its shape

(it has no value other than itself).

(Lisp called sym
bols "atom

s".)
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C
om

pound data structures

•
A

 list:

(E
1  E

2  ...... E
n ) w

here Ei  are S
-expressions.

D
epending on context, a list is treated literally

(as a piece of data), e.g.,

(W
illia

m
 S

h
a
ke

sp
e
a
re

(T
h
e
 T

e
m

p
e
st))

or as a function application  w
ith argum

ents
passed by value, e.g.

(a
p
p
e
n
d
 x y)

•
A

 “dotted” pair (seldom
 used in practice)

underlies the structure of lists. A
 dotted pair is

produced by co
n
s

:

co
n
s(

α
 β

)
 returns (α

 . 
β
)

A
 list (E

1   E
2   ......  E

n ) is actually represented as

   (co
n
s 

E
1  (co

n
s 

E
2  

......

         (co
n
s 

E
n  ()) 

......
 ))

that is, as

   (
E

1  . (
E

2  
...

 (
E

n  . ()) 
...

 ))
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E
valuating a function

G
iven: a list (E0   E

1   ...  En )
S

tep (1)
E

valuate E0  to get V0 ,
E

valuate E1  to get V1 ,
......,
E

valuate En  to get Vn .
V

0  m
ust be a function, V1 , ..., V

n  are data objects.
S

tep (2)
A

pply V
0  to V

1 , ..., V
n :

com
pute V0 (V

1 , ..., Vn ).

E
valuation m

ay be suppressing by quoting
(q

u
o
te

 p
i)

 or, m
ore conveniently,

'p
i

E
xam

ples:
(* 2

.0
 p

i)
gives 6

.2
8
3
1
8
4

(* 2
.0

 'p
i)

has a w
rong argum

ent
('* 2

.0
 'p

i)
has a w

rong function!
(w

rite
 'p

i)
outputs the sym

bol pi
(w

rite
 p

i)
outputs 3.1

4
1
5
9
2
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List construction and access to elem
ents

A
 list is defined recursively:

•
an em

pty list is  ()
,

•
a non-em

pty list is
(co

n
s 

α
 ξ)

w
here ξ is a list.

T
he head and the tail of a list:

(ca
r (co

n
s 

α
 ξ))

  equals  α
(cd

r (co
n
s 

α
 ξ))

  equals  ξ
(ca

r ())
 and  (cd

r ())
  are incorrect

T
here is a notational convention for accessing

further elem
ents of a list:

(ca
a
r x) 

≡
 (ca

r (ca
r x))

(cd
a
d
r x) 

≡
 (cd

r (ca
r (cd

r x))))

F
or exam

ple, consider this 4-step evaluation:
(ca

a
d
a
r '((p

 ((q
 r) s) u

) (v)))
(ca

a
d
r '(p

 ((q
 r) s) u

))
(ca

a
r '(((q

 r) s) u
))

(ca
r '((q

 r) s))
'(q

 r)
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A
nother exam

ple:
the second elem

ent of list 
x

—
if it exists—

is
(ca

d
r x)

the third, fourth, ... elem
ents—

if they exist—
are

(ca
d
d
r x)

, (ca
d
d
d
r x)

, etc.

ca
r

, cd
r

, co
n
s

 are three (out of five) prim
itive

functions that ensure all the necessary access to
lists. T

w
o other prim

itives are 
predicates :

functions that return a special sym
bol 
#
t

 or #
f

.
(sym

b
o
l?

 x)
if and only if  x

 is a sym
bol,

(n
u
m

b
e
r?

 x)
if and only if  x

 is a num
ber,

(e
q
?
 x y)

if and only if the values of x and y
 are

sym
bols and are identical.

O
ther com

m
only used predicates (they can be

defined using the prim
itive five):

(e
q
u
a
l?

 x y)
 is true if the values of x and y

are the sam
e object, m

aybe not atom
ic.

(n
u
ll?

 x)
 is true if x

 is ()
, i.e. the em

pty list.
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F
unction expressions and definitions of functions

(d
e
fin

e
 (sq

u
a
re

 x)(* x x))
or(d

e
fin

e
 sq

u
a
re

(la
m

b
d
a
 (x)(* x x)))

C
ontrol in S

chem
e (as in Lisp) is very sim

ple:
function application, conditional schem

a, and—
as

a concession to the im
perative program

m
ing

habits—
sequence (not discussed here).

T
he conditional schem

a:
(co

n
d
 (

C
1  

E
1 )

      (
C

2  
E

2 ) ......
      (

C
n  

E
n )

      (e
lse

 
E

n+
1 ))

T
he last part, (e

lse
 

E
n+

1 )
, is optional.

(
C

i  
E

i )
 represents one condition-expression pair.

P
airs are evaluated left-to-right. W

e stop w
hen w

e
find a true Ci  (its value is  #t

 ). W
e return Ei  as

the value of the w
hole conditional schem

a.
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T
he conditional schem

a, a special case:

(co
n
d
 (

C
1  

E
1 ) (e

lse
 

E
2 ))

can be abbreviated as

(if 
C

1  
E

1  
E

2 )

M
ore exam

ples of functions in S
chem

e:

(d
e
fin

e
 (sa

m
e
_
n
e
ig

h
b
o
u
rs?

 l)
  (co

n
d

    ((n
u
ll?

 l) #
f)

    ((n
u
ll?

 (cd
r l)) #

f)
    ((e

q
u
a
l?

 (ca
r l)(ca

d
r l)) #

t)
    (e

lse
       (sa

m
e
_
n
e
ig

h
b
o
u
rs?

 (cd
r l)))

) )
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S
tack operations in S

chem
e

(d
e
fin

e
 (e

m
p
ty?

 sta
ck)

   (n
u
ll?

 sta
ck)

)(d
e
fin

e
 (p

u
sh

 e
le

m
 sta

ck)
   (co

n
s e

le
m

 sta
ck)

)(d
e
fin

e
 (p

o
p
 sta

ck)
   (if (e

m
p
ty?

 sta
ck)

       sta
ck

       (cd
r sta

ck)
)(d

e
fin

e
 (to

p
 sta

ck)
   (if (e

m
p
ty?

 sta
ck)

       ()
       (ca

r sta
ck)

)
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M
inim

um
 of a list

(d
e
fin

e
 (m

in
l l)

  (if (n
u
ll?

 l)
      l
      (m

in
l-a

u
x (ca

r l)(cd
r l))

) )

(d
e
fin

e
 (m

in
l-a

u
x e

lt lst)
  (co

n
d

   ((n
u
ll?

 lst) e
lt)

   ((>
 e

lt (ca
r lst))

    (m
in

l-a
u
x (ca

r lst)(cd
r lst)))

   (e
lse

 (m
in

l-a
u

x e
lt (cd

r lst)))
) )

A
 variant w

ith local scope:

(d
e
fin

e
 (m

in
l-a

u
x e

lt lst)
   (if (n

u
ll?

 lst)
       e

lt
       (le

t
          ((ca

rl (ca
r lst))

           (cd
rl (cd

r lst)))
          (if
            (>

 e
lt ca

rl)
            (m

in
l-a

u
x ca

rl cd
rl)

            (m
in

l-a
u
x e

lt cd
rl)

)  )   )  )
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H
igher-order functions

“H
igher-order” m

eans having functions as
argum

ents. T
he classic exam

ple is 
m

a
p, the

operation of applying a function to a list and
returning a list:

(E
1   E

2  ......  E
n )  →

  ((f E
1 )  (f E

2 )  ......  (f E
n ))

(d
e
fin

e
 (m

a
p
 f l)

  (if (n
u
ll?

 l)
      l
      (co

n
s (f (ca

r l))
            (m

a
p
 f (cd

r l)))
) )

F
or exam

ple, this gives 
(2

 3
 4

)
:

(m
a
p
 (la

m
b
d
a
(x) (+

 x 1
)) '(1

 2
 3

))
A

 version of m
ap w

hich does som
ething for all

elem
ents, w

ithout creating a list of results:
(d

e
fin

e
 (d

o
-fo

r-a
ll f l)

  (if (n
u
ll?

 l)
    l
    (le

t ((d
u
m

m
y (f (ca

r l))))
         (d

o
-fo

r-a
ll f (cd

r l))
) ) )

F
or exam

ple:
(d

o
-fo

r-a
ll w

rite
 '(1

 2
 3

))
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R
educers

Let f be a binary operation, that is, a tw
o

-
argum

ent function. Let f0 be a constant. W
e w

ant
to express the follow

ing transform
ation:

(E
1   E

2   ......  E
n )  →

(f  E
1   (f  E

2   (f  ......  (f  E
n   f0)  ...... )))

T
his is better w

ritten w
ith f as an infix operator:

(E
1   E

2   ......  E
n )  →

  E
1   f  E

2   f  ......  f  E
n   f  f0

E
xam

ples:
(E

1   E
2   ......  E

n )  →
  E

1   +
  E

2   +
  ......  +

  E
n   +

  0
(E

1   E
2   ......  E

n )  →
  E

1   *  E
2   *  ......  *  E

n   *  1
(d

e
fin

e
 (re

d
u
ce

 f f0
 l)

  (if (n
u
ll?

 l)
      f0
      (f (ca

r l)
         (re

d
u
ce

 f f0
 (cd

r l)))
) )

E
xam

ples:
(re

d
u
ce

 +
 0

 '(1
 2

 3
 4

)) 
gives 10

(re
d
u
ce

 * 1
 '(1

 2
 3

 4
)) 

gives 24
W

hat does this expression m
ean?

(re
d
u
ce

 co
n
s () '(1

 2
 3

 4
))
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S
chem

e—
sum

m
ary

.................................................................................................

.................................................................................................
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.................................................................................................
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.................................................................................................

.................................................................................................
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