NN B W=

el UUUUDOUOOODOO

Io0000O00O0 Haskel OOODODOODOOOOOODOOOCOOODOD
0000000000000 0O00O00U00ODUDOOODDO0OODDODDODODOO
oooooOoooooooooOo“ooroooo0ooooooooooDooOoo
OO0 unitM, bindM 00000000000 0O00OOO0OODOOOOCOOOOODO

000000000000 00000000O0O000DO0DDODODDODOO00O0O0
000 00000D0oOO0O00OO0O0C00C0DOO0OCOOHaskelOOODODODO
0000000 0ooOo0oCoc0o0o0oOooooDOoOoOo0OUooooooogo
O00000D00000D0D0 HaskelOOOOOOODOODOOD

Oo0O000o0oOooooO0ooooOoooOooooooooOooooogoo
0000000000000 000 Ut (Util: Tiny Imperative Language)' 0 O
0000000 0UtlEr, ULIST, UtilCont, ... OO0 0DO0O0OOCO0ODOOOODO
gooooooopoOoOooooooooOooOooooooooooooD «gg”
O0000ooooo0oooooooooo

00000000000 00D0O00O00OooDO 0

_ODo0ooooobo0oodooooooofoO HaskelOO COOOODOOO
oboooobooooboboboboobobooboboboobb LRO
oboooobobooobooob@oooooobobboooooooobo
goobooooobooboboaobobobooboooooon)

gogbbobuodobboobobobboooobbooboooboobobooboboon
ugooboooboobooboooooooo

61 CDO0O0O

utildoooooooooooobobboOoUg HaskellDODOOOOOOOOO

type Decl = (String, Expr)

data Expr = Const Target -- 000 Target 00O O
| Var String --gaog
| If Expr Expr Expr -- if [0
| While Expr Expr -- while [
| Begin [Expr] --0ooao
| Let [Decl] Expr --let00O0O0O0O0O

'PHP,GNUO O O0OOOOO0OOOOOOOOO
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8 | Val Decl Expr --vallOooooo

9 | Lambda String Expr --0ooao

10 | Delay Expr --delaydd g
11 | App Expr Expr --Qgooao

12 deriving Show

00000 (Expr) 00000 (Const) 00D 000 (Var) OO0 O i£0 (I£)0
let 0 (Let)00 00 O (Lambda)J 000D (App) D0 D000 M OOODODO
0000000000000000000 @M
000000000000000 BNFOOOODODOOOODOOOOMm OO
000000000000 0000000000 M

Expr — Const | Var | ( Expr)
if Expr then Expr else Expr | while Expr do Expr
begin Exprs end

\ Var —> Expr | Expr Expr
Expr+ Expr | Expr « Expr | --- 00000000 O---
Exprs — Expr | Expr ; Exprs

|
|
| let Decls in Expr | val Decl in Expr
|
|

Decl — Var= Expr
Decls — Decl | Decl ; Decls

O0bDO0D0ODbO000b0b0O00 ConstU0O VarUOOOO0OO HaskellD OO

gobodoboob obooboooooobobooooooooobooon

gboooboobooooog
ugoooboooboouobobooooooboboobooooad

myParse :: String -> Expr -- Joooooooooon

e “val x=2%2 in val y=x+x in yxy’0000000000O0O0O0 Expr
O00oo0oooooOooooooooooon
Val ("x", (App (App times (Const (TLit (Int 2))))
(Const (TLit (Int 2)))))

(val ("y", (App (App times (Var "x")) (Var "x")))
(App (App times (Var "y")) (Var "y")))

OO0 0OtimesU »00000 Expr0 00000
e “\ f >\ x —> f x"O00000OO
Lambda "f" (Lambda "x" (App (Var "f") (Var "x")))
gbobogooooooooooD

e g&, | IODOOODODODO
bl && b2 &

bl || b2 &
gboooooooboooobooooboboboooobooboo
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0611 O0Dgsd (1DO0O00O0CODOOOOODOOOOOOOOOO?

Target OO0 000 0O0O00ODODODODOOODOOO HaskellD OOODOOOODO
ugboobooon

type TDecl = (String, Target)

TUnitM Target

data Target = TLit Literal -- 00O
| TVar String -- O
| TIf Target Target Target -- if[l
| Let [TDecl] Target -- letOOOOOOOO0OO
| TLambdal String Target -- gogoao
| TAppl Target Target --gooog
I
| TBindM Target Target
d

eriving (Show,Eq)
data Literal = Str String | Int Integer | Frac Rational
| Char Char deriving (Show,Eq)

utilinoooo00oooo0o0obo0o0ooooonoooo
comp :: Expr -> Target --gogood

62 DOUOOOLODOOOO

oOopDooOoOoutkiocoooDooo O ambiguousU O OO OO OO0DOODO
gobboobogod

Expr —  Expr+ Term | Term
Term —  Term * Factor | Factor

Factor — Const | ( Expr)

obooooooboooboobobobooooboooobboooooooobo
goboobooboooobooo U concrete syntax 0 O 0 O

gobobooooboboooboobbobooobooboooogobobonDog
oboooobboboooogooogooboobooboooooobobnooboob D
obooooooobgoboobooooooboboobobboboboobooboogoo
ugoooooogd O abstract syntaxJ 0 O O O

oooo “cbhrbobobbb0oboobobbooooobooooooooD
Expr00O0O0O00O0O0D0OO0DODOOOODOODODDOOODDOOOODOO

63 U0ODOOOOO

compUUOUOOO0OO0OODOOOO00OO0OO0OOOOOOOOOOOOO0bOOn
ERERN

comp :: Expr -> Target
comp (Const c)
comp (Var x)

TUnitM c
TUnitM (TVar x)
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11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

comp (Val (x, m) n) = comp m ‘TBindM‘ TLambdal x

(comp n)
comp (Let decls n) = TLet (map (\ (x, m) ->
let TUnitM c = comp m
in (PVar x, c)) decls)
(comp n)
comp (App f x) = comp f ‘TBindM‘ TLambdal "_f"

(comp x ‘TBindM‘ TLambdal "_x"
(TAppl (TVar "_£f") (TVar "_x")))
comp (Lambda x m) = TUnitM (TLambdal x (comp m))
comp (Delay m) TUnitM (comp m)
comp (If el e2 e3) comp el ‘TBindM‘ TLambdal "_b"
(TIf (TVvar "_b") (comp e2) (comp e3))
comp (While el e2) = TLet [(PVar "_while", body)]
(TVar "_while™)
where body = comp el ‘TBindM‘ TLambdal "_b"
(TIf (TVar "_b™)
(comp e2 ‘TBindM‘ TLambdal (TVar "_while"))
(TUnitM (TVar "(0")))
comp (Begin [e]) = comp e
comp (Begin (e:es)) = comp e ‘TBindM‘ TLambdal (TVar "_")
(comp (Begin es))

oobooooooD _f, _x _b, whileOODOOODOODOUIDOOOOOOO
gooooboooooooooboooooboooobo

comp OO O0O0O0O0OOCOOOOOOOOOOO0O UtilD HaskellODO
gbhoboobooboobbbmmooooooooboooooooobbonod
U000 bindMO wnitMO0O 0000 MODOODOOODOOOOOODOOOO
uboooooooboobooobooboooon

o000 obb0od wlhicOOO0O0OOU0OOOO0OO0O medOO0OODO
uiioooobooooooD e, w0000 0OO0O0OO0ODODODOOOOOOO
UOcompUODOODOODOO Haskell DO D ODOOOODOdelayDDOOOOoOoOOO
oboooooboobobo bbb ooobbobbobooboboo
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ooooutibo 000 000 Haskell

cOOO0 cOOOO unitM c
xO0000 xO0000 unitM x
val x = m in n m’ ‘bindM‘ \ x -> n’
let £ =\ x ->m |let £f=\x ->m’
g=\y —>mn x=\y —>n’

in n in »n’

fx f ‘bindM‘ \ _f >
x’ ‘bindM‘ \ _x ->
_f x
\ x —> m unitM (\ x -> m’)
delay m unitM m’
if ¢ then f else ¢ | ¢’ ‘bindM‘ \ _b -> if _b then ¢’ else ¢’
while ¢ do ¢ let _while = ¢’ ‘bindM‘ \ _b ->
if _b then ¢ ‘bindM‘ \ _ ->
_while
else O
in _while

begin

S; s’ ‘bindM‘ \ _ ->

t; " ‘bindM‘ \ _ ->

u u’
end

Oooutiocooooodo+,-,«x000000000000000 unitM (\
x ->...)00000000000000000000000O0Oo0oO0oO00oOo0n
O0000 HaskelOOOOOOOOOOOOODOOO

unitM (\ x -> unitM (\ y -> unitM (x+y)))

unitM (\ x -> unitd (\ y -> unitM (x-y)))
unitM (\ x -> unitMd (\ y -> unitM (x*y)))

OO0 Haskel UOOODOODOOOOOODOOODOOOcompUdOOOOOO
uboobooogobgad

O0oo utild ‘ 000 000 HaskellO

0000 ®DDDDDDD\ unitM (\ x -> unitM (\ y -> unitM (x ® y)))

00 compO0O0000D000DDUNIODOODODOO2000

fact = \ n —> if n==0 then 1 else nxfact (n—1)

U0000 Haskel OO DD DOOOODODODO

fact =\ n ->
((unitM (\ x > unitM (\ vy -> unitM (x == y))) ‘bindM‘
\ _f > unitM n ‘bindM‘ \ _x -> _f _Xx)
‘bindM‘ \ _f -> unitM 0 ‘bindM‘ \ _x -> _f _x)
‘bindM*
D00 000 fact0OODODO0OODOO0O0OOOOOOOOOOOOOOOOOOOOOOO
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15
16
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18
19
20
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\ _b >
if _b then unitM 1 else
(unitM (\ x -> unitM (\ y -> unitM x * y)))
\ _f -> unitM n ‘bindM‘ \ _x > _f _x)

‘bindM*
\ _f >
(unitM fact ‘bindM‘
\ _f >

(unitM (\ x -> unitM (\ y -> unitM (x - y)))

‘bindM‘ \ _f -> unitM n
‘bindM‘ \ _x -> _f _x)
‘bindM‘ \ _f -> unitM 1
‘bindM‘ \ _x -> _f _x)
‘bindM‘ \ _x -> _f _x)
‘bindM‘ \ _x -> _f _x

ooooobobooboobooobob0ibid0d monadlawO0D OO OO O

ubobobooboboouobooboobod

fact =\ n ->
if n == 0 then unitM 1 else
fact (n - 1) ‘bindM‘ \ _x ->
unitM (n * _x)

64 U0OO0ODOODOO -Utit

goboboobobutinooooobooboooooDobooooobDooo

ooooOoooooouinooobooooooonoooon

type I a = a

unitl :: a > I a
unitl a = a

bindl :: I a ->Ca->Ib) >Ib
m ‘bindI‘ k =k m

ggoon

let fact = \ n —> if n==0 then 1 else n*xfact(n-1) in fact 9

OobouioooooooooooobOooooDoboOobbOob0ODD Haskell
dooboboooooboooo 3e288e0 0o

6.5 UtIST-OOOOO

utilg oo oo obooooooboooooocoogd Javad oo
gbobooooboboooboboboobobooobboboooobooboog
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gboooobooboboooobobobo20b000o0o0on0 “oorxp0d
ypOOOOOOOODOO200000000o00oobooooooooon
goooobooobo

gooo

begin setM xP 1; setM xP (getM xP+3); getM xP end

Oo0outsTOOODOOOO0O00000 00000000000
gooooboooobooob “coob>obo0booooboobb oo
SsTUOoooDggd

type ST s a = s -> (a, s)

unitST :: a -> ST s a
unitST a =

bindST :: ST s a -> (a -> ST sb) ->STsb
m ‘bindST* k

unitST a0 000 sOO 0000000 0a0000000000000m “bindST*
kO OmODOOOO0OO00O0s10000000kO00000000DOO
ubooboobobooooooooooo

type Pos s a =s -> (a, a -> s)

XP :: Pos (x, y) X
xP =\ (x, y) > (x, \ x1 > (x1, y))

yP :: Pos (X, V) y
yP =\ &, yJ > (@, \ vyl > (x, y1))

O 001NN~ W~

getST :: Pos s a -> ST s a
getST p = \ s -> (fst (p s), s)

setST :: Pos s a ->a -> ST s ()
setSTpv=\s-> (0O, snd (p s) v)

-- 000 getST xP = \ (x,y) -> (x (x,y))

setSTOOODODOOODOOO getSTOOOOODDODODOOODOOO

UtIISTO setM, getM, ... JO00O0O0O0OOOOOD HaskellO setM, getM,

. 0000000000000 00030

‘000000000D0getM0000 “M000000000000D0DOOOODDOOO

0000000000000dgetSTOOOO "MO0000O0ooO “sTPO0O0O0O0DODOOOO
gobooooooooo stobooooboobooooooooobooooboooobooorooobooaoon
goooobooobooooboooooobobooooooooon
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O 01NN BN~

OO000UuUtlo | 000000 HaskellO
setM p m p’ ‘bindM‘ \ _p ->
m’ ‘bindM‘ \ _x ->
setM _p _x

getM p’ p’ ‘bindM‘ \ _p ->
getM _p

utisTO oo oooooooogconnoog:

fact =\ n —> 1 int fact(int y) {
begin 2
setM xP 1; setM yP n; 3 int x = 1;
while getM yP > 0 do begin 4 while (y > 0) {
setM xP (getM xP * getM yP); 5 X =X *vy;
setM yP (getM yP — 1) 6 y=y - 1;
end; 7 }
getM xP 8 return Xx;
end 9 3

U0000bobo0boDbb0 HaskelODO OO OOOOOOOOOOOODOO
goboooobbobbooboobog

fact n = setST xP 1 ‘bindST*‘ \ _ >
setST yP n ‘bindST*‘ \ _ >
(let _while = getST yP ‘bindST‘ \ y ->
if y > 0 then

getST xP ‘bindST* \ x ->
getST yP ‘bindST* \ y ->
setST xP (x*y) ‘bindST* \ _ ->
getST yP ‘bindST* \ y ->
setST yP (y-1) ‘bindST* \ _ ->
_while

else unitST ()
in _while) ‘bindST* \ _ ->
getST xP

fact 9000000 £st (fact 9 (0, OHOODODOOO 3628800000
booooooboooobboobobooooobobooooboooooboon
gboogooooboobooooooobobooooboobboboboobo
go stoboguooboobobbobooboooboooboboboan
oopooo st odobOMaybe DOODOOOOOOODOODOOOLOODO

gooobooobooga

type EST s a = s -> Maybe (a, s)

unitEST :: a -> EST s a
unitEST a = \ s -> unitE (a, s)

bindEST :: EST s a -=> (a -> EST s b) -> EST s b
m ‘bindEST‘ k = \ s® -> case m s® of
Just (a, sl1) -> k a sl
Nothing -> Nothing
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6.6 UtiloO-0O0O0O0OOO

0000000000 O0O0oOO0OOooOoODOOooOOesOO utiSTOD OO
goboboooobbooooo

gboobobooobooestbooboooooboooooboooboon
gooo0o0 string0 00000000000

type MyState s = (s, String, String)
type MyIO s a = ST (MyState s) a
-- goon MyState s -> (a, MyState s)

gbobooboboboobooboooood

getIO :: Pos s a —>MyIO s a
getI0 p =\ (s, i, o) -> (fst (p s), (s, i, 0))

setI0 :: Pos s a -> a -> MyIO s O
setl0O pv =\ (s, i, 0) -=> (O, (snd (p s) v, i, 0))

readIO :: (O -> MyIO s Char
readI0 () =

writeIO :: Show s => s -> MyIO (O
writeIO v =

eofI0 :: () -> MyIO s Bool
eofI0 O =\ (s, i, o) -> (mull i, (s, i, o))

readIO0 000000000 1000000 OwriteI0O vOODOODDOOD o
OvO String0 000 0000000D0O0%0
ooooggutnooooon

let sg = \ x —> if x>0 then x*x else 0—xx*x
in writeM (sq 2)

goobooboboooooo"a"oogo

67 ULIE-UDOODOOOODO

oo uticoboooooooOoooutiEr 000000 (HOOOODOOO
gobboboboooobboobbboooobboobooboobbboobo

‘“4++000000000000000D00D0000D000O0O0000000O00000000
ooboobooo++goOooOooooobooooobooboooboobobooooOobOoOoooboOooooo
gooobooooboooooboOobooooboobOOob0oOooboOoooooo++OooOobOOoOoOooon
ooo
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UtIErrD D Haskel OO0 OO0 0000000000 OOO0O0ODOCOOODODOCOO
go O eagerevaluationl 0 0 000 OO OCOOOOODOOOOOO
ooo

00000000 0000oooobo0o0oooonooooDOd Maybe OO
ooo

-- Prelude0 0O 0O0
data Maybe a = | deriving (Show,Eq)

Ub0o00000 st 0000000000 0O0ODO00 NothingO O OO
gbooboobobooboobbobooboobboobooobooono

unitE :: a -> Maybe a
unitE a = Just a

bindE :: Maybe a -> (a -> Maybe b) -> Maybe b
(Just a) ‘bindE‘ k =

Nothing ‘bindE‘ k =

m ‘bindE* kO OOUO mOOOODOO0OO0O0OD0OD0DO0O0OO0OO0O0C0O0ODODO kO
godoooooooooooddodmpboodooooodkooooood.

gooooooon
ooobooooboboboobOobOfailed
OOoooob utlieErc0D0OO000C0O0ODOOOOO

failE :: String -> Maybe a
failE _ = Nothing

‘ObooboboorboooooobbooboOouboobobooooog
Udooooog/0b0ob000 HaskellODODODDODODODDOODDOO

\ X -=> unitM (\ y -> if y==0 then failM "Division by 0"
else unitM (x/y))

gogooobbboboobobobobobobbooobn
oob “(\x > 0) (1/60)’00 0000 OHaskell OO O

O QUtilErr0D 0 00O OO Haskell

gbbodooouoaoon

(if 0 == 0 then failE "Division by 0"
else unitE (1/0)) ‘bindE‘ \ _x ->
unitE 0

goooo obooogooobo

68 UUOUOOOOO

U00000 egd0b0g00Javal tryJcatchO0O0OO0O0OOO0OO0ODOO
gobooooobbobogd
BNFOOOOOOOODOOOOOD
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Expr — ... | try Exprcatch Expr

“ry m catch O mO0 00000000 0O0OOODOOOOOODOOO0O
try 000000000000 mOODODDODOOOODODOOOOOOOAROOO
O00O%xry m catch A0 “tryM (delay m) (delay hA)’000000
O0o0o0odooOooooooooo
O00OfailMOOOUIOOOOOOOOO HaskellO failMO OO O OO
0000000000000 0000Javald throwOOOOGOOO

0000 utilo 000000 Haskelld
try m catch n | tryM (delay m’) (delay n’)
failM m m’ ‘bindM‘ \ _x ->
failM _x
tryE
gooooao

tryE :: Maybe a -> Maybe a -> Maybe a
tryE (Just v) h =
tryE Nothing h =

oo
try 1/0 catch 99999

OO0 UVUEr DO OO00O0OO00O0D0O000C0DOOODOOD HaskelDODODOOOD

tryE (if 0 == 0 then failE "Division_by.0" else unitE (1/0))
(unitE 99999)

goooboogdd Just 99999.00000

6.9 UtilNonDet-0O 0O OQOOQU

ooopDooooouiboboooobboO0ouoobbo0dnn nondeterminismd
o g
gboooooobobboobbbooooooooboooooobooooo
obbooooboooobobbooobooobomboboooboooobooo
gbooooboobooooboboooobooboooboboboboboooooboao
gooboobboobooobooooboboonbo gpogooooo
goooo “c0orbobboooobooooobobobOon

unitlL :: a -> [a]
unitlL a = [a]

appendL :: [a] -> [a] -> [a]
(x:xs) ‘appendL‘ ys = x : (xs ‘appendL‘ ys)
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[1] ‘appendL‘ ys = ys

bindL :: [a] -> (a -> [b]) -> [b]
(a:es) ‘bindL‘ k = k a ‘appendL‘ (es ‘bindL‘ k)
[] ‘bindL‘ k []

gbobobooboobobooboobbooobobooooooooon

U0 wnitl 0O bindLOOOOOD0OO0ODDODOO0D0O0O0O00000O0O0 unit ::
a ->[al0 bind :: [a]l -> (a -> [b]) -> [b]ODOOOODOOOOOO0
ogag

gbooooooobobobobobon

faill :: String -> [a]
faill _ =

UtiNonDetO OO OO0 UtIErO DO OD0OOO0OOOOODOODOOOOOO
Expr — ... | try Exprcatch Expr

try m catch hO OmOOOO OAO “O000000O000000000
ogoooad
tryLO appendLO 0000000

tryL :: [a] -> [a] -> [a]
tryL = appendL

UtiiNonDetO OO O O

test0 = (try 1 catch 2) *x (try 3 catch 4)

O0D00OD0O0000000 HaskelD OO DO OOOOOODO

test® = tryL (unitL 1) (unitL 2) ‘bindL‘ \ x ->
tryL (unitL 3) (unitL 4) ‘bindL‘ \ y ->
unitL (x*y)

OO00Otest0D [ x*y | x <- [1,2], y <- [3,4]]00000000000
UO0000Otest®O0 O [3,4,6,8]0000
OO0O0O00 UtiNonDetO OO OO

testl = (try 1 catch 2) / (try 0 catch 4)

O0D00OD0O0000000 HaskelD OO DO OO OOOOD

testl = tryL (unitL 1) (unitL 2) ‘bindL‘ \ x ->
tryL (unitL 0) (unitL 4) ‘bindL‘ \ y ->
if y == 0 then faill "Division_by_ 0" else unitL (x/y)

testl 0 0[0.25,0.5] 0000000000000 000000O0O0O0O0O0O0O
ooooooboooobooobOooD uieEr0DOO0ODODODUtIErOD
gobobobobooobooobooobooooboobobobobooooo

0000 headLOOOOODOODDODOODODDOOOOODDOOOODOOOO
goboobooobooobooD
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headlL :: [a] -> a
headlL (x:_) = x

headlL testl1 0 U0 0.250 00000 00O UHaskell O gogd
gbobooobooobbooooobooboooboboobooogn
goboooboooobbooooooboobooboooobobogg

0691 DOO0OOOOODOOODOODODOODOOODDOD

type STL s a = s -> ([a], s)
type LST s a = s -> [(a, s)]

2000000000000 00b000b00bO0bLD0o0oooLDoOoDO
gboogboob20000000000

610 DO OODDOODOOODbOOOn

Parsec (110000 00000000 O0OOOOOOOOODOODOOEBIOODO
gobobooooooobooooooboobboooRrobooboboboOoOon
oooobooooboooooboobuobiElgbopolog DO ODODODO
gbooooboboobgoo

oooogogd
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