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+ +1. Introdu
tionFun
tional programming languages

� subset of de
larative programming languages: 
omputationis de�ned by set of de
larations

� type, 
lass, fun
tion de�nitions, initial expression

� 
omputation means evaluation of the initial expression (rewritingrules)
� mathemati
al model of 
omputation: �-
al
ulus (Chur
h,1932-33, 
omputationally equivalent to Turing ma
hine)+ 3



+ +

Fun
tional programming style

� spe
i�
ation of problem, re�nement of problem are the main
on
erns
� program 
omponents solving subproblems do not 
ause side-e�e
ts

� spe
i�
ation by pre- and post
onditions, fun
tion 
ompositionsgiven in post
ondition 
orrespond to the stru
ture of solution

+ 4



+ +Evaluation
� evaluation = sequen
e of rewriting (redu
tion) steps� example for a fun
tion de�nition:sqr x = x * xfun
tion identi�er, formal argument, fun
tion body (expression)� aspe
ts: 
omputability, e�e
tiveness� Redu
tion step: substitution (rewriting) of a fun
tion appli
ationby its de�nition in the body, until we rea
h normal form.� Evaluation strategy: sele
tion order of redexes (redu
ibleexpressions), well-known strategies: lazy (fun
tion appli
ation�rst), eager or stri
t (arguments �rst), parallel.� Normal form is unique (in 
on
uent rewriting systems), Lazyevaluation order always �nds the normal form, if it exists.+ 5



+ +Examplesin
 x = x+1square x = x*xsquarein
 x = square (in
 x)fa
t n = produ
t [1..n℄fa
t 10squarein
 7stri
t:squarein
 7 -> square (in
 7) -> square (7+1)-> square 8 -> 8*8 -> 64lazy:squarein
 7 -> square (in
 7) -> (in
 7) * (in
 7)-> 8 * (in
 7) -> 8*8 -> 64+ 6



+ +Chara
terization of modern purely fun
tional languages

� no destru
tive assignments� referential transparen
y - equational reasoning (same expressionmeans always the same value)� strongly typed (every subexpression has a stati
 type), typededu
tion, polymorphism, abstra
t algebrai
 data types� higher order fun
tions (argument or value is a fun
tion)twi
e f x = f (f x))� Currying - fun
tions with 1 argument(+) x y vs. ((+) x) y).� re
ursion� lazy evaluation and stri
tness analysis f x = 0; f (5+1); 2* (5+1)+ 7
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� Zermelo-Fraenkel set-expressions{ x*x \\ x <- [1..℄ | odd(x) }� pattern mat
hing of argumentsfa
 0 = 1fa
 n | n > 0 = n * fa
 (n-1)� o�-side rule determining s
ope of identi�ersadd4 = twi
e su

wheresu

 x = x+2add = ... su

 ...� I/O models: i/o stream, monads, unique world

+ 8



+ +Small Clean programsmodule testimport StdEnvStart =// 5 + 2*3 // sum [1..10℄// reverse (sort [1,6,2,7℄) // 1 < 2 && 3 < 4// 2 < 1 || 3 < 4 // [1,2℄ ++ [3,4,5℄// and [True, 2<1, 6>5 ℄ // take 3 [1,2,3,4,5℄map my_abs2 [7,-4,3℄my_abs x| x < 0 = ~x| x >= 0 = xmy_abs2 x| x < 0 = ~x| otherwise = x+ 9



+ +Quadrati
 equationmodule quadrati
import StdEnvqeq :: Real Real Real -> (String,[Real℄)qeq a b 
| a == 0.0 = ("not quadrati
",[℄)| delta < 0.0 = ("
omplex roots",[℄)| delta == 0.0 = ("one root",[~b/2.0*a℄)| delta > 0.0 = ("two roots", [(~b+radix)/(2.0*a),(~b-radix)/(2.0*a)℄)wheredelta = b*b-4.0*a*
radix = sqrt deltaStart = qeq 1.0 (-4.0) 1.0+ 10
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+ +Queens
module queensimport StdEnvqueens 0 = [[℄℄queens n = [ [q:b℄ \\ b <- queens (n-1),q <- [0..7℄ | safe q b ℄safe q b = and [not (
he
ks q b i)\\ i <- [0 .. (length b)-1℄ ℄
he
ks q b i = (q == b!!i) || (abs(q-b!!i)==(i+1))Start = (length(queens 8),queens 8)+ 11
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+ +Simple IO on 
onsolemodule hello
onsoleimport StdEnvStart :: *World -> *WorldStart w# (
onsole,w) = stdio w
onsole = fwrites "enter your name:\n" 
onsole(name,
onsole) = freadline 
onsole
onsole = fwrites ("Hello " +++ name) 
onsole(_,
onsole) = freadline 
onsole(ok, nw) = f
lose 
onsole w| not ok = abort "error"| otherwise = nw+ 12



+ +Test environmentmodule fun
tiontestimport funtest, StdClass, StdEnvStart :: *World -> *WorldStart w = fun
tionTest funs wdubl :: Int -> Intdubl x = x * 2plus :: Int Int -> Intplus x y = x+yfl :: [[Int℄℄ -> [Int℄fl a = flatten afuns :: [(([String℄ -> String),[String℄,String)℄funs = [ (one_arg dubl, ["2"℄ , "dubl"),(two_arg plus, ["2","10"℄ , "plus"),(no_arg "Hello world", [℄, "Program"),(one_arg fl, ["[[1,2,3,4℄,[℄,[4℄℄"℄,"flatten")℄+ 13



+ +2. Simple Elements of CleanPattern mat
hinghd [x:y℄ = x // partialtl [x:y℄ = y // partialfa
 0 = 1fa
 n| n > 0 = n * fa
 (n-1) // partialsum [℄ = 0sum [x:xs℄ = x + sum xslength [℄ = 0length [_:rest℄ = 1 + length rest

+ 14



+ +Type 
he
king1 + True // Type error: "argument 2 of +" 
annot unify// demanded type Int with Boollength 3 // "argument 1 of length" 
annot unify// demanded type (a b) | length a with IntType de�nitions, annotations// Elementary types: Int, Real, Bool, Char// Types identifiers starts by upper
ase lettersStart :: Int x:: [Int℄ y::[Bool℄Start = 3+4 x=[1,2,3℄ y=[True,True,False℄z::[[Int℄℄ sum::[Int℄->Intz= [[1,2,3℄,[1,2℄℄ sqrt:: Real->Real+ 15



+ +AnnotationsAnnotations in type de�nitions (!, *, et
.) may spe
ify stri
tevaluation of arguments or a unique referen
e to the argument.Polymorphi
 typeType 
ontaining type variables,fun
tions with polymorphi
 types are 
alled polymorphi
 fun
tions.length :: [a℄ -> Int // a is a type variable,hd :: [a℄ -> a // id started by lower letterThe fun
tionality of the polymorphi
 fun
tion is not dependingon the a
tual type.+ 16



+ +Overloading, "ad ho
 polymorphism", 
lassesThere are many instan
es of +, the fun
tionality of + is dependingon the type. The signature is the same.(+) :: a a -> a // illustrationClasses de
lare overloaded identi�ers having the same signature.
lass (+) infixl 6 a :: !a !a -> a // abstra
t (+) fun
tion// with stri
t evaluationdouble :: a a -> a | + a // if (+) has an instan
edouble n :== n + n // then double tooInstan
e de�nition by systemati
 substitution:instan
e + Boolwhere(+) :: Bool Bool -> Bool // instan
e(+) True b = True(+) a b = b+ 17



+ +

Synonyms
� Global 
onstants, evaluated on
e (run-time), reusable.Optimization: exe
ution time de
reased vs. memory usagein
reased.smallodds =: [1,3 .. 10000℄

� Type synonyms (repla
ed in 
ompile time):: Color :== Int // Color is the same type as integer

� Ma
ros, synonyms of expressions (repla
ed in 
ompile time)Bla
k :== 1 White :== 0+ 18



+ +Higher order fun
tions on lists

� �lter - sele
ting elements satisfying a propertyfilter :: (a -> Bool) [a℄ -> [a℄filter p [℄ = [℄filter p [x:xs℄| p x = [ x : filter p xs℄| otherwise = filter p xseven x = x mod 2 == 0odd = not o even // odd x = not (even x)evens = filter even [0 .. ℄� map - fun
tion applied elementwise (length is preserved)map :: (a -> b) [a℄ -> [b℄map f [℄ = [℄map f [x:xs℄ = [ f x : map f xs℄odds = map in
 evens+ 19



+ +

� foldr - elementwise 
onsumerfoldr :: (.a -> .(.b -> .b)) .b ![.a℄ -> .b// foldr :: ( a a -> a) a [a℄ -> afoldr op e [℄ = efoldr op e [x:xs℄ = op x (foldr op e xs)sum = foldr (+) 0 // sum xs = foldr (+) 0 xsand = foldr (&&) True

� takeWhile - takes while p, dropWhile - drops while ptakeWhile p [℄ = [℄takeWhile p [x:xs℄| p x = [ x : takeWhile p xs ℄| otherwise = [℄

+ 20



+ +IterationIteration of f while not p:until :: (a -> Bool) (a -> a) a -> auntil p f x| p x = x| otherwise = until p f (f x)powerOfTwo = until ((<) 1000) ((*) 2) 1 // 1024Example - square root by Newton iterationsqrtn :: Real Real -> Realsqrtn x = until goodEnough improve 1.0whereimprove y = 0.5 * (y+x/y)goodEnough y = (y * y) ~=~ x(~=~) a b = abs(a-b) < 0.00001+ 21



+ +3. Lists[1,2,3*x,length[1,2℄℄ :: [Int℄ // enumeration of the elements[sin, 
os, tan℄ :: [Real->Real℄[℄ :: a[3<4,a==5,p&&q℄ :: [Bool℄[1,3..12℄ [100,80,..℄ // arithmeti
al sequen
esRepresentation of list: xs=[1,2,3℄.Spine and elements. Extending the list by an element.

0

[0:xs]

31 2

[ ]

xs+ 22
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Standard fun
tions on lists
1

l

hd l 2 3

[ ]init l

last l

[ ]

tl l

hd [a:x℄ = a tl [a:x℄ = xhd [℄ = abort "hd of [℄" tl [℄ = abort "tl of [℄"last [a℄ = a init [℄ = [℄last [a:tl℄ = last tl init [x℄ = [℄last [℄ = abort "last of [℄" init [x:xs℄ = [x: init xs℄+ 23
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1

l

2 3

[ ]

[ ]

l !! 2

take 2  l

drop 2 l

(!!) infixl 9 :: [a℄ Int -> a(!!) [℄ _ = subs
ript_error(!!) list i = index list iwhere index [hd:tl℄ 0 = hdindex [hd:tl℄ n = index tl (n - 1)index [℄ _ = subs
ript_errortake 0 _ = [℄take n [a:x℄ = [a:take (de
 n) x℄take n [℄ = [℄+ 24



+ +drop n 
ons=:[a:x℄| n>0 = drop (n-1) x= 
onsdrop n [℄ = [℄(%) list (frm,to) = take (to - frm + 1) (drop frm list)reverse list = reverse_ list [℄where reverse_ [hd:tl℄ list = reverse_ tl [hd:list℄reverse_ [℄ list = list
[ ]

1

l

2 3

[ ]

reverse l

+ 25
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(++) infixr 5 :: [a℄ [a℄ -> [a℄(++) [hd:tl℄ list = [hd:tl ++ list℄(++) nil list = listlength xs = a

len 0 xswherea

len n [x:xs℄ = a

len (in
 n) xsa

len n [℄ = nisMember x [hd:tl℄ = hd==x || isMember x tlisMember x [℄ = Falseflatten [h:t℄ = h ++ flatten tflatten [℄ = [℄+ 26



+ +instan
e == [a℄ | Eq awhere(==) [℄ [℄ = True(==) [℄ _ = False(==) [_:_℄ [℄ = False(==) [a:as℄ [b:bs℄| a == b = as == bs= Falseinstan
e < [a℄ | Ord awhere(<) [℄ [℄ = False(<) [℄ _ = True(<) [_:_℄ [℄ = False(<) [a:as℄ [b:bs℄| a < b = True| a > b = False= as < bs+ 27



+ +

repeat x = 
onswhere 
ons = [x:
ons℄// repeat 3 is [3,3..℄iterate f x = [x:iterate f (f x)℄// iterate in
 3 is [3,4,..℄removeAt 0 [y : ys℄ = ysremoveAt n [y : ys℄ = [y : removeAt (n-1) ys℄removeAt n [℄ = [℄

+ 28



+ +

Sorting by insertionInsert :: a [a℄ -> [a℄ | Ord aInsert e [℄ = [e℄Insert e [x:xs℄| e<=x = [e,x:xs℄| otherwise = [x: Insert e xs℄isort :: [a℄ -> [a℄ | Ord aisort [℄ = [℄isort [a:x℄ = Insert a (isort x)

+ 29



+ +Sorting by merging

Merge [℄ ys = ysMerge xs [℄ = xsMerge [x:xs℄ [y:ys℄| x <= y = [x: merge xs [y:ys℄℄| otherwise = [y: merge [x:xs℄ ys℄msort :: [a℄ -> [a℄ | Ord amsort xs| len <=1 = xs| otherwise = Merge (msort ys) (msort zs)whereys = take half xszs = drop half xshalf = len/2len = length xs+ 30



+ +Qui
ksort / List 
omprehensionsqsort :: [a℄ -> [a℄ | Ord aqsort [℄ = [℄qsort [a:xs℄ = qsort [x \\ x <- xs | x < a℄ ++ [a℄++ qsort [x \\ x <-xs | x > a℄sieve [p:xs℄ = [p: sieve [ i \\ i <- xs | i mod p <> 0℄℄// take 100 (sieve [2..℄)Orthogonal generators:[(x,y) \\ x <- [1..4℄, y <- [1..x℄ | isEven x ℄ is[(2,1),(2,2),(4,1),(4,2),(4,3),(4,4)℄Last varies fastest, variable of inner generator is not allowed touse in generators pre
eding it.Parallel generators:[ (x,y) \\ x <- [1..2℄ & y <- [4..6℄℄ is [(1,4),(2,5)℄+ 31



+ +4. Tuples and re
ords

T

’a’ 7

2

fst sndfst (x,_) = x snd (_,y) = ysplitAt 0 xs = ([℄,xs)splitAt _ [℄ = ([℄,[℄)splitAt n [x:xs℄ = ([x:xs`℄,xs``)where (xs`,xs``) = splitAt (n-1) xszip2 [a:as℄ [b:bs℄ = [(a,b):zip2 as bs℄zip2 as bs = [℄+ 32
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average list = s / toReal lwhere(s,l) = sumlength list 0.0 0sumlength [x:xs℄ sum l = sumlength xs (sum+x) (l+1)sumlength [℄ sum l = (sum,l)sear
h [℄ s = abort "none"sear
h [(x,y):ts℄ s| x==s = y| otherwise = sear
h ts sbook = [(1,'a'),(2,'b'),(3,'
')℄// sear
h book 1

+ 33



+ +Re
ords:: Point = { x :: Real, y :: Real, visible :: Bool}:: Ve
tor = { dx :: Real, dy :: Real}Origo :: PointOrigo = { x = 0.0, y = 0.0, visible = True}
+ 34



+ +Pattern mat
hing on sele
tors

IsVisible :: Point -> BoolIsVisible {visible = True} = TrueIsVisible _ = Falsex
oordinate :: Point -> Realx
oordinate p = p.xhide :: Point -> Pointhide p = { p & visible = False }Move :: Point Ve
tor -> PointMove p v = { p & x = p.x + v.dx, y = p.y + v.dy }+ 35



+ +Rational numbers:: Q = { nom :: Int, den :: Int}QZero = { nom = 0, den = 1 } QOne = { nom = 1, den = 1 }simplify {nom=n,den=d}| d == 0 = abort " denominator is 0"| d < 0 = { nom = ~n/g, den = ~d/g}| otherwise = { nom = n/g, den = d/g}where g = g
d n dg
d x y = g
dnat (abs x) (abs y)where g
dnat x 0 = xg
dnat x y = g
dnat y (x mod y)mkQ n d = simplify { nom = n, den = d }+ 36
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instan
e * Qwhere (*) a b = mkQ (a.nom*b.nom) (a.den*b.den)instan
e / Qwhere (/) a b = mkQ (a.nom*b.den) (a.den*b.nom)instan
e + Qwhere (+) a b = mkQ (a.nom*b.den+b.nom*a.den) (a.den*b.den)instan
e - Qwhere (-) a b = mkQ (a.nom*b.den-b.nom*a.den) (a.den*b.den)instan
e toString QwheretoString q = toString sq.nom +++ "/" +++ toString sq.denwhere sq = simplify q

+ 37



+ +ArraysArray5 :: *{Int}Array5 = {3,5,1,4,2}
Array5

0 1 2 3 4

3 5 1 4 2

Unboxed :: {#Int}Unboxed = {3,2,7,4,2}

7 4 23 2 Unboxed+ 38



+ +Operations on arraysSele
tion:Array5.[1℄+Unboxed.[0℄Array 
omprehensions:narray = { e \\ e <- [1,2,3℄ }nlist = [ e \\ e <-: Array5 ℄Unique arrays:mArray5 = { Array5 & [3℄=3, [4℄=4 }mArray = { Array5 & [i℄=k \\ i <- [0..4℄ & k <-[80,70..℄}+ 39



+ +5. Algebrai
 typesTrees (unary type 
onstru
tor)::: Tree a = Node a (Tree a) (Tree a)| Leafatree = Node 2 (Node 1 Leaf Leaf) (Node 3 Leaf Leaf)

2

1 3

Node

Node Node

Leaf Leaf Leaf Leaf+ 40
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Pattern mat
hing - data 
onstru
torsdepth :: (Tree a) -> Intdepth (Node _ l r) = (max (depth l) (depth r)) +1depth Leaf = 0MayBe - extension of type value setMayBe a = Just a | NothingEnumeration type(nullary type 
onstru
tor, nullary data 
onstru
tors)::: Day = Mon | Tue | Wed | Thu | Fri | Sat | Sun+ 41



+ +Abstra
t data typesdefinition module sta
k:: Sta
k aPush :: a (Sta
k a) -> Sta
k aPop :: (Sta
k a) -> Sta
k atop :: (Sta
k a) -> aEmpty :: Sta
k aimplementation module sta
k:: Sta
k a :== [a℄Push :: a (Sta
k a) -> Sta
k a Push e s = [e:s℄Pop :: (Sta
k a) -> Sta
k a Pop [e:s℄ = stop :: (Sta
k a) -> a top [e:s℄ = eEmpty :: Sta
k a Empty = [℄------Start = top (Push 1 Empty)+ 42



+ +ClassesClasses de�ne signatures of a set of abstra
t (higher order)fun
tions.
lass PlusMin a // 
lass variablewhere (+) infixl 6 :: !a !a -> a(-) infixl 6 :: !a !a -> azero :: aThe type of the instan
e fun
tions is produ
ed by systemati
substitution:instan
e PlusMin Charwhere (+) :: !Char !Char -> Char(+) x y = toChar (toInt(x) + toInt(y))(-) x y = toChar (toInt(x) - toInt(y)) // negative?zero = toChar 0+ 43



+ +

Instantiation is not allowed for type synonyms.There are derived fun
tions:double :: a -> a | + adouble n :== n+nNew 
lasses for set of overloaded fun
tions (singleton 
lasses):import StdClass
lass Dis
riminant a | *, -, fromInt adis
riminant :: a a a -> a | Dis
riminant a // not a 
lassdis
riminant a b 
 = b*b - 4*a*


+ 44



+ +

Insolvable internal overloading:Start = toString (zero + zero)Start = toString sumwhere sum :: Q // additional information neededsum = zero + zeroDefault instan
e:instan
e zero Q defaultwhere zero = mkQ 0 1instan
e one Q defaultwhere one = mkQ 1 1+ 45



+ +

Generators are derived from instan
es of
lass Enum a | <,+,-,zero,one a:instan
e < Qwhere (<) x y = sx.nom * sy.den < sx.den * sy.nomwhere (sx,sy) = (simplify x, simplify y)Start = [ toString q \\ q <- [zero, mkQ 1 3 .. mkQ 3 2℄℄Derived 
lass members: instan
es never de�ned, but inherited.

+ 46



+ +Ordering and equality - derived 
lass members:
lass Eq a | == awhere(<>) infix 4 :: !a !a -> Bool | Eq a(<>) x y :== not (x == y)
lass Ord a | < awhere(>) infix 4 :: !a !a -> Bool | Ord a(>) x y :== y < x(<=) infix 4 :: !a !a -> Bool | Ord a(<=) x y :== not (y<x)(>=) infix 4 :: !a !a -> Bool | Ord a(>=) x y :== not (x<y)min :: !a !a -> a | Ord amin x y :== if (x<y) x ymax :: !a !a -> a | Ord amax x y :== if (x<y) y x+ 47



+ +Higher order types, type 
onstru
tor 
lassesSet of higher order 
lasses as instan
es of the same abstra
tsignature. Examples:map :: (a->b) [a℄ -> [b℄map f xs [a:as℄ = [f a:map f as℄:: Tree a = Node a [Tree a℄ map f [℄ = [℄mapTree :: (a->b) (Tree a) -> Tree bmapTree f (Node el ls) = Node (f el) (map (MapTree f) ls)Common abstra
t signature, 
lassvariable t is de�ned over higherorder types (type 
onstru
tors):
lass map t :: (a->b) (t a) -> (t b)instan
e map [℄where map f l = [ f e \\ e <-l℄instan
e map Treewhere map f (Node el ls) = Node (f el) (map (map f) ls)+ 48



+ +Union and existential typesUnion of two types::: OneOf a b = A a | B b:: List_of_Int_or_Char :== [OneOf Int Char℄[(B 'a'),(A '5'),(B '
')℄List of union of all existing types::: List = E.a : Cons a List | NileList = Cons 'a' (Cons '5' (Cons '
' Nil))Hd (Cons hd tl) = hd // type errorTl (Cons hd tl) = tlelist = [ Cons 'a', Cons '5', Cons '
'℄ // [℄ : hd tlStart = (hd elist, Tl eList)// ((Cons 'a'),(Cons '5' (Cons '
' Nil)))Hd : Existentional type variable is not allowed to appear in resulttype.+ 49



+ +

Composition of sequen
e of fun
tionsseq :: [t->t℄ t -> tseq [℄ s = sseq [f:fs℄ s = seq fs (f s):: Pipe a b = Dire
t ( a->b )| E.via : Indire
t ( a->via ) (Pipe via b)ApplyPipe :: (Pipe a b) a -> bApplyPipe (Dire
t f) x = f xApplyPipe (Indire
t f pipe) x = ApplyPipe pipe (f x)ApplyPipe (Indire
t toReal (Indire
t exp (Dire
t toInt))) 7

+ 50



+ +Using existential types:: Point :== (!Int,!Int):: Line :== (!Point,!Point):: Re
tangle :== (!Point,!Point):: Oval :== Re
tangle:: Curve :== (!Oval,!Int,!Int):: Drawable = E.a : { state :: a, move :: Point -> a -> a, draw :: a Pi
ture -> Pi
ture}MakeLine :: Line -> DrawableMakeLine line= { state = line, move = \dist line -> line + (dist,dist), draw = DrawLine }+ 51



+ +MakeCurve :: Curve -> DrawableMakeCurve 
urve= { state = 
urve, move = \dist (re
t,a1,a2) -> (re
t + (dist,dist),a1,a2), draw = DrawCurve}MakeRe
tangle :: Re
tangle -> DrawableMakeRe
tangle ((x1,y1),(x2,y2))= { state= [ MakeLine ((x1,y1),(x1,y2)), MakeLine((x1,y2),(x2,y2)), MakeLine ((x2,y2),(x2,y1)), MakeLine((x2,y1),(x1,y1))℄, draw = \s p ->foldl (\pi
t {state,draw} -> draw state pi
t) p s, move = \d -> map (MoveDrawable d)}MoveDrawable :: Point Drawable -> DrawableMoveDrawable p d =: {state,move} = {d & state = move p state}+ 52



+ +

:: AlgDrawable= Line Line| Curve Curve| Re
t [Line℄| Wedge [AlgDrawable℄move :: Point AlgDrawable -> AlgDrawablemove p obje
t= 
ase obje
t ofLine line -> Line (line + (p,p))Curve (re
t,a1,a2) -> Curve (re
t + (p,p),a1,a2)Re
t lines -> Re
t [line + (p,p) \\ line <- lines℄Wedge parts -> Wedge (map (move p) parts)

+ 53



+ +Uniqueness typesDestru
tive updates preserving referential transparen
y. Updateof an argument (of �les, windows, et
.) is allowed if there isjust a single referen
e to the argument at evaluation time.

� Uniqueness is a fun
tion property (just a single referen
e tothe argument and/or to the value).

� The type system derives the uniqueness properties of allfun
tions.
� It is possible to reuse unique argument 
omponents insteadof rebuilding them.+ 54



+ +Uniqueness propety may be lost, if the result is multiply referen
ed.dupli
ate :: *a -> (*a,*a) // wrongdupli
ate x =(x,x) // result is not uniqueUniqueness propagation (outwards):head :: [*a℄ -> *a // spine uniqueUniqueness polymorphism: u � � , u= �.id :: u:a -> u:a
lass (++) infixr 5 a :: v:[u:a℄ w:[u:a℄ -> x:[u:a℄,[v w x<=u , w<=x℄
lass (++) infixr 5 a :: v:[.a℄ w:[.a℄ -> x:[.a℄, [w<=x℄// equvivalent+ 55



+ +I/O in Clean
� I/O in Clean uses the world as value paradigm,� environments (external resour
es, �le system, event stream)are passed expli
itly as a value to fun
tions,� I/O programs are fun
tions of type unique :: *World ->*World.

Environment passing:fwrite
 :: Char *File -> *FileAppendAB :: *File -> *FileAppendAB file = fileABwhere fileA = fwrite
 'a' filefileAB = fwrite
 'b' fileA+ 56



+ +Start w = CopyFileInWorld wCopyFileInWorld :: *World -> *WorldCopyFileInWorld w = appFiles (CopyFile infn opfn) wwhereinfn = "sour
e.txt"opfn = "
opy.txt"CopyFile :: String String *Files ->*FilesCopyFile infn opfn filesys| readok && writeok && 
loseok = finalfilesystem| not readok = abort "read error"| not writeok = abort "write error"| not 
loseok = abort "
lose error"where(readok,inf,tou
hfilesys) = sfopen infn FReadText filesys(writeok,outf,nwfilesys) = fopen opfn FWriteText tou
hfilesys
opiedfile = LineFileCopy inf outf(
loseok,finalfilesystem) = f
lose 
opiedfile nwfilesys+ 57



+ +

LineFileCopy :: File *File -> *FileLineFileCopy inf outf = LineListWrite (LineListRead inf) outfLineListRead :: File -> *[String℄LineListRead f| sfend f = [℄| otherwise = [line:LineListRead filerest℄where(line,filerest) = sfreadline fLineListWrite :: [String℄ *File -> *FileLineListWrite [℄ f = fLineListWrite [l:lines℄ f = LineListWrite lines (fwrites l f)Start w = CopyFileInWorld w

+ 58



+ +6. Intera
tive Clean pro
esses

� Obje
t I/O: unique state spa
e, initialization and state-transition fun
tions,� intera
tive pro
esses 
reated and 
losed dynami
ally� intera
tive obje
ts: windows, dialogues, menus, timers, andre
eivers 
reated and 
losed dynami
ally,� intera
tive pro
ess implement state transition systems,� state: PSt l p = fls :: l, ps :: p, io :: *IOSt l pg, logi
alstate, publi
 state, I/O state, additional lo
ale state� logi
al state and lo
al state is de�ned by the programmer� io state: the external environment, the 
urrent state of allintera
tive obje
ts of the intera
tive pro
ess.+ 59



+ +Intera
tive Obje
ts

� obje
ts are de�ned by algebrai
 data type values 
ontainingthe state transitions of the intera
tive pro
ess� state transitions are higher order fun
tion arguments of thealgebrai
 data types having the type:(PSt .l .p) -> (PSt .l .p),� event handlers of I/O pro
esses on the same pro
essor areinterleaved, atomi
 a
tions 
orrespond to handling of oneevent,� Obje
t I/O system keeps evaluating all intera
tive pro
essesuntil ea
h of them has terminated,� 
losePro
ess : 
loses all 
urrent intera
tive obje
ts fromthe IO state 
omponent and turn it into the �nal empty IOstate.+ 60



+ +

module hellooioimport StdEnv, StdIOStart :: *World -> *WorldStart world= startIO NDI Void (snd o openDialog undef hello) [℄ worldwherehello = Dialog "" (TextControl "Hello world!" [℄)[WindowClose (noLS 
losePro
ess)℄

+ 61



+ +module hellowinimport StdIO, StdEnv:: NoState = NoStateStart :: *World -> *WorldStart w= startIO MDI 0 (openwindow o openmenu) [℄ wwhereopenwindow = snd o (openWindow NoState window)window = Window "Hello window" NilLS[ WindowKeyboard filterKey Able quitFun
tion,WindowMouse filterMouse Able quitFun
tion,WindowClose quit,WindowViewDomain {
orner1=zero,
orner2={x=160,y=100}},WindowLook True look℄+ 62



+ +

openmenu = snd o (openMenu NoState file)file = Menu "File"( MenuItem "Quit" [MenuShortKey 'Q',MenuFun
tion quit℄) [℄quitFun
tion _ ps = quit psquit (ls,ps) = (ls,
losePro
ess ps)look _ _ = drawAt {x=30,y=30} "Hello World"filterKey key= getKeyboardStateKeyState key <> KeyUpfilterMouse mouse= getMouseStateButtonState mouse==ButtonDown

+ 63



+ +

definition module funtestfrom StdString import Stringimport StdEnv, StdIO, 
onversionfun
tionTest :: [(([String℄->String),[String℄,String)℄*World -> *Worldno_arg :: y [String℄ -> String | toS yone_arg :: (x->y) [String℄ -> String| fromS x & toS ytwo_arg :: (x y -> z) [String℄ -> String| fromS x & fromS y & toS zthree_arg :: (x y z -> w) [String℄ -> String| fromS x & fromS y & fromS z & toS w

+ 64



+ +implementation module funtestimport StdEnv,StdIO,
onversionfun
tionTest :: [(([String℄ -> String),[String℄,String)℄*World -> *Worldfun
tionTest [℄ w = wfun
tionTest funs w# (ids,w) = (openIds (length funs)) w= startIO MDI 0 (initialIO funs ids) [℄ winitialIO funs dialogIds = openfunmenu o openfilemenuwhereopenfilemenu = snd o openMenu undef filemenuwhere filemenu = Menu "File"( MenuItem "Quit" [MenuShortKey 'Q',MenuFun
tion quit℄) [℄+ 65



+ +

openfunmenu = snd o openMenu undef funmenuwherefunmenu = Menu "Fun
tions"(ListLS[ MenuItem fname [(MenuFun
tion (noLS opentest)): (if (
<='9') [MenuShortKey 
℄ [℄) ℄\\ (_,_,fname) <- funs& opentest <- opentests& 
 <- ['1'..℄℄)[℄opentests =[ fun
tiondialog id fun\\ fun <- funs & id <- dialogIds ℄

+ 66



+ +

fun
tiondialog ::Id (([String℄->String),[String℄,String) (PSt .l)-> (PSt .l )fun
tiondialog dlgId (fun,initvals,name) ps# (argIds, ps) = a

PIO (openIds arity) ps(resultId, ps) = a

PIO openId ps(evalId, ps) = a

PIO openId ps= snd (openDialog 0(dialog argIds resultId evalId) ps)wherenrlines = 2width = PixelWidth 100arity = length initvals

+ 67



+ +eval id argIds resultId fun (ls,ps)# (Just wstate,ps) = a

PIO (getWindow id) psinput = [fromJust arg \\ (_,arg)<- getControlTexts argIds wstate℄= (ls, appPIO (setControlTexts[(resultId, fun input)℄) ps)dialog argIds resultId evalId= Dialog name( ListLS[ TextControl ("arg "+++toString n)[ControlPos (Left,zero)℄:+: EditControl val width nrlines[ ControlId (argIds!!n)℄\\ val <- initvals & n <- [0..℄℄:+: TextControl "result" [ControlPos (Left,zero)℄+ 68



+ +

:+: EditControl "" width nrlines[ ControlId resultId℄:+: ButtonControl "Close"[ ControlFun
tion (
lose dlgId) ℄:+: ButtonControl "Quit"[ ControlFun
tion quit ℄:+: ButtonControl "Eval"[ ControlId evalId,ControlFun
tion(eval dlgId argIds resultId fun) ℄)[ WindowId dlgId, WindowOk evalId ℄

+ 69



+ +
lose :: Id (.ls,PSt .l ) -> (.ls,PSt .l )
lose id (ls,ps) = (ls, 
loseWindow id ps)quit :: (.ls,PSt .l ) -> (.ls, PSt .l )quit (ls,ps) = (ls, 
losePro
ess ps)no_arg :: y [String℄ -> String | toS yno_arg f [℄ = toS fno_arg f l = "This fun
tion should have no arguments instead of "+++toString (length l)one_arg :: (x -> y) [String℄ -> String | fromS x & toS yone_arg f [x℄ = toS (f (fromS x))one_arg f l = "This fun
tion should have one arguments instead of "+++toString (length l)two_arg :: (x y -> z) [String℄ -> String| fromS x & fromS y & toS ztwo_arg f [x,y℄ = toS (f (fromS x) (fromS y))+ 70



+ +

7. In
rease e�e
ien
y

� stri
t arguments, if possible

� a

umulating (instead of naive re
ursive 
alls):lfib n = a

fib n 1 1where a

fib :: !Int !Int !Int -> !Inta

fib 0 x y = xa

fib n x y = a

fib (de
 n) y (x+y)

+ 71



+ +

� left re
ursion instead of right re
ursion:Length [a:x℄ = 1 + Length xlength l = a

len 0 1a

len n [a:x℄ = a

len (in
 n) x� inversion, omitting intermediate data stru
tures� abstra
t data types en
apsulate implementatation details,use arrays instead of lists� avoid Curried fun
tions at 
riti
al points� use ma
ros (less rewriting in run time)� use spe
ial versions of funtions (in
)

+ 72



+ +8. Installation of Clean for Windows

1. unzip Clean133 and Obje
tIO 1.2.1 by Winzip to D:Clean133,subdire
tories Clean 1.3.3 and Obje
t IO 121 are 
reated(CleanIDE in
luded).2. move all subdire
tories (StdLib 1.0, Obje
tIO 1.2.1 , Obje
tIOExamples 1.2.1) of Obje
t IO 121 to Clean 1.3.3.3. run 
hange registry.exe4. start CleanIDE and set environmentappend StdLib 1.0, Obje
tIO 1.2.1, Obje
tIO 1.2.1 OSWindowsunder Environment - Edit Current - Path5. open obje
tIO Examples hellonew proje
t , save , set main module, bring up to date andrun+ 73



+ +

9. Installation of Clean for Linux

1. tar xvf Clean131.tar2. 
d 
lean3. make4. (in subdire
tories stdenv and iolib/CleanSystemFiles tou
h*.ab
, wait 60 se
onds, tou
h *.o)5. .bash pro�le: export PATH=$PATH:..../
lean/bin6. 
lm hello7. ./a.out
+ 74


