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1μμ μ

μμ μ

μμ μ

μμ μ

μ μμ μ

2μμ μ

μμ  μ (i)

μμ μ

(imperative programming)

FORTRAN, Algol, COBOL, BASIC,

C, Pascal, Modula-2, Ada

μμ μ

(functional programming)

LISP, ML, Scheme, Miranda, Haskell

μμ μ

(logic programming)
Prolog



3μμ μ

μμ  μ (ii)

μ μμ μ

(object-oriented programming)

Simula, Smalltalk, C++, Eiffel, Java

/ μ μ

μμ μ

(parallel/concurrent/distributed
programming)

OCCAM, Concurrent C, Ada, Java

4μμ μ

μμ μ (i)

μ

μ (2-10  μ )

μ

μ , , μ

μ  μ μ

μ : QuickSort  Haskell

qsort [] = []
qsort (x:xs) = qsort lt ++ [x] ++ qsort ge
where lt = [y | y <- xs, y < x]

ge = [y | y <- xs, y >= x]



5μμ μ

μμ μ (ii)

μ

μ

 μ μ

 μ μ

μμ μ
 μ ,

μ

Haskell http://www.haskell.org/

6μμ μ

inc n = n+1
f t = t * inc t

μ

x = f 6
y = f (f 2)

(type inference)

μ

inc, f :: Int -> Int
x, y   :: Int



7μμ μ

μ μ

μ μ

x f 6 6 * inc 6
6*(6+1) 6*7 42

μ
μ μ ( . .)

y f (f 2) f (2 * inc 2)
f (2*(2+1)) f (2*3) f 6
6 * inc 6 6*(6+1) 6*7 42

y f (f 2) f 2 * inc (f 2)
(2 * inc 2) * inc (2 * inc 2)
(2*(2+1)) * inc (2*(2+1))
(2*(2+1)) * (2*(2+1)+1) … 42

8μμ μ

let

x = let inc n = n+1
f t = t * inc t

in f 6

...  μ where

x = f 6
where inc n = n+1

f t = t * inc t

μ . .  Pascal 



9μμ μ

μ

 μ μ

add :: (Int, Int) -> Int
add (x, y) = x+y

... μ

solve2eq :: (Double, Double, Double)
-> (Double, Double)

solve2eq (a, b, c) =
let d  = b*b - 4*a*c

x1 = (-b - sqrt(d)) / (2*a)
x2 = (-b + sqrt(d)) / (2*a)

in (x1, x2)

10μμ μ

μ

μμ μ

μ

μ

factorial n =
if n <= 1 then 1

else n * factorial (n-1)

μ . . . ( μ )

gcd (n, 0) = n
gcd (n, m) = gcd(m, n `mod` m)

pattern matching μ

 m 0



11μμ μ

μ

twice :: (Int -> Int, Int) -> Int
twice (f, x) = f (f x)

inc n = n + 1
plus2 x = twice (inc, x)

... μ

plusN :: Int -> (Int -> Int)
plusN x = let f y = x + y

in f

12μμ μ

μ

“

n n+1” n. n+1

\n -> n+1

μ

twice :: (Int -> Int, Int) -> Int
twice (f, x) = f (f x)

plus2 :: Int -> Int
plus2 x = twice (\n -> n+1, x)

plusN :: Int -> (Int -> Int)
plusN x = \y -> x + y



13μμ μ

μ (i)

“Currying” (Haskell B. Curry)
 μ μ

μ  μ  μ

μ  μ

add :: (Int, Int) -> Int
add (x, y) = x+y

add’ :: Int -> (Int -> Int)
add’ x = \y -> x+y

Curried
version

add (x, y) == (add’ x) y

14μμ μ

μ (ii)

 curried 

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

twice :: (Int -> Int) -> Int -> Int
twice f x = f (f x)

 curried 

 “μ μ ”

twice (add 20) 2 add 20 (add 20 2)
add 20 (20+2) 20+(20+2) 42



15μμ μ

(i)

μ

digits :: [Int]
digits = [0,1,2,3,4,5,6,7,8,9]

dictionary :: [(String, String)]
dictionary = [("apple", "μ "),

("pear", " "),
("pencil", "μ ")]

μ  μ

 μ

length [] = 0
length (x:xs) = 1 + length xs

16μμ μ

(ii)

μ  μ  ( )

concat [] ys = ys
concat (x:xs) ys = x : concat xs ys

reverse [] = []
reverse (x:xs) =

concat (reverse xs) [x]

( )

reverse xs = aux xs []
where aux [] ys = ys

aux (x:xs) ys = aux xs (x:ys)



17μμ μ

(iii)

μ  μ

μ  μ

 μ

map f [] = []
map f (x:xs) = f x : map f xs

“ μ ”  μ

filter f [] = []
filter f (x:xs) =
if f x then x : filter f xs

else filter f xs

18μμ μ

μ μ μ (i)

;
id x = x

μ
id 42 42       :: Int
id "Hello" "Hello" :: String
id inc inc      :: Int -> Int

 μ μ

id :: a -> a ( a)



19μμ μ

μ μ μ (ii)

μ
length  :: [a] -> Int
concat  :: [a] -> [a] -> [a]
reverse :: [a] -> [a]
filter  :: (a -> Bool) -> [a] -> [a]

 μ  “ ”

map :: (a -> b) -> [a] -> [b]

μ μ

zip :: [a] -> [b] -> [(a, b)]
zip [] ys = []
zip xs [] = []
zip (x:xs) (y:ys) = (x,y) : zip xs ys

20μμ μ

μ (i)

μ
data Light = Red | Green | Yellow
next :: Light -> Light
next Green = Yellow
next Yellow = Red
next Red = Green

μ
data Number = NInteger Int

| NReal    Double
| NComplex Double Double

neg (NInteger n) = NInteger (-n)
neg (NReal r) = NReal (-r)
neg (NComplex x y) = NComplex (-x) (-y)



21μμ μ

μ (ii)

μ μ

μ
data ListOfInt = Nil | Cons Int List

μ
data List a = Nil | Cons a (List a)

μ
sum :: List Int -> Int
sum Nil = 0
sum (Cons x xs) = x + sum xs

length :: List a -> Int
length Nil = 0
length (Cons x xs) = length xs

22μμ μ

μ (iii)

μ μ  ( )

μ

data Tree a = Nil
| Node a (Tree a) (Tree a)

μ

count :: Tree a -> Int
count Nil = 0
count (Node a left right) =
1 + count left + count right



23μμ μ

μ (iv)

μ μ  ( )

preorder :: Tree a -> [a]
preorder Nil = []
preorder (Node a left right) =
a : preorder left ++ preorder right

traverseBF :: Tree a -> [a]
traverseBF t = aux [t]
where aux [] = []

aux (Nil : ts) = aux ts
aux (Node a left right : ts) =
a : aux (ts ++ [left, right])

24μμ μ

μ (v)

μ μ  ( )

( )

preorder t = aux t []
where aux Nil ts = ts

aux (Node a left right) ts =
a : aux left (aux right ts)

( )
traverseBF t = aux [t] []
where
aux [] [] = []
aux [] ys = aux (reverse ys) []
aux (Nil : xs) ys = aux xs ys
aux (Node a left right : xs) ys =
a : aux xs (right : left : ys)



25μμ μ

μ μ (i)

μ μ (eager evaluation)

μ

μ μ

. . LISP, ML, Scheme

μ (lazy evaluation)

μ ,
 μ μ

μ μ
μ

. . Miranda, Haskell

26μμ μ

μ μ (ii)

μ : μ
loop n = loop (n+1)
foo x y = if x == 1 then y else 42

μ μ

foo 7 (loop 0) foo 7 (loop (0+1))
foo 7 (loop 1) foo 7 (loop (1+1))
foo 7 (loop 2) … ( μ )

μ

foo 7 (loop 0)
if 7 == 1 then loop 0 else 42
42



27μμ μ

μ μ (iii)

μ : μ
μ

primes :: [Int]
primes = sieve (natsgt 2)
where
natsgt n = n : natsgt (n+1)
sieve (x:xs) =
x : sieve (filter (ndiv x) xs)

ndiv x y = y `mod` x /= 0

primes == [2,3,5,7,11,13,17,19,23,29,…]

allnats = 0 : map (\n -> n+1) allnats

28μμ μ

 μ

“ ” μμ μ

(purely functional programming)

(side effects)

(mutable variables)

•  ( μ )

•  ( μ )

/ (input/output)
•

•
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μμ μ

μμ μ  μ  μ

μ

μμ μ  μ

μ

 Prolog

W.F. Clocksin and C.S. Mellish,

Programming in Prolog, 4th edition,

Springer-Verlag, New York, 1997.

30μμ μ

μ (i)

(predicate logic)

μ  μ

μ

μ

μ : μ ( μ )

: ( ) ( ) ( )

( ) ( )

( μ ) ( ) ( )
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μ (ii)

 μ  Horn

 μ

 μ

1 2 ... m A1 A2 ... An

A1, A2 , ... An 1, 2 , ... m
μ

 ( )  μ

 μ  Horn
A1 A2 ... An

A1 A2 ... An

32μμ μ

(i)

male(john).
male(george).
female(mary).
female(jenny).
parent(john,george).
parent(mary,george).
parent(john,jenny).
parent(mary,jenny).

father(X,Y) :- parent(X,Y), male(X).
mother(X,Y) :- parent(X,Y), female(X).



33μμ μ

(ii)

 ( )
human(X) :- male(X).
human(X) :- female(X).
brother(X,Y) :- male(X), parent(Z,X),

parent(Z,Y).
sister(X,Y) :- female(X), parent(Z,X),

parent(Z,Y).

 – (goals)

?- male(john).
yes
?- male(mary).
no

34μμ μ

(iii)

 –  ( )
?- male(peter).
no
?- male(X).
X=john;
X=george;
no
?- human(X).
X=john;
X=george;
X=mary;
X=jenny;
no



35μμ μ

(iv)

 –  ( )
?- brother(george,jenny).
yes
?- mother(X,george).
X=mary;
no
?- sister(X,Y).
X=jenny, Y=george;
X=jenny, Y=jenny;
X=jenny, Y=george;
X=jenny, Y=jenny;
no

36μμ μ

(i)

(resolution)

μ

-  μ
 μ

 (unification):
μ

 μ

,

 μ ,
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(ii)

μ  ( )

 (backtracking):

,  μ ,

μ μ

μ μ  μ

μ
?- mother(X,george). backtracking
parent(X,george), female(X).

X=mary
parent(mary,george), female(mary).

X=john parent(john,george), female(john).

38μμ μ

μ  Prolog (i)

μ ,

ancestor(X,X).
ancestor(X,Y) :- ancestor(Z,Y),

parent(X,Z).

μ ! (cut)
μ

 μ



39μμ μ

μ  Prolog (ii)

μ

not A
A  μ

 μ

, . . not not A A
μ  “ ”

μμ μ  μ μ

μ

 μ μ μ

μ μ

40μμ μ

μ (i)

μ
daysOf(january,Y,31).
daysOf(february,Y,29) :-

Y mod 400 =:= 0,
Y mod 4000 =\= 0, !.

daysOf(february,Y,29) :-
Y mod 4 =:= 0,
Y mod 100 =\= 0, !.

daysOf(february,Y,28).
daysOf(march,Y,31).
...
daysOf(december,Y,31).

validDate(D,M,Y) :- daysOf(M,Y,X),
D>=1, D=<X.



41μμ μ

μ (ii)

length([],0).
length([X|Xs],N) :-
length(Xs,M), N is M+1.

member(X,[X|_]).
member(X,[_|Xs]) :-
member(X,Xs).

append([],Ys,Ys).
append([X|Xs],Ys,[X|Zs]) :-

append(Xs,Ys,Zs).

42μμ μ

μ (iii)

( )
?- length([1,2,3,4,5],X).
X=5;
no
?- member(X,[1,2,3]).
X=1;
X=2;
X=3;
no
?- append([1,2,3],[4,5,6],L).
L=[1,2,3,4,5,6];
no
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μ (iv)

( )
?- append(X,[4,5],[1,2,3,4,5]).
X=[1,2,3];
no
?- append([1|X],Y,[1,2,3]).
X=[], Y=[2,3];
X=[2], Y=[3];
X=[2,3], Y=[];
no

44μμ μ

μ (v)

 ( ) μ
sort(L,SL) :-
permutation(L,SL), sorted(SL), !.

permutation(L,[H|T]) :-
append(V,[H|U],L),
append(V,U,W),
permutation(W,T).

permutation([],[]).
sorted([]).
sorted([H|T]) :- sortedx(H,T).
sortedx(_,[]).
sortedx(N,[H|T]) :- N=<H, sortedx(H,T).



45μμ μ

μ (vi)

 ( ) μ ( )
?- sort([42,13,77],L).
L=[13,42,77];
no
?- permutation([1,2,3],X).
X=[1,2,3];
X=[1,3,2];
X=[2,1,3];
X=[2,3,1];
X=[3,1,2];
X=[3,2,1];
no

46μμ μ

μ (vii)

 QuickSort
qsort([H|T],S) :-
split(H,T,A,B),
qsort(A,SA),
qsort(B,SB),
append(SA,[H|SB],S).

split(H,[A|X],[A|Y],Z) :-
A=<H, split(H,X,Y,Z).

split(H,[A|X],Y,[A|Z]) :-
H<A, split(H,X,Y,Z).

split(_,[],[],[]).
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μ μμ μ (i)

μ  (object-oriented)

μ μ

μμ μ

μ

μ :

• μ (data),

• μ (methods),

μ

 (encapsulation)

48μμ μ

μ μμ μ (ii)

,

μ

(interface)

μ  μ

μ

μ

 μ μ
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μ μμ μ (iii)

μ

,
μ μ

, μ , μ

μ μ ,

μ
μ μ ...

μ
Java http://java.sun.com/

50μμ μ

μ (i)

μ : μ

public class Counter
{
private int value;

Counter ()  { value = 0; }

void inc () { value++; }
int get () { return value; }

}
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μ (ii)

μ ( )

public class DemoProgram
{
public static
void main (String [] args)

{
Counter c = new Counter();

for (int i=0; i<42; i++) {
c.inc();
System.out.println(c.get());

}
}

}

52μμ μ

μ (iii)

μ : μ μ

public class Complex
{
private double re, im;

Complex ()
{ re = im = 0.0; }

Complex (double r)
{ re = r; im = 0.0; }

Complex (double r, double i)
{ re = r; im = i; }

void negate ()
{ re = -re; im = -im; }
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μ (iv)

μ ( )

Complex add (Complex c) {
return new Complex(re + c.re,

im + c.im);
}

void print () {
System.out.print(re);
if (im > 0.0)
System.out.print("+");

if (im != 0.0) {
System.out.print(im);
System.out.print("j");

}
}

}

54μμ μ

μ (v)

μ  ( )

public class DemoProgram2
{
public static
void main (String [] args)

{
Complex c1 = new Complex(1);
Complex cj = new Complex(0, 1);
Complex c;

c = c1.add(cj);
c.negate();
c.print();
System.out.println("\n");

}
}
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(i)

μ (inheritance)

μ  μ ,

μ

μ

Counter

CounterDec CounterLim

Animal

Mammal Insect

Human

Bird

Eagle Pigeon Spider

56μμ μ

(ii)

μ : μ  μ

public class CounterDec
extends Counter

{
void dec () {
if (value > 0) value--;

}
}

 μ

public class CounterLim
extends Counter

{
void inc () {
if (value < 30) value++;

}
}

μ
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(iii)

μ  ( )
public class DemoProgram3
{
public static
void main (String [] args)

{
CounterDec c = new CounterDec();
for (int i=0; i<42; i++) {
c.inc();
System.out.println(c.get());

}
for (int i=0; i<42; i++) {
c.dec();
System.out.println(c.get());

}
}

}

get inc

Counter

dec

CounterDec

58μμ μ

(iv)

μ  ( )

public class DemoProgram4
{
public static
void main (String [] args)

{
CounterLim c = new CounterLim();

for (int i=0; i<42; i++) {
c.inc();
System.out.println(c.get());

}
}

}

inc

CounterLim

get

Counter
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(i)

μ μ

μ μ  μ

μ

μ

Counter c = new CounterDec();

for (int i=0; i<42; i++) {
c.inc();
System.out.println(c.get());

}

60μμ μ

(ii)

μ μ
(subtype polymorphism)

Counter c1 = new Counter();
Counter c2 = new CounterLim();

for (int i=0; i<42; i++) {
c1.inc();
c2.inc();

}

μ  μ ;

μ μ (dynamic binding)

c2.inc() inc CounterLim



61μμ μ

μ

μ

(abstract) μ ,

 μ

μ

μ

public abstract class Expression
{
abstract double eval ();

}

62μμ μ

(i)

μ :
μ

public class Constant
extends Expression

{
private double value;

Constant (double d)
{ value = d; }

double eval ()
{ return value; }

}



63μμ μ

(ii)

μ ( )

μ

public abstract class Operation
extends Expression

{
private Expression left, right;

Operation (Expression l,
Expression r)

{ left = l; right = r; }
}

64μμ μ

(iii)

μ ( )

public class Plus extends Operation
{
Plus (Expression l, Expression r)
{ super(l, r); }

double eval ()
{ return left.eval() +

right.eval(); }
}



65μμ μ

(iv)

μ  ( )

public class DemoProgram7
{
public static
void main (String [] args)

{
Expression e1 =

new Plus(new Constant(3),
new Constant(4));

Expression e2 =
new Minus(new Constant(8),

new Constant(2));
Expression e = new Times(e1, e2);

System.out.println(e.eval());
}

}


