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1.1 BEEDELSIC

A BREL BEO LS ~
prompt

Standard ML of New Jersey, Version 0.93, February 15, 1993
val it = () : unit

- 10 + 3;.

val it = 13 : int

- 5 div 2;-

val it = 2 : int

- 11.2 + 13.1;'!'

val it = 24.3 : real

- 24.3;.

val it = 24.3 : real

- 710.1 + 21.3;()

val it = 11.2 : real

- 7 10.3;(«)

val it = 10.3 : real

- val test = "hello";@

val test = "hello" : string

- val sample = test = " " ~ "guys!";@
val sample = "hello guys!" : string

- size sample;[«]

val it = 11 : int

- samlle;.

val it = "hello guys!" : string
- J
ED&SiE, 7S TNOBED LT EATH I LICEDEEETRS ZLNTE
%. SML O T3,

(CTRL]+(D) &4 7§ 5. ZZT,
BrrE 2. BUHERR
- 10 + 35(«)

val it = 13 : int

DL, ANIBFLHEETOAII L, MR int B (BEE) TH s eHEwm L TWws. 2
D% BIHEER (type inference) L IFER. <A FAFHIX, FU R~ (tilde) 5. Lo L,

e 3 RS
- 710.3;(<)

val it = 710.3 : real

- - 10.3;(<)

val it = 710.3 : real

TIXEEE S, AiEE, BFED -10.3 OEKLED, %EIE, 10.3 Z5[e LT ~ w5 %K
ZIEUCHT Z2RT. DFD, ~ WS EBDEET % ().

HET X, XFHIREET 2. £/, B size 3XFHNOEXZBETEKTHZ. Dk
912, BRI LI,

Bfs 515
ETBRITHEITTDLIENTES.



1.2 EH

EZ2F03 2 7= D DA% B (variables) & FER. il 213,
BRI 4 I
-val x = 10;-

val x = 10 : int
- 1)
val it = 10 : int

-val y = true;-

val y = true : bool

- yi()

val it = true : bool

_/

RE x, yIIERTHS. LrL, EHiTL (RATS) ZLETERY. 20 = 2WHHEHETI,
RN T2 < “E14C (binding) 23 5%. ZD7®H, TDRIZ

e 5 HIYT
-val x = 11;-

val x = 11 : int

- x5(<)

val it = 11 : int

R TReHRMEE 2. £ ORI, BB LTHEMTINS LEBRsR W, &
DRI, UTRNERL BB THES e 3 TE 3.

1.3 BHERNE—2IVTF

SML &, #Z2fOFETH 5. D% DK (expression) (HH (term) & W5 ) IZFH WS &
PEDBONTWNS. 21T,

it R
bool | AmEEAY
int B
real FEA
string S

REBDS. T, BEIEYSERT20THAS. MEDEO—ET, BHEALLHIPH 2
DT,

ASHEDRL —> W ED R
D&, > 2o TRET S, HlRIE, LD size 13,
F1E 6: size BA%K

- sizey(D)

val it = fn : string -> int

VERER BN TOZEETIZR VDT, var Tl val IZR->TWB I EIERL XS,
MY LTERTA I AR, D%, BBl EboTLES2d LARW,

5



D, XFH string B2IEIN, BEHA int ZIRIBEKTHS Zepbrs. TIX, BEK%L
EFELTALD.

B T: B N

- fun twice x = x * Q;EED
val twice = fn : int -> int
- twice( 10 );.

val it = 20 : int

- twice 10;-

val it = 20 : int

- twice;.

val it = fn : int -> int

- J

BIECEFRICIX, fun 25, BEE twice &, 518l x 2ZIFEINT, 20 2 %23 HE LiRITEEK
THb. TIZT, EHx 0, BERTHL LRI TVWE Z L IHEREL X3,

I8, BE 1 OTH5. BROGE, il O 220 TEL. LirL, fElEz20 5 il
DM VIR B (i), DOTIEMEIZIE, 518K, BT 1 2TH5. ROWlzATALS.

1 8: 31K <

- fun swap( x, y ) = (y, x )i(«)

val swap = fn : ’a * ’b -> ’b * ’a

- swap( "test", 10.0 );@

val it = (10.0,"test") : real * string

- fun decrement x = x - 1;@

val decrement = fn : int -> int

- fun square x = x * X;E]

std_in:27.18 Error: overloaded variable cannot be resolved: *
- fun square ( x: int ) = x * x;(<)

val square = fn : int -> int

- fun all equal( x, y, z) = ( x =y ) andalso (y =z );[<)
val all equal = fn : ’’a * ’’a * ’’a -> bool

- fun ordered( x, y, z ) = ( x <y ) andalso (y <z );[+)
std_in:29.48 Error: overloaded variable cannot be resolved: <
std_in:29.30 Error: overloaded variable cannot be resolved: <

/

F3, B swvap DD, aFiz, b RoTWVWED, ZORIREDRZ/RT DTIXR
{, SML TRIHTZ2HET (Vr £ RIHT2) ZnT. 2D KD RE%ZZHEE (polymorphic type)
YRR, B swap iX, 2 D05 EEXN, FDAZ SML TR TE 28D ¥ AR THFFT
A[RETH B Z L BRT.

BA%L decrement |&, fHHICEFRTE 57, B square DEHRTIE, KL TS, i,
x DRIPRFETER VDT, ZHAYL LI-2We ZATH LD, HET * 2, £ TOARIIRIET
XRVED, TI7-RoTWVWS. ZDXIRGEIIE, HRANCHE (int) REZIEE T 2 HE
M 54,

ZAHRID 1 X LT, ’a, bDEIRXTRAMAT 4(°) B2 000N HZ. Zhd%
HRETH 205, BMoFTh = (FELWV) LWHFHEiATE2MERT. LarL, o > %, < 25

3o% b, B 2 pWEEAIT, HET 3,
FRICEDfEE 2 O IFEINT, ZORERT.
LW BT, BERI RIS,

1SML TliZ, ZD &5 ZEBO5IHOM Ly L TOAEENHERIGELN DS, b ML OUHRTIX, ZDEE
TOREL LARVWDDSDHS. L L, ZOHFE, EHET *» 055, BEA (int B) REL TV 5.

6



fiig 22 e TE LR L 7ZHEUIRIT ZI20 D TR ordered DEFRIFKKT 5.
BAEL swap DERTIIRDAID, ’a * 'b L7RoTWE. ZOXIRE, ’a & b O (tuple)
YRESR. A, N (Q) 2o TERET 2. Zoftic, AR [0 T3V X b (list) 235 3.

B (logic) ICBF 2 A TIX, UFDBHDNDH 5.

not

HE

andalso

At ERAH

orelse

A AT

else ---

if X

BRrEROHTT, FMAHKZ T 255 if -
(pattern match) 2555035 5.

then ---

- BfESGEE NE—UIYTF

else --

/?5"?%1?9: RE—V= v F

- fun not x = if x = true then false@
N else true;@
val not = fn : bool -> bool

- fun p not true = false[«)

= 1 pmot false = true;(«]

val pnot = fn : bool -> bool

- not true-

val it = false :

- p-not false ;-

val it = true : bool

bool

-

J

e, BE LRI ERT S, if -
CHRITRITNIR RV EIEFERL LS.

1.4 YRk
) Z b (list) &, AN (1) 2o TEL.

then --- else ---

@D then DE Y else DIZIZ[HE

~ BfE10: Y A b ~
- [1,21;(<)
val it = [1,2] : int list
- [[1],[2,3,4]] ;-
val it = [[1],[2,3,4]] : int list list
- val alist = "a" :: nil;@
val alist = ["a"] : string list
- val alist = ["a"] ;E]
val alist = ["a"] : string list
- val alist = ["c¢","b","a"] ;@
val alist = ["c¢","b","a"] : string list
- val blist = "c¢" :: "b" :: alist;@
val blist = ["c¢","b","c","b","a"] : string list
- val front :: rest = [3,2,1];@
std_in:51.1-51.27 Warning: binding not exhaustive
front :: rest = ...
val front = 3 : int
val rest = [2,1] : int list
J

-




VAFDVRFBELZENTES., LL, —20Y X MOEREIFE RTINS0,
HET 0 (TR cons) IT& D, HRE VR 2HEKET 5. FHENIERTHS I LITEREL LS.
iz, VAMEY R M 2EFETAEETE LT (7R, append) 235 % (). £/, D
AVRFEEF () X, HEF = OFEICEIILDHTES.

TlX, VA MOERZMIAIZT 2B reverse &2 5.

a5 A 1: reverse B

- reverse [23,45,32,43];Ezﬂ

val it = [43,32,45,23] : int list

- reverse ["aa","bb","cc",“dd"];Eza

val it = ["dd","cc","bb","aa"] : string list

DL, ZHADaD VA EZIIMNITZZIENTES XDICTS. Taro A3,

P{E1L: Tur 5 a AN

- fun reverse nil = nill «
= | reverse ( front :: rest ) = ( reverse rest ) Q@[front];(«
val reverse = fn : ’a list -> ’a list

DT TS ADFEITOMTZRIAT 2 L,

reverse [23,45,32,43];

reverse [45,32,43] @ [23];

( reverse [32,43] @ [45] ) @ [23];

( ( reverse [43] @ [32] ) @ [45] ) @ [23];

( ( (nil @ [43] ) @ [32] ) @ [45] ) @ [23];
b, KERY LT [43,32,45,23] ®iRT.
ZOXOHEBEERLTVLD, SML 2 T35, ZRETOERIE, HATLES. Z

Dz, ZDXIBREBERE, 77 ANMIMRFLTBEHEET use 25, 222X, 207

07 L% LT 4 X (muleRY) 2> T, reverse.sml ERFFELIzET DL,

~BE12: T 7T L0FET ~

- use "reverse.sml";EEﬂ
[opening reverse.sml]
val reverse = fn : ’a list -> ’a list
val it = () : unit
- reverse [1,2,3];[§a
val it = [3,2,1] : int list
J

N
L. wRIZ, VAMIET 20 O0OBBERNT 5.




R 13 U R 2B B A

- nil;-

val it = [] : ’a list

- null;-

val it = fn : ’a list -> bool

- null [1,2,3];(«]

val it = false : bool

- null [J;(«]

val it = true : bool

- null nil;-

val it = true : bool

- d,

val it = fn : ’a list -> ’a

- hd [3,4,5];(«)

val it = 3 : int

-

val it = fn : ’a list -> ’a list
- t1 [5,6,71;(«)

val it = [6,7] : int list

- (op ::);-

val it fn : ’a * ’a list -> ’a list

- (op @ ;[«)

val it fn : ’a list * ’a list -> ’a list

-

J

nil IHo6WARDY A FDZEY X b ERT. B null 1, 518D nil DA true KL, £
NN DIEGE false #iIBT. BIE hd 13V R FORIHERZIR L, B t1 1XCHEERZRW-
BODY RN (BEB (tail) %K GHET ::, @ iZ2WTIEMeR) . 22Y 2 MZ hd, t1 2
5 efI4 HA, T (RIS X o Tl Empty) D3RAET 3. op &, PECETHVWIHEE T

BEE N L O ££( x, v ) THWRIEEIHS.

1.5 HEREF

PEHEEFZERT 27201 infix 26 5. BRI, VR NZESO XS ITEE TR HT

7-ODHEE IV EERT .

o~ BRIE 14 HETEEE T

- exception infix,operation;@

- infix !;-

infix !

- fun nil ! 0 = raise infix operation(«]
-1 (x::x8) ! 0 = 3«

= | (x::x8) 'n =xs ! (n-1);()
std_in:60.1-61.28 Warning: match nonexhaustive
(nil,0) => ...

(x :: xs,0) => ...

(x :: xs,n) => ...

val ! = fn : ’a list * int -> ’a

- ["a","b","c"]!2;( ]

val it = "c" : string




1.6 HU—{L&SrEEK

—Z, ££( x, y ) CRIBEBFSHLZ £f x y DX I IZEHT 2 Z &% H1)—1t (currying)
CIER. BEAY —L L TEVRIEIDPEEN LD TIZIDESI1ICEL. ML TEZD XS

BWNOHLSTES.

 180F 15: 5 ) — 1L

- val inc =1 +;.
std_in:77.14 Error: nonfix identifier required
std_in:77.1-77.13 Error: operator is not a function
operator: int
in expression:
1 + : overloaded
std_in:77.13 Error: overloaded variable cannot be resolved: +
- (op+) (1,2) ()
val it = 3 : int
- fun plus (x:int)(y:int) = x + y:int;(«)
val plus = fn : int -> int -> int
- val inc = plus 1;(«]
val inc = fn : int -> int
- inc 2;.
val it = 3 : int
- inc 10;.

val it = 11 : int

-

J

Z 2T, B plus OUIX, int -> int -> int, BAEL inc ORI, int -> int THBH I ¥ IT

FEL LS. 2V AL NEBBE, 5I8oE7ZT > e 2B %3,

1.6.1 PBIEK curry

T, KDEMRBEBERBT 22000 —(L2fTh5BBEERLTALS.

1E 16: curry BAEL

- fun curry ff x y = ff ( x, y );[«<
val curry = fn : (a * ’b -> ’c) -> ’a -> ’b -> ¢

ZOEBuz LD,

~ PAELT: curry BARCE LS
- max;-

val it = fn : int * int -> int

- max( 2, 3 );-

val it = 3 : int

- curry max 2 3;-

val it = 3 : int

/

B max D& 512, #HE ££( x, y ); EMEHIBEEE Y —(LLETES L TES. Z

iz &y,

10



~ BE 18 B A V) —1b ~

- val inc = curry op+ 1;(«]

val inc = fn : int -> int

- val twice = curry op* 2;(«)

val twice = fn : int -> int

- val plus = curry (op +): int -> int -> int;(«]

val plus = fn : int -> int -> int

- val real plus = curry (op +): real -> real -> real;[gzj
val real plus = fn : real -> real -> real

- val times = curry (op * ): int -> int -> int;(<)

val times = fn : int -> int -> int

- val real_times = curry (op * ): real -> real -> real;[gz
val real_times = fn : real -> real -> real

- val isitgreaterthan = curry (op <): int -> int -> bool;EEﬂ
val isitgreaterthan = fn : int -> int -> bool

- val greaterthan = curry (op >): int -> int -> bool;(«)
val greaterthan = fn : int -> int -> bool

- val str_lessthan = curry (op <): string -> string -> bool;[gz
val str_lessthan = fn : string -> string -> bool

- val concat = curry op“;EED

val concat = fn : string -> string -> string

- val cons = curry op::;(«]

val cons = fn : ’a -> ’a list -> ’a list

- val equal = curry op=;[§ﬂ

val equal = fn : ’’a -> ’’a -> bool

- val notequal = curry op<>;EEﬂ

val notequal = fn : ’’a -> ’’a -> bool

-

J
T, *) &, TFROKDD Z/RTELBLRDT, * ) DX IITEHEZFIRTFUIIZ S0,

Y
Y

1.6.2 ERSEYICER L 7=
iz, UFOBEEEZZ 5.
7275 A 2: B Get_nth

exception Get_nth
fun get nth _ nil = raise Get_nth

| getmnth 1 (front :: ) = front
|  getmthn (L :: rest ) = get.nth (n-1) rest;
Z DB get nth I3,

~ #21F 19: 95X get nth N

promptStandard ML of New Jersey, Version 0.93, February 15, 1993
val it = () : unit

- use "get.nth.sml";(—)

[opening get_nth.sml]

exception Get_nth

val get nth = fn : int -> ’a list -> ’a

val it = () : unit

- get.nth 3 ["a","b","c","d","e"];(«)

val it = "c" : string

- J

DEHIES. H25MTHL2 VA oFD 6, H15BTRTERLIRY. BEERFOT >~
R2a7 ()F, RR=V=vFOFE, IRTRXYvFT25 2EKTS. B get nth DA,

11



int -> ’a list -> ’a &RoTWA I LKFEEL XD, 2010,
1E 20: get nth BIEZH S

- val get third = getnth 3;(«)
val get_third = fn : ’a list -> ’a
- get_third [1,2,3,4,5];(<]

val it = 3 : int

DX ST, getnth 3 ZHIOHHT (BI) & LTERT S I LM TES.

1.6.3 SRR
RDEDICERTHILDHBTES.

Ve H1E 21 BREIRL

- fun twice x = x * Q;EED

val twice = fn : int -> int

- fun quad x = twice(twice x);(+)

val quad = fn : int -> int

- fun many x = twice(twice(twice(twice x)));(«)
val many = fn : int -> int

- quad 3;-

val it = 12 : int

- many 4;'!'

val it = 64 : int

DX RGEX, GREBE L TEETSILHTES.

R 22: SARBERCE (5
- val many = twice o twice o twice o twice;(«)
val many = fn : int -> int

- many 4;'!'

val it = 64 : int

BRI, HET o 2S5,

1.6.4 FE#HOE
BEEE,

1 23: BB DB

- fun twise x = x * 2;

val twise = fn : int -> int
- twise 2;

val it = 4 : int

DESITfun ZH-oTERLD, EE L THERITAIENTES,

12



FrlF 24: BB D fE

- val twise = fn x => x * 2;
val twise = fn : int -> int
- twise 3;

val it = 6 : int

OB, A0 fn x = x + 2; B RO RGBS LICER) Ths. EHE 1K
v UCHIBR T 350 PIcE, (Y L-CHER EET 50T o b b2 S,

1.6.5 #hiRL
2 PERIEX (higher order functions) Zffio T, #DRLZITROI I ZEZ 5.

fun repeat n ff state
T, n 3D RIEE, ££ ZFFOCHT (LU, #A (application) W5 ) B, state 1%, #)
HIREZRT T2, ZOBKICED, NEoFy . 2R KT 2880,

RO 25: 8D
- fun printdots n = repeat n (concat ".") "";[«]
val printdots = fn : int -> string
- printdots 20;-
val it = ".... ... i " : string
Z 2T, BEEX concat X, L TERLIZEKTH 2. RBRICEEL repeat ZEFRL TA LS.
R1E 26: BA%K repeat
- fun repeat 0 f state = state[«)
= 1 repeat n f state = repeat (n-1) f (f state);(«]
val repeat = fn : int -> (’a -> ’a) -> ’a -> ’a
OB

BI% repeat ZMLUH T 7200, BAEE 23 1 EODOMHINATWS Z e IERL &5
2, BIBO5IEE UTBEBEE S L5 2BE, SRR L L.

1.6.6 PB8% map
BRI 72 =P RA R & U CRA%Y map 23 5.
$E1E 27: map BEIEL
B}

val it = fn : (a -> ’b) -> ’a list -> ’b list

MTFD &5 ifEng .

13



~ TR 28: BI% map 215

- val plus = curry (op +): int -> int —> int;[«]

val plus = fn : int -> int -> int

- val inc = plus 1;(«]

val inc = fn : int -> int

- inc 1;-

val it = 2 : int

- map inc [73,82,34,54];@

val it = [74,83,35,55] : int list

- J

Z DIREEBAE map B LR VWTERT S &,
F1E 29: BAEL map & [F5F D REEL

- fun map.inc nil = nilf«]

= | mapinc (front :: rest) = (inc front) :: (map.inc rest);(<]
val map_inc = fn : int list -> int list

- map_inc [73,82,35,55];(«]

val it = [74,83,36,56] : int list

£7%%. B map 1¥, O map_inc D &S REFRZERICE S O DHEXHE (syntax sugar) %
BZTWbWS e NTXS.

14



F28 1EDRVUI

RDOAFRIHE - 7B EFRE K. TRT fun THHE 2 1 DOBYE LTERL, XETHEKS
let ... in ... end MUIHWTICERET L. LAR—- NI, jBWIEX 2o TEEHEL, vl
7 LDFHH, ERE2E XK.

2.1 B3 funpow
- funpow;( <]

val it = fn : int -> ('a -> 'a) -> 'a -> 'a
- funpow 3 twice 2;(+«

val it = 16 : in
50 5| RO BEGER Ca -> 2a) -> ‘a%, H15IMCRTEEITRS.

2.2 3% append
- append; .

val it = fn : 'a list -> 'a list -> 'a list

- append [2,3,4] [3,4,5];@

val it = [2,3,4,3,4,5] : int list

- append ["ae","ef","fh"] ["ef","fh","ll"];@

val it = ["ae","ef","fh","ef","fh","11"] : string list
YR NDBIMZEITIRD.

- (OE @),.

val it = ist *x !

fn : 'al st _*_'a
ERLTVRHUDGES Z 2

list -> '
Z

a list
FELED. e 2T ITERY L.

2.3 BFE#el
-

val it = fn : int -> 'a list -> 'a
- el 2 ["ef","gh","ef"];@

val it = "gh" : string

- el 3 nil;-

uncaught exception EL

- el "3 [3,4,51;(<)

uncaught exception EL

- el 0 [4,5,6];(«)

uncaught exception EL

- el s [2,3,4];.

uncaught exception EL

15



H25TRTVAMD, F15IBEFEHOERZHD HT.
el [331, ,Zl'n] = T4

B 15IBDE 25 CRT VY R FOBEYIRMEZ RS RWEERR, 82585 nil 5EE, Hi
AL (exception, raise) #{T729.

2.4 B 1ast
- last;

val it = fn : 'a list -> 'a

- last [2,3,4];(«)

val it = 4 : int

- last [naau "ef" "fg" ||1mn].@
val it = "Im" : string

VR DOREOERZIRT. B 15180 nil OHER, HISMLIEZITZS.

2.5 PB#Mbutlast
- butlast ;-

val it = fn : 'a list -> 'a list
- butlast [3,4,5,6];(«
val it = [3,4,5] : int list

- butlast nil;-

uncaught exception ButLast
- butlast ["ef","fg","gh"] ,@
val it = ["ef","fg"] : string list

VR POBRBEOEBLNEEGAZY A M 2IRT. 81518003 nil OHER, BISVLE 21T 5
(BEEL 1 2D FTITERYE X).

2.6 RE#replicate
- reBlicate;-

val it = fn : 'a -> int -> 'a list

- replicate "a" 10;@

val it = ["a","a","a","a","a","a","a","a","a","a"]
: string list

- replicate 1 5;-

val it = [1,1,1,1,1] : int list

- replicate true 0;(«]

val it = [] : bool 1list

- replicate false "1;@

uncaught exception Replicate

BLEITRTEERE, B25BESARERZET. 58 2510 ADBDLGERINLEL 21T
735,
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2.7 B itlist
- itlist;.

val it = fn : ('a -> 'b -> 'b) -> 'a list -> 'b -> 'b
- curry max ;-

val it = fn : int -> int -> int

- itlist (curry max) [3,4,5] 2;(«)

val it = 5 : int

- itlist (curry op+) [3,4,5] 2;(+)

val it = 14 : int

- itlist (curry op::) ["a","b","c"] ["a"];@

val it = ["a","b","c","a"] : string list

PUN o tEkk % it 72 3 B

itlist f [x1,29, - ,xn]® = faor (fao (- (f znx)--+))

= ((fa)o(faz)o-o(fan)w

2.8 B rev itlist
- rev,itlist;-

val it = fn : ('a -> 'b -> 'b) -> 'a list -> 'b -> 'b
- rev.itlist (curry op::) ["a","b","c"] ["a"];(+)
val it = ["c¢","b","a","a"] : string list

- rev_itlist (curry op+) [3,4,5] 2;(+<]

val it = 14 : int

- rev.itlist (curry op-) [3,4,5] 2;(<)

val it = 2 : int
PUR oo fhk 2 i 72 3 BE Y.

rev_itlist f [x1,29, - ,xn]| 2 = fax, (f p-1 (- (f 21 2)--+))

= ((fan) o (f 2n1) 00 (far)) x

2.9 B end itlist

- end_itlist;

val it = fn : ('a -> 'a -> 'a) -> 'a list -> 'a

- end itlist (curry op-) [2,3,4];(«)

val it = 3 : int

- end itlist (curry op@ [["aa"],["bb"],["cc"]1];(<)
val it = ["aa","bb","cc"] : string list

- end itlist (curry op@) nil;(+)

uncaught exception END_ITLIST

PUN oAk Z it 72 3 BAL.

end itlist f [z1,22, - ,&n-1,2n] = fa1 (f 22 (- (f Tpo1 ) -+))

= ((f @) o (fx2) 0 -0 (f Tn-1)) 2n
Y2 DOEZFX, FUHETRIFAUIZSZRVDT (curry op::) &, HXRWI EIZEEREL LS.

2.10 B first_itlist
DUT A4k % i 7= 3 BEEL.
first_itlist f [x1, 22, -, Zn 1, 20] = f - f((f x1 22) 23) -+

17



2.11 FA¥nap ZBERT L.
2.12 PBd¥ find

- find;-

val it = fn : ('a -> bool) -> 'a list -> 'a

- fun pp x = if length x = 3 then true else false;@
val pp = fn : 'a list -> bool

- flnd Pp [[lltestll ’naan ,"bb" s Ilall] s [nau] s [Il234|l] s [Iltestll ,"testl","test2"]] ;[ <_,]
val it = ["test","testl","test2"] : string list

- find !B nil;-

uncaught exception Find

hEEE, ZORGECET N TEIERNLRD VR M Z2RIFEL, RN Z DRz
TER IR TR

2.13 B assoc
- assoc;-

val it = fn : ''a -> (''a * 'b) list -> ''a * 'b
- assoc 3 [(3,4),(33,4),(11,2)]1;(«)

val it = (3,4) : int * int

- assoc 3 [(22,33),(33,4),(3,4),(44,55)];(«)
val it = (3,4) : int * int

2ODERDMDY A M oBl—EHRe ¥ — L LTHRT 2B

2.14 B rev_assoc
- rev_assoc ;-

val it = fn : ''a => ('b * ''a) list -> 'b * ''a
- rev_assoc Ilaall [("aa","bb"),("cc","dd"),("ee","aa"),("test","aho")];[<—v]
val it = ("ee","aa") : string * string

2ODEFRDMDY X Mo HE e F— 8 LTHEKT 2B

2.15 BE#filter
- filter;-

val it = fn : ('a -> bool) -> 'a list -> 'a list
- fun px x = if x > 3 then true else false;(<)
val px = fn : int -> bool

- filter px [45,1,2,3,4,5,6,67];(«)

val it = [45,4,5,6,67] : int list

- filter px nil;-

val it = [] : int list

WFEY, ZORFBICEST N TERIEENORDIZ VA MEZIIEL, BiEEZM-TEELS
BBV AEIRT.

18



2.16 P flat
- flat;

val it = fn : 'a list list -> 'a list

- flat [[naau s llbbll s "dd"] , [nddu , "ff"] s [uhhu , nyqn s ||qq||:|] ;E]

val it = ["aa","bb","dd","dd",":Ef","hh","ll","qq"] . string list
- flat nil;

val it = [] : 'a list

2.17 B3% combine
- combine ;-

val it = fn : 'a list * 'b list -> ('a * 'b) list

- combine ([1,2,3,4],["a","b","c","d"]);@

val it = [(1,"a"),(2,"d"),(3,"c"),(4,"d")] : (int * string) list
- combine ([1,2,3],["a","b"]);(«)

uncaught exception Combine

PUN oAtk Z i 72 3 BEAL.

combine([z1, -+, xn), [y1, -+, ynl) = [(@1,91), 5 (Tn, Yn)]

2.18 FA# split

(let---in---end Zffio TH K\)
- sllit;-
val it = fn : ('a * 'b) list -> 'a list * 'b list
- split nil;-
val it = ([]1,[]) : 'a list * 'b list
- split [("a",1),("b",2),("c",3),("d",4)];(«)
val it = (["a","d","c","d"],[1,2,3,4]) : string list * int list

DUR {1k % i 7z 3 BEEK.

Split[(xlayl)a T ’("Enayn)] = ([561, T ,l‘n], [yla T 7yn])

2.19 B forall
DUR DR 272 3 BE%L

- forall;(<]

val it = fn : ('a -> bool) -> 'a list -> bool

- fun pl x = if x < 10 then true else false;(«]
val pl = fn : int -> bool

- forall pl [32,43,54,56];(«]

val it = false : bool

- forall pl [1,2,3,4,5,6];(«)

val it = true : boo

1

exists [IBLERBEBTD 5.
- exists;.
val it = fn : ('a -> bool) -> 'a list -> bool
- fun pp x = if x = "aa" then true else false;@
val pp = fn : string -> bool
- exists pp ["test","bb","cc"];(<)
val it = false : bool
- exists pp ["test","aa","bb","cc"] ;@
val it = true :

Z

DR i, B forall B Y L. B0 exists LR LTH 5,

19



2.20 BEd#mem
- mem;-

val it = fn : ''a -> ''a list -> bool
- mem 3 [1,2,3,4,5];(«

val it = true : bool

- mem nan [nan ubu "C"] @

val it = true : bool

- mem "aa" [llall’llbll,llcll’lldll] ;@

val it = false :

: bool
F5 RO EERD, B 5DV A MZhHIUX true, 2IFHIUSR false BB TR B exists
o TERYE XK.

2.21 B intersect
- intersect;-

val it = fn : ''a list -> ''a list -> ''a list
- intersect [23,34,45,56,67] [34,45,999];(«—
val it = [34,45] : int list

PUN o tEhk % it 72 9 B

intersect {1 lo =11 Ny

2.22 B subtract
- subtract;-

val it = fn : ''a list -> ''a list -> ''a list
- subtract [llall’llbll,llcll,lldll] [lldll’llcll,llefll] ;E]
val it = ["a","b"] : string list

DUR ofttkziu/ 8. — 3EREG2RIHE S

subtract I lo =11 — Iy

2.23 B union
- union;-

val it = fn : ''a list -> ''a list -> ''a list
- union ["at","then","where"] ["then","so","what","where"];(«—
val it = ["at","then","where","so","what"] : string list

PUR bk fini 72 9 B EX.

union Iy I =11 Uly

2.24 PBFE#distinct
- distinct;-

val it = fn : ''a list -> bool

- distinct nil;-

val it = true : bool

- distinct [11,2,2,3,3,4];(<]

val it = false : bool

- distinct [1,2,3,4];(«<)

val it = true : bool

- distinct ["aa","aaa","bbb","ccc"] ;@
val it = true : bool

SIETRZIITET VR P DOEENPHWIHIRIGEIT true IR L, DGE false ZiRT.
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2.25 P setify
- setifz;.

val it = fn : ''a list -> ''a list

- setify [2,2,23,4,3,1,2];(«

val it = [23,4,3,1,2] : int list

- Setify [Ilaall Ilbbll Iltestll llaall llddll IICCII] o

val it = ["bb","test","aa","dd","cc"] : string list

FIECRT YR FOEECTHL b ORHIRL, BERICHRL-EZOARKT.

2.26 [FE# set_equal
- set,esual;-

val it = fn : ''a list -> ''a list -> bool

- set_equal [1,2,3,4] [4,3,2,1];@

val it = true : bool

- set_equal ["aa","bb","cc"] ["aa","bb"];@

val it = false : bool

- set_equal ["aa", "bb" "cc"] ["bb","aa","cc"];(]
val it = true

1 SR DRI ) R N RIEL, BEAE L
).

2.27 B take

- take'-

val it = fn : int -> 'a list -> 'a list
- take 3 [3,4,5,6];(«]

val it = [3,4,5] : int list

- take 0 [3,4,5,6];(—)

val it = [] : int list

- take 5 [3 4,5,6] (<)

val it = 4,5,6] : int list

true, ZHLILDIRF

false Z#iK73 (i

%1 %I%I“CT@“*“@M WAEST VR (382 518) OERETOY R P 2iRT.

2.28 & alltrue
- alltrue;-

val it = fn : ('a -> bool) -> 'a list -> bool
- alltrue (curry op= 1) [2,3,1];(+)

val it = false : bool

- alltrue (curry op= "a") ["a","a"];(<]

val it = true : bool

- alltrue (curry op— S

val it = true :

bool IV X.]‘ ’Z’(ﬁb 2TH true DFEEIX true,

2.29 EHETFO0
WETORHERE L. HLOVAR L LTERT X,

21
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- infix ”-

infix ~

- fun op ” (mil,1) = (<)

=] op~ (a::r,1) = (=)

val ¥ = fn : 'a list * 'a list -> 'a list

- [Ilall,llbll] ~ [Ilcll] ;E]

val it = ["a","b","c"] : string list

- opTi(])
val 1t fn : 'a list * 'a list -> 'a 13i

t@%ﬁ%@@ 7u77A%mm%; e LT ICHERY X.

2.30 EEFo
BET o 2EERE L. FLOAN L LTERE L.

- infix ~;-

infix ~

- fun f " g = (<]

val ~ =fn : ('a -> 'b) * ('c => 'a) -> 'c > 'b

- (twice ~ twice ~ twice) 4;
val it = 32 : in

L@WE%@@7D77A%EWﬁ; o ZFbITHERY L.

22



FEIE TEITXLBHN

COETIE, 1 BIHEIDERNLE 05 L42EL DO EHENT 5.

3.1 unit B

B, ZoME KT MEZRIRTNEIRLRV] . LHL, [EEZRRT 28 print &
E, ERIRTREDRRVIGEEIE, WAWAREZRTARENEDLDH 2 (FI 2K, 58 THELLE
BRZO LIGERY)GAE, O ZRIZeickDd U tLToMEZRES. 8 O O
ANX unit BUC, WIC unit BIXZDfE O LA,

-~ #E 30: unit B4 ¥ BEK print ~
- O5(«)

val it = () : unit

- print 10;-

10val it = () : unit

- print "str";.
strval it = () : unit
- print "\n";(<]

val it = () : unit

- print true; -

trueval it = () : unit

- print 3. 1;.

3.1val it = () : unit

/

Bﬁﬁ print bi, 7_"/\\\/& (debugglng) @H#@:ﬁﬁﬁfzé% =7 L "\n" %ﬁﬁbﬁb\taﬁf‘j‘bﬁ
WIZEIHERL &S,

3.2 let --- in --- end

let --- in --- end ZHEMERDOFTTERTAILICL-T, 2OEFEEANTFICTE L
MTED. %/, let --- in I2UF, ZRE I Z RFANCERT 2 Z LA TE, ZOiil+
(identifier) ® X J—7F (scope) 25 Z LD TZE 3.

TlE=a—trEZHoTL—F (2 FR) &, 3 B2 KDL ERT S, =2— U
L (v—FERD IHE),

flzx)=2°—a

LBE, y=flr) DFT 7N ol YA A 1 K (E) TEMT 3 HETHE. 20k
DIELIE,

flen) a2 -a

Flan) ™ oz,

Tntl = Tp —
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AR A= B/ NIV ND B N A

- 70277 A 3: B newton, 7 7 A L% (newton.sml) ~

fun deriv f x dx = (f(x+dx) - f(x)) / dx;
fun abs x = if x > 0.0 then x else 7x;
fun newton f epsilon =
let fun until p change x = if p(x) then x
else until p change (change(x)) in
let fun satisfied y = abs(f y) < epsilon in
let fun improve y =y - (£(y) / (deriv f y epsilon)) in
until satisfied improve
end end end;
fun square_root x epsilon = newton (fn y => y*y-x) epsilon x;
fun cubic_root x epsilon = newton (fn y => y*y*y-x) epsilon x;

- )
BI# deriv &, 5 1 SIBTRIBEBOMI 2RO 2B TH 2. B abs 1&, 5IETRIMED
etz SR 6D 2 BE%L, BAEL newton 23 =2 — M VIEIC K DEZRD 2B TH 5. 2 1 518U,
FREEIS 2 BI%, B 2 glBuciE, DELIT 2 &) ZiEET 5.

~ 11 31 BE newton DELT ~

- use "newton.sml";EEﬂ

[opening newton.sml]

val deriv = fn : (real -> real) -> real -> real -> real
val abs = fn: real -> real

val newton = fn : (real -> real) -> real -> real -> real

val square_root = fn : real -> real -> real
val cubic_root = fn : real -> real -> real
val it = () : unit

- square.root 2.0 1E5;(«]

val it = 1.41421569552701: real

- cubic_root 8.0 1E"5;(«]

val it = 2.00000000130563 : real

- 2.0 * (newton cos 1E~5 1.5);E§3

val it = 3.14159265358854 : real
- J

let -+ in --- end M Z2HS Z2IZED in & end DRICHKDOEE (sequence) ZEL Z &3
TE B3N ZDOMDGIMCE S HEF N () THLHEDDH 5. FEFREZKD B factorial
BEZD.

a2 Z A4 B factorial

fun factorial 1 =1
| factorial n = n * (factorial (n-1));

T2, FOHETII,
FR1E 32: BA%K factorial DFEAT (1)
- factorial 10;-

val it = 3628800 : int

- factorial 12 ;-

val it = 479001600 : int

LdL, 2OFarI02FT732 LT, BHEREFRRLEIS>ET S,

24



Fur o L5 @ E RN U7 factorial

fun factorial 1 =1
| factorial n = ( print (factorial (n-1)); print "\n"; n * (factorial (n-1)) );

DEICHD. FIOBBEFITTL2LUTDLIITRS.
-~ FR1E 33: B9%X factorial DT (2)
- factorial 1;.

val it = 1 : int
- factorial 2;-
1

val it = 2 : int
- factorial 3;-
1

2

1

val it = 6 : int

- factorial 4; -

1

= N = O = N

val it = 24 : int

- J

() THENZ Komx o) BRBICFHESNZRDOMETH 25 (2 DHFEIX n*(factorial
(n-1))).

3.3 ARU—AL

TZ7ANDLDAMNIE, AU =L (stream) ZfS5. ZDDHDOA L LT instream,
outstream DSHEIN TV 5.

YT N1 7 74l test
[This is a test. ]

EWVWS T 74 test BDHBETHE,
~BIE34: 7 7 AN BHDRT] ™~

- val IN = open_in("test");(+«
val IN = - : instream

- input(IN,1) ;-

val it = "T" : string

- input(IN,1) ;.

val it = "h" : string

- J

D& 512, B open_in T7 7 A V%A —T > L, B input TZOHFHDOXFERD HT I &
TE%. TEI77A00OHG%2 ) X MNIEHT BT ERT 5.
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Ve $1E 35: A% readList ~

fun readList(file) =]’E]

if end_of_stream(file) then nil@

else input(file,1) :: readList(file);(E]
val readlList = fn : instream -> string list

- readList (IN) ;(«]

Val it - [l'T" . ||h|| s |li|| . ”S" s n n , ||il| s "S" , n n s "a" , n n , "t" s |'e|| ye e '] : String list
\_ J
BEI%EL end_of stream IC KD 7 7 A VDRENPEF =2v 7 L TW5S. outstream IZXF LT d[AIEEIZ
WS 2 Z e NTEDL. 77 A0DF—T VIR open_out Z{H\, SCFFIZHIJ1T 2 BIEL
output 25,

~ BIE36: 7 7 A AADHIT ~
- val OUT = open out("test");(«)
val OUT = - : outstream

- output (0UT,"That is a sample.\n");(«
val it = () : unit

- flush_out (OUT) ;.

val it = () : unit

/

BE%L open out ZFEITT A Z LD 77 A NDHED 0 IZKRZ2DTHEEL XS, B output
ZFATLUTHHRIEIC T 7 A MicHii S g, BIE flush out 2T 5 Z &IT X D FERBITHI
XNs. EEAHTIDODDEET instreamn B D std_in ¥, outstream HID std_out DHE
ENTW5E., BEMFORIBR 7T 741X, BIEL close_in, BH% close out Ik h 7 m—X
W% § 5.

3.4 FE{TAIGETOT F LDERK
SML TYE L7270 25 A2 FATAIRELR A Y Y R LTAERT AN TES.
LB L7 a2 o o (BE) 2B AH /-7 SML & LTAKT 5
frafRERa~> R LTAERT 3

A

2.

aill

D2 ZEZLIEHNTES. 1.3, snl & LTEELHE LRRTDH 503, HEIRHITH -
WERBLEEBZEATVWEIY AT LAZERT S, 2. &, BIFLRa~vy Fe LTERKT 5.
ZoHE, BEIFROTEZ DX 51k 2o E L %5,

3.4.1 B exportML
B L7270 75 6% & ATH 7272 SML & L TAERT 2581%, B exportML ZfH 5.
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s 7a5 56 77 A I export.sml

fun comb(n,m) =
let exception BadN; exception BadM; in
if n <= 0 then raise BadN
else if m < O orelse m > n then raise BadM
else if m=0 orelse m=n then 1
else comb(n-1,m) + comb(n-1,m-1)
end;
exportML ("newsml") ;

-

J

BER R B L7-1R1C, B exportML ZMUHIT Z 2k D ETER L ZBBE & A #7275 SML

ZHENT 5. B comb 1X, HE D (combination) %K 2T, UTDOARICKDEL Z

EMTES.

()= (") (o)

3.4.2 FIEHIOAIVRELTERTS
Hi-lha~<> R LTSML o7FuZs az24dmls 5.

Ve 7o LT 774 combfile.sml

fun combl(n,m) =
let exception BadN; exception BadM; in
if n <= 0 then raise BadN
else if m < O orelse m > n then raise BadM
else if m=0 orelse m=n then 1
else combl(n-1,m) + combl(n-1,m-1)
end;
fun scanInt(nil) =
| scanInt(x::xs)
fun stringToInt(s)
fun comb([_,n,m],_)
print("\n"));
exportFn("combfile", comb);

ord(x) - ord("0") + 10*scanInt(xs);
scanInt (rev(explode(s)));
( print(combl(stringToInt(n), stringToInt(m)));

g o

-

J

B combl 1X, FOBAKEFEILTHS. comb([_,n,m], ) EEFEITHILIZED 258 n,m %

MOy ZehnTEs. LrLl, B5REXTFIROMEE LTI Hy DT, BERICEIRT 5

WEND 5.

3.5 P explode & implode

XN =N FZ T, XFHNV R ML D, ¥ SKFINR 3B, %4BIEL explode,

RA%{ implode T» 5.
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-~ $1E 37: BA%L explode &, BH%{ implode ~

val it = () : unit

- explode ;-

val it = fn : string -> string list
- implode ;-

val it = fn : string list -> string
- explode "the test";(+)

Val lt = [Iltll’llhll,llell,ll ll,lltll’llell’IISH,IItII] : Strll’lg llst
- explode "this is a test";[«
Val lt = [Iltll,llhll,Ilill,llsll’ll Il’llill’llsll’ll Il’llall’ll Il’lltll,llell,."] . Strlng llst

- implode ["t","h","i","s","\n"];(«]
val it = "this\n" : string

- implode (explode "the test");(«)
val it = "the test" : string

3.6 Y—F

TR, 7TV XL LHITHEY — b 2T 5. HHROLDIZ, BHEAOED
UXF@%?’E‘/—F?‘%% T 2.

3.6.1 NTILY—F

XFEBD M) DXV = 2ITIDBANTLY - THS. HIZIR,
bubblesort [@®, @®, ~5, 9, 3, 6, 4, "2, 8];

bubblesort [1, @, @, 9, 3, 6, 4, "2, 8];
bubblesort [1, "5, (@, @, 3, 6, 4, "2, 8];
bubblesort [1, "5, 7, @, ®, 6, 4, ~2, 8];
bubblesort [1, "5, 7, 3, @, &), 4, "2, 8];
bubblesort [1, "5, 7, 3, 6, ®, @®, "2, 8];
bubblesort [1, "5, 7, 3, 6, 4, (©, (2, 81;
bubblesort [1 ~5, 7, 3, 6, 4, "2, (@, .]
bubblesort 5, 7, 3, 6, 4, 72, 8, 9];
L@lfd E#%Zooo@ﬁ%ﬁft k%mﬁ#w?tk&éiowﬁm%ﬁofmé

ETOHERRIINLTIOMEETS ZLICK DR LT BLAOERDPBABL KB (ZOHE
&i%.L#L,Cﬂﬁﬁf@éf@ﬁ#y—Féhkbﬁfﬁﬁm@f,p®%ﬂ%1ﬂxtb,

(FR) Z DEZRBIZ VT ZONBERREL 2D, ZOFITIE, UTFO LIS 5.
2 NRADRER [5, 1, 3, 6, 4, "2, 7, 8, 9]
3 NRDFER [*5, 1, 3, 4, "2, 6, 7, 8, 9]
4 R2DFER [*5, 1, 3, "2, 4, 6, 7, 8, 9]
5 /S 2 DFER [*s, 1, "2, 3, 4, 6, 7, 8, 9]
6 SR DAER [5,\ "2, 1, 3,4,6,7,8, .

LD 6 NADK E&Ltﬁb)é.fﬁ Z DL % 3 % BI%L bubblesort ZEFK L TA
£9.

7u 25 1 8: %L bubblesort
[fun bubblesort xs = until is_sorted swop xs; ]

ELTERT S, B swop 1T 2 BERZWOHL, L, £ > GHDOBEBRITIUE, 2
BEEREL, UNEEDIRL 725, Bfiuntil 1&, 55 1 518CT/RTIBEED true ICKR D2 F T (f
x) ZEDIRITHEETTHS. SEBIILLTDO L5112k 5.
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Ia s L9 BE swop & BA%L bubblesort

fun swop [] (]

| swop [x] [x]

| swop ((x:int)::y::xs) = if x <= y then x::swop (y::xs)
else y::swop (x::xs);

fun until p £ x = if p x then x else until p £ (f x);

BE¥ is_sorted &, Y —FINTDEI 02 F v 7T 5HBTHE. XTIV —bDEDIRL
WK TEZRK THEZLIEHOLTHINZDORDIBRLETZ 37230 RLTE5DDHHEE
TH5.

a5 A 10: B is_sorted

fun is_sorted xs = let fun isless ((x:int),y) = x <y
in alltrue isless (zip xs (tl xs)) end;

COFRTHEALTOZE zip 1%, BEAI) 2 OD G- BRZOMN 6KV A M E2IKRT 2
YEHME LT H 3.

a5 L 11 B zip & BIEK alltrue

fun zip [1 ys = [I
| zip (x::xs) [1 =[]
| zip (x::xs) (y::ys) = (x,y)::zip xs ys;

PR 38: BISL zip

- val xs = [1,2,3,4]; }

val xs = [1,2,3,4] : int list
- zip xs (t1 xs);(«)
val it = [(1,2),(2,3),(3,4)] : (int * int) list

BEC alltrue 1T 2 ECTERL-BHTH 5.

3.62 J4M4voY—F

HoLBHHAT, WEPLVEVDLATVWEY =R I A0 I —=1vTHbB. I 2 ELLFD
O T 3.
gsort [@®, 1, 5, 9, 3, 6, 4, "2, 8] -> gsort [1, "5, 3, 6, 4, “2] @ [7] @ gsort [9, 8]
gsort [, "5, 3, 6, 4, “2] -> gsort ["5, "2] @ [1] @ gsort [3, 6, 4]
gsort [, "2] -> gsort [1 @ [“5] @ gsort [~2]
gsort ["2] -> [~2]
gsort [(®, 6, 4] -> gsort [] @ [3] @ gsort [6, 4] -> [3, 4, 6]
gsort [1, *5, 3, 6, 4, 2] -> ["5, "2, 1, 3, 4, 6]
gsort [9, 8] -> [8, 9]

MR LT,
gsort [7, 1, 5, 9, 3, 6, 4, "2, 8] -> [*5, "2, 1, 3, 4, 6, 7, 8, 9]

ERD, V=D TT 5. B gsort ITREINZEHE 1 EREZITIILT, ZOI /W
EE REWEIIZHE L (FREEZRDTHF 2 W HiEd H 205, FEMEERD 2721 CUEDS
WEEIRD), TORFONTV R MEATERLY — N2iT5. BRAEANIC, 2 BHERd», H—EHEFE
THHEIL (2 HZZOLE I ZORNZHM LI Z21TS), FV A MG (TR FEE oz H
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VB LY — FEFETFTS. 24 v 2V — M3, FHLT N HOBEZRICH LT NlogoN 60
TUFETE 5 2 L HHISN TV S (UFITHVEHEITIRIE D P RWES). Tk, Z OB gsort
BEHLTHLS.

7va 7 1 12: gsort B

fun gsort [] = []
| gsort ((x:int)::xs) = gsort (filter (curry op>= x) xs) @ [x] @
gsort (filter (curry op< x) xs);

T CHI%K filter (3 2 ECERSINLEMBTHZ. 274 v 7Y —1E, TOXSZHEILTY—
M 2TV, FEIEATIL DY) X L (divide and conquer algorithm) O—DTdH 25 L W5 T & HT
x3.

3.6.3 A H—23>V—F $EARE)

ABE VWS Y —ME, arbBa—XTERLRICAED (BRZEE) Y — T 3ETH 5.
7L, MREIHFEHRVDIFI TR, FIZIEZUATDOESITY - T 5.

isort [7, 1, ~5, 9] -> imsert 7 (isort [1, ~5, 9])

-> insert 7 (imsert 1 (isort [*5, 9]))

-> insert 7 (insert 1 (imsert ~5 (isort [9])))

-> insert 7 (insert 1 (insert ~5 (imsert 9 (isort [1))))
-> insert 7 (insert 1 (insert ~5 [9]))

-> insert 7 (insert 1 [~5, 9])

-> insert 7 [75, 1, 9]

-> [*5, 1, 7, 9]
VA NOERZENPH—DOOWMOHL, AlDY R (BNE 1) OEYIREBD AL T L

HETHS., 7a75 L3 TFT0kd51ck 5.
a7 A 13: B insert & B isort

fun insert (x:int) [] = [x]

| insert x (y::ys) = if x < y then x::y::ys else y::insert x ys;
fun isort [1 = []

| disort (x::xs) = insert x (isort xs);

3.7 flzE

T, ZZTHERIKERFIEEZHENLELS. 7FRXAM (FLT7 7Ry bERYIDXF) 6%
DFEBEBZ 2B EEZS. TFAMIL, 777Xy bz, KUIH XFRZ%EH (ZZHIC
YT 2F) BEVWL DODDLFEREENS.

#1E 39: B% punct ¥ blanks

- val punct = [n non.n n(n n)n non o nmonon un].@

val punct = [u non.n ll(ll n)u nm.n o non u\uu] . string list
- val blanks = ["\n","\t"];[«

val blanks = ["\n","\t"] : string list

ZERTD. 2T, MELLRIBMEUTOISICERTLILEEZD.
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#1E 40: total B

- fun total xs = (sum o count) Xs;EEﬂ

val it = fn : string -> int

- fun sum xs = foldl (curry op+) 0 xs;(«)
val sum = fn : int list -> int

ZZTxs i, 5B LTREITXFINTHE. TOXFH xs 2 (. $T) TIicXYIh, FB%
ZRA BB count THS. 2L T, BsumiZZDY A b (BERY X M) e L TGHEAL, &
MzZRDTWE. BB foldl 1X, LSRR EM T 25T, Ak 5%z E~ 3 2
B foldr HERTAHI LD TES. ARIUTOEITHS.

foldl f a [x1,22, ,an] = f(f (- (faz) )rn)a

foldr f a [z1, 29, ,an] = fa1 (fa2 (- (f2na)--))
COMBEERTLZLLUTRDXII1TR 5.
a7 s 14: B foldl & B foldr

fun foldl f a [] = a
| foldl f a (x::xs8) = foldl £ (f a x) xs;
fun foldr f a [] = a
| foldr f a (x::xs) = f x (foldr f a xs);

BE%L count 1&, UITDHEDTH 5.

v 75 L 15: B count
[rfun count xs = (map findtotal o map split_up o split o reformat o replace) xs; jj

Z ZTH721Z, BA%K replace, reformat, split, split_up, findtotal Z/ERT 2 NENDH 5.
BE%L replace 1,
A 41: BIf replace

- replace "AA BB. C:DD.";(+«+
val it = [IIAII,IIAII’" Il,IIBlI’IIBII’II‘lI’lI Il,IICII’II ll,llDll’llDll,ll'll] : string list

VUL R () ZERARYIDXFEREAICESBZI 2B8TH5. 2L T, B reformat iI2&D
BEDOEAZ—DODEAL LTEe®, B split IZ&D, HoZkkB UL FEDBEIIXE LTY)
DRT5. ZLTXFHNVRAMILTELED S, Lo, LT XH1Tk5.

PRE 42: B reformat, split ZiEH

- (split o reformat o replace) "AA BB. C:DD.";(«+
val it = ["AA BB","C DD"] : string list

BEEL splitup IS & D, BFXFHNEHGEIIHEIL, XFHVR T 5. R LT, XFH) R
FDVYRMERSL, HIZ, FERIC, B findtotal 2T 2221k, EBEERZ TR
BYZbeid. 202 20K, SBERIINUTHEHAZITS DT B nap ZHW 5.
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P0E 43: BA%L split_up &, BA%K findtotal

- (map split_up o split o reformat o replace) "AA BB. C:DD.";[«
val it = [["AA","BB"],["C","DD"]] : string list list

- (map findtotal o map split.up o split o reformat o replace) "AA BB. C:DD.";(«

val it = [2,2] : int list

T, BEBEZERL TV S, 7, B replace ZEFRT 5203, ZOHTHW B member
ZEFRT 5. BE member X, 1 5IETIEE T 2HED, H 25 THET %V X MHITFE
TEIMEIDEF 2y 7 THEMTHS. BEEHEDBE exists ZHVWERIT S TE 5. £

7o, fHED7-0IC infix fEE%Z LHEOHEE LT 2.

717 Z A 16: B member

infix member;
fun x member xs = exists (curry op= x) xs;

Z DR member &5 ¥ B replace XL FD LS5k 5.

~ 7077 51T B replace ~
fun replace xs =
let fun valid c =
let val punct = [",", ", n(r,m)ym, g, o m\nny;
val blanks = ["\n","\t"]
in if ¢ member punct orelse c member blanks then " " else ¢ end
in map valid (explode xs)
end;
- J
%72, B reformat, BA%EL split IZLLFD XS5,
7ar'Z 4 18: BN reformat
fun reformat (c::d::cs) =
if ¢ =" " andalso d = " " then reformat (d::cs) else (c::reformat (d::cs))
| reformat [c] = if ¢ = " " then [] else [c]
| reformat [1 = [];
Ve a7 519 B split ~
fun dropwhile p [] = []
| dropwhile p (x::xs) = if p x then dropwhile p xs else x::xs;
fun takewhile p [] = []
| takewhile p (x::xs) = if p x then x::takewhile p xs else [];
fun split [] = []
| split ("."::cs) = split cs
| split (" "::cs) = split cs
| split cs = let val sent = takewhile (curry op<> ".") cs;
val rest = dropwhile (curry op<> ".") cs in
((implode sent)::(split rest))
end;
o _J

Z 2T, BA#L dropwhile, takewhile !, %8 2 51 T/RT VR FOBRERIIHL, % 1 51%T
R EREE (predicate, HAEMFICAERT 20 2 0%F =y 73 58T, true £713 false &
RIRE) ICE DB 4 true ZIBTET, VA LZHIR (Fuy 7))/ HEiET288TH 3.
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D EoOBIEZ W L7, B map 2> THRERICHEHH T 2 B4 split_up, findtotal &
RO &ES1272%.

a5 4 20: BAEL split_up

4 )

fun splitup’ [I = []

| splitup’ (" "::cs) = split_up’ cs

| split_up’ cs = let val word = takewhile (curry op<>" ") cs;

val rest = dropwhile (curry op<>" ") cs
in (implode word)::(split_up’ rest) end;

fun split_up cs = split_up’ (explode cs);
- J
Ve a5 i 21: BAEL findtotal ~

fun findtotal xs = let fun inc w n = n+l in foldr inc O xs end;
- J

3.8 HlREDIREE

I I LD, HBEIREEZXDNoOLZDTR T I LT AMNERIE, BRIET S0 T A
EEDPBZINIBORV. TR, LOBEZHGEES 27077 0%2HNTHL.

WEBEAET 2 7027 01%, 77 AVDLTANT =X %A, Tur7n () 2FETL,
FhT7 7 ANMIHENT 5. Z20%, HAOXNLBEBDIRFEBD ONENE S 12T =y 75 5.
Standard ML TIXR8%4 open_in, open_out ZffioT7 > A V%A —7> L, B input, output
WEDTFT—ROGmAEZEITY. 1L, 7T—X2EZHITHEI close M (close_in 7213
close_out) ZFfTLRITHUIR S0,

a7 A 22: B format

fun format f xs = let val OUT = open_out f in
output( OUT, implode xs ); close_out(OUT) end;

Z DR format 13,
[ BE 44: BIEL format O \WVTT

- format "f" ((replace (input ((open_in "data"), 1000))));(+] :j

&L, 774 data HT AT —REGAAA, 77 AN XZEDRREHTIT 5.

MDY F%EZL. B—>, —D20% T XA MERIIMIET 2121, SBEBOMEEZ X< EZXZ
NUZHoTeF =y 71T B EE L. HIZIX, B replace 12X, A TFD & 5 %% validchars
BHEZD.

~ v 77 L 23: B3 validchars ~

fun not_in [] x = true
| not_in xs x = not (x member xs);
fun validchars [] = true
| validchars (x::xs) = let val punct = [",",":","(",")m, ;o m\"];
val blanks = ["\n","\t"] in
(alltrue (not_in blanks) xs) andalso (alltrue (not_in punct) xs)
end;

G /
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Z D% validchars I3,
E 45: BAE validchars DfEW

- validchars (replace "a\mb,c.d:e(f)g;h");(«
val it = true : bool

Y%, MOMBLUTOES 172 M5, filRiE,
- FYTN 2B TINTF =K ~

One of the main problems that is central to

the software production

process is to identify the nature of "progress"
and to find some way of

measuring it. There is no theory which enables us
to calculate limits

on the size, performance or complexity of software.

\ _J
DEI7, 774/ data EFHET 3.

-~ F1E 46: BA% split, split_up D7 X b ~

- split (explode "The theory. 0f types");(«)

val it = ["The theory","Of types"] : string list

- splitup ("The theory of types");(«)

val it = ["The","theory","of","types"] : string list

- map splitup (split (reformat (replace (input ((open_in "data"), 1000 )))));(«<]

val it =
[["One","of","the","main","problems","that","is","central","to","the",
"software","production",...],
["There","is","no","theory","which","enables","us","to","calculate",
"limits","on","the",...]] : string list list

\ %
ERb.
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FTAaET 3 EORVUI

BRNCEZ K. LE— M JRTEX 2o TEEL, 7027 403, 824 k.

4.1 B is_sorted
B is_sorted 2 2 2 CHINM LB EZ DT ICERY L.

4.2 BAE gsort
BE%L gsort % BAEK filter, curry LT ICERE K.

4.3 #FHLWLWIATYURELT

NI — b % T 288 bubblesort & Hi-ha~vr R LTERTR/-0D 707 L8R
e X (7740 compfile.sml Z8). 728, 5180, BEE 5 FHEET, YV — MERE2RRE XK.

4.4 A>T —=23>Y—DRIEE

BIL foldr, PH%X takewhile, PH%X dropwhile ZfHVWTA V¥ —> a VY —F2ERTE
LEEZD.

— a3 24 BIE foldr, BHEL takewhile, PBH%K dropwhile —

fun foldr f a [] = a

| foldr f a (x::x8) = f x (foldr f a xs);

fun dropwhile p [1 = []

| dropwhile p (x::xs) = if p x then dropwhile p xs else x::xs;
fun takewhile p [] = []

| takewhile p (x::xs) = if p x then x::takewhile p xs else [];

- J

a7 A 25 B insert

fun isort [] = []
| disort xs = foldr insert [] xs;
fun insert (x:int) xs = @ e [x] @ ®

@, @ &4 B takevhile, BA% dropwhile Zffi5 ZriCk b v L RFEME K.
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4.5 N¥—IVY—F

DAy 2 — b Y ABIC, HESETATY ZAD 1 HTHET—T Y — FEAAT S, U
DI TS 2.
msort [7, 1, "5, 9] -> merge (msort [7,1]) (msort ["5, 9])
-> merge (merge (msort [7]) (msort [1])) (merge (msort ["5]) (msort [9]))
-> merge (merge [7] [1]) (merge ["5] [9]1)
-> merge [1,7] [*5, 9]

("5, 1, 7, 9]
;®%@%T67D77Ad Fo X512z 5.
-~ Tu T L 26 BE msort, BAEL drop, BAEK take ~

fun drop O xs = xs
| dropn [I =[]
| drop n (x::xs) = drop (n-1) xs;
fun msort xs = let val n = length xs in
if n <= 1 then xs else
let val ys = take (n div 2) xs; val zs = drop (n div 2) xs in
merge (msort ys) (msort zs) end end;

- J

I T UH X 2 B8 merge ZEFE & (M 1)(kd, BIEK take 13 2 ETER LB TH
%). 7z, MO ETEE nsort ZEFRE X (R 2).

a7 T b 2T B merge

fun merge [] ys = ys
| merge ((x:int)::xs) [1 = (x::xs)
| merge (x::xs) (y::ys) = [©)

46 CCTHALTWAERZRTR

X512, RKEDHBANIE, TZTHNANLTWANEZRRTE2 077 225 H L. B, &
YV — b HIOBEET I, FlZ1E, B gsort DA, UFRO XS5 TH 2 (FEHMBK Y

LYY LTEW).

gsort [@®, 1, "5, 9, 3, 6, 4, "2, 8] -> gsort [1, "5, 3, 6, 4, “2] @ [7] @ gsort [9, 8]
gsort [, "5, 3, 6, 4, “2] -> gsort ["5, "2] @ [1] @ gsort [3, 6, 4]

gsort [, "2] -> gsort [1 @ [“5] @ gsort ["2]

gsort ["2] -> [~2]

gsort [(®, 6, 4] -> gsort [] @ [3] @ gsort [6, 4] -> [3, 4, 6]

gsort [1, "5, 3, 6, 4, “2] -> [*5, "2, 1, 3, 4, 6]

gsort [9, 8] -> [8, 9]

A7 ELITaYY— b (GERE)

ssort [7, 1, ~5, 9] —> :: ssort [7, 1, 9]
-> ”5 :: (1 :: ssort [7, 91)
-> "5 :: (1 :: (7 :: ssort [9]))
=> "5 :: (1 (7 2 (9 D))
-> [*5, 1, 7, 9]
FIETRENZV A FOHFTRPDERZIWMO ML, ANHEL TSRO A THS. LLgHE
BH On?) THHZepHILNTWS., UTNOBEBKEHWT, B ssort ZEHRE K.
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e 7arZ s 28 PEEET -, B min, PR foldl

infix --;

fun xs -- [] = xs

| xs -- (y::ys) = let fun remove [] y = []
| remove (x::xs) y = if x = y then xs else x::(remove xs y)
in ((remove xs y) -- ys) end

fun min2 a (b:int) = if a<=b then a else b;

fun foldll f (x::xs) = foldl f x xs; fun min xs = foldll min2 xs;

G

BEEL foldl X 3 BECTERL-BAKTH 3.

a5 A 29: A ssort

fun ssort [1 = []
| ssort xs = (©) ;

QEHDZZICEY) v T T AETERYE K.

4

8 N7y hkrY—F

IVENOB SN I8 N

bucketsort [25,36,14,9,56,21,55,72,84,93,6,51,62,75,37,12,95]

-> isort [9,6] @ bucketsort [25,36,14,56,21,55,72,84,93,51,62,75,37,12,95]

-> [6,9] @ isort [14,12] @ bucketsort [25,36,56,21,55,72,84,93,51,62,75,37,95]

-> [6,9] @ [12,14] @ bucketsort [25,36,56,21,55,72,84,93,51,62,75,37,95]

-> [6,9] @ [12,14] @ isort [25,21] @ bucketsort [36,56,55,72,84,93,51,62,75,37,95]

-> [6,9] @ [12,14] @ [21,25] @ bucketsort [36,56,55,72,84,93,51,62,75,37,95]

-> [6,9] @ [12,14] @ [21,25] @ isort [36,37] @ bucketsort [56,55,72,84,93,51,62,75,95]

-> [6,9] @ [12,14] @ [21,25] @ [36,37] @ bucketsort [56,55,72,84,93,51,62,75,95]

-> [6,9] @ [12,14] @ [21,25] @ [36,37] @ isort [56,55,51] @ bucketsort [72,84,93,62,75,95]

-> [6,9] @ [12,14] @ [21,25] @ [36,37] @ [51,55,56] @ bucketsort [72,84,93,62,75,95]

-> [6,9] @ [12,14] @ [21,25] @ [36,37] @ [51,55,56] @ isort [62] @ bucketsort [72,84,93,75,95]

-> [6,9] @ [12,14] @ [21,25] @ [36,37] @ [51,55,56] @ [62] @ bucketsort [72,84,93,75,95]

-> [6,9] @ [12,14] @ [21,25] @ [36,37] @ [51,55,56] @ [62] @ isort [72,75] @ bucketsort [84,93,95]
-> [6,9] @ [12,14] @ [21,25] @ [36,37] @ [51,55,56] @ [62] @ [72,75] @ bucketsort [84,93,95]

-> [6,9] @ [12,14] @ [21,25] @ [36,37] @ [51,55,56] @ [62] @ [72,75] @ isort [84] @ bucketsort [93,95]
-> [6,9] @ [12,14] @ [21,25] @ [36,37] @ [51,55,56] @ [62] @ [72,75] @ [84] @ bucketsort [93,95]
-> [6,9] @ [12,14] @ [21,25] @ [36,37] @ [51,55,56] @ [62] @ [72,75] @ [84] @ isort [93,95]

-> [6,9] @ [12,14] @ [21,25] @ [36,37] @ [51,55,56] @ [62] @ [72,75] @ [84] @ [93,95]

-> [6,9,12,14,21,25,36,37,51,55,56,62,72,75,84,93,95]

H B HIPHE D (2 ZTiE [0,10), [10,20), ... [90,100)), % DHIPHICFEY T 2 BEREZEEID H
L, ZOfE, 41> ¥—=>a vV =+ TY—=1%1T5. ZLT, KDZVRXAMDOEBHIITRY K
LTWwL. kofloksiz, &z 10 AATHHEL, 1Y —>aryY—1+TY—MT 2%
bucketsort ZEFE X.

PlE 47: BIEL bucketsort

- bucketsort [25,36,14,9,56,21,55,72,84,93,6,51,62,75,37,12,95] 0 100;(«

val it = [6,9,12,14,21,25,36,37,51,55,56,62,...] : int list

4.9 BIEDILR

BAONC 3 ETHENLIHEDINREEZ 5. ZL T, 20707 I L0 5Mit3 57077 4%
Eig X, DFO XS ICHET 3.
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775 A 30: R U2 B

fun count_each ws = ( map countwords o map split._up o split o
reformat o replace ) ws;
fun sort_and count xs = ( freq_count o wordsort o concat o count_each ) xs;

ZD2ODBMEEETLZ I 2E XS, B countwords I,
#1F 48: BIEL countwords

- countwords ["The","theory","of","types"];(«
val it = [("types",1),("of",1), ("theory",1),("The",1)] : (string * int) list

DEIIT, HELZOBDHEDOV A M 2RI TH 5. B count_each X
-~ 1 49: BAEL count_each ~

- count_each (input ((open_in "empty"), 1000));(+)

val it = [] : (string * int) list list

- count_each (input ((open_in "data"), 1000));(+]

val it =
[[("it",1), ("measuring",1),("0of",3), ("way",1), ("some",1), ("find",1),("to",3),
("and",1), ("progress",1), ("nature",1), ("the",3), ("identify",1),...],
[("software",1),("of",1),("complexity",1),("or",1), ("performance",1),
("size",1),("the",1),("on",1),("1limits",1), ("calculate",1),("to",1),
"us",1),...]] : (string * int) list list

- J
CRBEET, 774 empty 1, FHODT7 74V THDE. FEXITLIILFHNE ZDHD Y R
Fe L, 2K LT (string * int) list list WM& K2 X515 5. B concat i%, LIFT
ERT LB TDH 5.

v 27 A 31: B concat

fun concat [] = []
| concat (x::xs) = x @ (concat xs);

BE% wordsort 1,
#1E 50: BA%K wordsort

- wordsort [("type",2), ("theory",1)];(+—
val it = [("theory",1),("type",2)] : (string * int) list

CRHBEBTHS. HOHE 1 BRETHL2XTFHN e dLIZY — T35, B freq count I3,
1 51: BI%L freq_count(1)

- freg count (wordsort(concat(count each(input ((open_in "data"), 1000)))));(<]
val it =
[("One",1), ("There",1),("and",1), ("calculate",1),("central",1),
("complexity",1), ("enables",1),("find",1), ("identify",1),("is",3), ("it",1),
("limits",1),...] : (string * int) list

ERBEBTHL. FLHEMTREUTOLSITRS.
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e 0% 52: BA% freq_count(2)

-

\
- freq._count; -
val it = fn : (’’a * int) 1list -> (’’a * int) list
- freg_count [("Is”,S),("Is",2),("test",4),(”test”,5),("test",l)];[EE]
val it = [("Is",5),("test",10)] : (string * int) list
- freg_count [("This",l),("This",Q),("That",l)];[Ea
val it = [("This",3),("That",1)] : (string * int) list
J

#7212 showpair ZEFRL L.

7'va7Z k32 B showpairs

fun showpairs ((w,(n:int))::wcs) = "(""w™","” (makestring n)“~")"::(showpairs wcs)
| showpairs [1 = [I;

OB EM > T, LFD X ITETT 5.
$1E 53: BI%L sort_and_count

- format "f1" (showpairs(freq.count (wordsort(concat(count_each(input ((open_in
"data"), 1000 )))))));(+)
val it = () : unit

- format "f2" (showpairs(sort.and count (input ((open.in "data"), 1000 ))));(«]
val it = () : unit

7740 f1 BXY £2 U TFTORIUAERIEXHEINS.

[ T I 5833 774 f1 BXU £2

|
|
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BHE HWRT—42E

IO RELT-2MEELRIT 258, 207 —ZECHEL R Ic—oDEED &
LTRBELZZWV.

51 RAZv7Y
BANC, HICRA Xy 7DBlZH1T5. ARv T (stack) &1,

push l T pop

S2

S1

D& S hiEE L7 —&T, S1, S2 DIEFIZ push /- EHEIX 52, S1 DIETDA LD pop
TERWV. F8%, push TEZERIIART, 20LH>BR%y 7 2HBRAAX Y Y (bounded
stack) &W9H. Fi, AKXy ZOHEFROHD L /% LIFO(Last In First Out) &5, AU
ML, F2—DBEEDHED H LA % FIFO(First In First Out) ¥ W5 (k). T, TDAR v
2% SML DV Ao TR 7633l FDESI27k3.

- TR T L34 ARy ZIZBT 2 B ~N

val stack = [];

fun isempty stack = stack = [];

fun push i stack = (i::stack);

fun top [] = hd []

| top (t::1) = t;

fun pop [1 = t1 []

| pop (t::1) = 1;

fun showstack [1 = ()

| showstack ((t:string)::1) = ( print t; (if (not (1 = []1)) then
( print ","; showstack 1 ) else print "\n") );

g J
FlIOTu T LTI AR U TDLSITRS.
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1l 54: D5 ~

- val stack = push "S1" stack;(«)
val stack = ["S1"] : string list
- val stack = push "S2" stack;(«)
val stack = ["S2","S1"] : string list
- showstack stack;[gz

52,51

val it = () : unit

- top stack;-

val it = "S2" : string

- val stack = pop stack;(«]

val stack = ["S1"] : string list
- showstack stack;EED

S1

val it = () : unit

- isempty stack;.

val it = false : bool

- val stack = pop stack;[ga

val stack = [] : string list

- isempty stack;-

val it = true : bool

S J
ZDEIRERTIE, BFEBDPINIANTICERINTED, BF =y 7 S KELIIITVZR
LOBBRBMIICR>TVSE., ZhHBRLAEBEKE L —DDEED & LTERLLD, —DOD
B LTERT A ICEDAF 20 7 OB O BEEREZEZR-T L5 Lizw. 20 k5 A
PHRT—XB (abstract data type) W5, ZOHOREHE, WRT—2AcLbAhTEIE
(encapsulation) N7z WS, FTT U MERTEEE (object oriented language) TWH h 7t
MELIFZ 2 BIRELALZETH 5. SML TR T — X2 ERT 272D DT abstype
PHEINTWS., ZL T, MRT— XA stack E LTERT DI ENTES.

- 7a o A 35 MIRT— XM stack ~

abstype stack = Stack of string list with
val empty = Stack []
fun isempty (Stack s) =s = []
fun push i (Stack s) = Stack (i::s)
fun top (Stack [1) = hd []
| top (Stack (t::1)) =t
fun pop (Stack [1) = Stack (t1 [1)
| pop (Stack (t::1)) = Stack 1
fun show (Stack [1) = O
| show (Stack (t::1)) = ( print t; (if (not (1 = [])) then
( print ","; show (Stack 1) ) else print "\n") );

end

- J

iR T — 2 stack DT HII string list &8 5.
—fRITHIR T — X NI T D XS ICERT 5.

-~ TR h36: HRT - X BOER ~

abstype HHl( = WM T of & with
val %l = ARES

fun i = BES

end

G /
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ZIZTIE T of B OF —&Xtwith LR TERT 2K, BKOERL —HEICLTHRT—
Y T2 BEET S, MRT of B! O, KT Rlofl) TRHT 3. XX Stack
of string list (&,
Stack(["test","aa"]) ¥ XTI 3. OO IL2FTT2LLRDEIITH 5.

~ A 55: R T — 21 stack DB DFELT ~
-val s = emlty;-
val s = - : stack
- val s = push "S1" s;(<)
val s = - : stack
- val s = push "S2" s;(«)
val s = - : stack
- show s;-
S2,S81
val it = () : unit
- top s;-

val it = "S2" : string
- val s = pop s;.
val s = - : stack

- show s;-

S1

val it = () : unit

- isempty s;-

val it = false : bool

- val s = pop s;-

val s = - : stack

- isempty s;.

val it = true : bool

J

HWRT— 2R stack ZEELES, LD LS stack BIDED - b [ FefbInT
W3], ZD7=, stack MOEZZEE /21X, MOHITRETIGEEIIHESINZBEBDOAIC X
DAJREL 72 5. FIRT 2 72 DITIIBEIE show REZHE LR ITIUIZ SRV, MR T — X TR
Bak, POME (IREE (state) LW ) BZDEFRRINTVS (XFHNV R MITHBEINT
W3 Zedn0hoTLED). ZOXSRHMET—2EHWLZickD, TBROMHHE (2—
B DAERIRREIC OV THIS B THRHBINBEEEH WS L ICKDEETE 2 Zehbh
. ZOZ XX, RICHHT 2 L5 CHBERIZEDL->TH 2 —HF L AL LT 7 ERT

BIEMTELIRNMUIDT DI ENTES. £, My 7 HFERICETEINS.

5.2 KRR T — 2B

WRT =285 Z eI KD AEERZ - ICHONE Z e R T =X Hh L TE 3
ZATRD e B TH L, W, HRT —KXBONEEIEELZEZ THMR T — XBNIFEREOEE
ZLRFNIZR SRV T Y2 —T7 2 — X (MO UIRE) ZRNCEET 21 22k b, WNHEEEH
ZVWAWAZEZTHRL 77T A TTORBPHEINTWS. 207D DMK T ) signature,
functor, structure TH 5. HRT — X stack DHIEHXR L TA LS. RT—XBD A4 >~
X —7 x—R|% signature o TE&KRT 5.
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s a7 T n 37 IR T — 2% stack D signature ~

signature STACK = sig
structure I : ITEM
type stack
val empty : stack
val isempty : stack -> bool
val push : I.item -> stack -> stack
val top : stack -> I.item
val pop : stack -> stack
val show : stack -> unit
end;

\_ J
ZZTITEM &R KXy 7 DER%Z/RT structure TH 5. structure & lF signature TER
ENTA YV R—=T 2 —RZFEHLT2bDTHS. ZD7/® ITEM IZH signature ZEFK LRITI
3725720,

—f%IZ signature &, LFDO KIS ITERT 5.

- 7877 I 38: signature DEFR ~

signature HH = sig
NERTHES structure ODES

Z D signature HH®D type 7zl eqtype DEF
val %4Hi : MEF

end;
- J
Z D signature HH D type %7213 eqtype DEHE, BENIZEHEIIRE (val TES) OM
HEZ1TS. eqtype &iF, ZOHRIIET 2D FFEL WV 2502l T 2HETFIERI N
TV EIRT (ZMHENTR o 72 FIC 22a £725). WHEFT structure 255513, RAICE
5 5.

signature ITEM Z/ERL TA LS.

7a 277 1 39: ITEM @ signature

signature ITEM = sig
eqtype item
val isequal : item -> item -> bool
val show : item -> string

end;

Z D signature (I FFHIHR T — 28 stack DHEZYIEZ 2BICELT 25D TH 5. FHIE
WWELT 2DIE, ZO signature ZFEIL L7z structure TH 5.

TlX signature THE L7cA VX —7 2 — A% T % structure ZEEL 5. ZOEK
M7 FHEETH S structure 34 VX —T7 2 —RAXZFE L THIUE, BRERTHZLNBTES.
Z ZTlX signature ITEM IZXfL T Stringltem &, IntItem ZEFRL L.
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~ 7’1 27Z L 40: Stringltem DER ~

structure Stringltem : ITEM = struct
type item = string

fun isequal a b =a =">
fun show (a:item) = a
end;
\ J
o S = . 2
-~ 7aZ L4l IntItem DEF ~

structure IntItem : ITEM = struct
type item = int
fun isequal a b =
fun show (a:item)
end;

- )

% structure ZUIEZ 22 ic&k D, XFHRDEEREE T2 A2y 7 2{Eo7 D, BEAID(E
PREFTERR 7 REo2D T B2 TES. —RIC structure I FD XS ICERT 5.

a=">b
= makestring a

Ve 71" A 42: structure DJEF ~
structure %A @ XS T 3 signature DEHI = struct
type HL W% = Al
val 8% = . . .
fun BAEH =
end;
N J

structure ORIZ, %A, :, MIET 2 signature ZFHF . FEEIZZ D structure ODNHDIE
DOHREEET 5. FHIZIX, Ttype item = int X, item % int M T2 @DV WVWIEA
9. WFRIT signature THE INEH, BBErEBRT 2. HBEORXZXy 7 OEEX, T7>70
A (functor) 2o TEFKT 5. T4UL structure Z 58 LT D structure(Z DA
Stack) ZR BT H 5.

~ TRz h43: 7 7 > X MkStack DEF ~

functor MkStack (Itemstruct : ITEM) : STACK = struct
structure I = Itemstruct

abstype stack
val empty =
fun isempty

= Stack of I.item list with
Stack []
(Stack s) = s = []

fun push i (Stack s) = Stack (i::s)

fun top (Stack [1) = hd []

| top (Stack (t::1)) =t

fun pop (Stack []1) = Stack (t1 [1)

| pop (Stack (t::1)) = Stack 1

fun show (Stack [1) = O

| show (Stack (t::1)) = ( print (I.show t); (if (mot (1 = [])) then
( print ","; show (Stack 1) ) else print "\n") )

end;

\_ J
BRRICEDT7 7V 7 R BHoTRARYy VRERT 5.
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7827 I 44: structure IntStack ¥ structure StringStack

structure IntStack = MkStack (IntItem);
structure StringStack = MkStack (StringItem);

Z @ IntStack & StringStack IZMUATD X SI1ZFEITT 5.

e 78275 A 45: IntStack DELT ~

- val

n
|

= IntStack.empty;(«

val s = - : IntStack.stack
- val s = IntStack.push 11 s;(«<]
val s = - : IntStack.stack
- val s = IntStack.push 22 s;(«]
val s = - : IntStack.stack

- IntStack.show S;E]

22,11

val it = () : unit

- IntStack.top s;.

val it = 22 : IntItem.item

- val s = IntStack.pop s;(«)
val s = - : IntStack.stack

- IntStack.show s;@

11

val it = () : unit

- IntStack.isempty s;(«]
val it = false : bool

- val s = IntStack.pop s;(«)
val s = - : IntStack.stack

- IntStack.isempty s;(«)
val it = true : bool

- J

Z ZTlE IntStack D%/~ L 7%%, StringStack dFFRICEITTE 2. Lol LS
IntStack.empty @ & 91 IntStack Z[FHITHE LR THFEITTE L. MNT open ZfEZIX
QAN
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-~ #1F 56: open Zf# 5 ™~
- open IntStack;-

open IntStack;

open IntStack

structure I : ITEM

val empty = - : stack

val isempty = fn : stack -> bool

val push = fn : IntItem.item -> stack -> stack
val top = fn : stack -> IntItem.item

val pop = fn : stack -> stack

val show = fn : stack -> unit

-val s = emltz;-

val s = - : stack

- val s = push 11 s;(«]
val s = - : stack

- val s = push 22 s;(«]
val s = - : stack

- show s;-

22,11

val it = () : unit

- top s;-

val it = 22 : IntItem.item

- val s = pop s;-

val s = - : stack

- show s;.

11

val it = () : unit

- isempty s;.

val it = false : bool

- val s = pop s;.

val s = - : stack

- isempty s;-

val it = true : bool

J

ZDXSIT open 25 Z2ITE D IR T — &M IntStack [ U< stack & LTS Z &N T
7. 2L, TR T 2B XD H 7T b N/ EDORNIX IntIten.item £ 725 T
W ZEIHERL &S,

RIRIZZD X DITER L 7FHN Stack Zffio T (HETFZHMAL C) Fil-himGr — 22 E
KIDILDTED. ZOLDIZBUTDES BT 7 7 REERTIUI IV

a2 L 46: 77 22 X MkApplications

functor MkApplications( structure S : STACK ) = struct

open S
fun size xs = if isempty xs then O else 1 + size (pop xs)
end;

D7 7YX MkApplications ZLARD KIS Z 2 X D#i7-7% structure ZERT S
ZeNTES.

71 7"Z A AT: structure Applications

structure IntApplications = MkApplications (structure S = IntStack)
structure StringApplications = MkApplications (structure S = StringStack)

DT I LEFRITTEHELUTDLIICRS.
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~ B{E5T. 7 7 > 7 X MkApplications DFAT ~

- open StringApplications;(«)
open StringApplications
structure I : ITEM

val empty = - : stack

val isempty = fn : stack -> bool
val pop = fn : stack -> stack
val push = fn : Stringltem.item -> stack -> stack
val show = fn : stack -> unit
val size fn : stack -> int
val top = fn : stack -> Stringltem.item
-val s = emltz;-

val s = - : stack

- val s = push "examplel" s;(«<]
val s = - : stack

- val s = push "example2" s;(«]
val s = - : stack

- show s;-

example2,examplel

val it = () : unit

- isempty s;-

val it = false : bool

- size s;-

val it = 2 : int

- StringApplications.size s;@
val it = 2 : int

Z ZTC Stringhpplications TlX, B size ZH5 2B TXEHZITHEEL LS.

5.3 IR HWRT—4E 2 9K

iz, kDR T — R TH B 2 AR ONTREN 7 — 2y LTERT 5. 2 9K
P13 — K (node) IGH LTF23 2 0b 2hET1E, FERERCEAOAMEEIET. B2,

Thd. ZOWHBE A B, F, K, S%/—F (node) 72138 W, /—F A% JL—b (root) ¥
ZER W, J—FK F, SOXSRXFEFLLZV —F2)—7 (leaf) £, B\
WH DI TIRHEETHRS 23 TERVOT, AEERX O ZARTFICLTHYT. Lo
i,

(X, A, ((F), B, (8)))

i3, —oD () T—2oD /) —F%ERL,
(EDOF/—F, BED/ —F4, HOTF/—F)
DIEFRTRELTWS. T3,
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4, K, @B, (F), ()

LEE,
BED /) — R4, EOT/—F, HDOT/—1F)

TRET2H5E8DH L. RETIE, BTEDKLEEMS. TlX, HMRT—XM tree ZEE L THA
£9.

abstype tree = Empty | Tree of tree * I.titem * tree

[ 0T A48 MR T — XA tree j

ZZT | & TE/id) 2R U Enpty 7> Tree THD Z L %/RT. Empty DHHEIX V—T7TH2D
T Empty EWOHHATDATH 5. Tree DAL tree & I.titem & tree DFHZFFD. I.titem
X LU TEFRT % signature @ ITEM O (titem) 2457, T IT, / — FBFOEZRDOA)
EARA Y B =T 2= AR B IR SR OIAZERL TV,

- TuY 5 N49: ¥ =F % TITEM DEH ~

signature TITEM = sig
eqtype titem
val isequal : titem -> titem -> bool
val isless : titem -> titem -> bool
val isgreater : titem -> titem -> bool
val show : titem -> string

end;

- J
titem |3 Z D signature HHZRTHT, FEHEZ FLWV DEIDPZHET LI ENTER
FRUTIE SR, isequal I3ELAD /) — FOERZHIRL TFEL W) 2R TR, isless 1E[A
U< T< 2 ZRTEAEL, isgreater XML > 20 ZRFEAEZRL T3, show 32D
J — ROBEXEZ XFHNCEL ST 28, TITEM 13 EORRE 2 £57- 7210 1Ud 7z 6720,

Z D TITEM ZfHAGDOE T2 ARMETH % signature TREE ZEFRL X 5.

- a7 5 50: ¥ =F % TREE DER ~

signature TREE = sig
structure I : TITEM
type tree
val empty : tree
val isempty : tree -> bool
val cons : I.titem -> tree -> tree -> tree
val left : tree -> tree
val right : tree -> tree
val root : tree -> I.titem
val show : tree -> string list

end;
\ )
tree 13 Z D signature TREE HEH DA empty I TREE #2219 2%, isempty (I AKDIZET
H50%HWrT 2B, cons 1X 2 DORZHEL T—2DOKICT K THS. ZORBlL 425
J—R% I.titem TIHET 5. left, right 3K ALLGDF/ — FZRTEETH 5. root I
N— b/ — RN%ZRTEIEL, show IX tree % string list ICEHT 2B TH 5.

BBl & [AERIC 2 DARZERT 27 7 7 R EERL &S,
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~ FuZS5 A5l 772 R MkTree DEF

functor MkTree (Itemstruct : TITEM) : TREE = struct

structure I = Itemstruct

abstype tree = Empty | Tree of tree * I.titem * tree with
val empty = Empty
fun isempty (Tree t) = false
| isempty Empty = true
fun cons i 1 r = Tree (1,i,r)
fun left (Tree (1,i,r)) =1
| left Empty = hd []
fun right (Tree (1,i,r)) =r
| right Empty = hd []
fun root (Tree (1,i,r))
| root Empty = hd []
fun show (Tree (1,i,r))
| show Empty = []
and showleft (Tree (1,i,r)) = show (Tree (1,i,r))e@[","]
| showleft Empty = []

1]
.

"("::(showleft 1)@[I.show i]@(showright r)@[")"]

and showright (Tree (1,i,r)) = "," :: (show (Tree (1,i,r)))
| showright Empty = []
end end;

-

%12 TITEM OFERE 7 TH % structure ZEFRL L 9D.

- 7o 552: A7 F ¥ IntTItem

structure IntTItem : TITEM = struct
type titem = int
fun isequal a b =a =">
fun isless (a:titem) b = a < b
fun isgreater (a:titem) b = a > b
fun show (a:titem) = makestring a
end;

-

Ve TR 553 A 727 F ¥ StringTltem

structure StringTItem : TITEM = struct
type titem = string
fun isequal a b =a =">
fun isless (a:titem) b = a < b
fun isgreater (a:titem) b =a > b
fun show (a:titem) = a

end;

-

ZD7Ta s sHELINIORT.

50



-~ e 58: R 7 — 2 IntTree DT
- open IntTree;-

open IntTree

structure I : TITEM

val empty = - : tree

val isempty = fn : tree -> bool

val cons = fn : IntTItem.titem -> tree -> tree -> tree
val left = fn : tree -> tree

val right = fn : tree -> tree

val root = fn : tree -> IntTItem.titem

val show = fn : tree -> string list

-val t = emltz;-

val t = - : tree

- implode(show t);(«]

val it = "" : string

- implode(show (cons 6 empty empty));(+)

val it = "(6)" : string

- implode(show (left (cons 9 (cons 5 (cons 1 empty empty) (cons 6 empty empty))(«<]
= (cons 15 (coms 12 empty empty) empty))));(«)

val it = "((1),5,(6))" : string

- implode(show (cons 9 (cons 5 (cons 1 empty empty) (cons 6 empty empty))(«]
= (cons 15 (cons 12 empty empty) empty)));(«]

val it = "(((1),5,(6)),9,((12),15))" : string

-
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FLT6E 5 EDRUI

BRNZEZ Lo VAR— NI JRTEX 2o THEEL, Y077 208, ERz2H X.

6.1 BEZASBICFHOHMRT —E stack

BT TN LR T — 2 stack 1%, WEDEE LT string B zifko7. THAZEBIELT,
int BOEZRS L5128 XK.

6.2 HWMRT—FBEXa1—
F 21— (queue) &3,

enqueue dequeue

—»| S3 [ S2 | S1 —»

D &S BMER L7z7—& T, S1, S2 DJHIC enqueue IN7-EHEIZ S1, s2 DJiE (FUIEE) T
DALY dequeue TERWV., /e, Fa—DZ % Ny IT7(buffer) W52 dHs. @E
enqueue TXZEHRIIART, ZOI5RF2a—2FRNY T 7S, RXy 7 EENID L
5 REFROHD L J5% FIFO(First In First Out) &\ 5.
MRT— 28X 2 -3, UTNORREEROMRT—&2BTH 5.
e empty
¥ 2 —%% (empty) 125 5.

e isempty

F a2 —DENEIMLF v I T 5.

e enqueue

¥ 2 —ICEZE% 1 D enqueue T 5.

e dequeue

Fa—D5HEFR%Z 1D dequeue T 5.

e top
RIZ dequeue T 57255 BRZFNS (EFRIC dequeue L7RLVY).

e length
Fa-—ORI (HEXOK) ZiRY.

e show

Fa—DHEZFRRT 5.
NEBDELE, string & XK.
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6.3 HMRT—REIRIA

NI R (vector) 1¥, —MRICIIZIFIFREKRTHOLNTWSD, ZITIHEELMNEICE
REMULANT 2D TELT7T—EMEL RS I LICT 5. fiIRT — KB ZIZLLT ORI
ZROMRT—2MTH 5.

e empty
NI RE2ITT 5.

e isempty

RN RPENE D IF 2y 7T 5.

e vector

VA MZEIE L TREL, N7 XITEHBLIRT.

e at

Gl UTHZE (HRE) 2L, ZONMEBICH D HEREZIKT.

e length
N7 ZDREZIRT.

e show

N7 ZDOHHZ2FRT 5.
WNERDfELZ, int e K.

6.4 FEMHHRT —2B+ 21—

KPR 7 — 2Bl x 2 — 2 ER L, FEITHZRE. FITHITIX, H&IK (IntITEM & StringITEM
WAL T) FETE K.

6.5 RMHHRT —XBRTIH

MR 7 — 2B 22 ER L, ETHZ Y. ETHITIE, &K (IntITEM & StringITEM
R L TC) AT &

6.6 ¥AFRAHRT —AE PhoneDB

KPR HR 7 — X A PhoneDB % ka1, TF L, FEITHIZRE.
PhoneDB X%, #HIE BRI N ORI T —EN—A%2RET 27 —XEETH 5. LI
F7 — 2 PhoneDB (I F OB ZFofR 7 — &2 TH 5.

e empty
T—RAN—RA%ZETT 5.
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e add
T = R R=2IZH L WA L EBaE s 2 BMNs 2 (B, FUCARBEFEELLREZ, &5%
FEEL, BR2AAMCFACHESHERINS L5ICLTD LW,

e find
HBHANTOVT, WMETE2HEBE2T —EXR—ZAOHFPLLELTRT (L, ZOHHETDTF
TELRD o 75851, FIF) NotFound ZFAEXHES).

e show

HHTE BESD—HEREERT 5.

6.7 777U MkApplications

KPP HIIMR 7 — 2 8 stack DGE L FARRIC, tree DEHHICH 7 7 7 X MkApplications %
ERLELD. 2077 r7x%, BHFOMR T — 2 (tree) 17 B ZITMNA 5.

® size

KD — FOZRT

e height
RKOBRDES ZIRT.

a7 hb4: 7727 X MkApplications

functor MkApplications (structure T: TREE) = struct
open T

fun size t = ®

fun height t = @

end

©, @ DEAZHD TR I 2% RE K. £, ELLIFTT20ETHZRE.

6.8 FREMHIHRT —XBEIEFHEK

IEFF{T E K (ordered tree) &1 (2 BAREIFR SRV AETIIIEF T Z 2 7ARICRZ) LD
EOBAMETH 5.

ZIZT, &/ —Fi3,
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1 J—F<TH] /J—F<TH] /J—F

DREFRZR->TWVWS. 7, &/ — FRIEF (Z05HE1F, KDBEFREZERTEZRIFAIR SR
ZEIERELED).

TR 7 — 2 RNEF AR DERZ, FIEORMATHR T — &8 2 TARZ ZD X ZMHATE 5.
b S BEIZ signature TITEM I TD LS WWERSI TV .

a5 L5527 =F v TITEM DEFR ~

[

signature TITEM = sig
eqtype titem
val isequal : titem -> titem -> bool
val isless : titem -> titem -> bool
val isgreater : titem -> titem -> bool
val show : titem -> string

end;

- J
BERIT, TFE LWV (isequal), IEMNH X D/NE W (isless), EXH XD RKEV] (isgreater)

2F zv 73 5EBER o CORITIUER S Rh o7z, I (IntTITEM OHE) TiE, T X5 7%

JEF S ERTE S ZEFHLNTH 508, XFF (StringTITEM DHE) THIEFNERTE 5.

~ 1 50: BRI N
- "a" < "b";

val it = true : bool

- "abc" < "abd";-
val it = true : bool
- "abd" < "aba";(«)
val it = false : bool
- "abc" < "abcde";EEﬂ
val it = true : bool

o _J
D ETFIN T 2EF D Z & 2 FEIBR (dictionary order) &1 5.

EFAF = ARTlE, BTE TN LZBEBICIATUTORMBZERT 5. B cons 1, JHFNT
EARTIIEHETIERVDOTHIBRT 22 212T 5.

e insert : I.titem -> tree -> tree

SIECCHEE LBk %, WHRMLBICHEAT .

e remove : I.titem -> tree -> tree

FIECCHEE LI BB 2 R HHIFRS 5.

e max : tree -> I.titem

FIRTHEE L I2ARDOHTRA (HF & L T—HBREWER) 2D . HL, HIFRIZLZW.

e min : tree -> I.titem

FIRTHEE L IAROH TR/ (HF & L T—H// NS WESR) 2D s, HLU, HIFRIZLZW.

56



ZDEFR% signature OTREE & L TEFEL £ 5.

- 07 L 56: ¥ =F ¥ OTREE DiEHE ~

signature OTREE = sig
structure I : TITEM
type otree
val empty : otree
val isempty : otree -> bool
val insert : I.titem -> otree -> otree
val left : otree -> otree
val right : otree -> otree
val root : otree -> I.titem
val remove : I.titem -> otree -> otree
val max : otree -> I.titem
val min : otree -> I.titem
val show : otree -> string list
end;

- J

6.9 MHWHHMRT —2BES

PR 7 — X RIS R 2 ER L, EITHIZRE.
$EB 5 (association tables)! 1%, LRD LS key 252 % &, ZIUTHILL 7 data ®iR
TEOBRT—EETDH 5.

key data

assoc.
L
tables

7u 25 557 7 =F v OrderedType DEF

signature OrderedType = sig
eqtype t
val compare: t -> t -> int
end;

compare |& ¥ — % EFRIM L T 2 2BAIBIET

+ 0 F—ellE, F—e2 KDKEV,
compare el e2=1¢ 0 : F—el &, F—e2FFELL.
— ¢ F—ellX, F—e2 EhH/HhXWV,

TEZRINS.

1E2E (dictionary) ¥ H\ .

o7



-~ TUT T H58 YT =F v ASC DER

signature ASC = sig

structure 0 : OrderedType

type ’a t

val empty : ’a t

val add : key -> ’a -> ’a t -> ’a t

val find : key -> ’a t -> ’a

val remove : key -> ’a t -> ’a t
end
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BTE FAERCENXER

ZOENS [SML TML 2%%E (v 6) 55 twHHETHmEED S, —KICS:E
EIERT 2 72 DII2IZ RN,

1. Fh)fgAT

2. WESUIEAT

MU R TR R SRV, Z201%, FEE S NGB O 3 — N (FEIWGEE £ 72 3T HE5E8) 1T
a5 2 LR A2 INA 5 (compiler) TH D, ZOFFMRETTI2UHRL 1202 T VA
(interpreter) TH 2. AETIE, TD 2 DDEEEZ SML TEWHIZMENT 5. BROIHENT

FRBlX, EEICLIROXE (syntax) (BNF,backus normal form T/EZR) & L & 5.
ZL—=X ::= 'let' #ilF 'be' A ';
(-
X = JH
I X+ JH
|
H o= FER
| I FEEK
| E v/ HEEX
HER .o M08
| #lF

7.1 FAER

a7 n GEH, EIRIATEEXZF (printable characters)) %4 (tokens) (2] D 731) 2 UL %
FafEMN (lexical analyzer) &W5. RO TBr 7 4,
fun twice x=x%*2;

% fun, twice, x, =, x, *, 2, ; DKIZEKDD % HLUZYID 753 F 2 W2 RT. ZOH
Tl fun & FHIFE (reserved words) £ 72 13FAF (identifiers), twice, x FFilF £72I13EH,
=, * |JF5 (symbols), 2 IFBM FTH2. L TEK) FEBIIIREED TSl T
L<LA75.

T LADREME LTED =2 20T 22— FEFRUEZERL LS. 2—FEFRY LI,
abstype THINM L7 L SC T~F7ld~) OFEZLLMERTHS. 22X T 7 X datatype
2.

a7 L59: 7 —&M ryord ¥ lexis

datatype rword = LET | BE;
datatype lexis = Reserved of rword | Identifier of string | Num of int
| One of string;

59



Z D lexis B, string BOEZFio 7 Identifier 7>, int BODEZFF-7z Num 2 F 7
¥, string B Z ;o7 One 2O ENDPDEZFDOZ & Z/RT. F{AlX Identifier("fun"),
Num(1001), One(";") DX SIWCRHT 2. HiX, 707 I7L% D lexis BDEICHETH
R, FAENT 21T O B % token & L L 9D.

- a7 2 60: BAEL token(1) ~
fun digit ¢ = ("0" <= c andalso c <= "9");
fun small alpha ¢ = ("a" <= c andalso c <= "z");
fun large_alpha c = ("A" <= c andalso c <= "Z");
fun integer ISTREAM i = if digit (lookahead ISTREAM) then
integer ISTREAM (10*i+ord(input(ISTREAM,1))-ord("0"))
else i
and identifier ISTREAM id = let val c = lookahead ISTREAM in
if (small_alpha c) orelse (large alpha c) orelse (digit c)
orelse c = "_" then identifier ISTREAM (id~ (input (ISTREAM,1)))
else id
end
and native_token ISTREAM = let val c = lookahead ISTREAM in
if (small_alpha c) orelse (large_alpha c) then
let val id = identifier ISTREAM "" in
case id of
"let" => Reserved(LET)
| "be" => Reserved(BE)
| - => Identifier(id)
end
else if digit c¢ then Num(integer ISTREAM 0)
else One(input (ISTREAM,1))
end
and token ISTREAM = let val c = native_token ISTREAM in
case c of
One(" ") => token ISTREAM
| One("\t") => token ISTREAM
| One("\n") => token ISTREAM
| - =>c¢
end;
- J

Z ZTCRIEX lookahead X, FIEXTHEE L/ ASI A MY — 24 ISTREAM 205 RICHD H&EXh 372
AN ¥, EBRICEID S FICHH) gz Red. oMo Z ez KFids LWV o.

datatype IZ &% 2 —PERMIE [~F7ld~1 2S5 NU T2 M (variant types) TH o7z
(C 35T union B F 72I3FNZEANHEY). 24U LT LO—FE (record types) &, [~
D~ LWHBE LEAETH S (1Bih). NV 72 MUIIFRRHC—DDELIRT ZENTERL
DT, WHEFT 258120 THEDT T DRETHS. case --- of --- WEES. UTFDOEZEL
TWwa3.

712> L 6l: case --- of ---

case I\ of
RE—=r 1 => K
)\0&‘—\/2 => ﬁ
RE=r, => K

RE—2r LT Izoft) 2R35ECE - 2#5. LoflTlX, BIE native_token DEFHRH
THEELTWVWS. LoFur7 025735k,
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~ 1 60: BAEL token DIFEAT

-

val it = One "+" : lexis
- token std,in;-

1)

val it = Num 1 : lexis

- token std,in;-

val it = Identifier "abd" : lexis

+

J

DEICHh%. L2, Bfitoken i 1 =27 VWD HTHIC—FRIMEHINZDATHE. ZZ
TZOBZEE L THOHTEIS>ZEEL LS. LT run() ZHET 5.

- TRT T b 62 FHIENT D7D DBIEL run

~N
fun print_rword x = case x of
LET => print "LET"
| BE => print "BE";
fun print_token x = case x of
Identifier(i) => ( print "Identifier("; print i; print ")" )
| Reserved(s) => ( print "Reserved("; print_rword s; print ")" )
| Num(n) => ( print "Num("; print n; print ")" )
| One(one) => ( print "One("; print one; print ")" );
exception End_of_system;
fun run() =
let val stream_of _enter = std_in in
while true do (
flush_out std_out;
let val result = token stream_of_enter in
case result of
Identifier("Quit") => raise End_of_system
| _ => ( print_token result; print "\n" )
end )
end;
- J

BAEL token 225K % lexis MDfHIZ, ZDF FTRERRTERV (EHEMTHTHEEXS AT 403
FR) DTHRRT 572D D% print_token, print_rword ZEFK L TW5. B run OHTI,
BE% token Z AU H T 7201 while REffio T3 ZOBKEFITTZ2 LU TD X
S35,

19213 SML 2% THE:D5EL] 2175 while BHEINATWS. LaL, EBICRERST 2 SR 25, Xo
T, MRk TR w2307 ORBETERVWOTERLES
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~ e 61: BAEL run () DFEAT ~

- runQ);(<)
1+2;

Num (1)

One (+)

Num (2)

One(;)

let x be 10;(«)
Reserved (LET)
Identifier(x)
Reserved (BE)
Num (10)
One(;)

Quit( <)

uncaught exception End of_system

7.2 1R

RESTIRNT 20X, FHIRN D oZEIND b —27 Y OMAGOEEXEDERICY v F 348, §
RE U TRME (MK (parse tree) £ \W9) AT 20U Z/RT. Z 2T SGEEFMLTD

LI THot.
TJL—X = A 'y Expr( I )
| 'let' #AlF 'be' I ' Def ( #AlF, )
X = IH JH
| X+ H Application( Variable +, H))
(= VL 1= Application( Variable -, Pair( 3, IH ) )
H o= BEK FE
| TH 'x BEKX Application( Variable *, HEX ) )
| JH v/ HJERS Application( Variable /, HIERX ) )
HERK = B Number ( F —72 )

Variable( b —72 )

lﬂﬁﬁ%iﬁﬁﬁ@i (ED) RiEED I — 22 SN S % by TR > )N—1 (top down parser)
&, V=—UDoEfiT25 RELT7vT N— 'U' (bottom up parser) O 2 ENH 5. AFETIT v
TRY 28— T FN TSR 2 AR5

Fosgkix T XFEkRs AT U, Hiktﬂ < WX TE %) ThHol. ZDOM et 21T
5 72IiE Thedis b —2 v HREITIZR 5. ML o Tk

( Fedis b—2 v, HXK)

D #8 (pair) ZZET. BRI ARZERT 272001 —FERMEZERL L 5. XKL,
XIED TEREE K TEE ($IFEES (terminal symbol) (b—27 > D Z e 2L E L v W05, #H
XARDY —7I1ZHY) %7213 FEEREES (non-terminal symbol)(#3XARD Y — 7LD /7 — FiZ
YY) D582 KTHE. LoT M definition(EFR DEK) & H expr (‘N DEIK) ZER
5.

TR T 563 T — XA definition ¥ expr

datatype definition = Def of string*expr | Expr of expr
and expr = Number of int | Variable of string | Application of expr*expr
| Pair of expr*expr;
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1 62: #ESOK

## let x be 10;( )
Def ( x, Number 10 )

## 142;(0)

Expr ( Application ( Variable +, Pair ( Number 1, Number 2 ) ) )

## let y be x+10/2;(«<)

Def ( y, Application ( Variable +, Pair ( Variable x, Application ( Variable /, Pair ( Number 10, Number 2 ) ) ) ) )

Bz, EDXSIT let x be 10; EWH T T L% ASTTHIE Def ( x, Number 10 ) &
WORXXARIZEIL, 142 2 WS 717 F A% AJ) 30U Expr ( Application ( Variable
+, Pair ( Number 1, Number 2 ) ) ) EWOMKIZEN T 2. F7 let y be x+10/2; &
WS a2y I A% AJ]THIE Def ( y, Application ( Variable +, Pair ( Variable x,
Application ( Variable /, Pair ( Number 10, Number 2 ) ) ) ) ) &\ I HESURIZZ
'3‘6D.efDef ( x, Number 10 ) ZHEPXCAMEICEE T2 e UTD L5172 %.

/\
/ N\
x  Number 10
Expr ( Application ( Variable +, Pair ( Number 1, Number 2 ) ) ) I3,

Expr
I
|
Application
/ \
/ \
Variable + Pair
/ N\
/ \

Number 1 Number 2

DARKEL 72D, Def ( y, Application ( Variable +, Pair ( Variable x, Application
( Variable /, Pair ( Number 10, Number 2 ) ) ) ) ) &,

Def
/\
/ N\
y  Application
/ \
/ \
Variable + Pair
/ \
/ \
Variable x  Application
/ \
/ \
Variable / Pair
/\
/ \
Number 10 Number 2
LIR5.
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s 707 Z k64 BIEL phrase

exception Syntax_error;
fun phrase ISTREAM =
let val (ahead,def) = definition ISTREAM (token ISTREAM) in
if ahead <> One(";") then raise Syntax_error else def end
and definition ISTREAM ahead =
case ahead of
Reserved (LET) =>
let val ahead = token ISTREAM in
case ahead of
Identifier(i) =>
let val ahead = token ISTREAM in
case ahead of
Reserved(BE) =>
let val (ahead,exp) = expr ISTREAM (token ISTREAM) in
(ahead,Def (i,exp))
end
| - => raise Syntax_error

end
| - => raise Syntax_error
end
| _ => let val (ahead,exp) = (expr ISTREAM ahead) in (ahead,Expr exp) end
and expr ISTREAM ahead = read operation ISTREAM ahead exprl ["+","-"]

and exprl ISTREAM ahead = read operation ISTREAM ahead exprO ["*","/"]

and exprO ISTREAM ahead = if check_expr_simple ahead then expr_simple ISTREAM ahead
else raise Syntax_error

and check expr_simple ahead =
case ahead of
Identifier(i) => true
| Num(n) => true
| _ => false
and expr_simple ISTREAM ahead =
case ahead of
Identifier(i) => ((token ISTREAM), Variable i)
| Num(n) => ((token ISTREAM), Number n);

\ )
Z 2T Bi% check_expr_simple (& MFEENX] Z/EFHA L, Identifier £7213 Num 72 513 true
ZRL, Z95 TR false ZiIRT. BIEL expr0 Tld check expr_simple 2 true % iR 3
BDAH2expr_simple ZMH L TW3S. B definition Tldlet ikAl T be R OME R % ULk
3 573, Reserved(LET), Identifier(i), Reserved(BE), I (expr) DJETMHLTWVWSZ L
Wo»sd. ZOHRHTHWTWSEEE read operation I ZMA TN TERT 2B TH 5.

OED, FFALLAR R L UTHHE L 20Ul s 0nigs
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-~ 7025 Ak 65: BA%L read operation ~

fun mem x (front::rest) = if x = front then true else mem x rest
| mem x [] = false;
fun read operator oper operators =
case oper of
One(one) => if (mem one operators) then one else ""
| = oy
fun read_operation ISTREAM ahead read_base operators =
let fun read rest ISTREAM al el =
let val oper_str = read_operator al operators in
if oper_str = "" then (al,el)
else let val (a2,e2) = read_base ISTREAM (token ISTREAM) in
read rest ISTREAM a2 (Application(Variable oper_str,Pair(el,e2))) end
end in
let val (ahead,exp) = read_base ISTREAM ahead in
read_rest ISTREAM ahead exp

end
end;
\ )
L DB phrase 2573 % &,
~ 1 63: BI%L phrase DHEAT ~

- phrase std,in;.

let x be 20;
val it = Def ("x",Number 20) : definition

- phrase std,in;.
142;( <]

val it = Expr (Application (Variable "+",Pair (#,#))) : definition

- J

2725, EHORRICBEH L TR EPELZZ2HEEF # IV EBINATVWE I CERELES. &
DREIET, HRMIITR 7LD 7L —X (phrase) 2%} 25 X51ICL &5, 207D 4
B token DIGE L FRRIC, B run ZHET 5.

s 7a 7 I 66: WEENTO 72 0 DBIEL run ~

exception End_of_system;
fun run() = let val stream of enter = std_in in
while true do (
print("## "); flush_out std_out;
let val result = phrase stream_of_enter in
case result of
Expr(Variable("Quit")) => raise End_of_system
| - => ( print_definition result; print "\n" )
end )
end;

\ J
OB run EFEITTE2UTD XSk B,
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-~ 70 7F 567 B run DRIT
- runQ);(<)
## let be 10;
Def ( y, Number 10 )
i
Expr ( Variable y )
## 3+4;
Expr ( Application ( Variable +, Pair ( Number 3, Number 4 ) ) )
## let x be 10/20;(«)
Def ( x, Application ( Variable /, Pair ( Number 10, Number 20 ) ) )
# Quit;( <]

uncaught exception End of_system

S J
K DARRGINCEMES 27201270 7' ## 2RRT 2 X5 L7, B token DG EFIL &
SR run O Z2FTT 25613, MXAKRZRRT 2Bz ERLRTNIR S0, DITOM
BT %

-~ 7077 1 68: BI% print definition ¢ print_expr ~
fun print_definition x = case x of
Def(s,e) => ( print "Def ( "; print s; print ", "; print_expr e; print " )" )
| Expr(e) => ( print "Expr ( "; print_expr e; print " )" )
and print_expr x = case x of
Variable s => ( print "Variable "; print s )
| Application(el,e2) => ( print "Application ( "; print_expr el;
print ", "; print_expr e2; print " )" )
| Pair(el,e2) => ( print "Pair ( "; print_expr el; print ", ";
print_expr e2; print " )" )
| Number n => ( print "Number "; print n );
- J

7.3 XNEZHRETS

T, XEEED ML QA2 37-08BL & 5.
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T —X ::= 'let' {'rec'} #HlF '=' KX '; Def( 777, ihl+, )
| |ﬁ |;l EXPI( ﬁ )
® :=X4 A4

| 'function' EF—7

Function ( EF—7 )

I ‘let' {'rec'} #ilF '=' X 'in' X Let( Def( 757, #&il¥, X ), KX)
K4 ::= K3 = 3
| Ka ', X3 Pair( X4, 3 )
3 ::= K2 A 2
| A3 '=r K2 Application( Variable =, Pair( ® 3, 2 ) )
| A3 NE R 2 Application( Variable NE, Pair( # 3, 2 ) )
I A3 > K2 Application( Variable >, Pair( 3, (2 ) )
I A3 < K2 Application( Variable <, Pair( 3, 2 ) )
| A3 GE X2 Application( Variable GE, Pair( #3, 2 ) )
| A3 LE K2 Application( Variable LE, Pair( 3, (2 ) )
K2 =K1 A1
| K2 '+ K1 Application( Variable +, Pair( 2, :1 ) )
| A2 - X1 Application( Variable -, Pair( &2, 1))
H1::=RKo o
| K1 '+ Ko Application( Variable *, Pair( 1, o0 ) )
| A1/ Ko Application( Variable /, Pair( 1, 0 ) )
Ao = FHER H K
| =N 0 BER Application( R 0, HENX )
KK = BH Number ( b —2 )
| T Variable( b —2 )
| FwEEfE Boolean( b —72 )
(G- =
| 'O Unit
EF—7 1= EF—7 2 [EF—7 2]
| EF—7 '|' EF—72 ®F—72 :: BF—7
FF—T2 ::= FF—T 1 '->' R (®FF—71,
EF—T1 1= FF—70 EF—70
| EF—71',' EF—70 Motif_pair(EF—7 1, EF—7 0)
EF—T7 0 ::= BE Motif_number( h—2 )
[l Motif_variable( h—2 )
| ;Mﬂfﬁ Motif_boolean( b —72 )
Motif_unit
fo@#%thFﬁFf®ﬁUUJMAbjt@%
f x 1 10;

DEH, KxeilivzaZeickb ML TiE NEH) 2RO THS. BNF 1L 2 3EDOER
DT { }IEDFEONLHDTEA TS a FLERT.
F AN LIRS B B token BT 372012, 2 —YEFRAE

TUY 5 K69 F—

EHT 5.

KA ryord ¥ lexis

datatype rword = LET | TRUE | FALSE | IN | FUNCTION | REC
| NE | LE | GE | ARROW;

datatype lexis = Reserved of rword | Identifier of string | Num of int
| One of string;

FHRIFED DDA ruord DEZENHEZ T3, ARROW, NE, GE, LE 2 ¥ 2 XFL LDt S5Hh
B DTH I TFREEL LTS,
A token FWE T2 LUTFTD XSk 3.
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-~ a7 2 70: B token(2) ~

fun digit ¢ = ("0" <= c andalso c <= "9");
fun small alpha ¢ = ("a" <= c andalso c <= "z");
fun large_alpha c = ("A" <= c andalso c <= "Z");
fun mem x (front::rest) = if x = front then true else mem x rest
| mem x [] = false;
fun integer ISTREAM i = if digit (lookahead ISTREAM) then

integer ISTREAM (10*i+ord(input(ISTREAM,1))-ord("0")) else i
and identifier ISTREAM id = let val c = lookahead ISTREAM in

if (small_alpha c) orelse (large_alpha c) orelse (digit c)

orelse ¢ = "_" then identifier ISTREAM (id~(input (ISTREAM,1)))

else id end

and native_token ISTREAM = let val c = lookahead ISTREAM in
if (small_alpha c) orelse (large_alpha c) then
let val id = identifier ISTREAM "" in
case id of
"let" => Reserved(LET)
"in" => Reserved(IN)
"true" => Reserved(TRUE)
"false" => Reserved(FALSE)
"function" => Reserved(FUNCTION)
"rec" => Reserved(REC)
_ => Identifier(id)
end
else if digit c then Num(integer ISTREAM 0)
else if operator c then
let val oper = input(ISTREAM,1) in
let val n = lookahead ISTREAM in
if oper = "<" andalso n = ">" then ( input(ISTREAM,1); Reserved(NE) )

else if oper = "<" andalso n = "=" then ( input(ISTREAM,1);
Reserved(LE) )

else if oper = ">" andalso n = "=" then ( input(ISTREAM,1);
Reserved(GE) )

else if oper = "-" andalso n = ">" then ( input(ISTREAM,1);

Reserved (ARROW) )
else One(oper)
end end

else One(input(ISTREAM,1)) end
and operator ¢ = mem c ["<",">" "-"]
and token ISTREAM = let val c¢ = native_token ISTREAM in

case c of

One(" ") => token ISTREAM

| One("\t") => token ISTREAM

| One("\n") => token ISTREAM

| _ => c end;

G /

B run ZRETAICFFRICERTELZ2DTERTS. 200l I L0273 MU TFTDLS1IC
5.
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-~ 7077 571 B token DFAT ~
- runQ);(<)

let x = function x—>x+1;[§ﬂ
Reserved (LET)
Identifier(x)

One (=)

Reserved (FUNCTION)
Identifier(x)
Reserved (->)
Identifier(x)

One (+)

Num (1)

One(;)

let x = 10 in X;Eza
Reserved (LET)
Identifier(x)

One (=)

Num (10)

Reserved (IN)
Identifier(x)
One(;)

Quit

uncaught exception End_of_system

- J
¥ 7z, i & [FERICBEIEL print _rword & print_token ZEFR LRITIUIR SR,

- a7 4 72: B print_rword ~

fun print_rword x = case x of
LET => print "LET"
| TRUE => print "TRUE"
| FALSE => print "FALSE"
| IN => print "IN"
| FUNCTION => print "FUNCTION"
| REC => print "REC"
| NE => print "<>"
| LE => print "<="
| GE => print ">="
| ARROW => print "->"
fun print_token x = case x of
Identifier(i) => ( print "Identifier("; print i; print ")" )
| Reserved(s) => ( print "Reserved("; print_rword s; print ")" )
| Num(n) => ( print "Num("; print n; print ")" )
| One(one) => ( print "One("; print one; print ")" );

. /
RS AT AR oD i

%

BT,

-

7.4 IIBEOEEHLHSEYA

ZZETT. FHMN IR L e s SML TRFEX T3 EI3fi-7, L LHIHIZTO
SiElE e let LW, AEINSHETIEH., ZOBEEVNTEZZDEFFRELL LTV LEZET
T30 %, EBICE R THE»D 5,

FERIIRD 3 OTH 3,
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L. FTEW RN & B TR as < BIR - N2 -V RE - SR 2 RO
i MiniML %z %355 (KF),

2. MU SiE%. FHFNTaAENAE ML-Lex & #EXi@tres gy ML-Yace TEDET (X
), FEEReAECESHZVIDHL. ACAKZES 2= 5bETlEI»D 5,

3. T4 FDH D% MiniML TEZ, H7CTE- 7244 T MiniML 2162 (58 16 ),

AREITIX 1 2D, diEld, AifliE CICE W/ NI ERS., ZOFFEOMZ CHEARKE
THUZZE2/R2Z 2125,

= BR - SCFH) - BEE - BAL, 28 ZIHEER, HIEY A SR
if - then - else, let (rec D% %), FAKIMAR fun, BEIEGEH
#H (a,b). VAP [a;bl. ::. function. match - with
NE—v R . ERG M. VR s
Al int float string bool unit. #. UV A b BAEL. RZE ()
B BfER, fac 100 MIEMEICH S

B3ED» 720, Hindley/Milner OEMERTHRD 5, 72 ZIERD X5 12H I,

$ ./miniml3

ABCL/c+ ...

> let rec fac n = if n = 0 then 1 else n * fac (n-1);

fac : (int -> int) = <fun>

> fac 100;

- : int = 933262154439441526816992388562667004907159682643816214685929
6389521759999322991560894146397615651828625369792082722375825118521091
6864000000000000000000000000

> let rec map £ 1 = match 1 with [J -> [] | x :: r -> f x :: map f r;
map : for all 'a 'b, (('a -> 'b) -> ('a list -> 'b list)) = <fun>

map DOHUDY for all ’a ’b, ... EZMHIIKR->TWVWA I EIERELTUILYL, BFRIZ—D
ENTWVWARWN,

7.6 FTEVW-FOEhE

TN AR, BIEITHE VWD DEMANFRICLTH 2, AN1S 1 XFTOHA aLsztlh
HLTERS,

DR+ 7.1 FESTOFDEME (BF)  ninicanl2.sml (62 7TH2S)
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62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105

107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

datatype
TNUM

| TSTR

| TID

| TKW

| TOP

| TEOF

exception
exception
exception
exception

(* SML wr
fun intTo
Strin

fun token

case
T
T
T
T
T
T

val keywo
["let
"fun

fun isIdS
fun isIdC

(* Read e

commen

fun lex i
let

fun

fun

fun

fun

fun

token =

of num (* 42, or 107100 *)

of string (* "hello" *)

of string (* x, foo_bar, map *)

of string (* let, if, functiomn, ... *)

of string k+==>::0 () LT 0 ..o %
Lex_error of string

Syntax_error of string

End_of_input

End_of_system

ites negative integers as ~1; this language, like Caml, uses -1. *)
String (n : num) =

g.translate (fn #"~" => "-" | ¢ => String.str c) (IntInf.toString n)
String t =

t of

NUM n => intToString n

STR s => "\"" - String.toString s ~ "\""

IDs =>s

KW s =>s

0P s =>s

EOF => "<end of input>"

rds =

", "rec", "in", "if", "then", "else",

", "function", "match", "with", "true", "false"]

tart ¢ = Char.isAlpha c orelse c = #"_"
har c¢ = Char.isAlphaNum c orelse c = #"_" orelse c = #"'"
xactly one token from “ins'. Whitespace and (* nested

ts *) are skipped. Returns TEOF at end of file. *)
ns =

peek () = TextIO.lookahead ins

eat () = ignore (TextIO.inputl ins)

O

skipComment O
skipComment n
(case TextIO.inputl ins of
NONE => raise Lex_error "unterminated comment"
| SOME #"*" =>
(case peek () of
SOME #")" => (eat (); skipComment (n - 1))
| _ => skipComment n)
| SOME #" (" =>
(case peek () of
SOME #"*" => (eat (); skipComment (n + 1))
| _ => skipComment n)
| SOME _ => skipComment n)

takeWhile p acc =
case peek () of
SOME ¢ => if p c then (eat (); takeWhile p (c :: acc))
else String.implode (List.rev acc)
| NONE => String.implode (List.rev acc)

lexString acc =
case TextIO.inputl ins of
NONE => raise Lex_error "unterminated string literal"
| SOME #"\"" => String.implode (List.rev acc)
| SOME #"\\" =>
(case TextIO.inputl ins of

SOME #"n" => lexString (#"\n" :: acc)
| SOME #"t" => lexString (#"\t" :: acc)
| SOME #"\\" => lexString (#"\\" :: acc)
| SOME #"\"" => lexString (#"\"" :: acc)
| SOME c => lexString (c :: acc)
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133
134
135
136

138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156

158
159
160
161
162
163
164
165
166

168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184

(*

| NONE => raise Lex_error "unterminated string literal")
| SOME ¢ => lexString (c :: acc)

(* if the next character is “c', consume it and return “yes' *)
fun two c yes no =
case peek () of
SOME c' => if ¢ = c¢' then (eat (); yes) else no
| NONE => no

fun go () =
case peek () of
NONE => TEOF
| SOME c =>
if Char.isSpace c then (eat (); go ()
else if Char.isDigit c then
let val s = takeWhile Char.isDigit []
in case IntInf.fromString s of
SOME n => TNUM n
| NONE => raise Lex_error ("bad integer " = s)
end
else if isIdStart c then
let val s = takeWhile isIdChar []
in if s = "_" then TOP "_"
else if s = "mod" then TOP "mod"
else if List.exists (fn k => k = s) keywords then TKW s
else TID s
end
else if ¢ = #"\"" then (eat (); TSTR (lexString [1))
else
(eat ()
case c of
#"(" => (case peek () of
SOME #"*" => (eat (); skipComment 1; go ())

| _ => TOP "(")
I #Il_ll => two #">ll (TOP ll_>ll) (TOP ll_")
| #"<" => (case peek () of
SOME #"=" => (eat (); TOP "<=")
| SOME #">" => (eat (); TOP "<>")
| _ => TOP "<")
| #">" => two #"=" (TOP ">=") (TOP ">")
| #":" => two #":" (TOP "::") (TOP ":")
| #"&" => two #"&" (TOP "&&") (TOP "&")
| #"|" => two #"|" (TOP "||") (TOP "|")
| _ => TOP (String.str c))
in
go O
end

2. Abstract syntax

*)

RY¥zZA332oH%,

o FHIEECHAMFZRALEWV. FIMHIT L L THAUD, HXK

BB o TR T RIGE

RICH 2D S THEAIZHRD S (iskw), ZHUT TRE—ELTrO08T 51 DT,

REDHEMEFTHR LEZTEDNR 2,

e 2 XFDHEBELZICHT, —> :: <=>=<>a || & 1 XFH%E
FARWTHRD 5,

AT E TAHTRDF

e ANFIAXYMIKZR B, (x & *) OERSIZHATRIT., ANFOIXY MIEREEE

TIREBEWVWDO T, [EHERZITITIEEITI RV, ZOHFEIZKETIN
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7.7 BIRTREEXEREE BRI
MR BRI TS 5, AT ORI, BROWUH LOESTLOE FRT,

B2 HY T 5#HE T WHE5WVIE)
parse tuple , (fGfi&

parse_or I CRE#&)
parse_and && (FEA8)
parse_cmp = <> < > <= >=
parse_cons oo (GRS
parse_cat - (AREE
parse_add + - (ERE

*

parse mul / mod (fEAEE)
parse_app B X 2 BIBCEH. HIE~ A F X
parse_atom U7 I« 2 - I - VX b

S9WEHE T OB, MOWEE T OB Z S, parse_add I parse mul ZM:(f, parse mul
¥ parse_app ZME5R, 2535 1+ 2 x 3WFHARICL + (2 * 3) kHiEhid,

Z b 7.2: BIRTEEXEENEE (7%  ninicaml2.sml (371 THA5)

371 | and parse_tuple st = G, (right assoc) *)
372 let val e = parse_or st

373 in if isOp st "," then (advance st; Pair (e, parse_tuple st)) else e end
374

375 | and parse_or st = (x || (short circuit) *)
376 let fun loop e =

377 if isOp st "||" then

378 (advance st; loop (If (e, Boolean true, parse_and st)))

379 else e

380 in loop (parse_and st) end

381

382 | and parse_and st = (*x && (short circuit) *)
383 let fun loop e =

384 if isOp st "&&" then

385 (advance st; loop (If (e, parse_cmp st, Boolean false)))

386 else e

387 in loop (parse_cmp st) end

388

389 | and parse_cmp st = (¥ = <> < > <= >= *)
390 let fun loop e =

391 case cur st of

392 TOP oper =>

393 if isMember oper comparisons

394 then (advance st; loop (binop oper e (parse_cons st)))

395 else e

396 | _=>e

397 in loop (parse_cons st) end

398

399 | and parse_cons st = (x :: (right assoc) *)
400 let val e = parse_cat st

401 in if isOp st "::" then (advance st; Cons (e, parse_cons st)) else e end
402

403 | and parse_cat st = (* = (right assoc) *)
404 let val e = parse_add st

405 in if isOp st """ then (advance st; binop """ e (parse_cat st)) else e end
406

407 | and parse_add st = (x + - (left assoc) *)
408 let fun loop e =

409 case cur st of

410 TOP "+" => (advance st; loop (binop "+" e (parse_mul st)))
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411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429

431
432

© 00 N O U W N

1

[
=]

| TOP "-" => (advance st; loop (binop "-" e (parse_mul st)))

| _=>e
in loop (parse_mul st) end
and parse_mul st = (* * / mod (left assoc) *)
let fun loop e =
case cur st of
TOP "x"  => (advance st; loop (binop "*" e (parse_app st)))
| TOP "/" => (advance st; loop (binop "/" e (parse_app st)))
| TOP "mod" => (advance st; loop (binop "mod" e (parse_app st)))
| _=>e
in loop (parse_app st) end
and parse_app st = (* juxtaposition, unary minus *)
if isOp st "-" then
(advance st; binop "-" (Number (IntInf.fromInt 0)) (parse_app st))
else

let fun loop e =
if startsAtom (cur st) then loop (Application (e, parse_atom st))
else e

in loop (parse_atom st) end

ERaeabaOED 7 IEHLTEL YL, EED + BIL—TFTEL,

and parse_add st =
let fun loop e =
if isOp st "+" then (advance st; loop (binop "+" e (parse_mul st)))
else if isOp st "-" then (advance st; loop (binop "-" e (parse_mul st)))
else e

in loop (parse_mul st) end

HEAD o B/ TEL,

and parse_cons st =
let val e = parse_cat st
in if isOp st "::" then (advance st; Cons (e, parse_cons st)) else e end

N—TSENOHEA LD, Bl 5P A LENZ, 20 1 TOEVWHIES DM E 2R
DHTW5,

7.8 HIRWEIOK - BiEss - TSR
RESZIRMT OFE R ITHMRIBNKRIC 2 5, ZHUE SML oREWF— 2Btz % £EIT 3,
DR b 7.3 HREXAKDERE absyn.sml

(*
absyn.sml —- R, niniml2 & FE—OHXKREES,

*)
structure Absyn =
struct

(* object BIEDEIIIZMHE
type num = IntInf.int

datatype expr =
Number of num
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12 | Str of string

13 | Boolean of bool

14 | Variable of string

15 | Nil

16 | Unit

17 | Pair of expr * expr

18 | Cons of expr * expr

19 | If of expr * expr * expr
20 | Function of (motif * expr) list
21 | Application of expr * expr

22 | Let of bool * string * expr * expr (* let [rec] x = el in e2 *)
23

24 and motif =

25 Motif_variable of string

26 | Motif_wild

27 | Motif_number of num

28 | Motif_string of string

29 | Motif_boolean of bool

30 | Motif_unit

31 | Motif_nil

32 | Motif_pair of motif * motif

33 | Motif_cons of motif * motif

34

35 datatype definition =

36 Def of bool * string * expr (* let [rec] x = e x)
37 | Expr of expr

38

39 (* let £ xy=e ¥ let f = function x -> function y -> e DKL *)
40 fun curry_fun [] body = body

41 | curry_fun (p :: ps) body = Function [(p, curry_fun ps body)]

42
43| (x ZIHEEFISEZE BEROBEHE LTRS »

44 fun binop oper el e2 = Application (Variable oper, Pair (el, e2))
45
46| (x SML 3EOEME 1 rELD, ZOFEEE Canl ERILLC -1 %)

47| fun intToString (n : num) =

48 String.translate (fn #"~" => "-" | ¢ => String.str c) (IntInf.toString n)
49
50 | end
51
52 | (x EHAEY X OMEK, EOBHE L BHOBIETHHAT S5, »
53 | structure Util =

54 | struct

55 exception Not_found

56 exception End_of_system

57

58 fun assoc x ((a, b) :: rest) = if x = a then b else assoc x rest
59 | assoc _ [] = raise Not_found

60 | end

A3 Hindley /Milner OB —{LIZED {, BIERKEZAIEL AL TR D, H—LD7 NN T
(ARG

JR b 7.4: BIMEER  types.sml

1] (*

2 types.sml -- Hindley/Milner OZHEFi, miniml2 X R,
3 *)
4 | structure Types =

5| struct

6 open Absyn

7

8 datatype simple_type =

9 VarType of { index : int, value : tyval } ref

10 | Term of string * simple_type list

11 and tyval = Unknown | Known of simple_type

12

13 type tyvar = { index : int, value : tyval } ref
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14 type schema = { parameters : tyvar list, bodys : simple_type }
15

16 exception Type_error of string

17 exception Circulation of simple_type * simple_type

18 exception Conflict of simple_type * simple_type

19

20| wval type_int = Term ("int", [1)

21 val type_bool = Term ("bool", [])

22 val type_string = Term ("string", [])

23 val type_unit = Term ("unit", [1)

24 fun type_arrow tl1 t2 = Term ("->", [t1, t2])

25 fun type_product t1 t2 = Term ("*", [t1, t2])

26 fun type_list t = Term ("list", [t])

27

28 fun schema_trivial ty : schema = { parameters = [], bodys = ty }
29

30| (x EMELENFHERE —D / ZOoRORMA X — 4 )

31 fun polyl f : schema =

32 let val a = ref { index = 0, value = Unknown }

33 in { parameters = [a], bodys = f (VarType a) } end

34 fun poly2 f : schema =

35 let val a = ref { index = 0, value = Unknown }

36 val b = ref { index = 0, value = Unknown }

37 in { parameters = [a, b], bodys = f (VarType a) (VarType b) } end
38

39 val level = ref O

40 fun start_of_definition () = level := !level + 1

41 fun end_of_definition () = level := l!level - 1

42 fun new_unknown () = VarType (ref { index = !level, value = Unknown })
43

44 fun shorten ty =

45 case ty of

46 VarType (vv as ref { index = i, value = Known t }) =>
47 let val t' = shorten t

48 in vv := { index = i, value = Known t' }; t' end

49 | - => ty

50

51 fun gen ty : schema =

52 let val parameters = ref ([] : tyvar list)

53 fun find ty =

54 case shorten ty of

55 VarType (vv as ref { index = i, value = _ }) =>
56 if i > !level andalso

57 not (List.exists (fn v => v = vv) (!parameters))
58 then parameters := vv :: !parameters

59 else ()

60 | Term (_, args) => List.app find args

61 in find ty; { parameters = !parameters, bodys = ty } end

62

63 fun test_of_occurrence vv ty =

64 let fun test t =

65 case shorten t of

66 VarType vvl => if vvl = vv then raise Circulation (VarType vv, ty)
67 else O

68 | Term (_, args) => List.app test args

69 in test ty end

70

71 fun modify_level lmax ty =

72 case shorten ty of

73 VarType (vv as ref { index = i, value = v }) =>

74 if i > lmax then vv := { index = lmax, value = v } else ()
75 | Term (_, args) => List.app (modify_level lmax) args

76

77 fun unify (tyl, ty2) =

78 let val vl = shorten tyl

79 val v2 = shorten ty2

80 in

81 if vl1 = v2 then ()

82 else

83 case (vi, v2) of

84 (VarType (vv as ref { index = i, value = _ }), ty) =>
85 (test_of_occurrence vv ty; modify_level i ty;
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86 vv := { index = i, value = Known ty })

87 | (ty, VarType (vv as ref { index = i, value = _ })) =>
88 (test_of_occurrence vv ty; modify_level i ty;

89 vv := { index = i, value = Known ty })

90 | (Term (c1, al), Term (c2, a2)) =>

91 if cl <> c2 orelse length al <> length a2

92 then raise Conflict (vi1, v2)

93 else ListPair.app unify (al, a2)

94 end

95

96 | fun specialization ({ parameters = [], bodys } : schema) = bodys
97 | specialization { parameters, bodys } =

98 let val fresh = List.map (fn v => (v, new_unknown ())) parameters
99 fun copy ty =

100 case shorten ty of

101 (t as VarType v) => (Util.assoc v fresh handle Util.Not_found => t)
102 | Term (c, args) => Term (c, List.map copy args)
103 in copy bodys end

104

105 fun type_motif env m =

106 case m of

107 Motif_variable id =>

108 let val ty = new_unknown ()

109 in (ty, (id, schema_trivial ty) :: env) end

110 | Motif_wild => (new_unknown (), env)

111 | Motif_boolean _ => (type_bool, env)

112 | Motif_number _ => (type_int, env)

113 | Motif_string _ => (type_string, env)

114 | Motif_unit => (type_unit, env)

115 | Motif_nil => (type_list (new_unknown ()), env)

116 | Motif_pair (m1, m2) =>

117 let val (t1, envl) = type_motif env ml

118 val (t2, env2) = type_motif envl m2

119 in (type_product t1 t2, env2) end

120 | Motif_cons (m1, m2) =>

121 let val (t1, envl) = type_motif env mil

122 val (t2, env2) = type_motif envl m2

123 in unify (type_list t1, t2); (t2, env2) end

124

125 fun type_exp env e =

126 case e of

127 Number _ => type_int

128 | Str _ => type_string

129 | Boolean _ => type_bool

130 | Unit => type_unit

131 | Nil => type_list (new_unknown ())

132 | Variable id =>

133 (specialization (Util.assoc id env)

134 handle Util.Not_found => raise Type_error (id ~ " is not bound"))
135 | Pair (a, b) => type_product (type_exp env a) (type_exp env b)
136 | Cons (a, b) =>

137 let val ta = type_exp env a

138 val tb = type_exp env b

139 in unify (type_list ta, tb); tb end

140 | If (c, a, b) =>

141 let val tc = type_exp env c

142 val ta = type_exp env a

143 val tb = type_exp env b

144 in unify (tc, type_bool); unify (ta, tb); ta end

145 | Let (r, n, a, b) => type_exp (type_def env (r, n, a)) b
146 | Function cases =>

147 let val targ = new_unknown ()

148 val tres = new_unknown ()

149 fun case_type (m, body) =

150 let val (tm, env') = type_motif env m

151 in unify (tm, targ); unify (type_exp env' body, tres) end
152 in List.app case_type cases; type_arrow targ tres end
153 | Application (f, a) =>

154 let val tf = type_exp env f

155 val ta = type_exp env a

156 val tr = new_unknown ()

157 in unify (tf, type_arrow ta tr); tr end
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and type_def env (isrec, name, e) =
(start_of_definition ();
let val te =
if isrec then
let val prov = new_unknown ()
val te = type_exp ((name, schema_trivial prov) :: env) e
in unify (te, prov); te end
else type_exp env e
in end_of_definition (); (name, gen te) :: env end)
end

Mg IERIR 2 R ORELRHIRTDH 5,
)Rk 7.5: (B FHMRE value.sml

Val_closure of (motif * expr) list * (string * value) list ref
Val_primitive of string * (value -> value)

(*
value.sml -- fH¥ FFHfigR. miniml2 ¥ [A U &K,
*)
structure Value =
struct
open Absyn
datatype value =
Val_number of num
| Val_bool of bool
| Val_string of string
| Val_unit
| Val_nil
| Val_pair of value * value
| Val_cons of value * value
|
|

exception Eval_error of string
exception Fail_filtrate

(x WEERRIET, BISER T &R0, %)
fun val_compare (v1, v2) =
case (v1, v2) of
(Val_number a, Val_number b) => IntInf.compare (a, b)
| (Val_string a, Val_string b) => String.compare (a, b)
| (Val_bool a, Val_bool b) =>
if a = b then EQUAL else if b then LESS else GREATER
| (Val_unit, Val_unit) => EQUAL
| (Val_nil, Val_nil) => EQUAL
| (Val_nil, Val_cons _) => LESS
| (Val_cons _, Val_nil) => GREATER
| (Val_pair (a, b), Val_pair (c, d4)) =>
(case val_compare (a, c) of EQUAL => val_compare (b, d) | r => r)
| (Val_cons (a, b), Val_cons (c, d)) =>
(case val_compare (a, c¢) of EQUAL => val_compare (b, d) | r => r)
| _ => raise Eval_error "these values cannot be compared"

fun filtrate (v, m) =
case (v, m) of
(_, Motif_variable id) => [(id, v)]

| (_, Motif_wild) => []

| (Val_bool a, Motif_boolean b) => if a

| (Val_number a, Motif_number b) => if a

| (Val_string a, Motif_string b) => if a
| (Val_unit, Motif_unit) => []
|
|
|
|

b then [] else raise Fail_filtrate
b then [] else raise Fail_filtrate
b then [] else raise Fail_filtrate

(Val_nil, Motif_nil) => []

(Val_pair (a, b), Motif_pair (ml, m2)) => filtrate (a, ml) @ filtrate (b, m2)
(Val_cons (a, b), Motif_cons (ml1, m2)) => filtrate (a, ml) @ filtrate (b, m2)
_ => raise Fail_filtrate

fun value_application env cases arg =
case cases of
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54 [1 => raise Eval_error "no matching case in this function"
55 | ((m, body) :: rest) =>

56 (let val env' = filtrate (arg, m) @ env

57 in eval env' body end

58 handle Fail_filtrate => value_application env rest arg)

59

60 and value_definition env (isrec, name, e) =

61 if isrec then

62 case e of

63 Function cases =>

64 let val cell = ref []

65 val env' = (name, Val_closure (cases, cell)) :: env
66 in cell := env'; env' end

67 | _ => raise Eval_error ("“let rec " ~ name ~ "' must define a function")
68 else (name, eval env e) :: env

69

70 and eval env e =

71 case e of

72 Number n => Val_number n

73 | Str s => Val_string s

74 | Boolean b => Val_bool b

75 | Nil => Val_nil

76 | Unit => Val_unit

77 | Variable id =>

78 (Util.assoc id env

79 handle Util.Not_found => raise Eval_error (id ~ " is not bound"))
80 | Pair (a, b) => Val_pair (eval env a, eval env b)

81 | Cons (a, b) => Val_cons (eval env a, eval env b)

82 | If (c, a, b) =>

83 (case eval env c of

84 Val_bool true => eval env a

85 | Val_bool false => eval env b

86 | _ => raise Eval_error "the condition of “if' is not a boolean")
87 | Function cases => Val_closure (cases, ref env)

88 | Let (r, n, a, b) => eval (value_definition env (r, n, a)) b
89 | Application (f, a) =>

90 let val vf = eval env f

91 val va = eval env a

92 in case vf of

93 Val_primitive (_, p) => p va

94 | Val_closure (cases, cell) => value_application (!cell) cases va
95 | _ => raise Eval_error "this value is not a function"
96 end

97 | end

Fores L PIAEREE (GGHAAAREED) 2R3, R —ED#Hi 5,
JRAR76: {BEEB DRI  show.sml

1| (*

2 show.sml —- fHXBIOFR, HHHDEARIE niniml2 &[F—,

3 *)
4 | structure Show =

5| struct

6 open Value

7 open Types

8

9 fun escape s = "\"" ~ String.toString s ~ "\""

10

11 fun showValue v =

12 case v of

13 Val_number n => Absyn.intToString n

14 | Val_bool b => Bool.toString b

15 | Val_string s => escape s

16 | Val_unit = """

17 | Val_nil => [

18 | Val_pair (a, b) => "(" "~ showValue a ~ ", " ~ showValue b ~ ")"
19 | Val_cons _ => "[" - showList v ~ "]"

20 | Val_closure _ => "<fun>"
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| Val_primitive _ => "<fun>"
and showList (Val_cons (h, t)) =
(case t of
Val_nil => showValue h
| Val_cons _ => showValue h =~ "; " ~ showList t
| _ => showValue h ~ "; " ~ showValue t)
| showList v = showValue v

val name_of_variables = ref ([] : (tyvar * string) list)
val count_of_variables = ref 0O

fun var_name vv =
Util.assoc vv (!name_of_variables)
handle Util.Not_found =>
let val n = !count_of_variables
val name = if n < 26
then "'" ~ String.str (Char.chr (Char.ord #"a" + n))
else "'t" ~ Int.toString n
in count_of_variables :=n + 1;
name_of_variables := (vv, name) :: !'name_of_variables;
name
end

fun showType ty =
case shorten ty of

VarType vv => var_name vV
Term (c, [1) => ¢
Term (c, [t]) => showType t ~ " " ~ ¢
Term (c, [t1, t2]) =>

"(" ~ showType t1 ~ " " ~ ¢ ~ " " ~ showType t2 =~ ")"
Term (c, args) =>

"(" ~ String.concatWith ", " (List.map showType args) ~ ")

no~

[+

fun showTypeTop ty =
(name_of_variables := []; count_of_variables

0; showType ty)

fun showSchema ({ parameters, bodys } : schema) =

(name_of_variables := []; count_of_variables := 0;

(if null parameters then ""
else "for all " "~ String.concatWith " " (List.map var_name parameters)
showType bodys)

end

u)

YR+ 7.7 YIHAIRIR (RE A HBIEK) prims.sml

(*
prims.sml —- FJHIEREE, miniml2 ¥ [FCHARAHA.
*)
structure Prims =
struct
open Value
open Types

fun prim_arith name f =
Val_primitive (name,
fn Val_pair (Val_number a, Val_number b) => Val_number (f (a, b))
| _ => raise Eval_error (name "~ ": two integers expected"))

fun prim_cmp name test =
Val_primitive (name,
fn Val_pair (a, b) => Val_bool (test (val_compare (a, b)))
| _ => raise Eval_error (name ~ ": a pair expected"))

fun safe_div name f =
fn (a, b) => if IntInf.sign b = 0
then raise Eval_error "division by zero"
else f (a, b)
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val val_env_initial = [

("+",  prim_arith "+" IntInf.+),
(=", prim_arith "-" IntInf.-),
(M"x" prim_arith "x" IntInf.* ),
o/, prim_arith "/" (safe_div "/" IntInf.div)),

(* 0Caml @ mod IWEREDTFZIINED DT Int.rem HEZS *)
("mod", prim_arith "mod" (safe_div "mod" IntInf.rem)),
(=", prim_cmp "=" (fn r => r = EQUAL)),
("<>", prim_cmp "<>" (fn r => r <> EQUAL)),
("<", prim_cmp "<" (fn r r = LESS)),
(">", prim_cmp ">" (fn r => r = GREATER)),
("<=", prim_cmp "<=" (fn r r <> GREATER)),
(">=", prim_cmp ">=" (fn r r <> LESS)),
(mn-n, Val_primitive (""",
fn Val_pair (Val_string a, Val_string b) => Val_string (a ~ b)
| _ => raise Eval_error "": two strings expected")),
("not", Val_primitive ("not",
fn Val_bool b => Val_bool (not b)
| _ => raise Eval_error "mot: a boolean expected")),
("hd", Val_primitive ("hd",
fn Val_cons (h, _) =>h
| _ => raise Eval_error "hd: empty list")),
("tl", Val_primitive ("tl",
fn Val_cons (_, t) => t
| _ => raise Eval_error "tl: empty list")),
("fst", Val_primitive ("fst",
fn Val_pair (a, _) => a
| _ => raise Eval_error "fst: a pair expected")),
("snd", Val_primitive ("snd",
fn Val_pair (_, b) => b
| _ => raise Eval_error "snd: a pair expected")),
("string_of_int", Val_primitive ("string_of_int",
fn Val_number n => Val_string (Absyn.intToString n)
| _ => raise Eval_error "string_of_int: an integer expected")),
("print_string", Val_primitive ("print_string",
fn Val_string s => (print s; Val_unit)
| _ => raise Eval_error "print_string: a string expected")),
("print_int", Val_primitive ("print_int",
fn Val_number n => (print (Absyn.intToString n); Val_unit)
| _ => raise Eval_error "print_int: an integer expected")),
("print_newline", Val_primitive ("print_newline",
fn _ => (print "\n"; Val_unit))),
("write_int", Val_primitive ("write_int",
fn Val_number n => (print (Absyn.intToString n ~ "\n"); Val_number n)
| _ => raise Eval_error "write_int: an integer expected")),
(¢ —=—= XFHNeDET 272D DHAIRAA ——== *)
("size", Val_primitive ("size",
fn Val_string s => Val_number (IntInf.fromInt (String.size s))
| _ => raise Eval_error "size: a string expected")),
("sub", Val_primitive ("sub", (* sub s i : i XFHD 1 XF *)
fn Val_string s => Val_primitive ("sub",
fn Val_number i =>
let val k = IntInf.toInt i handle Overflow => "1
in if k < 0 orelse k >= String.size s
then raise Eval_error "sub: index out of range"
else Val_string (String.str (String.sub (s, k)))
end
| _ => raise Eval_error "sub: an integer expected")
| _ => raise Eval_error "sub: a string expected")),
("ord", Val_primitive ("ord", (* JHH 1 FOXFa—F x)
fn Val_string s =>
if String.size s = O then raise Eval_error "ord: empty string"
else Val_number (IntInf.fromInt (Char.ord (String.sub (s, 0))))
| _ => raise Eval_error "ord: a string expected")),
("chr", Val_primitive ("chr",
fn Val_number n =>
let val k = IntInf.toInt n handle Overflow => 71
in if k < 0 orelse k > 255
then raise Eval_error "chr: out of range"
else Val_string (String.str (Char.chr k))
end
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| _ => raise Eval_error "chr: an integer expected")),
("explode", Val_primitive ("explode", (% 1 XFEFTODXFHIDY A b %)
fn Val_string s =>
List.foldr (fn (c, acc) => Val_cons (Val_string (String.str c), acc))
Val_nil (String.explode s)
| _ => raise Eval_error "explode: a string expected")),
("implode", Val_primitive ("implode",

fn v =>
let fun go Val_nil acc = String.concat (List.rev acc)
| go (Val_cons (Val_string s, t)) acc = go t (s :: acc)
| go _ _ = raise Eval_error "implode: a list of strings expected"

in Val_string (go v []) end)),
("quit", Val_primitive ("quit", fn _ => raise Util.End_of_system))

val type_arithmetic =

schema_trivial (type_arrow (type_product type_int type_int) type_int)
val type_comparison =

polyl (fn a => type_arrow (type_product a a) type_bool)

val type_env_initial = [

("+", type_arithmetic), ("-", type_arithmetic), ("*", type_arithmetic),
("/", type_arithmetic), ("mod", type_arithmetic),
("=", type_comparison), ("<>", type_comparison),

("<", type_comparison), (">", type_comparison),
("<=", type_comparison), (">=", type_comparison),
("~", schema_trivial

(type_arrow (type_product type_string type_string) type_string)),
("not", schema_trivial (type_arrow type_bool type_bool)),
("hd", polyl (fn a => type_arrow (type_list a) a)),
("tl", polyl (fn a => type_arrow (type_list a) (type_list a))),
("fst", poly2 (fn a => fn b => type_arrow (type_product a b) a)),
("snd", poly2 (fn a => fn b => type_arrow (type_product a b) b)),
("string_of_int", schema_trivial (type_arrow type_int type_string)),
("print_string", schema_trivial (type_arrow type_string type_unit)),
("print_int", schema_trivial (type_arrow type_int type_unit)),
("print_newline", schema_trivial (type_arrow type_unit type_unit)),
("write_int", schema_trivial (type_arrow type_int type_int)),
("size", schema_trivial (type_arrow type_string type_int)),
("sub", schema_trivial (type_arrow type_string (type_arrow type_int type_string))),
("ord", schema_trivial (type_arrow type_string type_int)),
("chr", schema_trivial (type_arrow type_int type_string)),
("explode", schema_trivial (type_arrow type_string (type_list type_string))),
("implode", schema_trivial (type_arrow (type_list type_string) type_string)),
("quit", polyl (fn a => type_arrow type_unit a))

end

7.9 EHT

$ brew install mlton # mllex, mlyacc, mlton A%

$ cd “/miniml3

$ make # RETHHATI2ERBZHELTELRT S
$ ./miniml3 # MEEE—F, 7L —XDKImT ;

$ ./miniml3 samples/O1-fizzbuzz.mml

$ make samples # samples/ O 10 A% ¥ LD THET

FEHZR (minicaml2.sml, Poly/ML TH#j<) &XEDA MM (miniml3, MLton THj<)
L FALH YT 12 ROV THADTRIC—ET . #SDiE, DS LMGERD Z AN 117
MO ER T TDH 5%,
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FE X Parse error: an expression expected, but found ~;'.
A K#RIR  Parse error: syntax error at line 126.

FEXRRT (A2 L Tpskizn) 2o TV AP, ML-Yace D8 b IR ICE S B
HOLL AT, ZITRMEBLITIZMELTWVWS, RIBTIEEEZDDLDIIEHSHLY,

7.10 FEZODREHR
CZCETOFEZTODNUHRIIZHA LT, FNTHRD 3 25U 5,

1. BRIBAHABEBOFEUE LERISESHNTULS, parse add A% parse mul ZFER, W5
a— RO T L2EEIRM A EI» TV, EZHTcid, BBZIHICE S Lk,

2. BERSICRDITRV, EZESMA L & ZADBEIRICZ o7 &5 2 UFRIZH
Z TN, HlETEZIWOTY Milh—o) ZEATLE S,

3. EBIRHDEITEZV. exp ::= exp '+’ term EZDFEFHL LEBRHMHREZDT, L—
TWRHZZDREDND 5, SAEE 07T L0510 1 IZHE LRV,

KRETHS ML-Lex ¥ ML-Yacc 3. 2D 3 2% F DT, HBEZITIERIPER I N.
BT IIERE LTHRESN. EBRISEDOEFEITS,

7.11 JUESHREE
KRDTa Y5 LDLEHEED X,
7.1 EEED - ZW5HDTH 2, 1 -2 -3 1L -2) -3 inFhdEo 8k,

and parse_add st =
let fun loop e =
if isOp st "-" then (advance st; loop (binop "-" \ana{ 7 } \ana{ £ }))
else e
in loop (parse_mul st) end

72 GHED ~ CFHER) 25T TH %,

and parse_cat st =
let val e = parse_add st
in if isOp st """ then (advance st; binop """ e (\ana{ 7 } st)) else e end

73 ANLTFaxXy b ERIETHTTH S, RE%k d TR 5,

fun skipComment d ins =
if d = 0 then ()
else case (peek ins, peek2 ins) of
(SOME #" (", SOME #"*") => (adv2 ins; skipComment (\ana{ T }) ins)
| (SOME #"x", SOME #")") => (adv2 ins; skipComment (\ana{ #* }) ins)
| (SOME _, _) => (advl ins; skipComment d ins)
| (NONE, _) => raise Lex_error "unterminated comment"
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7.4 BER0EM (ULE) Z2HOHDITH 2. £ ab D (f a) b EHEND XS ITE &L

and parse_app st =
let fun loop e = if startsAtom (cur st) then loop (Application (\ana{ % }, \ana{ ¥ 1}))
else e
in loop (parse_atom st) end

fRE 7 e. A1 (parsemul st). ¥ parsecat., Td + 1, *d - 1. 5 e. ¥ (parse.atom st)

7.12 EXMBE
RS 7.5 TR R SCRITS2Ic BT, AEOMET 2L — 7T, AESOEEF2ARTHE ]
Fif % . ROROB OB il T B3I k.

8 7.6 parse_cmp (& = <> <> <=>= ZRILETH>TWVE, ZD/zdHa<b<clIEi7EN
570 Flon TUDEBETY 5 b2l X,

B 7.7 “FAIfgATaR T 33T & LTinAU o Th o TREELE 5 02 HIET 51 2o T
W3, bLIHIC T PREERZRICREST 21 TRERL . EDXIRANTHRE 2, BARMIZ2E
78 ANFaXU b (xa (xb*) c*) ZIEFRHTEIRWHEEZ, EREEOR BV
7 i % VTR Ko

7.9 minicaml2.sml O parse _cons I3 GHETH 2D, TNELEMAEICERDE 1 1+ 2 ¢ []
WFESRED. . BEVRAMD @ 3HEMATRINUIR SRV EBR K,

B 7.10 AEDOFH XM URNIC, NEIFHEEAT «+x (5SS, * XDV 2RV, Y0
BOBICH LVWEEBATRED, T2, Z0BEEET,

fI7.11 FEZDUHERD TR 2 LT3 2% Tk, 205H TERXIZKITRW, Zeh
FRRICRIEIC 72 2 SOEOHBIRED . BIR NERE S & DR %2 R0 % B &,
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ETIE TEDRUI

8.1 MALERICEEY 330GE
AT O RO TRAIEEIC BT 2 ORI OV TE R 3.

1. BIED XL,
A = IH
| X'+ H
| X - H
TH = AR
I I ' BER
| H '/ BEERX

Tholz. TOBBRELUTODEIEELEGES, XL L TOEKE LTERZNE H
B2 ML T/ a2 I v 7L TERYE L.

2. ZH L7k

X o= HER
'+ R
- B
A N
WARE- /=N

2b 8k

8.2 TRRLTc) CEDEXAER

TR LTz XIEDORESURNT 21T 5 BN 3 %, B8$E, FIU phrase TH A0 FD
NENRRLS.

e function RDEM (FIFEFRD AEE)

o let---in FDENM

o R DIEM

o FRHR DX DB (Z AU - 7 EHETF DIBIN)
o HEX DB GEMAMTIREL 725)

o Z A

PNC T — &M definition & expr Z ZDIEZE I KOBHERL LS. LT wr 720
O~@IZHEY R v T L% ANTERE K.
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-~ TR rT LT3 7 —&% definition, expr & motif ~

datatype definition = Def of ©
| Expr of expr
and expr = Number of int
| Variable of string
| Application of expr*expr
| Pair of expr*expr
| Boolean of bool
| Let of definitionxexpr
| Function of (motif*expr) list
| Unit
and motif = Motif variable of string
|
|
|
|
|

Motif _boolean of bool
Motif _number of int
Motif_pair of motif*motif
Motif unit

Motif_arrow;

N\ J
7 — &% definition Tl Def DHE, FIRER (rec NI 25E) 22, £ TRVWHIDI F
D7=DIZ 3 ODEDMHE LTWb. 7 —XA expr TIX Boolean, Let, Function, Unit 23/l
boTWws. 77— notif ¥, BIBER DR (function) DX =V 2 RTHTH 5.

BH%L phrase DEFIE, T DR DB definition, expr FDREE & HITHAHREREZITS
D, BAIOHTE TRAT tFAUTH2. LrL, FiitEml (O) oMicEF 2y 75570
DFISLEEZ N Z 5.

7a 77 L 74: B phrase DEHIDERY

exception Cant_close_parenthesis;

fun phrase ISTREAM = let val (ahead,def) = definition ISTREAM (token ISTREAM) in
if ahead <> One(";") then raise Syntax_error
else def end

BA%L phrase DERDRICIIFEABER DK 7zd I avy (5) POV TVWARVWI EIZEFEREL &
5. ez o OB Tk D7z and ZHWTERT 2.
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a7 o 575 B definition DEFR ~

[

and definition ISTREAM ahead =
case ahead of
Reserved(LET) =>
let val ahead = [©) in
case ahead of
Reserved(REC) =>
let val ahead = ® in
case ahead of
Identifier(i) =>
let val ahead = ® in
case ahead of
One("=") =>
let val (ahead,e4) = expr ISTREAM (token ISTREAM) in
if ahead <> Reserved(IN) then
®@
else let val (ahead,eb5) = expr ISTREAM (token ISTREAM) in
(ahead,Expr(Let (Def (true,i,e4),eb)))
end end
| - => raise Syntax_error

end

| - => raise Syntax_error

end
| Identifier(i) =>
let val ahead = token ISTREAM in
case ahead of
One("=") =>
let val (ahead,e7) = expr ISTREAM (token ISTREAM) in
if ahead <> Reserved(IN) then

®
else
let val (ahead,e8) = expr ISTREAM (token ISTREAM) in
G)
end
end

| - => raise Syntax_error

end
| - => raise Syntax_error

end
| _ => let val (ahead,exp) = (expr ISTREAM ahead) in (ahead,Expr exp) end

. /

BE%X definition Tl et AT = Ry & Net AT = X in XY OWH DO IEITOWT
WL TWEZIHERLED. £, A7 aF LD rec DEFRICOWVWT H3HBE & Tk
WS IOWTHTRELTWA.

RIZEHEL expr DEFRERT.
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s 7077 L 76: BIE expr DER ~

and expr ISTREAM ahead =
case ahead of
Reserved (FUNCTION) =>
let val (ahead,motif) = read_list_of_case ISTREAM (token ISTREAM) in
(ahead,Function motif)
end
| - => expr4 ISTREAM ahead
and expr4 ISTREAM ahead = read_infix ISTREAM ahead expr3 ","
(fn el => fn e2 => Pair(el,e2))
and expr3 ISTREAM ahead = read_operation ISTREAM ahead expr2
[r=", n>m ngn s ng=in ny=in]
and expr2 ISTREAM ahead = read operation ISTREAM ahead (7) [+, m="]
and exprl ISTREAM ahead = read operation ISTREAM ahead exprO ["*","/"]
and exprO ISTREAM ahead = if check_expr_simple ahead then
let val (ahead,exp) = expr_simple ISTREAM ahead in
if check_expr_simple ahead then sequence_of_application ISTREAM ahead exp
else (ahead,exp)
end
else if ahead = One(")") then (ahead,Unit) else raise Syntax_error
and sequence_of_application ISTREAM ahead f =
let val (ahead,exp) = expr_simple ISTREAM ahead in
if check_expr_simple ahead then
sequence_of _application ISTREAM ahead ( )
else (ahead, ® )
end
and check expr_simple ahead =
case ahead of
Identifier(i) => true
| Num(n) => true
| O]
| Reserved(FALSE) => true
| One("(") => true
| _ => false
and expr_simple ISTREAM ahead =
case ahead of
Identifier (i) => ((token ISTREAM), Variable i)
Num(n) => ((token ISTREAM),Number n)
Reserved(TRUE) => ((token ISTREAM), Boolean true)
Reserved (FALSE) => ((token ISTREAM), Boolean false)
One (" (") =>
let val (ahead,exp) = expr ISTREAM (token ISTREAM) in
case ahead of
One(")") => if exp = Unit then ((token ISTREAM),Unit)
else ((token ISTREAM),exp)
| _ => raise Cant_close_parenthesis
end

- J

XIEDH D Reserved (FUNCTION) DEFTIE, FiiziZETF — 7 2T 2 B9%0 read_1ist_of _case
ZIFH LTS,

88



-~ 7077 577 B motif ~

and read_list_of_case ISTREAM ahead =
let fun other_case ISTREAM al =
let val oper_str = read_operator al ["|"] in
if oper_str <> "|" then (al,[])
else let val (a2, m2)= motif ISTREAM (token ISTREAM) in
let val oper_str = read operator a2 ["->"] in
if oper_str <> "->" then raise Syntax_error
else let val (a3,e3) = expr ISTREAM (token ISTREAM) in
let val (a4,ed4) = other_case ISTREAM a3 in
(a4,( @ , @ )::e4)
end end
end end
end in
let val (a2,m2) = motif ISTREAM ahead in
let val oper_str = read operator a2 ["->"] in
if oper_str <> "->" then raise Syntax_error
else let val (a3,e3) = expr ISTREAM (token ISTREAM) in
let val (a4,ed4) = other_case ISTREAM a3 in
(a4, (m2,e3)::e4)
end end
end
end
end
and motif ISTREAM ahead = read_infix ISTREAM ahead seq-of motif ","
(fn m1 => fn m2 => Motif pair(ml,m2))
and seq-of motif ISTREAM ahead =
let val (al,l) = sequence_of motif ISTREAM ahead [] in
(a1,hd 1)
end
and sequence_of motif ISTREAM ahead 1 =
let val (ahead,exp) = motif_simple ISTREAM ahead in
if exp <> Motif_arrow then
sequence_of motif ISTREAM (token ISTREAM) (exp::1)
else (ahead,1)
end
and motif_simple ISTREAM ahead =
case ahead of
Identifier(i) => (ahead,Motif_variable i)
| Num(n) => (ahead,Motif _number n)
| Reserved(TRUE) => (ahead, Motif_boolean true)
| Reserved(FALSE) => (ahead, Motif_boolean false)
| _ => (ahead, Motif_arrow);

- J
M o= HEBR (mutual recursion) TEFRT 27D FTNRT and ZDFTERT . T,
L DERTIIATADEIEL read operation IZ/NZ, BI%EL read operator & BI%{ read infix %
PR LTV 3.
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ﬁ 78277 L 78: BA%L read operation, read operator ¢ read infix —

fun read_operator oper operators =
case oper of
One(one) => if (mem one operators) then one else ""
| Reserved(r) => ( case r of

GE => if (mem ">=" operators) then ">=" else ""
@
(€]

|
|
| ARROW => if (mem "->" operators) then "->" else ""
|

_=> ")
| o= g
fun read_operation ISTREAM ahead read_base operators =
let fun read rest ISTREAM al el =
let val oper_str = read_operator al operators in
if oper_str = "" then (al,el)
else let val (a2,e2) = read_base ISTREAM (token ISTREAM) in

read-rest ISTREAM a2 (Application(Variable oper_str,Pair(el,e2)))
end

end in
let val (ahead,exp) = read-base ISTREAM ahead in
read_rest ISTREAM ahead exp
end
end;
fun read_infix ISTREAM ahead read base inf construct_syntax =
let fun read_start ISTREAM al =
let val (a3,e3) = read_base ISTREAM al in
let val oper_str = read_operator a3 [inf] in
if oper_str = "" then (a3,e3)
else let val (ab,e5)= read_start ISTREAM (token ISTREAM) in
(ab, construct_syntax @ (@ ) end

end
end in read_start ISTREAM ahead end;

-

J

BEE run ICOWTIEHIED run ERl—72DTEMKT 5. BXREFRRT ZEBEHCOVWTIEH S
FICERLZTUE R S0,
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e a7 5 79: BEL print_definition, prnit_expr, print_case list & print megif

fun print_definition x = case x of
Def( b, s,e) => ( print "Def ( "; print b; print ", ";
print s; print ", "; print_expr e; print " )" )
| Expr(e) => ( print "Expr ( "; print_expr e; print " )" )
and print_expr x = case x of
Variable s => ( print "Variable "; print s )
| Application(el,e2) => ( print "Application ( "; print_expr el;
print ", "; print_expr e2; print " )" )
| Pair(el,e2) => ( print "Pair ( "; print_expr el; print ", ";
print_expr e2; print " )" )
| Let(d,e) => ( print "Let ( "; print_definition d; print ", ";
print_expr e; print " )" )
Number n => ( print "Number "; print n )
Function cl => @
Unit => ( print "Unit" )
Boolean b => ( print "Boolean "; print b )
and print_case list ((m,e)::[]) ( print "( "; print_motif m; print ", ";
print_expr e; print " )" )
| print_case_list ((m,e)::rest) = ( print "( "; print_motif m; print ", ";
print_expr e; print " ) | "; print_case list rest )
| print_case_list [1 = ()
and print_motif x = case x of
Motif variable v => ( print "Motif_variable \""; print v; print "\"" )
| Motif boolean b => ( print "Motif boolean "; print b )
| Motif number n => ( print "Motif number "; print n )
| Motif_pair (m1,m2) => ( print "Motif_pair ( "; print_motif mil;
print ", "; printmotif m2; print " )" )
| Motif unit => print "Motif unit"
| Motif_arrow => print "Motif_arrow"

N J
BRI EoTa s AR LA ERT.

p 7025 1 80: FATH N

- rn03(0)

#4 Lot £ = function x->1ly->yi(=]

Def ( false, f, Function ( ( Motif variable "x", Nusber 1) | ( Motif variable "y", Variable y ) ) )

## let x = 1)

Def ( false, x, Number 1)

## let in y+1i()

Expr ( Let ( Def ( false, y, Number 10 ), Application ( Variable +, Pair ( Variable y, Number 1) ) ) )

## 10,20,()

Expr ( Pair ( Number 10, Number 20 ) )

## 10 <= 30;()

Expr ( Application ( Variable <=, Pair ( Number 10, Number 30 ) ) )
# (i)

Expr ( Number 1)
## let rec fac = function 1->1ln->nx(fac (n-1));(<)
Def ( true, fac, Function ( ( Motif mumber 1, Number 1 ) | ( Motif variable "n', Application ( Variable *, Pair ( Variable n, Application ( Variable fac, Application ( Variable -, Pair ( Variable n, Number 1)) ) ) ) ) ))

# Gy i)

Expr ( Application ( Variable +, Pair ( Variable x, Variable y ) ) )

#xy 2i(c

Expr ( Application ( Application ( Variable x, Variable y ), Variable z ) )

- /

8.3 if---then---else ENXNFHDEZIENMT S

if---then---else &, XFHIRDIEZEM L 7 LUR DO SIED FAIfEMNT L g D 7'm 27 5

LEFEEF L. BMIT 2707703, 7FRAMNCTRLAETOT T L2 DETDAERE.
7L —X ::= 'let' {'rec'} @AlF '=' I ';' Dpef( 777, MplF, X))

(- v Expr( I )
® = X4
| 'function' E&F—7 Function ( EF—7 )
| ‘let' {'rec'} #HlT '=* X 'in' R Let( Def( 757, @ilF, X)), X )
| 'if' 3 'then' I 'else’ X K, &, X)
z,
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Ao = FHERX
[ =N o FEX
FER o= B
[l
FPRAE
G-V R
l()l
X5

HEK

Application( 0, FEX )
Number ( b —2 )
Variable(h—72 )
Boolean(h—72 )

29

Unit

String(F—7 )

8.4 JRLDEZEMT S

|
|
|
|
DERTT VR —=F4 V5 0TH7OEEZEEHE K.

SFETONERY A MIOEZBML X S.

Z7U=X = 'let! {'rec'} #HlT '=' R

(= VL
x = X4
| 'function' E®F—7

I 'let' {'rec'} @jl+ '=' R 'in' K

| 'if' X 'then' K 'else' R

Def( 772, wnl¥, )
Expr( R )

Function ( EF—7 )
Let( Def ( aAl+, ), )
£ K, K, L)

Xe ::= X4 RN 4
I A5 ', R4 Pair( :X5, X4 )
A4 ::= K3 R 3
| x4 ' X3 Cons( I 4, 3 )
H3::=K2 2
| A3 = K2 Application( Variable =, Pair( 3, 2 ) )
I A3 NE K 2 Application( Variable NE, Pair( .3, (2 ) )
I A3 > K2 Application( Variable >, Pair( 3, 2 ) )
| A3 '« K2 Application( Variable <, Pair( 3, 2 ) )
I A3 GE K 2 Application( Variable GE, Pair( #.3, (2 ) )
I A3 LE K2 Application( Variable LE, Pair( &3, 2 ) )
A2 = X1 A1
I A2+ X1 Application( Variable +, Pair( 2, 1) )
| A2 - X1 Application( Variable -, Pair( 2, 1) )
Ri1::=Ro R o
| Ao '+ X1 Application( Variable *, Pair( 0, 1) )
I Ao '/ K1 Application( Variable /, Pair( 30, 1) )
Ao = FHERK HEK
| K o HJEX Application( 0, FEKX )
HERX = B Number( F —2 )
[l Variable( b —2 )
| SR Boolean( b —72 )
e X ) =
I O Unit
| ' Nil
EF—7 1:= EF—7 3 [EF—7 3]
| EF—7 '"|' EF—7 3 E®F—73 :: EF—7
EF—T3 :1:= EF—72 '->' N (EF—72, )
EF—T72 1= EF—7 1 EF—71
| EF—72 ', EF—71 Motif_pair(EF—7 2, £F—7 1)
EF—71 ::= EF—70 E£EF—70
| EF—T1 ' EF—T0 Motif_cons((EF—7 1, EF—7 0)
EF—T7 0 ::= BE Motif_number( k —2 )
| EkAlT Motif_variable(b+—72 V)
| FRER{E Motif_boolean( h—7 )
I O Motif _unit
I ' Motif_nil
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8.5 BXAKDHER

2T o REORIZ, SR T — BTV, 22 THEXRERINIMSR T — 2 BITERL,
FICKEEEZR O L OWBER L. IMIT2 7077413, iflETOI a7 L8 DESTTRV.
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FIE EKER

N
’

KEOTu 77 0%, 7ur 7 22KEHELRLSTD, ZOWATRALPOERERD. i
2 TER x) CEEL ME10) Z2HFoe HME2.3) Z2Foeh, TOETORR, R TEK
bELZ. FT [Turl70MF0BK 220 i) L TERLTAXSL. ZLT[x] &
Hx ZHBx0EK 2R3, o, B[], el aWAEs#e LTIEINZTOE
WER TR EZ L. Tur T (X, Ewp), BEW (l, Val) 2o TUATOISICERTSZ
EMTES.

[1: Exp — Val

C SiE2 5 int BIEH x, float BIZH y ITXL T,
[x=10] =10, [x=y=30] = [x=(y=30) | = [y=30] =30

[ x=10, y=20] =20

REELZENTERL a7 MR OBEREERTSIEICED, KD RELRTvTF7L0
KR ERT 2 LHTE, DOTE, THY T ALKOH 2 WHE (BK) 2EHT 22 LATE
3. TIEML ORI LOEKREERL TA LIS

10, 2.3, "str" REDERH (c e B WE [c] =c. AKX LTz TdL [vala=c]=c.
L2, [z] AT, Z# a7,
- val x = 20;

Y, BREZERT HH1IC, R (binding) SN TVWEIHEL ZSTRVWEEVRHZDT—E
WITERTERY. HDRATERTL0RH,

[2] =&

TH55. [z]=2F7— LEHRLTH LW, 72, T25— 2K bL (L)(bottom) % ffi > TE
RTH2I2DZV. ZOISRXEREEFOMEZITITHEL RE] 2 Tno—) EWHHEHEEA
TEHIELICEIDIEMICERT SN TES.

T, BABERIESKRL2DTHAS.

[ fun twicex=x * 2] = [val twice = fn x => x * 2] =7

LoL, ZOFHLIE,

[ fun twicex=x * 2 ; twice3] = 6

TH5. FHHE WS ER ZERT 27D 25E () ZEAT 5.

VEREICE, 2T TR ().
2LhL, C EE0SER, SBRAORATH > T, EEEBAORATIERVOT, EMTIERWV.
SENE, ML LTEX D ZEDTELDTI I TIHIER.
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9.1 \N&&

BEE WS (BR) ) 2 EFRT 272D NEEREAT 4. —fkicrmr 73 v 7 E3ETIR
BRUE I,
flx) ==

DEIWCERL, f xS (function names), (z) D z ZBIDFIE (function arguments), =z
D z Z BB DRE (reply) &\ 5. BBOKE (Z20bD) BEDXSIWERTI2DEAS. £
zG,

=Xz
CEL Arald, M Dz BB LTREIN, 2Dz ZREL TGRS, B T2odb0) 2R
. BB gly)=(y+1) Ko, g= . (y+1) TH2Zepbhrd. \rv.x, \y.(y+1) TEKZ
RILT 20, 4Rl (BESH) DoV TRWZ EIERL £ 5.

ZE e BIR (substitute) 5 2B (b1 /a1, -+ ,bp/an] %, [b1/a1, - ,bp/a )M &EEZ, M HOZE
Bai(l<i<n)Z, bj(l<i<n)ZTIBREERT DL M\e.[z/z]z = f, Nz [2/yl(y+1) =¢
THb. 2FD, \DROEKAZ, FESNRVWILZEKT 5. v, \y.(y+1) DXL,
ANDRIZHZDE z, yif, . (EVAR)LUTD 2z, y+1 ZHRET 205, ¥k, 2Dz, y%&
RIEZH (bind variables) ¥ W 5. #IZ, \rv.xz, \y.(y + w) DHBEDE 2, w ZBHEH (free
variables) &\ 9. %, BEF (operators) +,—,*,/ 1%, . X DFETDEIPHNDT, \y.(y+1),
Ay (y+w) 2 E1E, ) 2T, Ayy+1, doyy+weEHEL. FKX e OHHERDOESEZ FV(e)
&L

U EDERKT,

[ fun twicex = x*2] = [ fun twice x = x*2 ; twice | = Az.(z % 2)
THDZIEBDOIPDL. £oT,
[ fun twicex = x*2 ; twice 3] = (Az.(z*2))3=06

¥i5. ZOX, BBTFHELIEZ [fc] DLSIIRT. NBETE fc tFE, f & clER
(application) 32 & W 5.

+, —, %, /REOEETX, LOERTHHIM>TWS. LiL, IEfECE, #HET K
THD, N\2floTEPRITNER L2V, RO THAIEE 72 ¥ OEARN R EE T HHIC
w2z Zeilys.

e 1

S

HET +, —, %, /20T, \zao+1, Wwy—wihE%Z )\ 2o TREE X, F/, BF 0~9
RED N BoTREHT 2HERD L, CARBRTEND 0 N BIEEOHMELFHNK.

9.2 T

ML 7u2Z7'Z aWiiE, SNRNTHEBRICERT D2 TES. ML KRS, Ko7 v 3
VUEREE, ZORIERESR (R (expressions) F7z1%, B (terms) WD) 6K D, K& IEHE

INEFEOHLVHHIMOEME Y, ZITREZOEADAZRT.
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WERTHIEICED, T0rI5 IV EEOXE (syntax) ZERT S5 TES. ML(ZD
ML % coreML £\ 95) DR e € Exp ZERL TA LD (HIEETIE 7L —X) e LTHFkoT
e, 2Tk TR e LCERT 5. EAMHOLDI, VRN La—FRiER<)°S 22T
tkam 3 2 NOMEEH (domain)(BEFMOES, 7T VMo T T 2553 ATIV WD)
% Exp &3 5. [ARIC, FmEERFEE (boolean constant domain) BConst, £ Do EEFHIEK
(constant domain) Const, ZHHHIK (variable domain) Var, BIEHEEL (function domain) Fun,
UNIT 8% (unit domain) Unit & (2 TS ) EIKEE (semantic domain) Val & B<L. &S
WCATR ORGSR D LD Z e hbh 5.

Val = BConst + Const + Var + Pair + Fun + Unit + {wrong} |

BConst = {true,false}
Pair =Val x Val
Fun =Val — Val

Unit = {unit}

=~ OAXERE (isomorphic) TH 2 Z & ZRL, ZOBBRHIHKILT 5.

FITR L 7 — %7 wrong £ WO HDAZFOMHEZ {wrong}| B <. FEFEID wrong &
WO EITERGR & U CIEFRICEETH 5. SML T3tk 3 2 3G & &b CEMGRANIC THER
DT BT AE, RUTIOD wrong 23BNV DF D [FETT3H[0OMF 2y 7 (B
i) CRERD 2372 00U, ETRL I -3 572w 2 e BEMICEEATE %, ZofED Z
¢ B2 (soundness) £\ 9.

Pl XD e € Exp DBIFH (recursive) IZERTE 5.

e =blclxz]|(e,e)|ee|Ar.e|let z =eineend|if e then e else e end

VIFFRHERZRL, c ZZDOMDERZRL, v 3EEETRT. (e1,e2) 3, e1, ex DH (pair),
e1 ex ¥, Xeg "R e ZHH (e1 1%, Mr.e DIEZ L TOWRIFNUIZR SRV EIIBEHITON ),
Az.eld, BIBZERL, Xe ZZ B 212X D AHR () abstraction) $2 W5, LUT let Ak
if XKTH 3.

9.3 EKTEH

EoBlo &S hEaTar s sliiid, RFINZEZRDZZI2ED, ZORKEERT
HIEMTELN, XDRELTRT I LDOEREERT 2HE1TX, MEIECS. IDKE
27075 KTRSERD, DX I BME (FK) 2Ho0Il &) 2ROER» RS, £, £
DESETORR, HRICEDVRZZ. YUMo Tur 7622 L5,

[ let x=10 in let y=23.1 in let z="test" inx endend end | = 10

TH 30,
[ let y=23.1 in let z="test" inx end end | = [z]

5 Z ®FtiE% BNF (backus normal form) ¥\ 5. F/21%, TITHMT 2L 2, RFEEZHRICTI-DICHE
BRX 2 EAI BNF 25 Z 22320, ZHE MRS (abstract syntax) &5
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D, HHZK 2 OERPEE LR VE ZOREKD EFXTERV. £,
[ let z="test" inx end | = [z]

BESEAI. HIED[2] eBED [2] T, By DERIMKEINTVWEIHELZ5 TR
WIHB Y TR TETYARTH .

ZD LI, EREROTICAEBDOERD IR L2 E IEMELRERICZ S, 22T, Fus
7 LDRR, MR TOBREHOER (ZBUIEED 5 2 L ITHE) ZEF L 72]RIR (environment)
p EBAL LS.

p=Az1:v1, ,xn iV}
DI, B L ZDEK v, (1 <i < n) ODHDEBL L p(x;) = v; EFEL. plz : v},
dom(p') = dom(p) U {z}, p'(z) = v,p/(2) = p(2),if 2 # x,z € dom(p) TH 2 (EEKHINTIE, PRI
p W x:v BMALIRBEZRT. 72720, B8 2 \3RE p TRVWEKTH ).
PR, 20 p 2o TEKRBEE [], £EL. ko,

[ let x=10 in let y=23.1 in let z="test" inx end end end [, = [ [{z:10,4:23.1,27test’} = 10

[let y=23.1 inlet z="test" inxendend [, = [ [{y23.1,2test"}
[ let z="test" in x end ]]p = [= ]]{z:”test”}

CERTDHIENTES.
Gty LRI [, BUFO X515 5.

[1, : Exp— Env — Val
CTA—-BIZEVHEE A DD BAOEBEZRL, Env 3REZRITHERTH 5.
Env=Var — Val

X T, ML DIFERIZEAS. HlZIZ,

-val x = 1;.

val x = 1 : int (x BHRERIZ 1 %)
—funtw1cex—x*2(:]

val twice = fn : int -> int * RIREFRIT fn *)

fm1%fnﬁtﬁtbfmof%t%wﬂa%iif%é BIEODEI fn BfioTERT &
MTEBZD fn ERREINZDATH 3.

9.4 EHREHDER
T, HifiCHA L ML OBEKRBEBZERL XL 5.
[1, : Exp— Env — Val

TERINDEHKBEEE, e DBAICOVWTERTIILNTES.
o c DGE

[cly,=c €Val 22D (€ Const £7z1% € BConst £7z1& € Unit)

CIT, A ceVa THEZZLIKIEREL X5.
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o x DE
[z],=px) €Val

Ar.e DIFE

M € Val]e]peey €Val 22D € Fun
o cc DGE

lerea]p,=3L e1 € Fun DFE ([e1 ],)([ e21,) &5 THRWVWIHE wrong € Val

o (e,e) DHH
[(er,e2) ], = erlple2l,) €Val > € Pair

e let x = e in e end DIHE

[letx=erinesend ], =[ea [pim[e;p €Val

if b then e else e DIFES

[if bthenej elsees [=dL b =true DFE [e1 ], ZI2THRVEE [e2], €Val

22T, weVal]e ]y EWVIELLIE, N BIECULRETH 5205, 2 < Ml oGRS
Thb. 1 Val ITBET 2E v 258U oEE R T.

"C&iE‘“)‘kBﬁ@(’E%ﬁTé (EZ 73 2 ) B#e SML TERT B0, #H LW SERE (refer-
ential type) Z#a/M 3 5. TORIZ, XEHIOFELEORRIZHES. SR, BT s 5 I v 70
.%Jﬁﬁfﬁbtwufiﬁé. GETWo TELLEREZ, UTD XS 1Tfio 7.

A= B NS B (R L

val it = () : unit

- val x = 10;-
val x = 10 : int
—valf=fnx=>x;@
val £ = fn : ’a -> ’a

Z DORBITIEELHILDME 10 12 x EWO AR Z, B WS HE (fn x => x) 1T £ LW S ED
Wiz, D% D, EIIN L THHEIDB O DTH 2. —7, MOFHEEIBESE (procedural languages)
F7213 REEFE (imperative language) TlE, HZEWT 24 (X €V OF) HITZE, ZoOH
kfﬁﬁl*ﬁ%ﬂé ﬂ’CL\é

e®i90 Eﬁtmjﬁjk%wﬁomfmét%xé EMTER. ZDEIRES, &
iz x & L\ 9, *%?E (reference) F 72 13RA > & (pointers) &€& Z T,
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ERIFTHZ Zehbrd. ——> 3B EHRT (C FihLFk). SML TR, Zo&5%5Hk%e
RIZBEIUTO LS5 THRDS 2 e B TE S

Ve HE 64. ZRTY ~
- val x = ref 10;-

val x = ref 10 : int ref

- x5+

val it = ref 10 : int ref

-val y = !x;-

val y = 10 : int

- vi(5)
val it = 10 : int

- J

R x 1E, ref 10 DX D WCEHADMHEDRNC ref ZOF-EHERH > TWE. Rz LT x 13,
BROAIANOZRA 725, ZRMOZBIZZOE XTI, EEXIRODHT I LETERL. 20Y;
B L WOEHET (dereference T 2{HET) 2o TOAEZIMD TN TE 5. MR L
TER y 3SRETRERIEEIR L 2 5. ZRBEOZKE, ETHALZ LS IHAETESDT
ZDFITHT L THA (assignment) 23 TE 5. ZORAWE, LT X 512ffiS.

4 65: LA

- x = 335

val it = () : unit

RANEET = 2o TRATZZ e TES. ¥/, ZRAOHEAIAPESRICEE I L TO
5 (HOM) O THEADZEBOHTH DR (ZD%E1F x OFTHOH int) LB ZHERAL X5
Y357 —i58 ZREVERT ref [3MHF (constructor) TH %A SML TIIRI L L
THEREINTVWE ZEIZERL LS.

1E 66: BAEL ref
- ref;-

val it = fn : ’la -> ’la ref

ZZT, la LWVOFHLWEHAEIHEER SN TV S Z N2 §FLVEE (weak type) &S, —J7, @
W OZAHT 2B ULVEY (strong type) & W 5. FRWEL §5WEIORERII R 3 2 BUHERR O HIFK S E
BROTZIZTIERZHALLEFLCHIHLRW (i), Lr L, @EOSRE LS 720123 Lo
W DHIUI T TD .

9.6 ZERBIMDEIT

BRI ZFEITT 205 23, BORZMBNL ZDOERICEIRST 2 2L 2R3, fRe LT
ML O 7077 LA OEZRD 2 2 21225, &N, B (fH) 2R3 7 —XBE2ERL LS.

CCITHELEVWOR, HIELoSE»6d BREINE) ZePRARZILN I THS. ZOMRRIET
& (garbage) &WWIAHEDIEEE (carbage collector) & b HEIRICHIERX N . ZAEDHEREX SML OUHER
WEREHET D o TV 3.

Slet REMDOLRCTH IV LICHERL LS
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ETEFE L7, #I BConst % Val_bool, fEI Const % Val number, FHIH Pair % Val_pair,
FHI Fun % Val_closure %£7z1d Val primitive, I Unit % Val unit &5 5.

-~ 7a o A 82 7— &M value ~

datatype value = Val number of int

| Val_bool of bool

| Val_pair of value * value

| Val_closure of closure

| Val primitive of value -> value

| Val_unit

withtype environment = (string * value) list
and closure = ((motif*expr) list)*environment;

. /

Al environment X, XF4 (string) B X fH (value) DDV X b oKD, ERBEAE D EF
THh- 7R B2 RS (BB e EROM). BIZIEZER x 23, fH 10 ZHMEL T 25513,

("x", Val_number 10)

7 %. Val number, Val bool, Val pair, Val unit {&, %4 RXUH, FmME, #H, unit @
BER%Z/RT. Val primitive 1%, MIERDHEBETFOEKEZ R TEBE/RT. Val_closure &, &
WOBBEREAT 20, REESALEREZ-oTVWA I EIKHEEL LS. R, BEWREKEE
173 2B98% Eval ¥ LTERT 5. ZOREEKTIE, # it ORI Z1T4 5.

7a 275 L 83: filAMILEE

exception Not_found;
exception Eval_error of string;
exception Fail filtrate;

fun filtrate value motif =
case (value, motif) of
(v, Motif_variable id) => [(id,v)]
| (Val_bool bl, Motif_boolean b2) =>
if bl = b2 then [] else raise Fail filtrate
| (Val_number il, Motif_number i2) =>
if i1 = i2 then [] else raise Fail _filtrate
| (Val_pair(vil,v2), Motif pair(ml,m2)) => (filtrate vl ml)@(filtrate v2 m2)
| (_,)) => raise Fail filtrate;
fun Value_application env list_of_case argument =
case list_of_case of
[] => raise Eval error "Fail of filtrate"
| ((motif, expr) :: other_case) =>
let val env_extend = (filtrate argument motif) @ env in
Eval env_extend expr
end handle Fail filtrate => ( Value_application env other_case argument )
and Value_definition env_sequence def =
let val (b,n,ex) = def in

if b then raise Eval_error "let rec is not implemented."
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and Eval env expr

else (n, (Eval env_sequence ex))::env_sequence

end

case expr of
Number n => Val_number n
| Variable id => ( (assoc id env) handle Not_found => (

raise Eval_error (id™" is not found."); Val_unit ) )

| Application( function, argument ) =>
= Eval env function;

let val val_function
val val_argument = Eval env argument in

case val_function of
Val primitive function_ primitive => function primitive val_argument

| Val_closure (d,e) => Value_application e d val_argument
=> raise Eval_error "application of a value is not functional."

end
| Pair (el,e2) => Val pair(Eval env el, Eval env e2)

| Boolean b => Val_bool b
| Let (definition, bodys) =>
let val Def def = definition in
Eval (Value definition env def) bodys
end
| Function(list_of_case) => Val_closure ( list_of_case, env )
| If(el,e2,e3) => (
case (Eval env el) of
Val_bool true => Eval env e2

| Val bool false => Eval env e3
| => raise Eval error "if-expression is not valid." )

| Unit => Val_unit;

ZDOHTHWTWSEE assoc 1F, 2 BETERL-BAKTH 3.
RN Eval &, BB EZEITLEREZHWVWS. B, »00 U DHEEDHEAE OB

ZERLTEDP RISV (FIHAIRIR (initial environment) W 95). Z OHIHHIREE %

Val_env_initial ¥ L & 5.
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-~ a5 k84 Bl ~

fun code_number n = Val_number n;
fun code_number_fn x = case x of
Val number n => n
| - => raise Eval_error "integer is expected.\n";
fun code_bool b = Val_bool b;
fun code_ bool fn x = case x of
Val_bool b => b
| - => raise Eval_error "boolean is expected.\n";
fun priml encoder calcul decoder =
Val primitive (fn v => encoder(calcul (decoder v)));
fun prim2 encoder calcul decoderl decoder2 =
Val primitive( fn (Val pair(vi,v2)) =>
encoder (calcul ((decoderl v1), (decoder2 v2)))
| - => raise Eval_error "pair is expected." );
fun exiting v = ( raise End_of_system; v );
val Val_env_initial = [
("+", prim2 code_number ((op+):(int*int)->int)
code_number_fn code_number_fn),
("-", prim2 code_number ((op-):(int*int)->int)
code_number_fn code_number_fn),
("*", prim2 code number ((op* ):(int*int)->int)
code_number_fn code_number_fn),
("/", prim2 code_number ((op div):(int*int)->int)
code_number_fn code_number_fn),
("=", prim2 code_bool (op=) code number_fn code number_fn),
("<>", prim2 code_bool (op<>) code number_fn code_number_fn),
("<", prim2 code_bool (op<) code number fn code number_fn),
(">", prim2 code_bool (op>) code number_fn code number_fn),
("<=", prim2 code_bool (op<=) code number_fn code_number_fn),
(">=", prim2 code_bool (op>=) code number_fn code number_fn),
("not", priml code_bool not code_bool_fn),
("quit", Val_primitive(fn x => exiting x))];

- J

&%z, BAEX Eval 1%, RIEFE CTOHMNTHI2HURE AT UTHESORZILD 2035573 5.
ZO LD run ZEHETUT IV,
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~ 71272 A 85 B run ~

- J

fun run() =
let val val_env = ref Val_env_initial; val stream_of _enter = std_in in
while true do ( print("## "); flush out std_out;
let val result = phrase stream_of_enter in (
print_definition result; print "\n";
case result of
Expr expr => let val ret = Eval (!val_env) expr in

print "- : <type> = "; print_value ret; print "\n" end
| Def def =>
let val new_val_env = Value definition (!val_env) def in
case new_val_env of ((name, v)::.) => ( print (name™" : ");
print "<type> = "; print_value v; print "\n" );
val_env := new_val_env end )

end handle Syntax.error => print "Parse error: Syntax error.\n"
| Cant_close_parenthesis =>
print "Parse error: can’t find the right parenthesis.\n"
| Eval_error str => ( print "Eval error: "; print str; print "\n" )
| End of _system => ( print "End of MINICAML.sml...\n";
raise Quit_system; (O ) )
end;

ZOHTIFH XN TV 2B print value IFLLFD LS5 TH 3.

-~ 71277 2 86: BRI print_value ~

fun print_value x =
case x of
Val number n => print n
| Val bool false => print "false"
Val_bool true => print "true"
| Val pair(vi,v2) => ( print "("; print_value v1; print ", ";
print_value v2; print ") " )

| Val_closure _ => print "<fun>"

| Val_primitive _ => print "<fun>"

| Valunit => print "QO"
- J
OB run ZFETT 2 LD LI %.

~ 21 67: BAEL run 5T (1) N

- runQ;(=)

## let x = 1;(—)

Def ( false, x, Number 1)
X @ <type> = 1

i

Expr ( Variable x )

- & <type> = 1

## let y = x + 1 in y/2;()

Expr ( Let ( Def ( false, y, Application ( Variable +, Pair ( Variable x, Number 1 ) ) ), Application ( Variable /, Pair ( Variable y, Number 2 ) ) ) )
-t <type> = 1

## let twice = function x -> (x¥2);()

Def ( false, twice, Function ( ( Motif variable "x", Application ( Variable *, Pair ( Variable x, Number 2 ) ) ) ) )

twice : <type> = <fun>

## twice 10;(—)

Expr ( Application ( Variable twice, Number 10 ) )
- : <type> = 20

## quitQ;(<)

Expr ( Application ( Variable quit, Unit ) )

End of MINICAML.sml...

uncaught exception Quit_system

o %
Z T <type> 3R T 2 BUHESR S X T L (type inference system) THm I N2 FRT 5
B TH 5.

BRI LT LT, MXROERE R T 27DIIEEE run DERD 4 ITHEZERICTH

104



XXV, ZOBRMTD XSk 5.

~ B1E 68: BAEL run DFET (2)
- run() ;-

## let x = 3 + 4 / 25«
x : <type> 5

o

- : <type> =5

## let y = (3,4);(«<)

y : <type> = (3, 4)

#H# x + X;IH'

Eval error: integer is expected.

## y;(<]

- : <type> = (3, 4)

## let rec fac = function 0->1|x->x*(fac (x—l));EEﬂ
Eval error: let rec is not implemented.

## quit O (<]

End of MINICAML.sml...

uncaught exception Quit_system

-
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FT10E 9ZDKRVUI

10.1 XZFHe VX FEIZEATS

8 ETEALL XFH & VA MZOWTHKEELZ R T L 51K Eval ZHBE L. XF
HiE "test", "string" REECRHL, R H 25E51F, HEAEHE T - dEHE L.

BAE 69: ST 2 - 72T DB

# "string"( <)

- : <type> = "string"

## "stringl"“"stringQ"[Ea

- : <type> = "stringlstring2"

YR ML, avRAEET : OAHBMU 1:2:3:[] R RHET 2. ar AHEE T,
B o YAB
v EL OTREOERILT [ (RILXFE (null string)) ¥ 725.
~ BRET0: VR bR 7 FATOH ~

- : <type> = 1::2::3::[]

## hd (1::2::3::[1);(]

- : <type> =1

## £l (1::2::3::[1);(—)

- ¢ <type> = 2::3::[]

## let f = function x -> (x::6::[1);()

f : <type> = <fun>

# £ 3;(0)

- : <type> = 3::6::[]

## let g = function (x::y) —-> x;@

- : <type> = <fun>
: 1 01);(<)

- : <type> =3

ZDEHZ, UTNOEMFZH-T L5 ICHEHE K.
1. 1::2::3::[] @& D, BEDOV A b2 AN LA 5.
2. SEPHERZH) K3 RIS hd & EHELSL O Y 2+ R ELY T B 1 ZBEER OB ¥ k.
3. BB LTY A MNERIBET 2 2B TE 3.
4 BBOEF—7 ($EZ—Y) ELTYVRMRIEETE LN TES.
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10.2 C 558

=S58 CRE

2 2R TN (FaIfENT, RSN, BB D) 2 C SRETHEER X Uk LTS,
Al OXFHN e VR MEZEA Lz 25 %T).
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£118 HEETI

B 70 7o L OIREZ HEICERT 27012, SHRETAZEAL LS. JAVWEKRTOEK
i, RAEDLK (denotational semantics), IBEIK (axiomatic semantics) B &k CIRIERL
(operational semantics) 23 5. FIREKRIE, ROBEKRZ, WRANCEANZNR RT3 E
Wi CTH 5. ZDEEHW SN BRI RHTZIREE (semantic domain) TH 5. KNEEKIE, K
ORI D L OFMERFRZER T2 ZIC& o T, ROBEKREERT 2 HETH 5. BIEEKZ,
R RZFMl LA ROBEBREED LI I2LoT, ROBEREZEDZHETHS. ZOFTH
REME, SREOSUEMEIHE LR VWRDIIRNZERRTH D, BEERRE W 1258, &
DEREREET.

XTC, AETIF 9 BETEALLEE (domain) ZXDFHLIERL TALD. IHIIRTER,
RHEROFMANFEET 2. #HElE, v 7 IV IERBoMR2RELL, X, XREDOEEL
ThHs. TOEEEETIMET 272012, RN (algebra) ZEAT 3. ZOFEE, ZoRH
ZHioT, 7RI IVIEHeRETIHEHEBERILTALS.

11.1

B E, »28R50%5, 2ORGHOHEEZREA L LERFORSOMTER TS L
MTES. BIZIX, Boolean’ ¥ GRIMEZTT) 1X, BE L LT {true, false} Zd b, HEF
V(OR), A(AND), —(NOT) Z%D.

Boolean' = ({BOOL},V, A, —)

¥7z, Nat' REC(BARBERT) 1, £A2LT{0,1,2,---} L 2B, HET zero, succ &b
DEERTDHIENVTES.
Nat = ({NAT}, zero, succ)

RED, FEEE B (carrier) WV, FREOHZFTEY — b (sort) 2 Wi, REUL, £EH5D
KEZRBT 2720, V-V 2HEERT LI TELZLIWCHERL &S, AFTHS &%
%Y — FMY# (many sorted algebra) ¥ 5.

EE 1 YU FrefiHg
EEDOY—-tr0%EEZ S &, V— MHOHEOEEOME ST ZF v (signature) W5, ¥
=F ¥ TIWHLTS RECA W, IFD 390565,

L &Y=t seSITNTBIFRES A, A lF, Y— P s DREWV.

2. BHET 181 X 89X -+ X 8 — s ITHT BB aa: As; X Agy X -+ X As, .

lavVa—XP A2 RTE, BREE XL 0 00hE2HE ERT 5.
BHHEFLTOEBY ARZETH 5.
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3. BEH a:e - s ITRT 3 A, DIT aa.

AETE, REZOLLDRLITKERHT LD TD XS T 5. Boolean’ {EE, B L
T {true, false} & dDOH, T ZTIX, ERZEHET true, false & LTEEL ZDHEBEFTHEMK
INE3bDET 5.

Boolean = ({BOOL}, true, false,V, A, )

-~ a5 1 87: Boolean I (1) ~

ALGEBRA Boolean
SORT BOOL
OPERATORS
true € (- - BOOL), false € (- - BOOL)
_-_. € (BOOL — BOOL), -V _ € (BOOL BOOL — BOOL)
_A . € (BOOL BOOL — BOOL), - = _ € (BOOL BOOL — BOOL)

g _J
MXHEFRE LT, —TIRERBDOY -, HETZ2EIGEE, ay~(,) TRYsZITL,
7YRRAT () CHEEFOIMOMBERTILICT 5.

Nat fREDH, G2 LT{0,1,2,---} ZdDh, ZI T, EETF zero & succ ITXDAERETH
AEET 5.

7125 kA 88: Nat B

ALGEBRA Nat

SORT NAT

OPERATORS
zero € (- =» NAT), succ_ € (NAT — NAT)

FO XS CRBZERL 220 TR, FEETOVMHZERL T T, RLADERLEED
BHeHHETOMZRIL TWD EIFR S0, filZIE, Nat RETE,

1. Nat fRELA WX LT Anar ={0,1,2,- -}, Asero =0, Agyec(n) =n+1
2. Nat fRE B i LT Byar = {0,1}, Biero =0, Bsyee(n) =1—n
3. Nat fR& C 12 LT Cnar = {0}, Crero =0, Csycc(n) =0

DEIWCERLTH LORBOERERZT. 2D A, B, C % Nat fREUZx LT EFIL (model)
YWH., ZIZTIE, Nat REDEFNL A, Nat REDEFNL B D LSV,
AEETVICNLTOETV B ZDETAZIET. 2D, 58 (B, Func L
ERLED) KHLTO—DDETNLEERTHILTH 5.

11.1.1 RBORE—1&

BRE(ETN) BOBERZERT 2. EREMETRE, ZRBEERELERT LI LDV TES.
& 2: £FARERK
ST F X D RNLTE MR ABLL B T2, ROFEMNZmITEBRDE h = {hs : As —
Bstses & A 225 B NOYMERBIEG Y S
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o [EEDHEF a:s1 XsgX x5, > sIIMNLT hso(as) =apo(hsg X - xhg,).
o EEDEM a:e — s ITMNLT hs(aa) = ag.

ZZT o l3BIAERERL, hy x---Xhg, 1 Agy XX Ay, — By, X---xBg &, hgy XX hg, (<
al, o >) =< hg (a1), - hs, () > TEDLIBBTHZ. £2TD se SITMNLThy L
NOEB (B TH2 &, hid EAOERBEBRE NS, K7, FKIC 13 1 OMERUERS
ERTES. DF D, HEOMERER L 2 OERMEHRTH 5. RN OMERUERIZ, [
BIE{R (isomorphic) &\ 9.

Bl Z1E, RIFICHRANA L Nat REDEF L A, B, C I L THERBABBREERT 2RO
£91272%.

h={hs: As = Bs}se(nar}

& hyar(n) = n%2 (EET % I3FRERT) LERT LI 2ITLD,
hyar(zeros) = zerop
Agyee : NAT — NAT &b,
AnaT 0 Aguee(n) = (n 4+ 1)%2 = 1 — (n%2) = Bauce(hnar(n))
£oT, AP5 B AOHERBIGHE h BFELR. FRC,
h={hs: As = Cs}seqnary
DUEFRIIBRIE hyar(n) =0 &) h BERTE 3.

11.1.2 KB

REEERLLLOTE, BROETAVDPHFELERAOBRLALET VEERLLI LIRS
BV, 22T, KORENRETANERIT 272012, KEOEFSHRETESTNCERT 5 (RE
(axiom) &W9). BilZIX, Boolean REN RN ZEMNT 2B TE 5.

Ve a5 1 89: Boolean I (2) ~

ALGEBRA Boolean
SORT BOOL
OPERATORS
true € (- — BOOL), false € (- —» BOOL)
_-_ € (BOOL — BOOL), -V _ € (BOOL BOOL — BOOL)

_ A _ € (BOOL BOOL — BOOL), _ = _ € (BOOL BOOL — BOOL)
VARS

b € BOOL, bl € BOOL, b2 € BOOL
AXIOMS

- false = true, —true = false

false V b = false, b VvV false = false

true A true = true, (bl V b2) = - (=bl A —b2)

(bl = b2) = (=b1l A =b2) V (=b2 A —bl)

- J
ZDESIT, REZEMTAZLIXEIVRBOETLZLIZDIALI LD TES. RHEOER

WEoTiE, BDTLIDODETFTAEZERLTWVWALIEELRZ W, 2% b, UL REEERL

TVWAZEIRERY., 22T, ZOXSCREZERLZ GEMLK), &bEKWNZAKZN

#{LHk (algebraic specification) EXHT 22 b H 5.
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11.2 Y —b+toOM, &

—ODRETEBDY — v /S Ze N TEZEY — METIX, V— MO/, By —
he3., 22T, BTRELREZY —FOMBIZOWTERT 5.

~ TRZTL90: Y — bt OE ~N

ALGEBRA Product

SORT A x B

OPERATIONS
< _.,.>€ (AB — (AxB))
first - € ((Ax B) = A)
second - € ((Ax B) — B)
_=_€ ((AxB) (AxB) - BOOL)

AXIOMS
(first <a,b>) = a, (second <a,b>) = b
(<ai, by >=<az2,by>) = ((a1 = a2) A(b1 = b2))

. J

11.3 Integer K&

BHER R ARETH % Integer REEERL X 5. BFBHBOMEIE, ZDFRFB (sign) & HAB DM
TRHRTLZ2IeMNTE3.

- 77 Z 5 91: Integer REX ~

ALGEBRA Integer

SORT INT = BOOL x NAT

OPERATIONS
-+ _-€ (UINT X INT)— INT)
_% _ € (INT xINT) — INT)
—_€ (INT - INT)
_ < _-€ (INTxINT)— INT)
_=_€ (INT xINT)— INT)

AXIOMS
—<s,n>=<"s,n >
(< s1,m1 > % < S2,m2 >) =< 81 = S2,M1 *kNg >
(< s1,m1 >=<82,m2>) = (81 =82 An1 =n2)V (n1 =ns = zero)
\ J

11.4 Unit X
ML OEDO—DTH 2 [] (unit) 2RI T % Unit RECEERL LS.
- 7075 L 92: Unit REX ~

ALGEBRA Unit
SORT Unit
OPERATIONS
[] € (- — Unit)
_=_ € (Unit x Unit - BOOL)
AXIOM

([1 =) = true
- J
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11.5 Func X#

T, BT a7 IV SE0HBEETVERIT S Fune ¥ ZEFRL £ 5. Func ¥
DT =F ¥, UMTFD XStk 5.

Func = ({EX P}, apply)

ZZTHS Y —MX EXP L, apply ZBEEGERZEKT 5.

Ve 78272 A 93: Func /I ~
ALGEBRA Func
SORT EXP = BOOL + INT + UNIT + (EXP x EXP) + (EXP — EXP)
OPERATION
_apply - € ((EXP — EXP) EXP) — EXP)
VARS
f ¢ (EXP - EXP), g € (EXP - EXP), x € EXP
AXIOMS
(apply f x =apply g x) = (f = g)
\ J

11.6 ML H'5 Func fEADEKEAEK

FaM, HEELTWS ML & Func REIOERNFE —THE2 2R 20 9 BTEALRLE
BREAEL & A DR EFR L TA LS.

[].: Exp — AEnv — EXP
TIT, B p AR HEHEBOEE? S EXP NOBBTHIIRE 2 EHKT .
v : Var - EXP
F72, Expld ML ORODEATHH, EXPIE Func REDOY — N4 TH 5.

1. c DG
[c]. = const(c)

72721, const(c) &, c T2, H5Y—1F SITET 2HEETFARMIC S E 2 BREEZ =

R are
[ true], = const(true) = true
[2], = const(2) =< true, succ(succ(zero)) >
ER%.
2. z DHBE

[7], = ()

3. \x.e DIFE

[\z.e], = A NZE7=T f
Vv € EXP.apply fv = [[e]]b{mm} (7z72L z € FV(e))
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4. €1 €9 O)i’%/a\

[er e2]. = apply [e1]. [ez].

[[(61,62)]]L =< [[elﬂm [[62]]L >

[let fst = A(e1,ez).elin fst(e) end], = first [e],

7. snd(e) DHE
[let snd = A(e1, e2).€2 in snd(e)], = second [e end],

8. let z = e in ey end DHFH
[[let T =€ in €2 end]]L = [[62 ]]L{CC:|[€1]|L}
9. if e; then e; else ez end DGE

[if e; then ey else eg end], = H L [e1], = true 251X [ea], £ D TRWVIGE [es].

HBETN AWKLT, el,e0 € Exp DL &,

[[el]]L = [[62]]L

72 513 (WA L),
A= el =e9

rEL Bz o EREES E OEEOER e =y € EIIHLT,
A ): €1 = €2

512,
AEE

r&EL. E BZEREITEEDOET L BIIHLT,
B E e =¢e

%513,
F ): €1 = €2

&L R, &S E=0 0BaE,

op

= e1=e2
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11.7 EXKER

Func REUCH LT, BRILAEETVEZRTERZBEEMICERICERL LS. 9 ETEHAL
Te& 218, BREBAMNITERT 2 -DICBERERZERTUII V. TR, Z0EKE
BANCEREMANIKBL T 2. 2 2 Tiam 3 2B, Func RENTH S 2 RRELK (denotational
semantics) TH 5.

11.7.1 E/HHNETIL

HIEi E TOFERD X 512, Fune REUIIEBROETANELET 200D H 5. HlzE, V—
N EXP OBE LT, EERTHROIBEOEELTIETIL AREZ LS.

o Apxp &, HEMNCERETE I LN TE 3.

1. Apxp 1%, FIEZEHEE.
2. AEXP]__)EXPQ &i, AEXPl yiN5) AEXP2 “\O)Bgﬁ@;%é\

3. Aexp xExp, &, Arpxp, X Agxp,.
i Aapply &, apply fx = f(x) THEZoN2BH0ES.

Zofth, X, Func fREUX, Y — b BOOL, INT Ax B TEEIN-HETOEKRDEA
TW3., V—FOBICEHT2EEDARE .

o Ao lF, < z1,m0 >= (21,22) THAOLNZBBOES.
o Apipst 1, first <mxy,29 >= 171 TEz o ABEBOES.
o Agecona 1%, second < x1,x9 >= 290 THEIZALNIBHDES.

Y EDEEIZ Func REODERZHMZL, —DDETNMIRDL I ZEIDL I ENTES.

11.7.2 fEEGEMNTETIL

BEWMNETNVTRASNSEH Apxp—exp, &, EXP — EXP, &R ZRL, BOE
THAT 2 HRERSTE 2 LIRS L. BIRERPATEETD 2 BRUCIRE L 7-BBORED
HERS T2, XDRELLHEBRZERL & 5. HIRERNAIARETD 2813, BEERIZIX

ARz D OB ERTE 3.
Y—rDHEE LT, ZRFIBFES (CPO W) 2 FTE2ETILC ZERT 5.

L] CEXP &i, %iﬁﬂ’ﬂbiﬁ%?%ﬁ :Zﬁ‘f%%

1. CEXP ¢i, CJ_, 7:27:‘:1/ C &i EXP @E;{{'@%é\
2. CEXP1—>EXP2 & CEXPl VN5 CEXP2 ’\@ﬁﬁﬁg@@%é\

3. Cexpxexp, & Cexp, X CExp,.

o Coppiy W&, apply fo = f(z) THZ 5N 2B apply DES.
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[FERIZ,

o Boo X, < x1,29 >= (11,72) THXONIHBDES.

® Bripst 1%, first <,z >= 11 THERAONIBBDES.

® Biecond 1&, second < x1,19 >= 13 THZ O ZBMDER.

%’ET?’WEE"J‘E?}DZ%ZKH’W&EL\@, CEXP1—>EXP2 yaR) CEXP1 VR R5 CEXPQ K@Eﬁ%&é&@%é\
WIRELTWRETHE. 20720121 Cpxp % CPO IKRET 20ENDH 5. CPO Difimi,
RETHLLT 5.
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FT12E 11 ZEORUIL

HIET, TREFIEFES (LT CPO W5, complete partial order) ZEA LA, ZDEFR
ERANCL LS.

12.1 ElRFIEFES
a5 A FoZTEBGR < PR O&MGER T & & FIBFRBR (partial order) 2 5.
1. (R§H#E) Vo e Ax <.
2. (M) Vo,y,zclAz<yy=<2z= 1=z
3. (RMFME) Vaz,ycAx2yy=<2z = x=uy.

HEBTRIEFEERSNIEE T FIBFESR (partial order set) W5, (4,=X) LFNT, &
G A CHAET X CIHFNIONLFIEFEEZRT. ye A, XCALTE FEDzeX
MLTzxyDX, y% X OLR (upper bound) W\ X <y &FEL. EBI, X <y b
DX X2 BAEED 2€ AITMLTy<2z2Mhi2t %, y % X OR/NDMLER (least upper
bound) LWLy, UX L&, X BZEETRL, HD X OETRWMIEOERENES Y 7
X oz ERE O X, X 2BRAKS (directed set) &1 5.

R L R ERAMEET UL, H—TH DL E2RE.
CPO tld, UNo&MziTIHFEATHS. PIHFES (4,2) tBE,
o FED ac AITMLT Ly<a b2 EILRRNR Ly DIFET 5.
o A DEBOAMFHHIES X LT, X ORPMER UX € A BFET 3.

EEGRIE T L, FES (Y — 1) % CPO KIRELZETLTHS. ZIZT, ZOETILC
D Fune REB LI, ML ORIHTZ2ET N THE0ZATALD.

1. Ciny OBE
BROES [ = {- -+, —succ(succ(zero)), —succ(succ(zero)), zero, succ(zero), succ(suce(zero)), - - - }

PEh. LICATNRVER L RMAES 1U{L)} OFELe, 4 1HLT,
ryesr=yFhklFc=1;
TIEFEST o3 IEFEES TU{L},x) 2 [, &L, I, I3 CPO TH 3.

2. Cpoor, DHE
FfkiC, mHMEDESR {true, false} WX LT, {true, false}, & CPO TH 5.
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3. CUNIT @i%/ﬁ\
[] &S {[]} ©XNMLT, {[]} i CPO TH 3.

4. Cgxp,—EXP, DGE (Cexp, 5 Cgxp, /\@3@%’%5@%&)
EHRIEL (continuous function) 1%, £E A 25 B OB f I LT, A A /ML
REeRFT2B8TH2. 2%, 85 A DEBEOEMREIHTES X T LT,

fUX) = sqeup{f(z) :x € X} €B

DM EiI- TR f TH 5.
H£EH ADS BAOHERGEBE A> B rEEX, ZORER {A—- B} &L EEO 2D
DHEHREE f,g € {A— B} TRLT, UTROBMGREERT 3.

fRge Ve Af(x) <g(x)
ZOBRIE, FIEFREFRTHS. X612 ({A— B}, <)X CPO TH 3.

H _/\
5. Cpxpxpxp, DHE

HEzoN7= CPO A, BOMEES AxB 2 RDEXIICERT 5.
<ai,ag >=<by,bo> ZZTa 2by, as X by

ZOBMRIE, HIEFBEGRAHD, X512 (Ax B, <) & CPO TH 3.
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F13E HREEDAM

AIEOEREB 2 EITT 5 70 LTI,
a5 A 94 BHERR

- run();(«<]
## let rec fac = function 0->1|x->x*(fac (x-1));(«—
Eval error: let rec is not implemented.

THol. 2% D, BAOBIRER (recursive definition) 23FF L TWRW. Z DJRENIERK (H)
ZR#iT % datatype DEFICZH 5.

s 7075 595 7— &2 value(1) ~

datatype value = Val number of int

| Val_bool of bool

| Val pair of value * value

| Val_closure of closure

| Val_primitive of value -> value

| Val_unit

withtype environment = (string * value) list
and closure = ((motif*expr) list)*environment;

- J
Al closure 1%, flE LTEEINTVRDB IO TIRES SNLRICHOE (Z0HE1E, B
environment DfH) ZZET 5 Z N TERV. 2Dk, HRNICRELZERT S TE
2 LTW3., 22T, UMTFD X512 d—FE (record type) £ ZRBIZHWES SN /RICE
BETESX51CL &S,

~ a7 7 h96: 7 — 28 value(2) ~

datatype value = Val number of int

| Val_bool of bool

| Val_pair of value * value

| Val_closure of closure

| Val primitive of value -> value

| Val_unit

withtype environment = (string * value) list

and closure = { Definition: (motif*expr) list, Environment: (environment ref) };

G /

Z ZT, Environment &9 FAJL (label) 1%, environment ref &5 ZIAIZR > TV 5.
WHEOEZRS ref LITERLR2 ZLIWTHEREL LS.

13.1 L3O—FrH

T, ZITHDHTHEDLNZLa— FAICOWTHHT 3. La— FALZ, A& T
HHBLLRTHERS.
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o HEHEIILHT (SR (label) EW15) b .
o BEHFRIIIERFTH 3.

ZD2 RPERDZZELICEDEERSTMHED T — 28 %R (HL, La— FRTHZRE
T2ZEIEAEETH . FEFE SML T, La— FEICX D EHRINATNS). La— R,
BINNNEZHEROBEES L LTREINLD, MEGL LTRHASINLDDIIANY 7 ¥ MlH
H o7z (HiR).
datatype 7-NL$_1$ of H$_1$ | ... | FX1$_n$ of H$_n$

CORRIZ, La— Ry N 7y VIR S RN ZEZEOMR, MESDEWTH S Z LI
HEL &S

SML Ti¥, La—FHOREFIEILRSTD XV (LOUHRTIELZTIRSR0WH DD
H3).

RERDEZ ST 57-0121F, FANILHEHEE (label extract function) ZfES5. Z LAl
BEUE, &3 # TELDRITNIESLRV., #4701 2FHELZ2IZED, 207 \NLDff VW8
FEWMOHTBEKE 5. EBRfoTha LS.

- val point = { x = 3, y = 4, name = "P" };[+)

val point = {name="P",x=3,y=4} : {name:string, x:int, y:int}
- #x Boint;-

val it = 3 : int

- #name point;(+)

val it = "P" : string
-
val it = fn : {x:’a, ...} -> ’a
- /

DX, #xlE TN x 2oL a—Fhs, ZOMEZERO TR THS. RRahik
Bl {x:’a, ...} HO... &, 17%M (row polymorphism) ¥ PN, TV x X2 Fo>T0ih
X, ICE AR TNV ERS>TOWTD W) 2 ERT.

NRE—=V=yFTHLaA—ReRETES. BERIUZTEWOHL, DX ... THEE

BET2: La—FoRR—v<vF

- fun dist { %, y, ... } = x¥x + y*y;[)
val dist = fn : {x:int, y:int, ...} -> int
- dist point;(«]

val it = 25 : int

B, g BHH (XF0) Fra— RORIRGETHD, n BEDOM (er, - ,e,) &
I Lo n 8T BHLA—F {1=ey, .- ,n=e,} DWMXHETH 2. Lo THDE 1 B3R
Wo#1, B2 BRI #2 THHHE 3.

B 73: I L o — N OREchE
- #1 (10, "ten");(+)

val it = 10 : int

- #2 (10, "ten");.

val it = "ten" : string
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PEtvra—FRZHW2EEIE-sT. AEFBETRLAEL DS, HIRNRREZEET
% closure %% { Definition : (motif*expr) list, Environment : environment ref
} EEFTAUL, Environment ZEDOFXMI CHAHBZ B ULREZMHANLTOND LD
%D, let rec (HIRMER) Z2HETEZ. ZOERNLRIERIHE LT 2,
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F148F ML-Lex ¥ ML-Yacc T MiniML %
E3

IS ClXFa A N e 2 FCHE W, AETIER LU SELERSITIEVE S, 5
DX ML-Lex ¥ ML-Yacc T»h %,

MOEIREZRBW, AU7ur 7022, RAUREZH#HHL, ACEZHI 2, Hio%E
X 5B THE»D 5,

14.1 4XEREBCWVWSEZXA
AR R A CTOY S LR,

AH (4R) )
ML-Lex EHEHEEEOINT HARA— < b OERBRR + BREIET
ML-Yace ZEBGRANI BifEDiitr LALR(1) ® ACTION/GOTO £ + BRERA

FTELDEDEWVWI 3 92D B,

1. AN EDXEFHEDD. BLEMNDHFED. 707 20EH LEFRTEZIBAE L
TEIPALTN S,

2. BEREI D HREINDG, SUEDVERZ SBEZR (conflict) & LTHELFMBH 2, FHZTIX
BoTEebopPEINTLE D,

3. EBRNEITS, exp : exp PLUS term ¥ ZDF FHIT 5, LR WX EHREZ &
W2 LRV,

14.2 ML-Lex D{#k

ML-Lex ORI %% T 3 DDEBITA N5,

I—PEHESH (SML Da—F)

YA

ML-Lex D'EHEHS (Yheader, Y%s, HRIDEFR)
YA

RIS (EFHRH => @iF) ;)

MiniML OFHa{tkE%E R %,
1) Z + 14.1: ML-Lex 2 & @ MiniML OFAtH niniml.lex
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1] (*

2 miniml.lex -- ML-Lex ODFAIEH,

3 miniml2 OFH X FHAMNERLEFECRLSZ2YD M,

4 ANFOaRX Y b e CFHNIFAIRE TS,

5 *)
6

7 | structure Tokens = Tokens

8

9| type pos = int

10 | type svalue = Tokens.svalue

11| type ('a, 'b) token = ('a, 'b) Tokens.token

12 | type lexresult = (svalue, pos) token

13

14 | exception LexError of string

15

16 | val line =ref 1

17| val depth = ref O

18 | val strbuf = ref ([] : char list)

19

20 | val eof = fn () => Tokens.EOF (!line, !line)

21

22 | fun keyword (s, p) =

23 case s of

24 "let" => Tokens.LET (p, p)

25 | "rec" => Tokens.REC (p, p)

26 | "in" => Tokens.IN (p, p)

27 | "if" => Tokens.IF (p, p)

28 | "then" => Tokens.THEN (p, p)

29 | "else" => Tokens.ELSE (p, p)

30 | "fun" => Tokens.FUN (p, p)

31 | "function" => Tokens.FUNCTION (p, p)

32 | "match" => Tokens.MATCH (p, p)

33 | "with" => Tokens.WITH (p, p)

34 | "true" => Tokens.TRUE (p, p)

35 | "false" => Tokens.FALSE (p, p)

36 | "mod" => Tokens.MOD (p, p)

37 | _ => Tokens.ID (s, p, p)

38

39 | Wk

40

41 | 4header (functor MinimlLexFun (structure Tokens : Miniml_TOKENS));
42 | %is COMMENT STR;

43

44 | digit = [0-9];

45 | idchar = [A-Za-z0-9_'];

46 | idfst = [A-Za-z_];

47 | s = [\ \t\013];

48

49 | %h

50

51 | <INITIAL>{ws}+ => (continue ());

52 | <INITIAL>\n => (line := !line + 1; continue ());

53

54 | <INITIAL>" (x" => (YYBEGIN COMMENT; depth := 1; continue ());
55 | <COMMENT>" (*" => (depth := !depth + 1; continue ());

56 | <COMMENT>"+) " => (depth := !depth - 1;

57 if !depth = O then YYBEGIN INITIAL else Q);
58 continue ());

59 | <COMMENT>\n => (line := !line + 1; continue ());

60 | <COMMENT>. => (continue ());

61

62 | <INITIAL>"\"" => (YYBEGIN STR; strbuf := []; continue ());
63 | <STR>"\"" => (YYBEGIN INITIAL;

64 Tokens.STRING (String.implode (List.rev (!strbuf)),
65 !line, !'line));

66 | <STR>"\\n" => (strbuf := #"\n" :: !strbuf; continue ());
67 | <STR>"\\t" => (strbuf := #"\t" :: !strbuf; continue ());
68 | <STR>"\\\\" => (strbuf := #"\\" :: !strbuf; continue ());
69 | <STR>"\\\"" => (strbuf := #"\"" :: !strbuf; continue ());
70 | <STR>"\\". => (strbuf := String.sub (yytext, 1) :: !strbuf; continue ());
71 | <STR>\n => (line := !line + 1;

124




72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105

strbuf := #"\n" :: !strbuf; continue ());
<STR>. => (strbuf := String.sub (yytext, 0) :: !strbuf; continue ());
<INITIAL>{digit}+ => (case IntInf.fromString yytext of
SOME n => Tokens.NUM (n, !line, !line)
| NONE => raise LexError ("bad integer " ~ yytext));
<INITIAL>{idfst}{idchar}* => (if yytext = "_" then Tokens.UNDERSCORE ('line, !'line)
else keyword (yytext, !'line));
<INITIAL>"->" => (Tokens.ARROW (!line, !line));
<INITIAL>"::" => (Tokens.CONS (!'line, !line));
<INITIAL>"<=" => (Tokens.LE (!line, !'line));
<INITIAL>">=" => (Tokens.GE (!line, !line));
<INITIAL>"<>" => (Tokens.NE (!line, !line));
<INITIAL>"&&" => (Tokens.ANDALSO (!line, !line));
<INITIAL>"||" => (Tokens.ORELSE (!line, !'line));
<INITIAL>"+" => (Tokens.PLUS (!line, !line));
<INITIAL>"-" => (Tokens.MINUS (!line, !line));
<INITIAL>"=x" => (Tokens.TIMES (!line, !line));
<INITIAL>"/" => (Tokens.DIVIDE (!line, !line));
<INITIAL>""" => (Tokens.CARET (!line, !'line));
<INITIAL>"=" => (Tokens.EQ (!'line, !line));
<INITIAL>"<" => (Tokens.LT (!line, !line));
<INITIAL>">" => (Tokens.GT (!line, !line));
<INITIAL>"," => (Tokens.COMMA (!line, !line));
<INITIAL>"|" => (Tokens.BAR (!line, !line));
<INITIAL>"(" => (Tokens.LPAREN (!line, !line));
<INITIAL>")" => (Tokens.RPAREN (!line, !line));
<INITIAL>"[" => (Tokens.LBRACKET (!line, !line));
<INITIAL>"]" => (Tokens.RBRACKET (!line, !'line));
<INITIAL>";" => (Tokens.SEMI (!line, !line));
<INITIAL>. => (raise LexError ("unexpected character " ~ yytext = "'"));
14.2.1 FItRKEE

FEHFTNEL %s COMMENT STR; TH 3, ZAUIBIIAIREE (start state) ZEHE T %, HHIDTHE

IZ<COMMENT> ¥ &< ¥, ZOMHANIBALAIRAEDS COMMENT @ & £ 72138 <, YYBEGIN TIR

DEZ %,

REREMN, BIRETHZEBD, ANFOIAXY MIERSETIEBV, 206 FEHREBHRZ T
TIEET RV, ML-Lex 132 2T, BMBIKE L REIZRRB3EH S,

val depth = ref O

<INITIAL>"(*" => (YYBEGIN COMMENT; depth := 1; continue ());
<COMMENT>" (x" => (depth := !depth + 1; continue ());
<COMMENT>"*)" => (depth := !depth - 1;
if !depth = O then YYBEGIN INITIAL else ();
continue ());

DFED ML-Lex &, IEHRHOIMHRITEZHEL TWE, 20U MEa)fgiras L@ 13 EH
S L RAB V) L WO FAIOFER LoD T ThHhH, RETHTOANGELEL & ZIZBHF
CHZ%ZE S,

XFHN) FIABELETH B, <STR> D TZ A7y —7% 1 DT DU L., strbuf IZHFD 3,
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14.2.2 HE—HRCHRADIE

ML-Lex 3|mE—MT %, HEOKRAIDFE LRI TR L2 2 3&ICEVWREBD B, 2
D 2 DDOMANITFHEENIRZ %,

<INITIAL>{idfst}{idchar}* => (if yytext = "_" then Tokens.UNDERSCORE (...)
else keyword (yytext, !line));

COMARTIETAREZ I OBANCE 3, @Al+ & U Taiadl o Th 5 keyword BT L T
Wb, BIEOFEZREFMLEZSTTH S,

14.3 ML-Yacc D14

1) X b 14.2: ML-Yacc IC& % MiniML D37 miniml.grm

(*
miniml.grm -- ML-Yacc D X{EEF%,
miniml2 OFEHZHFREAA—YF R L SiEEL. FUHEE L BEIELT
ZHT 5, BEREMIIIFHLEOBTZOEERHEALTVWEDT,
%left / %right DEFITIFFEH-> TV,
A DIV
, Il & =<<><=>= ;0 ° 4+ - x /mod WA
*)
open Absyn
W
Yname Miniml
%pos int
%verbose

%eop EOF SEMI
Ynoshift EOF

J%term

NUM of Absyn.num

STRING of string

ID of string

LET | REC | IN

IF | THEN | ELSE

FUN | FUNCTION | MATCH | WITH

TRUE | FALSE

PLUS | MINUS | TIMES | DIVIDE | MOD

EQ | NE | LT | GT | LE | GE

CARET | ANDALSO | ORELSE

ARROW | CONS | COMMA | BAR | UNDERSCORE
LPAREN | RPAREN | LBRACKET | RBRACKET | SEMI
EOF

%nonterm
phrase of Absyn.definition
definition of Absyn.definition
letbind of bool * string * Absyn.expr

|

|

| letname of bool * string * Absyn.motif list
| params of Absyn.motif list

| cases of (Absyn.motif * Absyn.expr) list
| caselist of (Absyn.motif * Absyn.expr) list
| exp of Absyn.expr

| tupexp of Absyn.expr

| orexp of Absyn.expr

| andexp of Absyn.expr
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48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119

| cmpexp of Absyn.expr
| consexp of Absyn.expr
| catexp of Absyn.expr
| addexp of Absyn.expr
| mulexp of Absyn.expr
| appexp of Absyn.expr
| appseq of Absyn.expr
| atexp of Absyn.expr
| elems of Absyn.expr
| motif of Absyn.motif
| consmotif of Absyn.motif
| atmotif of Absyn.motif
| motiflist of Absyn.motif

%start phrase

hh

(¢ —mmmmmmm e —DDT7L—X
phrase
: definition
definition
: LET letbind
| exp
letbind
letname EQ exp
letname
: ID
| ID params
| REC ID
| REC ID params
params
: atmotif
| params atmotif
(% mmmmmmmmmmmmmmen BENT -
cases
caselist

| BAR caselist

caselist
: motif ARROW exp
caselist BAR motif ARROW exp

(x K

(definition)

(let val (r, n, e) =
(Expr exp)

letbind in Def (r, n, e) end)

(let val (r, n, ps) = letname
in (r, n, curry_fun ps exp) end)

((false, ID, [1))
((false, ID, params))
((true, ID, [1))
((true, ID, params))

([atmotif])
(params @ [atmotif])

(caselist)

(caselist)

([(motif, exp)])
(caselist @ [(motif, exp)])

exp
IF exp THEN exp ELSE exp
FUN params ARROW exp
FUNCTION cases

MATCH exp WITH cases

LET letbind IN exp

tupexp

tupexp
: orexp COMMA tupexp
| orexp

orexp
: orexp ORELSE andexp
| andexp

andexp
: andexp ANDALSO cmpexp

*)

(If (expl, exp2, exp3))

(curry_fun params exp)

(Function cases)

(Application (Function cases, exp))
(let val (r, n, e) = letbind

in Let (r, n, e, exp) end)
(tupexp)

(Pair (orexp, tupexp))
(orexp)

(If (orexp, Boolean true, andexp))
(andexp)

(If (andexp, cmpexp, Boolean false))
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120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158

160
161
162
163
164
165
166
167
168

170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188

190
191

| cmpexp

cmpexp
: cmpexp
cmpexp
cmpexp

: EQ
|
|
| cmpexp
|
|
|

NE
LT
GT
LE
GE

consexp
consexp
consexp
consexp
consexp
consexp

cmpexp
cmpexp
consexp

consexp
catexp CONS consexp
| catexp

catexp
: addexp
| addexp

CARET catexp

addexp
: addexp
| addexp
| mulexp

PLUS mulexp
MINUS mulexp

mulexp
: mulexp
| mulexp
mulexp

| appexp

TIMES appexp
DIVIDE appexp
MOD appexp

appexp
: MINUS appexp

| appseq

appseq
. appseq atexp
| atexp

atexp
: NUM
STRING
ID
TRUE
FALSE
LPAREN RPAREN
LPAREN exp RPAREN
LBRACKET RBRACKET
LBRACKET elems RBRACKET

elems
1 exp
| exp SEMI
| exp SEMI elems

motif
consmotif COMMA motif
| consmotif

consmotif
: atmotif CONS consmotif
| atmotif

atmotif

D
UNDERSCORE
NUM

MINUS NUM
STRING
TRUE

FALSE

(cmpexp)

(binop "=" cmpexp consexp)
(binop "<>" cmpexp consexp)
(binop "<" cmpexp consexp)
(binop ">" cmpexp consexp)
(binop "<=" cmpexp consexp)
(binop ">=" cmpexp consexp)
(consexp)

(Cons (catexp, consexp))

(catexp)

(binop """ addexp catexp)
(addexp)

(binop "+" addexp mulexp)
(binop "-" addexp mulexp)
(mulexp)

(binop "*" mulexp appexp)
(binop "/" mulexp appexp)
(binop "mod" mulexp appexp)
(appexp)

(binop "-" (Number 0) appexp)
(appseq)

(Application (appseq, atexp))
(atexp)

(Number NUM)
(Str STRING)
(Variable ID)
(Boolean true)
(Boolean false)
(Unit)

(exp)

(Nil)

(elems)

(Cons (exp, Nil))
(Cons (exp, Nil))
(Cons (exp, elems))

(Motif_pair (consmotif, motif))
(consmotif)

(Motif_cons (atmotif, consmotif))
(atmotif)

(Motif_variable ID)
(Motif_wild)

(Motif_number NUM)
(Motif_number (IntInf.~ NUM))
(Motif_string STRING)
(Motif_boolean true)
(Motif_boolean false)

128




192
193
194
195
196
197 [motiflist

LPAREN RPAREN (Motif_unit)
LPAREN motif RPAREN (motif)

LBRACKET RBRACKET (Motif_nil)
LBRACKET motiflist RBRACKET (motiflist)

198 : motif (Motif_cons (motif, Motif_nil))
199 | motif SEMI (Motif_cons (motif, Motif_nil))
200 | motif SEMI motiflist (Motif_cons (motif, motiflist))

14.3.1 BRIBfIZ IFRIRECSDETRY

ML-Yacc 121& %left %right ¥ WHBLIEMNOESHH 35, ZOHEETIEE>TULEL, €
DYz, MEOHFE MRELFEU & 5 ICIHRIEEES OB TELIAMN ZER L TW\b,

exp > tupexp(,) > orexp(l|) > andexp(&&) > cmpexp(= <> < > <= >=)
> consexp(::) > catexp(”) > addexp(+ -) > mulexp(* / mod)
> appexp(HJH -) > appseqGHH) > atexp

Zo9%5&, FEZIRD parse_add parsemul ... 2’Z DX ¥ addexp mulexp ... IZE5 %, M
BEDFECHEEICRD Z e ZHTHEIPD NS,
FAEG A EOHEZ TS, 20X EHANCE NS,

addexp : addexp PLUS mulexp (x EHE > ffiE *)
| mulexp ;

consexp : catexp CONS consexp (x GHF > GHE %)
| catexp ;

FEXTIIL—TLHRBTEXDII TV, HAOEESAIICESZBL A TRE S, =
N LR BT ORI/ HD IV ZATH %,

14.3.2 ZL—XDEXYb

MiniML X ; T7L—X%RXY)%, L2L ; GVRAFORUIDTHH2 ([a; b; cl)e 2D
ERETIE ; 2 SOEHRRANC AT, %eop EOF SEMI CTRIB%ITBEHISETWS,

%eop 1& TZDREDIREZOANOEDLY EARLTEN] EWHIESTH S, AFROHD ;
F. VA MORAITEFE E B DIEILEI NS D THEZLZIF RV, ML-Yace 1FZHFHZHGTAD ;
EANNRETOT, BREMENI XD RE RO IET Z N E AR T,

144 @RZHD
mlyacc miniml.grm ZEHE 2 L. KD XS WG N5,

$ mlyacc miniml.grm
2 shift/reduce conflicts
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AR E NS miniml.grm.desc (ZFHlDI D 5,

2 shift/reduce conflicts

error: state 55: shift/reduce conflict (shift BAR, reduce by rule 10)
error: state 104: shift/reduce conflict (shift BAR, reduce by rule 11)

EH50BRICIETH %,

cases : caselist .
caselist : caselist . BAR motif ARROW exp

ANTFIZH o7 function T, | ZEBLDIGEFT IV L, L WHRETH 5,

’function x -> function y > 1 | z -> 2 ‘

ZD | 1ZAMHID function DB DH, AMAID B D, ML-Yace 1 shift %1 ERD THRAEIHEL S,
FE XD parse_cases d | ZEMIIHL DT, FUHRIZK 5,

FHEIEZ TR TEIANIERD] TIEEL, shift 2RI WS BEEOBRDS, 25 50EME —H
LTwiud, BLTEBWT IV, KELRDRRESINZ L ThHs, FEXZDOHR FETIE.

0 N O U R W N

NN NN NN N R e e e e e
S U R W RO ©WLNOU AW RO ©

ZOBERBBR S TITbR T W,

14.5 HEREYzE<

ML-Lex (B9 MinimlLexFun #. ML-Yacc (¥ MinimlLrValsFun 24K 3 %, 2 5% Join

THA5,
DRk 14.3: EHIN-BmZEES nain.sml

(*

main.sml -- ML-Lex / ML-Yacc 3B L 7285 %% \W\T REPL 123 %,

*)

MinimlLrValsFun (structure Token = LrParser.Token)
MinimlLexFun (structure Tokens = MinimlLrVals.Tokens)

structure MinimlLrVals
structure MinimlLex
structure MinimlParser
Join (structure ParserData = MinimlLrVals.ParserData
structure Lex = MinimlLex
structure LrParser = LrParser)

structure Main =

struct
open Absyn
exception Parse_error of string
exception Done (x Ao#bb, EOF MHEH, %)
(x 7L—=XF ;' THbZ, EHANCIE ;' ZANT. Yeop T
ZHMETBYISETVEIDT, Rofe ;' BROAETHARIET, *)
fun repl (ins, prompt) =
let
val type_env = ref Prims.type_env_initial
val val_env = ref Prims.val_env_initial
fun say s = (print s; TextIO.flushOut TextIO.stdOut)
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28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98

val fresh = ref true

fun readlLine _ =
(if prompt then say (if !fresh then "## " else " ") else ();
fresh := false;
case TextIO.inputLine ins of SOME s => s | NONE => "")

val stream = ref (MinimlParser.makeLexer readLine)

val eofTok = MinimlLrVals.Tokens.EOF (0, 0)
val semiTok = MinimlLrVals.Tokens.SEMI (0, 0)

fun peeklIs tok =
let val (t, _) = MinimlParser.Stream.get (!stream)
in MinimlParser.sameToken (t, tok) end
fun drop () = stream := #2 (MinimlParser.Stream.get (!stream))

G Q7L =AML 5 b, BT L—XEHAMET *)
fun skipSemis () = if peekIs semiTok then (drop (); skipSemis ()) else ()
(x MODOBHLEIRD ~;' FTHTD %)
fun resync () =
if peekIs semiTok orelse peekIs eofTok then () else (drop (); resync ())

(* mlyacc IFFRD DEERETHELD. IH55R3EEETITEY20T
MEZEFEZ®ET 5. =)

fun onError (_, 1, _) =
raise Parse_error ("syntax error at line " ~ Int.toString 1)

fun run phrase =
case phrase of

Expr e =>
let val ty = Types.type_exp (!type_env) e
val v = Value.eval (!val_env) e
in say ("- : " ~ Show.showTypeTop ty
~ " =" " Show.showValue v = "\n")
end

| Def (r, n, e) =>
let val tenv = Types.type_def (!type_env) (r, n, e)
val venv = Value.value_definition (!val_env) (r, n, e)
in case (tenv, venv) of
((_, sch) :: _, (L, v) :: ) =>

say (n ~ " : " ~ Show.showSchema sch
~ " =" " Show.showValue v ~ "\n")
I - =>0;
type_env := tenv;
val_env := venv
end
fun step () =
(fresh := true;

skipSemis ();
if peekIs eofTok then raise Done else ();
let val (phrase, rest) = MinimlParser.parse (0, !stream, onError, ())
in stream := rest; run phrase end
handle
Parse_error m => (say ("Parse error: " ~m ~ ".\n"); resync ()
MinimlParser.ParseError => (say "Parse error.\n"; resync ())
MinimlLex.UserDeclarations.LexError m =>

(say ("Lexical error: " "~ m ~ ".\n"); resync ())
Types.Type_error m => (say ("Type error: " "~ m ~ ".\n"); resync ())
Value.Eval_error m => (say ("Runtime error: " ~m ~ ".\n"); resync ())
Types.Conflict (a, b) =>

(say ("Type error: cannot match " ~ Show.showTypeTop a

~ " with " ~ Show.showTypeTop b ~ ".\n"); resync ())

Types.Circulation (a, b) =>

(say ("Type error: cyclic type, " ~ Show.showTypeTop a

~ " occurs in " "~ Show.showTypeTop b ~ ".\n"); resync ())

Value.Fail_filtrate =>

(say "Runtime error: pattern matching failed.\n"; resync ())
Done => raise Done
Util.End_of_system => raise Util.End_of_system
Overflow => (say "Runtime error: integer overflow.\n"; resync ())
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© 00N U W N
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=]

S Ut W N =

| Div => (say "Runtime error: division by zero.\n"; resync ()
| e => (say ("Runtime error: " ~ exnMessage e ~ ".\n"); resync ()))
in
(while true do step ())
(* miniml12 XA UL, ANO#KD Y TEITE —2DHT *)
handle Done => print "\n"
| Util.End_of_system => print "End of MINIML3...\n"
end

fun run () = repl (TextIO.stdIn, true)

fun runFile name =
let val ins = TextIO.openIn name
in repl (ins, false) handle e => (TextIO.closeln ins; raise e);
TextI0.closeln ins
end

fun main () =
case CommandLine.arguments () of
[T => run ()
| files => List.app runFile files
end

val () = Main.main ()

HEEIIRD K 51272 5%,
miniml.lex --mllex--> miniml.lex.sml (functor MinimlLexFun)
miniml.grm --mlyacc-—> miniml.grm.sml (functor MinimlLrValsFun)

|
v
Join (LrParser, MinimlLex, MinimlLrVals)
|
v
Absyn.definition -> Types -> Value

MERMORD 55 ClHfRm & 7HM) IR L RALHDZZDXREMES, ANF A7 DIHTEE

I TH 5,
)X bk 14.4: MLton ®EJL REFHE niniml3.mlb

$(SML_LIB) /basis/basis.mlb
$(SML_LIB)/mlyacc-lib/mlyacc-1ib.mlb
absyn.sml

miniml.grm.sig
miniml.grm.sml
miniml.lex.sml

value.sml

types.sml

show.sml

prims.sml

main.sml

1) X+ 14.5: Makefile Makefile.miniml3

# MINIML3 -- ML-Lex / ML-Yacc f
MLTON = mlton
MLLEX = mllex
MLYACC = mlyacc

all: miniml3
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© oo

10
11

13
14
15
16

18
19
20
21
22
23
24
25
26
27
28
29
30

miniml.lex.sml: miniml.lex
$(MLLEX) miniml.lex

miniml.grm.sml miniml.grm.sig: miniml.grm
$(MLYACC) miniml.grm

miniml3: miniml3.mlb absyn.sml value.sml types.sml show.sml prims.sml main.sml \
miniml.lex.sml miniml.grm.sml miniml.grm.sig

$(MLTON) -output miniml3 miniml3.mlb

repl: miniml3
./miniml3

samples: miniml3

@for f in samples/*.mml; do \
echo " $$£ "o\
./miniml3 $$£f; \

done

clean:
rm -f miniml3 miniml.lex.sml miniml.grm.sml miniml.grm.sig miniml.grm.desc

.PHONY: all repl samples clean

14.6 FEZIRRDEZTEDLE

’$ ./minicaml2 F > a ; ./miniml3 F > b ; diff a b ‘

samples/ @ 10 A¥ demo.mml / newton.mml / hanoi.mml IZDOWT, 12 AMRFELIT—HL
720 ME—IE S DIF demo.mml KEHEFEN LD L DGR 1 {TOZMONEL I THS (HiFER
EBoXRzeZH),

Ao Td, RMT2EES. HmT M, HIEDBEDL SRV, b o7 DI3 Tk
DEIPTTL. BRRSHRZB L TH %,

14.7 EJILREET

$ brew install mlton # mllex, mlyacc, mlton A%
$ cd “/miniml3

$ make

mllex miniml.lex

Number of states = 56

Number of distinct rows = 17

Approx. memory size of trans. table = 2193 bytes
mlyacc miniml.grm

2 shift/reduce conflicts

mlton -output miniml3 miniml3.mlb

$ ./miniml3 samples/O1-fizzbuzz.mml

mllex 235 2% 56 R 13, RETHDTOEM Bz E VL THRNZHFICK 2,
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14.8 TUESHEEE

i 14.1 & ML-Lex DHRITH 2, 2 XFOHEREF 22U HT, BRR-BOBANTIL D, <= 1F
< EXDRIC—ET B, D X,

<INITIAL>"<=" => (Tokens.LE (!line, !line));
<INITIAL>"<>" => (Tokens.\ana{ 7 } (!line, !line));
<INITIAL>"<" => (Tokens.LT (!line, !line));

142 A FaxX s b zRIKETHS I TH %,

<INITIAL>"(x" => (YYBEGIN \ana{ 4 }; depth := 1; continue ());
<COMMENT>"(*" => (depth := !depth \ana{ 7 } 1; continue ());
<COMMENT>"*)" => (depth := !depth \ana{ T } 1;
if !depth = O then YYBEGIN \ana{ * } else ();
continue ());

R 14.3 ML-Yacc ORHAITH 3, - ZEMEE. -~ 2AEBEEICE X,

addexp : \ana{ #» } MINUS mulexp (binop "-" addexp mulexp)
| mulexp (mulexp)

catexp : addexp CARET \ana{ ¥ } (binop """ addexp catexp)
| addexp (addexp)

8 14.4 BIBGEAIZIECTEL, £ a b’ (£ a) b EFHEND LI ITE K,

appseq : \ana{ 7 } atexp (Application (appseq, atexp))
| atexp (atexp)

f#%& 7 NE. A COMMENT, % +, T -, *% INITIAL,  addexp. ¥ catexp. 7 appseq

14.9 EX[IRE

i 14.5 ML-Yacc OfEHETHEIEIENLZ Yleft %right TEE T 5D AL, IR EDE TR
TR AN, Zh 2O R & REZ B K,

[ 14.6 miniml.grm @ consexp % consexp : consexp CONS catexp | catexp ; & &H X#i
251 0 2 [1BESBREINS D, BMEILE S,

M1 14.7 G X N7z 2 D shift /reduce EHZ2ZDWT, ML-Yace 25 reduce %33 & 5 il 3 %
¢ function x -> function y > 1 | z > 2 X ESMRMEIN 20, ZOEROEXL RV
HHZBRN K,

[ 14.8 %eop EOF SEMI %44 L. fibH DIZphrase : definition SEMI ; & EHWiz T 5, [1;
2; 3]; ZTIT 2L 57250
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R 14.9 ML-Lex @ TRE—H. FICEILZLEDOHAL W HAIZHWT, THEE 1let & i#7
F letter DIELL XBlEN 2 Z & ZHIAE X,

B 14.10 FEERE ARSROH TN =R L7 Z ik, mE23HL
FRwV, D, 285 TAUIEGEIHICE DT B bR &,

f14.11 mllex (% 56 SREDER K ZEo 7z, T DIREED, HAIOER TR SN K> TikZE
% D it Lo

]

FERZMT 52 2 OFERAT
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#158 MiniML T ML-Lex ¥ ML-Yacc %
1%

ATETIX ML-Lex & ML-Yacc ZfEofc, ABETIEXZNZED. Lo dlESFiEIX SML TIX
724, MIEFETICEE L MiniML Th %,

CAUTEZETII RV, RO HIX, EHREEL XIREBHSEOHEGRIZ D £HEITR -
72bDTH%, HFTEL . BROLDPADRED L DITICH ST 2D —20E O T HZ %,

15.1 MiniML TEZ< WS H#I#
MiniML {213V DD 5, INDKal kD 5,

ELANENO) [E]3E D U 27z

RE 7 — 2T HEXREARE UTHRTRY, gIBEEEDFIEA X
bTRT, HikE &R, 4T, B0 o=>2M, 2D
ANIHIR TR VWO THHE S

FHlR2EER [FL, HOEICHE 2 ANS 2 TERY

GELERCEA let rec XA E—2 L HE L2V, HHFOBEK
Z5|HTRITRBIFICE

Zi (MEZH) K5 ECHFbE 2, HS50HRFDHGITEDS

ETa—) 77 ANNEHEELTHS
GIEAS KT (A, H) OMTRS

7o ZIEMERB ale)* &, ROV X MK %,

[("cat","",O); ("chr","a",O); ("star","",O); ("alt","",O);
(llchrll’llbll’o); (llchrll’llcll’o)]

HTERLIER D TN E 5720, FOMEBUIMRID S E 2 DT, TED K% —DOFARIET
BIEDFH T 2, T RORDOD TR S,

HEBROBEREIIRD X 5125 2, IEHRRHOWSENTIE a1t — cat — rep — atom — (f
MDOHT) alt L#ilcizd, £ 2 CRLAIDEERER pE Z5 I8 TTAEL. REICETHEZEL
THZPAL %,

let rec pRegexTop defs cs = pAlt defs pRegexTop cs; ‘

BATEZELE LN ZOUBZARDTEHN FINADBERT 227 — 713 \n \t \\ \" D 4 07
T, FRALMD \ciF c 2B, OFh "\r" BERYFTRHELINE r Thb, ZHIIK
D23 isSpace I ¢ = "\r" EFW\WD, r PEHLHIE XN, EFf idchar B idcha
WALV CRARIER D ER DI IIR L 720 1BIFSCFE chr 13 2 E L,

137



15.2 FafEthasEmzzz{ES
E2EHIZAREL B TH S,

EfZ#EI — (Thompson #K) — NFA — (FOHEAEMK) — DFA — ERE

15.2.1 1ERRIROEXEEN

P WIRDEB D,
alt ::= cat ("|" cat)x*
cat ::= rep*
rep c:= atom (u*n | ngn I n?n)*
atom ::= c | ||.|| | u[n set n]n | n(u alt n)u | n\u c | [T [T | u{n name n}u

+ 2 ? IRONCEELTLES, tH ikttt ' X t|e THDB, 25T 2 HEOMINK 7>
THD,

15.2.2 Thompson 18Rk
FHRBOSHRTFIC, KEZ 2 OF OB LTV,

c sSa

€ sSa

179 S = S1~ CL1£>SQ\ a = ag

1o S5y SIS Son A1 — Ay Ag — a

% € € € €
r S — 81, a1 7 a~ S—a. a1 — S1

BRI B, 700, #ED) O=DfTRIT, F0LH " kb e BE, 25 TRINI T2
DNFHEBIET S 1 XF) 28T, XFEAEXFHTERLTVWIDONENT, ZATHIEE
S M =2 SN

IREEHF B I EZ BTN O T THSEE S, build 1T (BHlG, =, &, DK, X
DHEF) D5 OHEIET,

15.2.3 EPOEEER

NFA OIREEE S % DFA @ 1 HKEEx § 5, IRBEAIIBIILEBEROVIMTES, 2555
¥ MiniML OZAH% = B2 D F FEEDOREHIEICHK 5,

e BAELIEREY R M X 2R BIRGIHETH 5, BREIT TZ0RBESDL SHTW AT 721
T, 2XF (125 255) Zald L b,
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0 N O U R W N

B R R A W W W W W W W W W WNNNNDNNDNNNDNRERE R 22

]-5 :2 4: EﬁtﬂA1j(zu\2:\ IIE;;%:: nn ﬁrL

AR CTRZBD, ALFa Xy MIERSEETIER WV, ML-Lex (XBIIRRE L RS DEET
QEIEQL/VC-L\jto Z g.'(?%)ﬁi]i)i%&?(.%?fﬁlZSO

%s COMMENT STR;

<INITIAL>"(*" => (CSTART);
<COMMENT>" (¥" => (CIN);
<COMMENT>"*)" => (COUT);

BHABIREE Z L 1I2BI 2 D DFA %1%, EXEERIZIREDOBBIREER S, BIfEOLRNCIL L TY)
DEEZ D, ZBIRBENDT, BIBIRE - 2 X ¥ FOEZ - XFHO@RPEGEIZE | THEEE S,
ML-Lex 73 ref TR > TW=Z &%, KOTSRS TH %,

15.2.5 £X

1) Xk 15.1: MiniML T&UL7= ML-Lex Y OFOETIREMES mnlex.mml

(*
mlex.mml -- MiniML T#EW /2 ML-Lex 4 D HyfHTaRA: pies
EfT: ./miniml3 mlex.mml
EHEEFA T, EHIEB -> NFA(Thompson #hR) -> DFAGHHEARERD)
-> BBER 21E5, RIIFEE (K74 BERL TFAMITEIT 5,
ML-Lex r[H U BHEIREZRID, AfFaxy MIEREFETIIRWDT,
ML-Lex b BHIAIKAE & X @?ﬁxi:&ffﬁ@fibflné (miniml.lex O
%s COMMENT & depth R X), CZTHRIUMAETES, 72 LBHRH
VDT, BRENEEHIRAE %?liﬁl“(%%lﬁl%
HtkoEES
%s COMMENT STR; -- BMOBIREE (INITIAL (SHEE)
digit = [0-9]; -- EHR
W
<INITIAL>{digit}+ => (NUM);
<COMMENT>. => (SKIP);
SR REUN 7 — KD O TRIBRCIED A U R P TR
il (R, 5mE, B0 0=->#,
("chr",c,0) ("set",cs,0) ("nset",cs,0)
("cat","",0) ("alt","",0) ("star","",0) ("eps","",0)
*)
(¢ ———mmmmmm - VR FDOER ——mmmmmmm - *)
let recmap £ 1 = match 1 with [J -> [J | x :: r -> f x :: map f r;
let rec iter f 1 = match 1 with [J] -> () | x :: r -> let u = f x in iter f r;
let rec app a b = match a with [J] ->b | x :: r -=> x :: app r b;
let rec length 1 = match 1 with [J] -> 0 | _ :: r -> 1 + length r;
let rec revl acc 1 = match 1 with [] -> acc | x :: r -> revl (x :: acc) r;
let rev 1 = revl [] 1;
let rec filter p 1 =
match 1 with [1 -> [J | x :: r => (if p x then x :: filter p r else filter p r);
let rec joins sep 1 =
match 1 with [1 -> "" | [x] ->x | x :: r -> x ~ sep ~ joins sep r;
let rec lookupS k d 1 =
match 1 with [] ->d | (a, b) :: r -> (if a = k then b else lookupS k d r);
let rec memL x 1 = match 1 with [] -> false | y :: r -> x =y || memL x r;
(x BEEMEZEIBTRIMS, BUEE [1 KEET 2 L EHREOWHY X Mg
REoTLEV, BEDV A MZBLTFHIDY A MTHERIRL LD *)
let rec nthD d i 1 = match 1 with [J] -=>d | x :: r -> (if i <= 0 then x else nthD 4 (i-1) r);
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44 | let rec idxFrom x 1 i =

45 match 1 with [] -> 0 -1 | y :: r -> (if x = y then i else idxFrom x r (i+1));
46 | let index0f x 1 = idxFrom x 1 O;
47

48 | (x BEHIL 7288 R b, DFA DRBEIEZZ OB TR I DT, = BZDEE
49 EEDORMEHEICRS *)

50 | let rec insSorted x 1 =

51 match 1 with

52 0 - [x]

53 | y::r-> (if x = y then 1 else if x < y then x :: 1 else y :: insSorted x r);

54 | let rec unionSorted a b = match a with [] -> b | x :: r -> unionSorted r (insSorted x b);
55

56 | (* XF *)

57 | let isDigit
58 | let isLower

=c >= "0" && c <= "9";

=c >= "a" && c <= "z";

59 | let isUpper ¢ = c >= "A" && c <= "Z";

60 | let isAlpha ¢ = isLower c || isUpper c;

61| (x ZOUHROXLFHNE \n \t \\ \" OHEMBRL., D \c & c &3,
62 £oT "\r" FRBXFTIEIRLSXT r DT, chr 13 r&HL %)

63| let cr = chr 13;

o o0 o0 o0

64 |let isSpace c = c =" " || ¢ = "\t" || ¢ = "\n" || ¢ = cr;

65

66 | let rec inSetFrom c¢cs i n c =

67 if i >= n then false else if sub cs i = ¢ then true else inSetFrom cs (i+1) n c;
68 | let inSet cs ¢ = inSetFrom cs 0 (size cs) c;

69

70 | let rec rangeFrom i j = if i > j then "" else chr i ~ rangeFrom (i+1) j;

71 | let charRange a b = rangeFrom (ord a) (ord b);

72

73 | let addChar cs c¢ = if inSet cs c then cs else cs ~ c;
74 | let rec unionFrom a b i n =

75 if i >= n then a else unionFrom (addChar a (sub b i)) b (i+1) n;
76 | let unionChars a b = unionFrom a b 0 (size b);
77

78| (x BRZDINFORK, HIFAREXTFE X7 - BT %)

79 | let univSet = rangeFrom 1 255;

80 | (x . MZHFTLEE, WUTLETEDRY *)

81| let rec exceptNL i n acc =

82 if i > n then acc else exceptNL (i+1) n (if chr i = "\n" then acc else acc ~ chr i);
83| let dotSet = exceptNL 1 255 "";

84
85| let rec complFrom u cs i n acc =

86 if i >= n then acc

87 else complFrom u cs (i+1) n (if inSet cs (sub u i) then acc else acc ~ sub u i);
88 | let complement cs = complFrom univSet cs O (size univSet) "";

89
90 | (*
91 1. IEHRB DR CRAT

92 *)
93
94 | let unesc c =

95 if ¢ = "n" then "\n" else if c = "t" then "\t" else if ¢ = "r" then cr else c;
96
97 | let rec scanSetBody acc cs =
98 match cs with

99 [1 -> (acc, [1)

100 | c::r >

101 if ¢ = "]" then (acc, r)

102 else if ¢ = "\\" then

103 (match r with [] -> (acc, [1) | e :: r2 -> scanSetBody (addChar acc (unesc e)) r2)
104 else

105 (match r with

106 [1 -> (addChar acc c, []1)

107 ld::r2 ->

108 if d = "-" then

109 (match r2 with

110 [1 -> (addChar (addChar acc c) d, [1)

111 | e :: 3 >

112 (if e = "]" then (addChar (addChar acc c) d, r3)

113 else scanSetBody (unionChars acc (charRange c e)) r3))
114 else scanSetBody (addChar acc c) r);

115
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116 | let scanSet cs =
117 match cs with

118 [1 -> (false, "", [1)

119 | ¢t r >

120 (if ¢ = """ then (let p = scanSetBody "" r in (true, fst p, snd p))

121 else (let p = scanSetBody "" cs in (false, fst p, snd p)));

122

123 | let rec scanName acc cs =

124 match cs with [] -> (acc, [1) | ¢ :: r -> (if ¢ = "}" then (acc, r) else scanName (acc ~ c) r);
125

126 | let rec scanQuoted acc cs =
127 match cs with

128 [0 -> (rev acc, [1)

129 | ¢t r >

130 if ¢ = "\"" then (rev acc, r)

131 else if ¢ = "\\" then

132 (match r with [] -> (rev acc, []) | e :: r2 -> scanQuoted (unesc e :: acc) r2)
133 else scanQuoted (c :: acc) r;

134

135 | let rec catChars 1 =
136 match 1 with

137 [] -> [("eps", nu’ O)]

138 | [c] -> [("chr", c, 0)]

139 | ¢ ::r -> ("cat", "", 0) :: ("chr", c, 0) :: catChars r;
140

141 | let rec pAtom defs pE cs =
142 match cs with

143 [1 -> ([("eps", "", 001, [1)

144 | ¢t r >

145 if ¢ = "(" then

146 (let p = pE defs r in

147 match snd p with

148 [1 -> (st p, [

149 |'d:: r2 -> (if d = ")" then (fst p, r2) else (fst p, snd p)))

150 else if ¢ = "[" then

151 (let p = scanSet r in

152 ([((if fst p then "nset" else "set"), fst (snd p), 0)], snd (snd p)))
153 else if ¢ = "." then ([("set", dotSet, 0)], r)

154 else if ¢ = "\\" then

155 (match r with

156 [1 -> ([("eps", "", 0)1, [

157 | e :: r2 => ([("chr", unesc e, 0)], r2))

158 else if ¢ = "\"" then (let p = scanQuoted [] r in (catChars (fst p), snd p))
159 else if ¢ = "{" then

160 (let p = scanName "" r in (lookupS (fst p) [("eps", "", 0)] defs, snd p))
161 else ([("chr", c, 0)], r);

162

163 | let rec pRepLoop t cs =
164 match cs with

165 0 -> (&, D

166 | ¢ i r >

167 if ¢ = "*" then pRepLoop (("star", "", 0) :: t) r

168 else if ¢ = "+" then pRepLoop (app (("cat", "", 0) :: t) (("star", "", 0) :: t)) r
169 else if ¢ = "?" then pRepLoop (app (("alt", "", 0) :: t) [("eps", "", 0)1) r

170 else (t, cs);

171

172 | let pRep defs pE cs = let p = pAtom defs pE cs in pRepLoop (fst p) (snd p);
173
174 | let startsAtom ¢ = not (c = ")" || c="[" || c="*" [| c="+" || c ="?");
175
176 | let rec pCatLoop defs pE acc cs =
177 match cs with

178 [0 -> (acc, [

179 | ¢t r >

180 (if startsAtom c then

181 (let p = pRep defs pE cs in

182 pCatLoop defs pE (app (("cat", "", 0) :: acc) (fst p)) (snd p))
183 else (acc, cs));

184

185 | let pCat defs pE cs =
186 match cs with
187 [0 -> ([("eps", "", 031, [1)
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188 | c:tr >
189 (if startsAtom c then (let p = pRep defs pE cs in pCatLoop defs pE (fst p) (snd p))

190 else ([("eps", "", 0)1, cs));
191

192 | let rec pAltLoop defs pE acc cs =
193 match cs with

194 1 -> (acc, [D

195 | ¢t r >

196 (if ¢ = "|" then

197 (let p = pCat defs pE r in

198 pAltLoop defs pE (app (("alt", "", 0) :: acc) (fst p)) (snd p))
199 else (acc, cs));

200

201 | let pAlt defs pE cs = let p = pCat defs pE cs in pAltLoop defs pE (fst p) (snd p);
202 | let rec pRegexTop defs cs = pAlt defs pRegexTop cs;

203 | let parseRegex defs s = fst (pRegexTop defs (explode s));

204
205 | let rec showNode t =
206 match t with

207 a->en,

208 | (k, s, n) :: >

209 if k = "chr" then (s, r)

210 else if k = "eps" then ("O", r)

211 else if k = "set" then ("[" ~ s =~ "]", r)

212 else if k = "nset" then ("[*" ~ s ~ "]", 1)

213 else if k = "star" then (let p = showNode r in ("(" ~ fst p ~ ")*", snd p))
214 else if k = "cat" then

215 (let p = showNode r in let q = showNode (snd p) in (fst p ~ fst q, snd q))
216 else if k = "alt" then

217 (let p = showNode r in let q = showNode (snd p) in ("(" =~ fst p =~ "|" =~ fst 9 = ")", snd q))
218 else ("?", 1);

219 | let showRe t = fst (showNode t);

220

221 | (%

222 2. {LBROFAED

223 *)

224

225 | let rec dropSpace cs =

226 match cs with [J => [1 | ¢ :: r -> (if isSpace c¢ then dropSpace r else cs);

227 | let rec dropTailSpace 1 =

228 | match rev 1 with [J -> [1 | ¢ :: r -> (if isSpace c then dropTailSpace (rev r) else 1);
229 | let trimS s = implode (dropTailSpace (dropSpace (explode s)));

230 | let dropHead 1 = match 1 with [1 -> [1 | ¢ :: r => (if ¢ = "(" then r else 1);

231 | let droplLast 1 = match rev 1 with [J -> [J | ¢ :: r -> (if ¢ = ")" then rev r else 1);
232 | let cleanAct s = trimS (implode (dropLast (dropHead (explode (trimS s)))));

233
234 | let rec scanBracket acc cs =
235 match cs with

236 [1 -> (acc, [1)

237 | c::r >

238 if ¢ = "]" then ("]" :: acc, r)

239 else if ¢ = "\\" then

240 (match r with [1 -> (acc, [1) | e :: r2 -> scanBracket (e :: "\\" :: acc) r2)
241 else scanBracket (c :: acc) r;

242

243 | let rec scanQuote acc cs =
244 match cs with

245 [1 -> (acc, [1)

246 | c it r >

247 if ¢ = "\"" then ("\"" :: acc, r)

248 else if ¢ = "\\" then

249 (match r with [] -> (acc, [1) | e :: r2 -> scanQuote (e :: "\\" :: acc) r2)
250 else scanQuote (c :: acc) r;

251

252 | let rec scanUntil stopl stop2 acc cs =
253 match cs with

254 [1 -> (rev acc, [1)

255 | c::r >

256 if ¢ = "[" then

257 (let p = scanBracket ("[" :: acc) r in scanUntil stopl stop2 (fst p) (snd p))
258 else if ¢ = "\"" then

259 (let p = scanQuote ("\"" :: acc) r in scanUntil stopl stop2 (fst p) (snd p))
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else if ¢ = "\\" then
(match r with
[1 -> (rev acc, [1)

| e :: r2 -> scanUntil stopl stop2 (e :: "\\" :: acc) r2)
else if ¢ = stopl then
(if stop2 = "" then (rev acc, r)
else

match r with
[1 -> (rev acc, [1)

| d :: r2 -> (if d = stop2 then (rev acc, r2) else scanUntil stopl stop2 (c ::

else scanUntil stopl stop2 (¢ :: acc) r;

let isSep cs =
match cs with
[1 -> false
| a :: r -> (match r with [] -> false | b ::
let dropSep cs =

-> a = ||7°|| && b = "%");

match cs with [1 -> [1 | _ :: r -> (match r with [1 > [1 | _ :: r2 -> r2);
(x ZZEHTRYISNTAR DMWY *)
let rec splitWords acc cur cs =
match cs with
[T => (if cur = "" then rev acc else rev (cur :: acc))
| ¢ ::r >
(if isSpace c then splitWords (if cur = "" then acc else cur :: acc) "" r

else splitWords acc (cur ~ c¢) r);

(x BEE (4s HELER) Tiite, (BHIIRE, T, RD) %)
let rec readHead sts defs cs =
let cs2 = dropSpace cs in
if cs2 = [] then (sts, defs, [1)
else if isSep cs2 then (sts, defs, dropSep cs2)
else
(match cs2 with
[1 -> (sts, defs, [1)
| c it r >
if ¢ = "%" then
(* %s NAME NAME ...; %)

(let p = scanUntil ";" "" [] r in

let ws = splitWords [] "" (fst p) in

readHead (app sts (match ws with [1 -> [1 | _ :: t -> t)) defs (snd p))
else

(let p = scanUntil "=" "" [] cs2 in

let name = trimS (implode (fst p)) in

let q = scanUntil ";" "" [] (snd p) in

let body = trimS (implode (fst q)) in
readHead sts (app defs [(name, parseRegex defs body)]) (snd q@)));

(x HARFT, SHANE (IR, #SOK, #ifEH) *)
let rec readRules defs acc cs =
let cs2 = dropSpace cs in
if c¢s2 = [] then rev acc
else
(match cs2 with
[T -> rev acc
| c it r >
let sc = (if ¢ = "<" then scanUntil ">" "" [] r else ([], c¢s2)) in
let st = (if ¢ = "<" then trimS (implode (fst sc)) else "INITIAL") in
let restO = snd sc in
let p = scanUntil "=" ">" [] restO in
let re = trimS (implode (fst p)) in
let q = scanUntil ";" "" [] (snd p) in
let act = cleanAct (implode (fst q)) in
readRules defs ((st, parseRegex defs re, act) :: acc) (snd q));

(*

3. Thompson M T NFA %{E3

EIX (from, TUL, to), TAULD " R L TvmYy,
Z5TRINE TZ2ONFHEECET S 1 XF) BRI,
build & (Bita, =, B, BROOK, XoFES) ZiK7,

*)
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332
333 | let rec build t k =
334 match t with

335 [1 > (k, k+1, [, "", k+1)1, [1, k+2)

336 | (kind, s, n) :: r >

337 if kind = "chr" then (k, k+1, [(k, s, k+1)], r, k+2)

338 else if kind = "set" then (k, k+1, [(k, s, k+1)], r, k+2)

339 else if kind = "nset" then (k, k+1, [(k, complement s, k+1)], r, k+2)
340 else if kind = "eps" then (k, k+1, [(k, "", k+1)], r, k+2)

341 else if kind = "star" then

342 (match build r k with

343 (s1, a1, t1, r1, k1) ->

344 (k1, ki+1,

345 app t1 [(k1, "", s1); (a1, "", ki+1); (k1, "", ki+1); (al, "", s1)],
346 rl, ki+2))

347 else if kind = "cat" then

348 (match build r k with

349 (s1, a1, t1, r1, k1) ->

350 (match build r1 ki1 with

351 (s2, a2, t2, r2, k2) ->

352 (s1, a2, app t1 (app t2 [(al, "", s2)]), r2, k2)))

353 else if kind = "alt" then

354 (match build r k with

355 (s1, a1, t1, r1, k1) ->

356 (match build r1 k1 with

357 (s2, a2, t2, r2, k2) ->

358 (k2, k2+1,

359 app t1 (app t2 [(k2, "", s1); (k2, "", s2); (al, "", k2+1); (a2, "", k2+1)]),
360 r2, k2+2)))

361 else (k, k+1, [(k, "", k+1)], r, k+2);

362

363 | (x & ZBMRIREBICIE 3 2 AT 25D, 1 DD NFA XFE L D,

364 ROEIE (PlRIRERS, B, 2R, ROFES).

365 ZHEIE (WFA R, HAIES), RAESHVNZIWVIZEELET 2, *)
366 | let rec buildAllFrom rules i start trans accs k =

367 match rules with

368 [l -> (start, trans, accs, k)

369 | (tree, _) :: r —>

370 (match build tree k with

371 (s1, a1, t1, _, k1) ->

372 buildAllFrom r (i+1) start

373 (app trans (app t1 [(start, "", s1)])) (app accs [(al, i)]) k1);
374

375 | let buildNFA rules = buildAllFrom rules 0 O [] [] 1;

376

377 | (*

378 4. HRTEEERELT DFA Z21E2

379 *)
380

381 | let rec epsTargets trans s acc =
382 match trans with

383 [ -> acc
384 | (£, 1, t) :: r -> epsTargets r s (if £ = s && 1 = "" then insSorted t acc else acc);
385

386 | let rec eclosLoop trans work acc =
387 match work with

388 [1 -> acc

389 | s :: rest ->

390 let ts = epsTargets trans s [] in

391 let fresh = filter (fun t -> not (memL t acc)) ts in

392 eclosLoop trans (app fresh rest) (unionSorted fresh acc);
393

394 | let eclosure trans ss = eclosLoop trans ss ss;

395

396 | let rec moveOn trans ss c acc =
397 match trans with

398 [1 -> acc

399 | (f, 1, t) :: r —>

400 moveOn r ss ¢ (if memL f ss && not (1 = "") && inSet 1 c then insSorted t acc else acc);
401

402 | (x ZOREBEENSHTVWILFRZTRNTED D *)
403 | let rec charsOut trans ss acc =
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404 match trans with

405 [1 -> acc
406 | (£, 1, t) :: r -> charsOut r ss (if memL f ss && not (1 = "") then unionChars acc 1 else acc);
407

408 | (* 1 DD DFA REEIZOWT, BXFEDITERZHD 5,

409 states & work CEMERZEZEFTTERT *)

410 | let rec scanChars trans ss i n chars states work tout src =
411 if i >= n then (states, work, tout)

412 else

413 (let ¢ = sub chars i in

414 let tgt = eclosure trans (moveOn trans ss ¢ []) in

415 if tgt = [] then scanChars trans ss (i+l1) n chars states work tout src
416 else

417 (let j = index0f tgt states in

418 if j >= 0 then

419 scanChars trans ss (i+1) n chars states work (app tout [(src, c, j)1) src
420 else

421 (let nj = length states in

422 scanChars trans ss (i+1) n chars (app states [tgt])

423 (app work [(nj, tgt)]) (app tout [(src, c, nj)]) src)));

424

425 | let rec subsetLoop trans states work tout =
426 match work with

427 [1 -> (states, tout)

428 | (idx, ss) :: rest ->

429 (match scanChars trans ss O (size (charsOut trans ss "")) (charsOut trans ss "")
430 states rest tout idx with

431 (st2, wk2, to2) -> subsetLoop trans st2 wk2 to2);

432

433 | (* DFA JREEDZHS 2 HAIKS, T -1 %)
434 | let rec minRule accs ss best =
435 match ss with

436 [1 -> best

437 | s it r =>

438 (let v = lookupS s (0 - 1) accs in

439 minRule accs r (if v < O then best else if best < O then v else if v < best then v else best));
440

441 | (x BREEZREBILICE D2, BEHHEI LD %)
442 | let rec groupFrom tout i n acc =
443 if i >= n then acc

444 else

445 (let row = map (fun e -> (fst (snd e), snd (snd e)))
446 (filter (fun e -> fst e = i) tout) in
447 groupFrom tout (i+1) n (app acc [(i, row)]));

448

449 | (x 1 DOBIRIKAEIZOWT DFA 21F%,

450 RO CGERE, ZHE, REE) %
451 | let makeDFA rules =
452 match buildNFA rules with

453 (start, trans, accs, k) ->

454 (let sO = eclosure trans [start] in

455 match subsetLoop trans [s0] [(0, s0)] [] with

456 (states, tout) ->

457 (let n = length states in

458 let tbl = groupFrom tout O n [] in

459 let acc = map (fun ss -> minRule accs ss (0 - 1)) states in
460 (tbl, acc, n)));

461

462 | (x FTRTOFIRIREBICOWTIES, (BliRER, £, =M, REBE, #FER) *
463 | let rec makeAll allRules sts acc =
464 match sts with

465 [ -> acc

466 | st :: r >

467 (let mine = filter (fun x -> fst x = st) allRules in

468 let pairs = map (fun x -> (fst (snd x), snd (snd x))) mine in
469 match makeDFA pairs with

470 (tbl, ac, n) ->

471 makeAll allRules r (app acc [(st, tbl, ac, n, map snd pairs)]));
472

473 | (%

474 5. BRI

475
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476 RE—H, ZHELLNBEEI P OHES, TEIEEDTRS,

477 *)
478

479 | let rec rowLookup row ¢ = match row with

480 0->0-1

481 | (ch, d) :: r -> (if ch = ¢ then d else rowLookup r c);

482

483 | let dtrans tbl st c = rowLookup (lookupS st [] tbl) c;

484

485 | let rec runFrom tbl acc st i n src bR bP =
486 let a = nthD (0 - 1) st acc in

487 let bR2 = (if a >= O then a else bR) in
488 let bP2 = (if a >= 0 then i else bP) in
489 if i >= n then (bR2, bP2)

490 else

491 (let nx = dtrans tbl st (sub src i) in
492 if nx < O then (bR2, bP2) else runFrom tbl acc nx (i+1) n src bR2 bP2);
493

494 | (* src @ pos 25 1 DYIDHT, GHAIES, XOME) ZiKT,

495 ZHTERFAUIHAIES -1 %)

496 | let scanOne tbl acc src pos n = runFrom tbl acc O pos n src (0 - 1) pos;
497

498 | let rec substrFrom s i j acc = if i >= j then acc else substrFrom s (i+1) j (acc ~ sub s i);

499 | let substr s i j = substrFrom s i j "";

500

501 | (x

502 6. F% MiniML O LTHESHT

503 *)

504

505 | let escC c =

506 | if ¢ = "\n" then "\\n" else if c = "\t" then "\\t"

507 else if ¢ = "\"" then "\\\"" else if c = "\\" then "\\\\" else c;

508

509 | let showRow r =

510 "[" ~ joins ";" (map (fun p -> "(\"" ~ escC (fst p) ~ "\"," ~ string_of_int (snd p) ~ ")") r) ~ "1";

511

512 | let showTbl tbl =

513 "[" ~ joins ";\n " (map (fun e -> "(" ~ string_of_int (fst e) ~ "," ~ showRow (snd e) ~ ")") tbl) ~
[ u]n;

514

515 | let showAcc a = "[" ~ joins ";" (map string_of_int a) ~ "]";

516

517 | (%

518 7. By

519 *)

520

521 | let check s b = print_string (" " ~ (if b then "OK " else "NG ") ~ s ~ "\n");

522 | let say s = print_string (s =~ "\n");

523

524 | (% —=== Bl 1: NSRBEEDOFAH ---- %)

525 | let specl =
526 "digit = [0-9];\n" ~

527 "alpha = [A-Za-z];\n" "~

528 "%%\n" -

529 "{digit}+ => (NUM);\n" ~

530| "{alpha}({alpha}|{digit})* => (ID);\n" "
531 T\ "\ " => (PLUS);\n" ~

532 T\ M\ => (TIMES);\n" ~

533 A" => (LP);\H" -

534 EANDAR => (RP);\n" ~

535 |  "[ \\t\\nl+ => (SKIP);\n";

536

537 | (* GBFNCT 2, SKIP 3L T *)
538 | let rec lexLoop tbl acc acts src pos n out =

539 if pos >= n then rev out

540 else

541 (match scanOne tbl acc src pos n with

542 (r, np) —>

543 if r < O then rev (("ERROR", substr src pos (pos+1)) :: out)
544 else

545 (let name = nthD "" r acts in

546 let text = substr src pos np in
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547 let np2 = (if np <= pos then pos + 1 else np) in

548 lexLoop tbl acc acts src np2 n

549 (if name = "SKIP" then out else (name, text) :: out)));
550

551 | let showTok t = fst t ~ "(" ~snd t ~ ")";

552

553 | let demol u =

554 | let hd = readHead [] [] (explode specl) in

555 let rules = readRules (fst (snd hd)) [] (snd (snd hd)) in
556 | let sts = app ["INITIAL"] (fst hd) in

557 | match makeAll rules sts [] with

558 [0 ->say " HADDD FEA"

559 | (nm, tbl, ac, n, acts) :: _ ->

560 let ul = say (" PBAZAIREE " ~ nm ~ " : DFA DIKEERL = " ~ string_of_int n) in

561 let u2 = say (" #Hl = " = joins ", " acts) in

562 let run s = say (" " ~ s ~ "\n -> "o

563 joins " " (map showTok (lexLoop tbl ac acts s O (size s) []))) in
564 let u3 = iter run ["12+34"; "x1 * (y + 7)"; "abc 42"] in

565 say (" RO—H : K0 = " ~ showRow (lookupS 0 [] tbl));

566

567 | say "-- il 1: /NS LREHOFAERFEZAERL TE2T —-";
568 | demol ();

569
570 | (* ---= il 2: MiniML OFf], FAIKEZES ---- %)
571 | let specML =

572 "%s COMMENT STR;\n" ~

573 "digit = [0-9];\n" ~

574 "idfst = [A-Za-z_];\n" ~

575 "idchar = [A-Za-z0-9_'];\n" ~

576 ll%%\nll -~

577|  "<INITIAL>[ \\t\\r\\nl+ => (SKIP);\n" -
578 "<INITIAL>\" (*\" => (CSTART) ;\n" ~
579 "<INITIAL>\"\\\"\" => (SSTART) ;\n" ~
580 "<INITIAL>{digitl}+ => (NUM) ;\n" ~

581 "<INITIAL>{idfst}{idchar}* => (WORD);\n" "
582 "<INITIAL>\"->\" => (ARROW) ;\n" ~
583 "<INITIAL>\"::\" => (CONS);\n" "~
584 "<INITIAL>\"<=\" => (LE);\n"

585 "<INITIAL>\">=\" => (GE);\n" ~

586 "<INITIAL>\"<>\" => (NE);\n" -~

587 "<INITIAL>\"&&\" => (ANDALSO) ;\n" ~
588 "KINITIAL>\"|[\" => (ORELSE) ;\n" ~
589 "<INITIAL> [-+%/7=<>, ] ON\D\\];:_. 127@#$%&{\\\\'] => (SYM);\n" ~
590 "<COMMENT>\" (*\" => (CIN);\n" ~

591 "<COMMENT>\ ") \" => (COUT);\n" "~
592 "<COMMENT>. => (CANY);\n" "

593 "<COMMENT>\\n => (CANY);\n" ~

594 "<STR>\"\\\"\" => (SEND);\n" -
595 "<STR>\"\\\\\"n => (SESCN) ;\n" ~
596 "<STR>\"\\\\\"t => (SESCT);\n" ~
597 "<STR>\"\\\\\". => (SESC);\n" ~
598 "<STR>. => (SANY);\n" ~

599 "<STR>\\n => (SANY);\n";

600

601 | (*

602 8. AWML= T MiniML ZFHMEHT 3

603

604 FEDARFNIE U THIGIREEZ YD E X 5, ML-Lex ® action I

605 H12EHD T, MHENEL, SHRPBOOT, FLAIRE - a X o

606 HE - XFHIO@RPREEZ TR B 5,

607 *)
608
609 | let rec getTab tabs nm =
610 match tabs with

611 o -, o,

612 | (n, tbl, ac, k, acts) :: r -> (if n = nm then (tbl, ac, acts) else getTab r nm);
613

614 | let isKw s =

615 s = "let" || s = "rec" || s = "in" || s = "if" || s = "then" || s = "else" ||

616 s = "fun" || s = "function" || s = "match" || s = "with" ||

617 s = "true" || s = "false" || s = "mod";

618
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690

(x BEFDHNEREI~, int_of_string IFHHAAARITIENDTHDNTIES *)
let rec toIntFrom s i n acc =

if i >= n then acc else toIntFrom s (i+1) n (acc * 10 + (ord (sub s i) - 48));
let toInt s = toIntFrom s O (size s) 0;

let rec genlLex tabs st depth sacc src pos n out =
if pos >= n then
(if st = "INITIAL" then rev out else rev (("err", "unterminated", 0) :: out))
else
(match getTab tabs st with
(tbl, ac, acts) ->
(match scanOne tbl ac src pos n with

(r, np) —>
if r < 0 then rev (("err", substr src pos (pos+1), 0) :: out)
else
(let name = nthD "" r acts in

let text = substr src pos np in
let np2 = (if np <= pos then pos + 1 else np) in
if name = "SKIP" then genlLex tabs st depth sacc src np2 n out
else if name = "CSTART" then genLex tabs "COMMENT" 1 sacc src np2 n out
else if name = "CIN" then genLex tabs "COMMENT" (depth+l1) sacc src np2 n out
else if name = "COUT" then

(if depth <= 1 then genLex tabs "INITIAL" O sacc src np2 n out

else genLex tabs "COMMENT" (depth-1) sacc src np2 n out)
else if name = "CANY" then genLex tabs "COMMENT" depth sacc src np2 n out
else if name = "SSTART" then genLex tabs "STR" depth "" src np2 n out
else if name = "SEND" then

genLex tabs "INITIAL" depth "" src np2 n (("str", sacc, 0) :: out)
else if name = "SESCN" then genLex tabs "STR" depth (sacc ~ "\n") src np2 n out
else if name = "SESCT" then genLex tabs "STR" depth (sacc ~ "\t") src np2 n out
else if name = "SESC" then

genLex tabs "STR" depth (sacc

substr text 1 (size text)) src np2 n out

else if name = "SANY" then genLex tabs "STR" depth (sacc "~ text) src np2 n out
else if name = "NUM" then
genlex tabs st depth sacc src np2 n (("num", "", toInt text) :: out)

else if name = "WORD" then
genlLex tabs st depth sacc src np2 n

((if text = "_" then ("op", "_", 0)
else if isKw text then ("kw", text, 0)
else ("id", text, 0)) :: out)
else genlex tabs st depth sacc src np2 n (("op", text, 0) :: out))));
(*
9. HEXHGOEOHTF - FHEEZOFAMEHAE (lexer.mml XFILHD)
*)
let isIdChar c = isAlpha c || isDigit ¢ || c = "_" [| ¢ = "'";
let isIdStart c¢ = isAlpha c || ¢ = "_";
let isTwo s =
s =">" || g =" || g ==" || g="=" || g="O" | s="g" || s= ullu;

let rec hScanNum acc cs =
match cs with
[1 -> (acc, [1)
| ¢ :: r -> (if isDigit c then hScanNum (acc * 10 + (ord ¢ - 48)) r else (acc, cs));
let rec hScanld acc cs =
match cs with
0 -> (acc, [D
| ¢ :: r -> (if isIdChar c then hScanld (acc ~ c) r else (acc, cs));
let rec hSkipC d cs =
if d = 0 then cs
else
(match cs with
n->1a
| a::r >
(match r with
ao->10
| o :: r2 —>
if a = "(" && b = "x" then hSkipC (d+1) r2
else if a = "*" && b = ")" then hSkipC (d-1) r2
else hSkipC 4 r));
let rec hScanStr acc cs =
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691 match cs with

692 1 -> (acc, [D

693 | ¢t r >

694 if ¢ = "\"" then (acc, r)

695 else if ¢ = "\\" then

696 (match r with

697 1 -> (acc, [D

698 | e :: r2 ->

699 (if e = "n" then hScanStr (acc ~ "\n") r2

700 else if e = "t" then hScanStr (acc ~ "\t") r2
701 else hScanStr (acc ~ e) r2))

702 else hScanStr (acc ~ c¢) r;

703

704 | let rec handLex cs =

705 match cs with

706 o->1

707 | c::r >

708 if isSpace c then handlex r

709 else if isDigit ¢ then (let p = hScanNum O cs in ("num", "", fst p) :: handLex (snd p))
710 else if isIdStart c then

711 (let p = hScanId "" cs in

712 let s = fst p in

713 (if s = "_" then ("op", "_", 0)

714 else if isKw s then ("kw", s, 0)

715 else ("id", s, 0)) :: handLex (snd p))

716 else if ¢ = "\"" then (let p = hScanStr "" r in ("str", fst p, 0) :: handLex (snd p))
717 else

718 (match r with

719 [1 -> [("op", c, O)]

720 | d:: r2 >

721 (if ¢ = "(" && 4 = "*" then handLex (hSkipC 1 r2)
722 else if isTwo (¢ ~ d) then ("op", ¢ ~ d, 0) :: handLex r2
723 else ("op", c, 0) :: handLex r));

724

725 | let showTok3 t =

726 let k = fst t in

727 let s = fst (snd t) in

728 (if k = "num" then "num " " string_of_int (snd (snd t))

729 else if k = "str" then "str \"" ~ s = "\""
730 elsek - " " " 8);

731 | let showToks ts = joins " | " (map showTok3 ts);
732

733 | let demo2 u =

734 let hd = readHead [] [] (explode specML) in

735 let rules = readRules (fst (snd hd)) [] (snd (snd hd)) in
736 let sts = app ["INITIAL"] (fst hd) in

737| let u0 = say (" HEHEIN/BFMHIKAE : " ~ joins " " sts) in
738 let ul = say (" FIAIDOHE : " - string_of_int (length rules)) in

739 let tabs = makeAll rules sts [] in
740 let u2 = iter (fun e —>

741 match e with

742 (nm, tbl, ac, n, acts) ->

743 say (" " “om - " : BHI " -~ string_of_int (length acts) ~ " Z, DFA iKAE »
744 ~ string_of_int n))

745 tabs in

746 let gen s = genlex tabs "INITIAL" 0 "" s O (size s) [] in

747 let cmp s = say (" " ~ (if gen s = handLex (explode s) then "OK " else "NG ") ~ s) in
748 | let u3 = say " -- ERLIFAMNEL FEZOFAMNROMN NI EZREEDES —-" in
749 let u4 = iter cmp

750 [ "let rec fac n = if n = 0 then 1 else n * fac (n-1);";

751 "match 1 with [J] >0 | x :: r > 1 + f r;";

752 "a<=b & c<>d || e > f;";

753 "fun x y -> [x; y; 1000000000000000000000] ;" ;

754 "let s = \"hi\\nthere\" ~ \"!\" in size s;";

755 "(xa (kb *) cx) 1+ 2"

756 "_oo_x x_x'";

757 "=> i =>= O | - <> |

758 "let £ x=x+1;";

759 "123456789012345678901234567890" ;

760 "\"a\\nb\\tc\\\"d\"";

761 "42 mod 5" ] in

762 let us = say " -- YD LB HOH] --" in
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763 let one s = say (" " ~ s~ "\n -> " ~ showToks (gen s)) in

764 iter one
765 [ "let rec fac n = if n = 0 then 1 else n * fac (n-1);";
766 "k ARFOD (x XY %) IERXT *) 42 mod 5;" 1;

767
768 | say "-- il 2: MiniML OFHIHD S DFA ZEDH, FEEIREEZEFDLED --";
769 | demo2 ();

15.2.6 Eh9

$ ./miniml3 mlex.mml
- fl1: NERESOFHENIR AR L THDLT -
BHAAIRAE INITIAL : DFA ODIREERK = 12
JRH] = NUM, ID, PLUS, TIMES, LP, RP, SKIP
12+34
-> NUM(12) PLUS(+) NUM(34)
x1 *x (y +7)
-> ID(x1) TIMES(*) LP(() ID(y) PLUS(+) NUM(7) RP())
-- il 2: MiniML OFHALAERS DFA Z1ED., FEERExEHLES —
HE XN-BH4HIREE © INITIAL COMMENT STR
HAlOMBE . 23
INITIAL : FHH| 13 74X, DFA JIKRE 25
COMMENT : FRHI 4 ZX, DFA JIKFE 7
STR : FAHI 6 7R, DFA IKHE 8
-— L 72N  FR EOFAMNTSROE IR REEbE 5 —-
OK 1let rec fac n = if n = 0 then 1 else n * fac (n-1);
0K match 1 with [J] >0 | x :: r -> 1 + f r;
0K a<=b&& c <>d || e >= £;
0K fun x y -> [x; y; 1000000000000000000000] ;

0K let s = "hi\nthere" ~ "!" in size s;
0K (xa (xbx*x)c*) 1+ 2

0K _ _x x_ x'

0K -> :: <=>=>& || - : <> & |

0K let £ x=x+1;

0K 123456789012345678901234567890
0K "a\nb\tc\"d"

0K 42 mod 5

12 HBIARTT. ERLI-FaORTBREFESOFORNBOEIHN—B L ATFaxy
b, XFHNDTZ R —F ZEEOEL. 2 XFOHETF., _ L ZNTHIEZ3HINFOXHETE
DHTTH 5,

15.3 WXErIsERIERZIED

LALR(1) D%%E%, FIHI 4 OTH 5,

1. LR(0) T4 & OB % 15 3

2. FINEDORIFICOWT, inADBRNER R EZRD 5 (X I —DILHA # Z2(E5)
3. e PR X THRDIEY
4. BOHAD» S LR(1) PFAEZID, Euemiat L TRE21ES
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W N O U W N

e e e e
DU W N = O ©

15.3.1 BHZDOFIEH

LALR(1) REAEZRERFEIZ. B LR(1) EREEo T oRILKREROREZHET 2
e THb, LLENTIHREBED —ES I NHD 5, MiniML OETHT & LR(0) Tl
133 fREE7ZHS, LR(1) Tl 1000 2R %, MRFEITSN S MiniML TEBER TRV,

HAEMER L AREDHER S, HESIZ LR(0) DKEXDEE T, LA EEZI ST LA
» %, ML-Yacc DZFEBRIZE > TWB HIETH D 5,

15.3.2 BENERCICE
REE T OFGIE K = [A — o - ] IZOWT, &I —D%HiA # 27T LR(1) BEZE 3,

J = closure({[A — « - 3, #|})
J OHDIE [B — v+ X6, a] IZDW\WT,
e aA£# 725, ald goto(I,X) DI [B — X -] I L TEHREMICERSNS
o a=#7256. K DEHAD (B — X -0 MGHET 2
EHEDOU 2 REEDTH O, LI 722 £ THT, &RIC. KOKFHAD S LR(1) ATz
WhELCEITE AT,
15.3.3 fERDER
ML-Yacc & [ UCBEEIZ L7z,

shift/reduce  shift Z$k%
reduce/reduce 5 D/PNZWHHIZ R 2

EHELDHBEL|MET B, Ko TEIRWI EPEMBROMESTETH %,

15.3.4 £X

1) Z b 15.2: MiniML T&UL\/z ML-Yacc 4 DB RTIEMSE nyacc.mml

(*
myacc.mml —- MiniML THEW7z ML-Yacc X4 DRSS #a2E A

%47:  ./miniml3 myacc.mml

XiE%E#HAT LALR(1) @ ACTION / GOTO KZE(ED., ZDORTEHIT S
LR WESCARATER 2 BID 5,

fEDFFERDE B,
(1) LR(0) JEHESOEMEEREIES
(2) BIREOKIHICOWT, LFian TERMER © el 2R3
(X —iis # 2#S)
(3) EHEEAHR T THEDIRT
(4) BofFiAad» S LR HEEID, BItEHiiAal L TREES

BHE LR(1) Mo ThBRUKRY S LeHET 277EL D,
REEEDIF o & D72 L THT,
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17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
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46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88

ML-Yacc RU L HiZEZ Mt UTHEi T %, shift/reduce & shift %,
reduce/reduce IFHS D/ WHHIZER,

lix: {0F i)

%term NUM | PLUS | TIMES | LP
Jnonterm exp | term | factor
%start exp

Woo

| RP

exp : exp PLUS term | term ;
term : term TIMES factor | factor ;
factor : NUM | LP exp RP ;

BEIRE ISR 7 — Z BN O CHIECEDFHR Y 2 P TRT,
figilx R, %87, ) O=>2f/T. meta.mml DR TEXZHLFL,

*)

(F —mmmmmmmmm e VA FDER ——mmmmmmmmmm e *)
let rec map £ 1 = match 1 with [J -> [J | x :: r -> f x :: map f r;
let rec iter £ 1 = match 1 with [] -> () | x :: r -> let u = f x in iter f r;
let rec app a b = match a with [J] ->b | x :: r -> x :: app r b;
let rec length 1 = match 1 with [J] -> 0 | _ :: r -> 1 + length r;
let rec revl acc 1 = match 1 with [J] -> acc | x :: r -> revl (x :: acc) r;
let rev 1 = revl [] 1;
let rec filter p 1 =

match 1 with [J -> [J | x :: r -> (if p x then x :: filter p r else filter p r);
let rec joins sep 1 =

match 1 with [] -> "" | [x] =>x | x :: r => x ~ sep "~ joins sep r;
let rec memL x 1 = match 1 with [] -> false | y :: r -> x =y || memL x r;
let rec lookupS k d 1 =

match 1 with [] ->d | (a, b) :: r -> (if a = k then b else lookupS k d r);
let rec setA k v 1 =

match 1 with

0 -> [k, ]
| (a, b) :: r -> (if a = k then (k, v) :: r else (a, b) :: setAh k v r);

let rec nthD d i 1 = match 1 with [J ->d | x ::

let rec idxFrom x 1 i =

r -> (if i <= 0 then x else nthD d (i-1) r);

: r => dropN (i-1) r);

X ::r ->x :: takeN (i-1) r);

match 1 with [1 -> 0 -1 | y :: r => (if x = y then i else idxFrom x r (i+1));
let index0f x 1 = idxFrom x 1 O;
let rec dropN i 1 = if i <= O then 1 else (match 1 with [] -> [] |
let rec takeN i 1 = if i <= 0 then [] else (match 1 with [1 -> [] |
let rec concatL 1 = match 1 with [J -> [1 | x :: r -> app x (concatL r);

let rec upto i n = if i > n then [] else i :: upto (i+1) n;
(x BHIUTFA. BEEIIANR Y, = D20 % FEREOEMEHEICR S *)
let rec insS x 1 =

match 1 with

0 -> [x]

insS x r);

| y::r-> (if x = y then 1 else if x < y then x :: 1 else y ::
let rec unionS a b = match a with [] -> b | x :: r -> unionS r (insS x b);
let 1tP a b = fst a < fst b || (fst a = fst b && snd a < snd b);

let rec insP x 1 =
match 1 with
0 -> [x]

insP x r);

| 'y ::r-> (if x =y then 1 else if 1tP x y then x :: 1 else y ::
let rec unionP a b = match a with [] -> b | x :: r -> unionP r (insP x b);
let 1t3 a b =

fst a < fst b ||

(fst a = fst b &&

(fst (snd a) < fst (snd b) ||
(fst (snd a) = fst (snd b) && snd (snd a) < snd (snd b))));
let rec ins3 x 1
match 1 with
0 - [xl

|y ::r-> (if x =y then 1 else if 1t3 x y then x :: 1 else y ::
let rec insAll3 xs acc = match xs with [] -> acc | x ::
let isSpace c = c =" " || ¢ = "\t" || ¢ = "\n" || ¢ = chr 13;
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89 | (*

90 1. SCGEMRRDFHAID

91 *)

92

93 | let rec splitWords acc cur cs =

94 match cs with

95 [T -> (if cur = "" then rev acc else rev (cur :: acc))

96 | c::r >

97 (if isSpace c then splitWords (if cur = "" then acc else cur :: acc) "" r
98 else splitWords acc (cur ~ c) r);

99 | let words s = splitWords [] "" (explode s);

100

101 | let rec dropSpace cs =

102| match cs with [J -> [J | ¢ :: r -> (if isSpace c then dropSpace r else cs);
103

104 | let rec scanTo stop acc cs =

105 match cs with

106 [1 -> (rev acc, [1)

107 | ¢ :: r -> (if ¢ = stop then (rev acc, r) else scanTo stop (c :: acc) r);
108

109 | let isSep cs =

110 match cs with

111 [1 -> false

112 | a :: r -> (match r with [] -> false | b :: _ => a = "}%" & b = "%");
113 | let dropSep cs =

114| match cs with [J -> [J | _ :: r -=> (match r with [ -> [1 | _ :: r2 -> r2);
115

116 | let noBar 1 = filter (fun w -> not (w = "[|")) 1;

117

118 | let rec readHead ts ns st cs =

119 let cs2 = dropSpace cs in

120 if ¢s2 = [] then (ts, ns, st, [])

121 else if isSep cs2 then (ts, ns, st, dropSep cs2)

122 else

123 (let p = scanTo "\n" [] cs2 in

124 let ws = words (implode (fst p)) in

125 match ws with

126 [1 -> readHead ts ns st (snd p)

127 | k :: rest ->

128 (if k = "Jterm" then readHead (app ts (noBar rest)) ns st (snd p)
129 else if k = "Jnonterm" then readHead ts (app ns (noBar rest)) st (snd p)
130 else if k = "Ystart" then

131 readHead ts ns (match rest with [] -> st | x :: _ -> x) (snd p)
132 else readHead ts ns st (snd p)));

133

134 | let rec expandAlts lhs acc cur ws =

135 match ws with

136 [T -> rev ((1hs, rev cur) :: acc)

137 | weexr >

138 (if w = "|" then expandAlts lhs ((lhs, rev cur) :: acc) [] r

139 else expandAlts lhs acc (w :: cur) r);

140

141 | let rec readProds acc cs =

142 let cs2 = dropSpace cs in

143 if ¢s2 = [] then acc

144 else

145 (let p = scanTo ";" [] cs2 in

146 let ws = words (implode (fst p)) in

147 match ws with

148 [1 -> acc

149 | lhs :: rest —>

150 (match rest with

151 [1 -> acc

152 | colon :: body -> readProds (app acc (expandAlts lhs [] []1 body)) (snd p)));
153

154 | (*

155 2. XFEORILHZ

156 *)

157

158 | let 1hsOf prods p = fst (nthD ("", []) p prods);

159 | let rhsOf prods p = snd (nthD ("", [1) p prods);

160 | let symAt prods p d = nthD "" d (rhsOf prods p);
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161 | let atEnd prods p d = d >= length (rhs0f prods p);
162
163 | let rec prodsForFrom prods nt i acc =
164 match prods with

165 [1 -> rev acc

166 | (1, r) :: rest -> prodsForFrom rest nt (i+1) (if 1 = nt then i :: acc else acc);
167 | let prodsFor prods nt = prodsForFrom prods nt O [];

168

169 | (* nullable DARE *)
170 | let rec allNullable nul syms =

171 match syms with

172 [1 -> true

173 | s :: r => (if lookupS s false nul then allNullable nul r else false);
174

175 | let rec nulPass nul changed ps =
176 match ps with

177 [ -> (nul, changed)

178 | (1, r) :: rest —>

179 (if (not (lookupS 1 false nul)) && allNullable nul r then
180 nulPass (setA 1 true nul) true rest

181 else nulPass nul changed rest);

182

183 | let rec nulFix prods nul =
184 match nulPass nul false prods with (n2, ch) -> (if ch then nulFix prods n2 else n2);

186 | (* FIRST DARFIH *)
187 | let rec firstSeq nts nul fstl syms =
188 match syms with

189 ao->10

190 | s ::r >

191 (if memL s nts then

192 (if lookupS s false nul then unionS (lookupS s [] fstl) (firstSeq nts nul fstl r)
193 else lookupS s [1 fst1)

194 else [s]);

195

196 | let rec fstPass nts nul fstl changed ps =
197 match ps with

198 [1 -> (fst1, changed)

199 | (1, r) :: rest —>

200 (let old = lookupS 1 [] fstl in

201 let nw = unionS (firstSeq nts nul fstl r) old in

202 if nw = old then fstPass nts nul fstl changed rest
203 else fstPass nts nul (setA 1 nw fstl) true rest);
204

205 | let rec fstFix nts nul fstl prods =
206 match fstPass nts nul fstl false prods with

207 (f2, ch) -> (if ch then fstFix nts nul f2 prods else f2);

208

209 | (*

210 3. LR(0) HEADFHEEMR

211 *)
212

213 | let rec closOLoop prods nts work acc =
214 match work with

215 [1 -> acc

216 | (p, d) :: rest ->

217 (let s = symAt prods p d in

218 if memL s nts then

219 (let cand = map (fun q -> (q, 0)) (prodsFor prods s) in
220 let fresh = filter (fun it -> not (memL it acc)) cand in
221 closOLoop prods nts (app fresh rest) (unionP fresh acc))
222 else closOLoop prods nts rest acc);

223

224 | let closO prods nts items = closOLoop prods nts items items;

225

226 | let rec symsAfter prods items acc =
227 match items with

228 [1 -> acc

229 | (p, ) ::r —>

230 (let s = symAt prods p d in symsAfter prods r (if s = "" then acc else insS s acc));
231

232 | let gotoO prods nts items x =
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233
234
235
236

238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256

258
259
260
261
262
263
264
265
266

268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304

le

le

le

(*

le

le

(*

le

(*

le

closO prods nts
(map (fun it -> (fst it, snd it + 1))
(filter (fun it -> symAt prods (fst it) (snd it) = x) items));

t rec gotoAll prods nts items syms i states work gt =
match syms with
[ -> (states, work, gt)
| x 1t r >
(let j = gotoO prods nts items x in
if j = [] then gotoAll prods nts items r i states work gt
else
(let k = index0f j states in
if k >= 0 then gotoAll prods nts items r i states work (app gt [((i, x), k)]1)
else
(let nk = length states in
gotoAll prods nts items r i (app states [j]) (app work [(nk, j)I1)
(app gt [((i, x), nk)1))));

t rec collLoop prods nts states work gt =
match work with
[1 -> (states, gt)
| (i, items) :: rest —->
(match gotoAll prods nts items (symsAfter prods items []) i states rest gt with
(st2, wk2, gt2) -> collLoop prods nts st2 wk2 gt2);

t collection prods nts =
let i0 = closO prods nts [(0, 0)] in
collLoop prods nts [i0] [(0, 10)] [1;

4. LR(1) FAE

*)

t rec closlLoop prods nts nul fstl work acc =
match work with
[ -> acc
| (p, d, a) :: rest —>
(let b = symAt prods p d in
if memL b nts then
(let las = firstSeq nts nul fstl (app (dropN (d+1) (rhsOf prods p)) [al) in
let cand = concatl (map (fun q -> map (fun x -> (q, 0, x)) las) (prodsFor prods b)) in
let fresh = filter (fun it -> not (memL it acc)) cand in
closiLoop prods nts nul fstl (app fresh rest) (insAll3 fresh acc))
else closlLoop prods nts nul fstl rest acc);

t closl prods nts nul fstl items = closlLoop prods nts nul fstl items items;

5. LALR(1) DA -- BREIER L B

*)
t kernelOf items = filter (fun it -> snd it > O || fst it = 0) items;

1 DORIAIDWT J = closi({(p,d,®)}) EED,
BRI EEN 2 %TiA L, REOLEZED D *)
t rec spreadlLoop prods nts gt i k js la prop =
match js with
[1 -> (1a, prop)

| (q, e, a) :: r ->
(let x = symAt prods q e in
if x = "" then spreadlLoop prods nts gt i k r la prop
else

(let j = lookupS (i, x) (0 - 1) gt in
if j < O then spreadlLoop prods nts gt i k r la prop
else
(let k2 = (g, e + 1) in
if a = "#" then
spreadLoop prods nts gt i k r la (app prop [((i, k), (j, k2))1)
else
spreadlLoop prods nts gt i k r
(seth (j, k2) (insS a (lookupS (j, k2) [1 1la)) la) prop)));
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305 | let rec spreadKernels prods nts nul fstl gt i ks la prop =
306 match ks with

307 [1 -> (1a, prop)

308 |k ::r >

309 (let js = closl prods nts nul fsti [(fst k, snd k, "#")] in

310 match spreadlLoop prods nts gt i k js la prop with

311 (la2, pr2) -> spreadKernels prods nts nul fstl gt i r la2 pr2);
312

313 | let rec spreadStates prods nts nul fstl gt states i la prop =
314 match states with

315 [ -> (1la, prop)

316 | items :: r —>

317 (match spreadKernels prods nts nul fstl gt i (kernelOf items) la prop with
318 (la2, pr2) -> spreadStates prods nts nul fstl gt r (i+l1) la2 pr2);

319

320 | let rec propPass prop la changed =
321 match prop with

322 [1 -> (la, changed)

323 | (src, dst) :: r ->

324 (let s = lookupS src [] la in

325 let old = lookupS dst [] la in

326 let nw = unionS s old in

327 if nw = old then propPass r la changed
328 else propPass r (setA dst nw la) true);
329

330 | let rec propFix prop la =

331 match propPass prop la false with (la2, ch) -> (if ch then propFix prop la2 else la2);
332
333 | (%
334 6. ACTION / GOTO FZEFMAILTS

335 *)
336
337 | (x HZEZMH LS 1 DOEEZ AND,

338 shift/reduce & shift. reduce/reduce FHEFD/NEWHAIZEES *)

339 | let addAct i t a acts msgs =

340 | let old = lookupS t ("", 0) (lookupS i [] acts) in

341 if fst old = "" then (setA i (setA t a (lookupS i [] acts)) acts, msgs)
342 else if old = a then (acts, msgs)

343 else

344 (let keep =

345 (if fst old = "s" && fst a = "r" then old

346 else if fst old = "r" && fst a = "s" then a

347 else if fst old = "r" && fst a = "r" then

348 (if snd old <= snd a then old else a)

349 else o0ld) in

350 let kind = (if fst old = "r" &% fst a = "r" then "reduce/reduce" else "shift/reduce") in
351 let sh = (if fst old = "s" then snd old else snd a) in

352 let rd = (if fst old = "r" then snd old else snd a) in

353 let detail =

354 (if kind = "shift/reduce" then

355 " (shift " =t ~ " -> JKBE " - string_of_int sh

356 ~ v/ Al v - string_of_int rd ~ " TIEJL, shift ZK3) "

357 else " (Bl " ~ string_of_int (snd old) ~ " ¥ " ~ string_of_int (snd a)

358 o, FBEONIWHEERES) ") in

359 (setA i (setA t keep (lookupS i [] acts)) acts,

360 app msgs [("IRRE " - string of_int 1 ~ " & " ~ ¢t ~ " T " ~ kind "~ " % " " detail)]));
361

362 | (x BELZ AND *)
363 | let rec addReds prods i js acts msgs =
364 match js with

365 [1 -> (acts, msgs)

366 | (g, e, @) :: r >

367 (if atEnd prods q e then

368 (if q = 0 then

369 (match addAct i a ("a", 0) acts msgs with (ac, ms) -> addReds prods i r ac ms)
370 else

371 (match addAct i a ("r", q) acts msgs with (ac, ms) -> addReds prods i r ac ms))
372 else addReds prods i r acts msgs);

373

374 | (x BEIZAND *)

375 | let rec addShifts ts i gt acts msgs =
376 match ts with

156




377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405

407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435

437
438
439
440
441
442
443
444
445
446
447
448

[1 -> (acts, msgs)
[t ::r >
(let j = lookupS (i, t) (0 - 1) gt in
if j < O then addShifts r i gt acts msgs
else (match addAct i t ("s", j) acts msgs with (ac, ms) -> addShifts r i gt ac ms));

let rec buildStates prods nts nul fstl ts gt la states i acts msgs =
match states with
[T -> (acts, msgs)
| items :: r ->
(let seeds =
concatl (map (fun k -> map (fun a -> (fst k, snd k, a)) (lookupS (i, k) [] 1la))
(kernelOf items)) in
let js = closl prods nts nul fstl seeds in
match addShifts ts i gt acts msgs with
(a1, m1) —>
(match addReds prods i js al ml with
(a2, m2) -> buildStates prods nts nul fstl ts gt la r (i+1) a2 m2));

(*
6.5 iD= D SLR(1) #

SLR(1) & N&EITIX FOLLOW EEDELETRTTITS ) &3 5 fE{#EE,
LALR(1) AVREEZ &1k R CdiAa%RK2 DI L, SLR(1) &
JERRIREE S 2 L ORI FOLLOW %215 72, REBTTHA AT
EEMEZ DD, ENETESLEEITESX51CLTEL,

*)

(* FOLLOW OFREIR *)
let rec folOne nts nul fstl lhs syms fol changed =
match syms with
[1 -> (fol, changed)
| s ::r >
(if memL s nts then
(let addl = firstSeq nts nul fstl r in
let add2 = (if allNullable nul r then lookupS lhs [] fol else []) in
let old = lookupS s [] fol in
let nw = unionS addl (unionS add2 old) in
if nw = old then folOne nts nul fstl lhs r fol changed
else folOne nts nul fstl lhs r (setA s nw fol) true)
else folOne nts nul fstl lhs r fol changed);

let rec folPass nts nul fstl ps fol changed =
match ps with
[1 -> (fol, changed)
| (1, r) :: rest —>
(match folOne nts nul fstl 1 r fol changed with
(f2, ch) -> folPass nts nul fstl rest f2 ch);

let rec folFix nts nul fstl prods fol =
match folPass nts nul fstl prods fol false with
(£f2, ch) -> (if ch then folFix nts nul fstl prods f2 else £2);

(x 1 DORIZ, KFHADEEITNTTEILL LTAND *)
let rec addRedsOn prods i q las acts msgs =
match las with
[1 -> (acts, msgs)
| a::r >
(match addAct i a ("r", q) acts msgs with
(ac, ms) -> addRedsOn prods i q r ac ms);

(* SLR(1) DEITLEAND *)
let rec addRedsSLR prods fol i items acts msgs =
match items with
[T -> (acts, msgs)
| (q, € ::r —>
(if atEnd prods q e then
(if q = O then
(match addAct i "EOF" ("a", 0) acts msgs with
(ac, ms) -> addRedsSLR prods fol i r ac ms)
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449 else

450 (let las = lookupS (1lhsOf prods q) [] fol in
451 match addRedsOn prods i q las acts msgs with
452 (ac, ms) -> addRedsSLR prods fol i r ac ms))
453 else addRedsSLR prods fol i r acts msgs);

454

455 | let rec buildSLRStates prods ts gt fol states i acts msgs =
456 match states with

457 [ -> (acts, msgs)

458 | items :: r ->

459 (match addShifts ts i gt acts msgs with

460 (al, m1) ->

461 (match addRedsSLR prods fol i items al ml with

462 (a2, m2) -> buildSLRStates prods ts gt fol r (i+1l) a2 m2));
463

464 | (x

465 7. AEERO AN

466 *)
467

468 | (x RDME CREN, &4, JEKIE, ACTION %, GOTO &, JIREERL, 1HZ%) %)

469 | let generate spec =

470 let hd = readHead [] [] "" (explode spec) in

471 match hd with

472 (ts0, nsO, start, rest) ->

473 (let ts = app tsO ["EOF"] in

474 let nts = app ["S'"] nsO in

475 let prods = app [("S'", [start])] (readProds [] rest) in

476 let nul = nulFix prods [] in

477 let fstl = fstFix nts nul [] prods in

478 match collection prods nts with

479 (states, gt) ->

480 (let 1a0 = [((0, (0, 0)), ["EOF"])] in

481 match spreadStates prods nts nul fstl gt states O la0 [] with
482 (lal, prop) —->

483 (let la = propFix prop lal in

484 match buildStates prods nts nul fstl ts gt la states 0 [1 [] with
485 (acts, msgs) ->

486 (prods, ts, nts, acts, gt, length states, msgs))));
487

488 | (x HUXHERPS SLR(1) £2EZ, RO (HEDVR ) *)
489 | let generateSLR spec =

490 let hd = readHead [] [] "" (explode spec) in

491 match hd with

492 (ts0, ns0O, start, rest) ->

493 (let ts = app tsO ["EOF"] in

494 let nts = app ["S'"] nsO in

495 let prods = app [("S'", [start])] (readProds [] rest) in

496 let nul = nulFix prods [] in

497 let fstl = fstFix nts nul [] prods in

498 let fol = folFix nts nul fstl prods [("S'", ["EOF"])] in

499 match collection prods nts with

500 (states, gt) ->

501 (match buildSLRStates prods ts gt fol states 0 [] [] with
502 (acts, msgs) -> msgs));

503

504 | (*

505 8. LR BR&HE

506 *)
507

508 | let rec 1lrRun prods act acts gt stack input =
509 match stack with

510 [0 > ("R&yZpzE, 1)

510 | (st, J) :: _ >

512 (match input with

513 0 -> ("AhHRER", D

514 | (tk, tv) :: rest ->

515 (let a = lookupS tk ("", 0) (lookupS st [] acts) in
516 if fst a = "s" then 1lrRun prods act acts gt ((snd a, tv) :: stack) rest
517 else if fst a = "r" then

518 (let p = snd a in

519 let n = length (rhsOf prods p) in

520 let vals = rev (map snd (takeN n stack)) in
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521 let st2 = dropN n stack in

522 match st2 with

523 [0 > (MBILTAX Y ZH%E, [1)

524 | (s2, ) :: _ —>

525 (let g = lookupS (s2, 1hsOf prods p) (0 - 1) gt in

526 if g < 0 then ("goto 2LV, [1)

527 else lrRun prods act acts gt ((g, act p vals) :: st2) input))

528 else if fst a = "a" then ("ok", snd (nthD (0, []) O stack))

529 else ("% " ~ tk ~ " THECGAD (HKEE " - string of_int st ~ ") ", [1D));
530

531 | let parseWith prods act acts gt toks =
532 1rRun prods act acts gt [(0, [1)] (app toks [("EOF", [1)1);

534 | (*
535 9. #hry

536 *)
537
538 | let say s = print_string (s ~ "\n");

539 | let check s b = say (" " ~ (if b then "OK " else "NG ") ~ s);

541 | (x BIBALEDOARZFHART KET *)
542 | let rec unp t =
543 match t with

544 a->er,

545 | (k, nm, n) :: r ->

546 (if k = "num" then (string_of_int n, r)

547 else if k = "var" then (nm, r)

548 else

549 (let p = unp r in

550 let 9 = unp (snd p) in

551 ("M fstp - " " "nmm """ fstq~ ")", snd @));
552 | let showT t = fst (unp t);

553

554 | (% —=—= fil 1: BWEHDIE -—-- *)
555 | let calcSpec =
556 "%term NUM | PLUS | TIMES | LP | RP\n" "

557 "Y%nonterm exp | term | factor\n" ~

558 "Ystart exp\n" ~

559 "%A\n" °

560 "exp : exp PLUS term | term ;\n" ~

561 "term : term TIMES factor | factor ;\n" ~
562 "factor : NUM | LP exp RP ;\n";

563

564 | (x HHIES Z & OFKEE, HAIOMHE

565 0 S'->exp 1 exp->exp PLUS term 2 exp->term
566 3 term->term TIMES factor 4 term->factor

567 5 factor->NUM 6 factor->LP exp RP *)

568 | let calcAct p vals =

569 if p = 1 then app [("op", "+", 0)] (app (nthD [] O vals) (nthD [] 2 vals))

570 else if p = 3 then app [("op", "x", 0)] (app (nthD [] 0 vals) (nthD [] 2 vals))
571 else if p = 6 then nthD [] 1 vals

572 else nthD [] O vals;

574 | let tokOf s =

575| if s = "+" then ("PLUS", [])

576 else if s = "x" then ("TIMES", [])

577 else if s = "(" then ("LP", [1)

578 else if s = ")" then ("RP", [1)

579 else ("NUM", [("num", "", ord s - 48)]);
580
581 | let demol u =

582 match generate calcSpec with

583 (prods, ts, nts, acts, gt, nstates, msgs) ->

584 (let ul = say (" HIHIE = " ~ string_of_int (length prods)

585 S U = "~ string_of_int (length ts)

586 ~ v JER = " © string_of_int (length nts)) in

587 let u2 = say (" LR(0) JRFB¥{ = " - string_of_int nstates) in

588 let u3 = say (" f&2%¢ = " ~ (if msgs = [] then "72L" else joins " / " msgs)) in

589 let u4 = iter (fun e -> say (" "~ string_of_int (fst e) = ": " ~ fst (snde) ~ " > "
590 " joins " " (snd (snd e))))

591 (map (fun i -> (i, nthD ("", [1) i prods)) (upto O (length prods - 1))) in
592 let run s =
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593 (match parseWith prods calcAct acts gt (map tokOf (map (fun ¢ -> c) (explode s))) with

594 (st, v) > say (" "~ s~ " -> "~ (if st = "ok" then showT v else st))) in
595 iter run ["142"; "14+2%3"; "(1+2)%3"; "14243"; "1x2%3"; "1+%2"]);
596

597 | say "-- fil 1: BWREOEH,S LALR(L) REFEo TEHH»T --";
598 | demol ();
599

600 | (x ——-= I 2: WEWRIZSCIR, W2EMEENLH -——- %)
601 | let ambSpec =

602 "%term NUM | PLUS | TIMES\n" -

603 "Y%nonterm exp\n"

604 "%start exp\n" ~

605 | "%k\n"

606 "exp : exp PLUS exp | exp TIMES exp | NUM ;\n";
607

608 | let demo2 u =
609 match generate ambSpec with

610 (prods, ts, nts, acts, gt, nstates, msgs) ->

611 (let utl = say (" LR(0) IKEE¥{ = " ~ string_of_int nstates) in
612 let u2 = say (" fEHZEOMHHE = " - string_of_int (length msgs)) in
613 iter (fun m -> say (" " " m)) msgs);

614

615 | say "-- il 2: HERRASOETIIE RS RESI NS --";
616 | demo2 ();

617
618 | (x —--- il 3: ZEERFRAIE BT E ---- *)

619 | let epsSpec =

620 "%term A | B\n" "

621 "Jnonterm s | as\n" ~

622 "%start s\an" ~

623 "%h\n" "

624 "s :as B ;\n" ~

625 "as : as A | ;\n";

626

627 | let epsAct p vals = concatL vals;
628

629 | let demo3 u =
630 match generate epsSpec with

631 (prods, ts, nts, acts, gt, nstates, msgs) ->

632 (let ul = say (" LR(0) JKEEHL = " - string_of_int nstates

633 S v ff%¢ = v~ (if msgs = [] then "/RL" else joins " / " msgs)) in
634 let run 1 =

635 (match parseWith prods epsAct acts gt (map (fun s -> (s, [1)) 1) with

636 (st, v) -> say (" " ~ joins " " 1~ " -> " 7 st)) in

637 lter run [[IIBII] ; ["A"; "Bll] ; [IIAH; IIA"; l|B"] ; [IIAII; IIAH]]);

638

639 | say "-- fil 3: ZEAERHHAIE ELSOE -1

640 | demo3 ();

641

642 | (*

643 10. AYYDOLHE —- miniml.grm LRI CHAIZ 52 3
644

645 ML-Yacc (¥ %left / Y%right ZfEb3. BENEM IS OET

646 KL TWb, AILHEZHZZOEERE S,

647 *)
648
649 | let mlSpec =

650 "Yterm NUM | STRING | ID | LET | REC | IN | IF | THEN | ELSE\n" "
651 "%term FUN | FUNCTION | MATCH | WITH | TRUE | FALSE\n" ~

652 "%term PLUS | MINUS | TIMES | DIVIDE | MOD\n" ~

653 "%term EQ | NE | LT | GT | LE | GE | CARET | ANDALSO | ORELSE\n" ~
654 "%term ARROW | CONS | COMMA | BAR | UNDERSCORE\n" ~

655 "%term LPAREN | RPAREN | LBRACKET | RBRACKET | SEMI\n" ~

656 "Jnonterm phrase | definition | letbind | letname | params | cases | caselist\n" ~
657 "Ynonterm exp | tupexp | orexp | andexp | cmpexp | consexp | catexp\n" ~

658 "Ynonterm addexp | mulexp | appexp | appseq | atexp | elems\n" ~

659 "Ynonterm motif | consmotif | atmotif | motiflist\n" ~

660 "%start phrase\n" ~

661 "%h\n" °

662 "phrase : definition ;\n" ~

663 "definition : LET letbind | exp ;\n" ~

664 "letbind : letname EQ exp ;\n" ~
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665 "letname : ID | ID params | REC ID | REC ID params ;\n" ~

666 "params : atmotif | params atmotif ;\n" ~

667 "cases : caselist | BAR caselist ;\n" ~

668 "caselist : motif ARROW exp | caselist BAR motif ARROW exp ;\n" ~

669 "exp : IF exp THEN exp ELSE exp | FUN params ARROW exp | FUNCTION cases\n" ~

670 " | MATCH exp WITH cases | LET letbind IN exp | tupexp ;\n" ~

671 "tupexp : orexp COMMA tupexp | orexp ;\n" ~

672 "orexp : orexp ORELSE andexp | andexp ;\n" ~

673 "andexp : andexp ANDALSO cmpexp | cmpexp ;\n" ~

674 "cmpexp : cmpexp EQ consexp | cmpexp NE consexp | cmpexp LT consexp\n" ~

675 " | cmpexp GT consexp | cmpexp LE consexp | cmpexp GE consexp | consexp ;\n" ~
676 "consexp : catexp CONS consexp | catexp ;\n" ~

677 "catexp : addexp CARET catexp | addexp ;\n" ~

678 "addexp : addexp PLUS mulexp | addexp MINUS mulexp | mulexp ;\n" ~

679 "mulexp : mulexp TIMES appexp | mulexp DIVIDE appexp | mulexp MOD appexp | appexp ;\n" ~

680 "appexp : MINUS appexp | appseq ;\n" ~

681 "appseq : appseq atexp | atexp ;\n" ~

682| "atexp : NUM | STRING | ID | TRUE | FALSE | LPAREN RPAREN | LPAREN exp RPAREN\n" ~
683 " | LBRACKET RBRACKET | LBRACKET elems RBRACKET ;\n" ~

684 "elems : exp | exp SEMI | exp SEMI elems ;\n" ~

685 "motif : consmotif COMMA motif | consmotif ;\n" ~

686 "consmotif : atmotif CONS consmotif | atmotif ;\n" ~

687 "atmotif : ID | UNDERSCORE | NUM | MINUS NUM | STRING | TRUE | FALSE\n" ~
688 " | LPAREN RPAREN | LPAREN motif RPAREN | LBRACKET RBRACKET\n" ~
689 " | LBRACKET motiflist RBRACKET ;\n" ~

690 "motiflist : motif | motif SEMI | motif SEMI motiflist ;\n";

691

692 | let demo4 u =
693 match generate mlSpec with

694 (prods, ts, nts, acts, gt, nstates, msgs) ->

695 (let ul = say (" HHIEL = " - string_of_int (length prods)

696 S~ v & = "~ string_of_int (length ts)

697 v IR = string_of_int (length nts)) in

698 let u2 = say (" LR(0) IREE¥{ = " - string_of_int nstates) in

699 let u3 = say (" fEHZEOMHHE = " - string_of_int (length msgs)) in

700 let u4 = iter (fun m -> say (" " "~ m)) msgs in

701 let showP i = say (" HHl v -~ string of_int i ~ ": " "~ fst (nthD ("",[]) i prods)
702 S " ->" " joins " " (snd (uthD ("",[]) i prods))) in
703 let u5 = say " MEZUTHITL 240" in

704 iter showP [11; 12]);

705

706 | say "-— il 4: miniml.grm R USED S LALR(1) REESD --";
707 | demo4 () ;

708

709 | (*

710 11. LALR(1) ¥ SLR(1) DEWERZEHIT 2
711

712 BARGEH S0k, SLR(1) TIXEZES 2% LALR(1) TIXEEL RNV
713 HEIGICH %,

714

715 appseq : ID args | atexp ;

716 args : atexp | args atexp ;

717 atexp : NUM | ID | LPAREN exp RPAREN ;
718

719 ID %#tA7IKBEICIE appseq -> ID . args & atexp —> ID . AEET %,
720 SLR(1) ¥ FOLLOW(atexp) TIRILT %743, args -> args atexp DHWVT

721 FOLLOW(atexp) X NUM/ID/LPAREN %*&{r, X o T shift 2f2%3 %,

722 LALR(1) & TZOMRD atexp 1& appseq -> atexp »5HK7zd DT,

723 ZDHAIT atexp EHir V] L Ak OTHEZEL RV,

724 *)
725
726 | let appSpec =

727| "Jiterm NUM | ID | PLUS | LPAREN | RPAREN\n" °

728 "Ynonterm exp | appseq | args | atexp\n" ~
729 "%start exp\n" ~

730 ll”/n%\nll -~

731 "exp : exp PLUS appseq | appseq ;\n" ~

732 "appseq : ID args | atexp ;\n" ~

733 "args : atexp | args atexp ;\n" ~

734 "atexp : NUM | ID | LPAREN exp RPAREN ;\n";
735

736 | let demo5 u =
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737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755

match generate appSpec with
(prods, ts, nts, acts, gt, nstates, msgs) ->

(let ul = say (" LR(0) iKHEXL = " ~ string_of_int nstates) in
let u2 = say (" LALR(1) OfiZ% = " - string_of_int (length msgs) ~ " ") in
let u3 = iter (fun m -> say (" "~ m)) msgs in
let sm = generateSLR appSpec in
let u4 = say (" SLR(1) Off%% = " - string_of_int (length sm) ~ " ff") in
iter (fun m -> say (" "~ m)) sm);

say "-- ffl 5: W USQET LALR(1) & SLR(1) %[tN3 —-n;
demo5 ();

let demo6 u =
let sm = generateSLR mlSpec in
say (" miniml.grm OXJ%: LALR(1) &% 2 ff / SLR(1) f&%g »
~ string_of_int (length sm) ~ " ff");

say "-- ffl 6: MiniML OSLGETHEHEND --";
demo6 ();

15.4 AYPrEZGHES
HIEOARZRIZ, BIFED mininl.grm LB UMEZ 52 %,

$ ./miniml3 myacc.mml
-- #l4: miniml.grm X [AUX{EDL S LALR(1L) RZ2ES --
AL = 79 i = 40 FERKHR = 25
LR(0) JREEEL = 133
RO = 2
JRHE 41 35 BAR T shift/reduce f2%% (shift BAR -> IKFE 85 /
Al 11 TH&EIT, shift 2#K3)
JRFE 83 5 BAR T shift/reduce f2% (shift BAR -> IKFE 85 /
FHI 12 THERIT, shift *#5)
BT < 2 HA0:
1Al 11: cases -> caselist
1Bl 12: cases -> BAR caselist

AYJD mlyacc DHEF LN 5,

AY)D mlyacc H{E myacc.mml
LR(0) IRAE% 133 133
({IES 2 shift /reduce 2 shift/reduce
EHZROF S BAR, BAR BAR, BAR
BILXNBEHH] cases : caselist 22 A FHHI 11,12 (AU 2 &)
RREH= 55, 104 41, 83

REHD 133 TULD E—H LT, EHEOMHED, L5, BT s HAIBFRTLTH 2, R
RBESTTES DIZ, KEZFHATSIE (YOS50 5 goto ZikSh) MES 72T, RO H
BRILHDTH %,
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15.5 LALR(1) i SLR(1) & D&\ — S

BILOSHA% . RIS L OXIRTIEE < ISR B 2 £ O A% FOLLOW $4 Tl 2
D% SLR(1) TH 3, WHENTEN, CHETES »E. 7 UERBZOFIC SLR(1) ORHRK S
AATEH L=,

SR RISCER O ST B B,

appseq : ID args | atexp ;
args : atexp | args atexp ;
atexp : NUM | ID | LPAREN exp RPAREN ;

ID ZatAIRREIZIE [appseq — ID - args] & [atexp — ID-| 23A/E T %, SLR(1) &
FOLLOW (atexp) T&LS 5723, il args : args atexp ®EWT FOLLOW (atexp) {& NUM
ID LPAREN % & T, 72225 shift L H%E5 5,

LALR(1) & TZOXHRD atexp 1 appseq : atexp »HRKIzHDT, ZDHKAIT atexp 1
i e B,

-- #l5: FUIET LALR(1) & SLR(1) %HANZ --
LR(0) IREEE = 12
LALR(1) OfFiZE = 0 #F
SLR(1) Offjz% = 3
JREE 1 55 ID T shift/reduce f&3E
JREE 1 05 LPAREN T shift/reduce fHZS
JREE 1 35 NUM T shift/reduce fHZ%
-- i 6: MiniML DOXETHENRZ —-
miniml.grm O3¥E: LALR(1) fH%¢ 2 fF / SLR(1) f&%E 2 {F

EZ2 L7z 3 DDREEIE. B x5 & FIRST (atexp) TH 5, HEEE D ORIz, 723 MiniML
DXIEZD S DTEMF ALV, LALR(1) ORDPBADVEZEL. BESHEWVWGELH
BrWVWHZrThb,

15.6 7UESHREE

[ 15.1 Thompson #R T r* Z1E2 8T TH %, FD NFA OFGE%Z s1. % a. # LWBLH
BhkoZEEELL TR, 4 KD c BBEE,

(e, ", \amal 7 1); (a1, **, \ama{ £ D); (&, ", k+1); (al, "*, sD) |

R 15.2 ¢ FHELOARERGTETH 5,

let rec eclosLoop trans work acc =
match work with
(1 -> \ana{ ¥ }
| s :: rest —>
let ts = epsTargets trans s [] in
let fresh = filter (fun t -> not (memL t \ana{ T })) ts in
eclosLoop trans (app fresh rest) (unionSorted fresh acc);
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[ 15.3 LR(0) JHOPATTH %, HMOERDPIEImGES s 726, s 2R OHAIOR 0 DIEZ
BT,

let rec closOLoop prods nts work acc =
match work with
[1 -> acc
| (p, d) :: rest ->
(let s = symAt prods p d in
if memL s nts then
(let cand = map (fun q -> (g, \ana{ # })) (prodsFor prods s) in
L)

else closOLoop prods nts rest acc);

B 15.4 EHADIEIETH 5, X I —DILFHADRKEZ L MO ERD ., 25 TRIFIUIEH
AR e U TaEsRks %,

let k2 = (q, e + 1) in
if a = \ana{ # } then

spreadLoop ... (app prop [((i, k), (j, k2))1)
else
spreadLoop ... (setA (j, k2) (insS \ana{ ¥ } (lookupS (j, k2) [] la)) la) prop

R 15.5 EZEDRTH %, ML-Yace & [E UBEEICE X,

(if fst old = "s" &% fst a = "r" then \ana{ 7 }
else if fst old = "r" && fst a = "s" then \ana{ 7 }
else if fst old = "r" && fst a = "r" then
(if snd old <= snd a then old else a)
else old)

fBE 7 si. 4 k+1l. ¥ acc. T acc, 4 0. F "#". F a, 7 old (shift %3 ). 7 a (shift ZFFK2)

15.7 EX[ERE

[ 15.6 Thompson aAES NFA DIRFER A, IERERTOHRMOE L 2 5 TH L Z L Znt,

R 15.7 TSR TIES N5 DFA OIREBEIX. BEDEE NFA OREH ORIk 5, #
S B IERERH DG —2%IF X,

R 15.8 AE DAL, DFA ZHR/IMEL TWiaw, s/MEZ2ITHRIE L. TR THIELL
B EHZRN X,

15,9 ANLFaX Y EOBERSETHRVWI L Z/RLZS AT, ML-Lex & RKEDAKERDF N %
3o TV E 'R K, WEORENZIENID % D,

[ 15.10 £54E LR(1) R EFo TH LK THET 27k, AEO BRENAER - (ZREDFTHEE.
MULREES, ZDZ %, LALR(1) DAL EDERICKE > THHE X,

f15.11 LALR(1) (2, #R¥E LR(1) TIE#E Z 572\ reduce/reduce HENE T 2 Z e 23H 5, £
@ioﬁi&%@ho
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M 15.12 AE T EEOEMDR & nlyace DIREED L 1T 133 T—H L%, ZHUIHEDF T
R2NEo T2 Z L DEEHIZIR B2 2720 E AU, 2D DAUIFERHIZIE D < B2

3 15.13 BAFGE O kT SLR(1) 2MEZ L LALR(1) 23E2% LW H %, FOLLOW (atexp)
. D L DEFALE DEWD HFHHE K,

] 15.14 MiniML (I3 EFRIEW o, IERREOE RN TRk L O dsz51%T
TANET ) TBICRoTWD, ZOEMP—RICAIEETH 2 2 ¢ (HEFRZ SREERTHE S 2
¥) iRk,
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F16E BIEOXERZIT MiniML Z{E%

HIE T, MiniML TEWF AN ardEmlias & MUt as B a3 T X /o AETIEZD 2 D
Z{fi 5T MiniML Q4IEFR%Z MiniML D _LIZ{ES,

FRNFEMTAR & WS8R D FCIEFEDI RV, ke FH =, EREICRZES . ZDFE T MiniML
DIFEL Z 7o

16.1 fE%ZEZDOH
62 b DIEROHETH 5.

e L7z =1 AR L 72 o S
sz Grepgl) ERLEDM, chgy BRUELALRD R pimenikok S0, g

FHMiERIE. COHEBETEDBRLF> TV IFELIEORERNT 20220 F FfH5, O
¥ DABRDLED MiniML TEHNTWS,

MR T 2FiEE, HOFRICEOE T RO ISBITK S, 5 - 280 - By - Lol - Gms - 3
JH2 A F A - if - let - BIBUER L BIBIPEHTH 2, BT ERMEICER TRV (§815 ) 720, &R
BRI S A e 3 5,

16.2 T77AIL%EERKNRD

MiniML 1[I EY 2 — L2V, use b import WV, Z T, ENGOARKEZEELT—
DDT 7 ANITT B,

)R b 16.1: £pk2s 2 D& HR1SDEE build_gen.py

# ARER 2 O (mlex, myacc) DAKZITE 1 DD 7 7 AR A 2,
# ZOUHRITIZEY 2 —ABEODT, HEELTHES,
import sys
def build(out, header):
mlex = open('mlex.mml').read().split('\n')
myacc = open('myacc.mml').read().split('\n"')

0 N O U R W N

— e
N o= O ©

partA = '\n'.join(mlex[0:516]) # 4ds + DFA BRE)
partB = '\n'.join(myacc[34:533]) .replace('readHead', 'gReadHead')
open(out, 'w') .write(header + partA + '\n\n' + partB + '\n')
return out

if __name__ == '__main__'
build(sys.argv[1], open(sys.argv[2]).read() if len(sys.argv)>2 else '')

DR 16.2: EEDRT I 7AW %EHAITS build_all.py
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# EER 2 DAL S AT, FEOREKZES NI S

import build_gen

CCOMP_HDR = '''(*
ccomp.mml -- MiniML THW C a4 7 & AKX v A
%17:  ./miniml3 ccomp.mml

C OEMAHEEE. BIEOFAIRHERE AR & WS oA AR THt A,
2 & IR O M BHINT ¥ 84 VT B, RIS MiniML T
FEWTHBEDT, 2D 1 774 LVTHEX»LFITHREETES,

> ¢ DHipH
X int DA, KIROBFGESR. K5IE. REE. KA.
if / else. while. for. return. BE¥MH (HiFEz&t).
B+ - % / % W < > <= >= == 1= GG && || !, BIHZA F X,
HUAAD print,
Wb dbD
RA V&, BH, fER, char, float, KRINZH, HiLEES,

Wk (e, BROSIE, 4D o=>2#, BT — x5
ENDT, ZOBTMHYNEFHEHLZY X b LTHRD,

[N}

SELF_HDR = '''(*

*)

selfhost.mml -- EHEDAMEE 2 DT MiniML % MiniML O _EIZfE3
5%17: ./miniml3 selfhost.mml

CONERITIFEY 2 —AHEOD T, nlex.mml & myacc.mml O
LB DOREE ZDT7 7 A MITHRATH %, KT

(1) FhaRE mlex FICEDHE T DFA DEMEE(ES

(2) XiEMFE%E myacc #RICADHE T LALR(1) O ACTION/GOTO RZEE2
(3) L7z 2 DORT MiniML DFEXEFA. HIBELEORICT S
(4) meta.mml DFHHZRTZOAREZELES

D% D FAFEN TR O RSN AR D FTEL T, (k2 6ER LD DT
MiniML 2855, WMREFE I meta.mml ¥ [F U —FEDEHD S7E
Bl - 25800 - B0t - LRl - GRBl - BIE< A R - if - let - BFABCER L EHD),

[N}

def cat(out, hdr, tail, extra='"'):
build_gen.build(out, hdr)
with open(out,'a') as f:
f.write('\n' + extra + open(tail).read())
print (out, len(open(out).read().split('\n")), '{7')

meta = open('meta.mml').read().split('\n')
partC = '\n'.join(meta[29:167]) # FHfiZR (meta.mml X D)

cat('ccomp.mml', CCOMP_HDR, 'ccomp_tail.mml')
cat('selfhost.mml', SELF_HDR, 'selfhost_tail.mml', partC + '\n')

*)

HASIZIE— O U EFEENE S, Wi DERKESD readHead & WD KRITOBEEZF->TED.

=7

=

RHE S, MiniML TIXEROERDFIZFRT DT, BXEITERAZ gReadHead IZEF L TH 5

g %,

[ CAARTOMBNEEE (map. app. length 72 &) N _HICERI N DIFMDR WV, BEIIE
FINLREROREEZIZ 2 DT, FLICERI NI DOERLZFE AT 2, FHDFE T

Aoy 7 JES RN
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16.3 FaTH

digit = [0-9];
idfst = [A-Za-z_];
idchar = [A-Za-z0-9_'];
%ot
[ \t\nl+ => (SKIP);
"let" => (LET);
"rec" => (REC);
"in" => (IN);
"if" => (IF);
"then" => (THEN);
"else" => (ELSE);
"mod" => (MOD);
{digit}+ => (NUM);
{idfst}{idchar}* => (ID);
ng=n => (LE);
THRIEEZHA T EDEICEVWTS S Z EICERELTELYL, HE—HTIE let $ ID B EX 3
T—HT 230, FAUREZXZSLEORADBEODT LET 12745, —H letx X ID ¥ LTREX 4 T

—HTBIE5HPRVDTID 12K %, RE—HRERAUNEDHBEAESHE D,
THOTFTW3

FHRIEEDINE Z D 2 1T

16.4 SGEERR
BRIERIE. ZHETrRU < JH&mE

Ll

BODE TR,

NUM | ID | LET | REC | IN | IF | THEN | ELSE | MOD
PLUS | MINUS | TIMES | DIVIDE

%term EQ | NE | LT | GT | LE | GE | ANDALSO | ORELSE
%term LPAREN | RPAREN | SEMI

/nonterm phrase | params | exp | orexp | andexp | cmpexp
fnonterm addexp | mulexp | appexp | appseq | args | atexp
J%start phrase

Do

%term
Yterm

phrase : LET REC ID params EQ exp | exp ;
params : ID | params ID ;
exp : IF exp THEN exp ELSE exp | LET ID EQ exp IN exp | orexp ;

orexp : orexp ORELSE andexp | andexp ;
andexp : andexp ANDALSO cmpexp | cmpexp ;
cmpexp : cmpexp EQ addexp | . | addexp ;
addexp : addexp PLUS mulexp | addexp MINUS mulexp | mulexp ;
mulexp : mulexp TIMES appexp | mulexp DIVIDE appexp | mulexp MOD appexp | appexp ;
appexp : MINUS appexp | appseq ;
appseq : ID args | atexp ;
args : atexp | args atexp ;
atexp : NUM | ID | LPAREN exp RPAREN ;
AiED § TLALR(1) (& SLR(1) X hi#ivy) TH7 appseq : ID args | atexp 732 ZIZA»

TWa,

COIEIIEREOTES, SLR(1) BRoHEL R,
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16.5 EKEE

ML-Yacc TIFHAIDOS LA (... ) TEEEZEL, AEDOEKZRTIX, RAUBFSTHIRT
31 D0BHE LTEL

let semAct p vals =
let vO = nthD [] 0 vals in

if p = 1 then (* phrase -> LET REC ID params EQ exp *)
app [("def", headName v2, countTrees v3)] (app v3 v5)

else if p = 5 then (* exp —> IF exp THEN exp ELSE exp *)
app [("if", "", 0)] (app vl (app v3 v5))

else if p = 19 then bin "+" v0 v2

vals 3G DFLFITHINT 2MHDIWM N TH %, HiHl exp -> IF exp THEN exp ELSE exp 7%
5 vals 1X 6 BT, v1 - v3 -+ v5 D35 - then Hi - else Hilc72 3,

HABSTHIRTZIDIEES V. HHlZ 1 KEREFESIITNL, £ TEMGFEIHAIO—&
ZHREDOEXTHIFTES LI ICLTH S, AYID ML-Yace DENEZFHRIDBRIZE T 2 DIE, HAK
MR 7 7 A VEFHAT SML a2 — R 05T, REOAENMBIIREZMBE LTRIZT
DT, ZOITH 5,

16.6 £€X

X b+ 16.3: BIEEOEMBR TE> 7= MiniML (KRB D%ZFR<) selfhost_tail.mml

let say s = print_string (s = "\n");
let lexSpec =
"digit = [0-9];\n" ~
"idfst = [A-Za-z_];\n" ~
"idchar = [A-Za-z0-9_'];\n" ~
ll%%\nll -~
"[ \\t\\nl+ => (SKIP);\n" "~
"\"let\" => (LET);\D" ~
"\"rec\" => (REC);\n" ~
"\"in\" => (IN);\n" ~
"\"if\" => (IF);\D" ~
"\"then\" => (THEN) ;\n" ~
"\"else\" => (ELSE);\n" ~
"\ "mod\" => (MOD) ;\n" ~

"{digit}+ => (NUM);\n" ~

"{idfst}{idchar}* => (ID);\n" ~
NP => (LE);\n" "

M\ ">=\" => (GE);\n" ~
NP => (NE);\n" ~

M\ &g\ " => (ANDALSO) ;\n" ~
MM => (ORELSE);\n" ~
T\ M\ " => (PLUS);\D" -
=\ " => (MINUS);\n" ~
1\ => (TIMES);\n" ~
N => (DIVIDE);\n" ~
=\ => (EQ);\n" ~
"\ " => (LT);\n" -

M\ >\ " => (GT);\n" ~
mr\" => (LPAREN) ;\n" ~
O => (RPAREN);\n" ~
s\ => (SEMI);\n";
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33

34 | (*

35 B. SCEMLAR, BEIAMIZIFRIHIS OB TR (niniml.grm & [ UM

36 *)
37

38 | let grmSpec =

39 "%term NUM | ID | LET | REC | IN | IF | THEN | ELSE | MOD\n" ~

40| "%term PLUS | MINUS | TIMES | DIVIDE\n" ~

41 "Yterm EQ | NE | LT | GT | LE | GE | ANDALSO | ORELSE\n" ~

42 "%term LPAREN | RPAREN | SEMI\n" ~

43 "Ynonterm phrase | params | exp | orexp | andexp | cmpexp\n"

44 "Ynonterm addexp | mulexp | appexp | appseq | args | atexp\n" ~

45 "%start phrase\n" °

46 "%%\n" "

47 "phrase : LET REC ID params EQ exp | exp ;\n" ~

48 "params : ID | params ID ;\n" ~

49 "exp : IF exp THEN exp ELSE exp | LET ID EQ exp IN exp | orexp ;\n" ~
50 "orexp : orexp ORELSE andexp | andexp ;\n" ~

51 "andexp : andexp ANDALSO cmpexp | cmpexp ;\n" ~

52 "cmpexp : cmpexp EQ addexp | cmpexp NE addexp | cmpexp LT addexp\n" ~
53 " | cmpexp GT addexp | cmpexp LE addexp | cmpexp GE addexp | addexp ;\n" ~
54 "addexp : addexp PLUS mulexp | addexp MINUS mulexp | mulexp ;\n" ~

55 "mulexp : mulexp TIMES appexp | mulexp DIVIDE appexp | mulexp MOD appexp | appexp ;\n
56 "appexp : MINUS appexp | appseq ;\n" ~

57 "appseq : ID args | atexp ;\n" ~

58 "args : atexp | args atexp ;\n"

59 "atexp : NUM | ID | LPAREN exp RPAREN ;\n";

60

61| (*

62 C. HEEEE, HRIFSTHBK TS (ML-Yacc OBEIESHICH 7z 2)

63 *)
64

65| let rec countTrees code =

66 match code with [J -> 0 | _ :: _ -> 1 + countTrees (skipl code);
67

68 | let headName v = match v with [] -> "" | t :: _ -> namOf t;

69

70 |let bin g a b = app [(g, "", 0)] (app a b);

71

72 | let semAct p vals =

73 let vO = nthD [] 0 vals in

74 let vl = nthD [] 1 vals in

75 let v2 = nthD [] 2 vals in

76 let v3 = nthD [] 3 vals in
5

77 let v6 = nthD [] 5 vals in

78 if p = 1 then (* phrase -> LET REC ID params EQ exp *)
79 app [("def", headName v2, countTrees v3)] (app v3 v5)

80 else if p = 4 then app vO vi1 (* params -> params ID *)

81 else if p = 5 then (* exp -> IF exp THEN exp ELSE exp *)

82 app [("if", "", 0)] (app vi (app v3 v5))

83 else if p = 6 then (* exp -> LET ID EQ exp IN exp *)

84 app [("let", headName v1, 0)] (app v3 v5)

85 else if p = 8 then bin "|" v0 v2

86 else if p = 10 then bin "&" vO v2

= 12 then bin "=" v0 v2
= 13 then bin "#" vO0 v2
= 14 then bin "<" vO0 v2
= 15 then bin ">" v0 v2
= 16 then bin "<=" v0 v2
= 17 then bin ">=" v0 v2
= 19 then bin "+" v0 v2
= 20 then bin "-" vO0 v2
= 22 then bin "*" v0 v2
= 23 then bin "/" v0 v2
= 24 then bin "%" v0 v2

87 else if
88 else if
89 else if
90 else if
91 else if
92 else if
93 else if
94 else if
95 else if
96 else if
97 else if

helie Bl BucRieBcRuclielcRuc el ool
1

98 else if p = 26 then app [(""", "", 0)] vi (* appexp -> MINUS appexp *)

99 else if p = 28 then (* appseq -> ID args *)

100 app [("call", headName vO, countTrees vi)] vl

101 else if p = 31 then app vO vi (* args -> args atexp *)

102 else if p = 34 then vi (* atexp -> LPAREN exp RPAREN *)
103 else vO;

104
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105 | (*
106 D. X HEHE THET

107 *)
108
109 | let rec toIntFrom s i n acc =

110 if i >= n then acc else toIntFrom s (i+1) n (acc * 10 + (ord (sub s i) - 48));
111 | let toInt s = toIntFrom s O (size s) O;

112

113 | let rec toksLoop tbl ac acts src pos n out =

114 if pos >= n then rev out

115 else

116 (match scanOne tbl ac src pos n with

117 (r, np) —>

118 if r < 0 then rev (("ERR", substr src pos (pos+1)) :: out)
119 else

120 (let nm = nthD "" r acts in

121 let text = substr src pos np in

122 let np2 = (if np <= pos then pos + 1 else np) in

123 toksLoop tbl ac acts src np2 n (if nm = "SKIP" then out else (nm, text) :: out)));
124

125 | let tk2 p =
126 (if fst p = "NUM" then ("NUM", [("n", "", toInt (snd p))])

127 else if fst p = "ID" then ("ID", [("v", snd p, 0)])
128 else (fst p, [1));
129

130 | let rec splitSemi acc cur 1 =
131 match 1 with

132 [1 -> rev (if cur = [] then acc else rev cur :: acc)

133 | p:ixr—>

134 (if fst p = "SEMI" then splitSemi (if cur = [] then acc else rev cur :: acc) [] r
135 else splitSemi acc (p :: cur) r);

136

137 | (% def Himih S (FH0, REIE, AE) ZEDHT %)
138 | let rec takeNames k code acc =

139 if k <= 0 then (rev acc, code)

140 else (match code with

141 [0 -> (rev acc, [D)
142 | £ :: r -> takeNames (k-1) r (namOf t :: acc));
143

44| (¢ 1 L —XEPHT 5, FHRES defs B L. RASFML THRT S *)
145 | let doPhrase prods acts gt defs toks =
146 match parseWith prods semAct acts gt toks with

147 (st, v) —>

148 (if not (st = "ok") then (let u = say (" HEZEED: " - st) in defs)
149 else

150 match v with

151 [1 -> defs

152 |t i >

153 (if tag0f t = "def" then

154 (match takeNames (numOf t) r [] with

155 (ps, body) ->

156 (let u = say (" F " “nam0f t ~ " " ~ joins " " ps
157 S " =" " unparse body) in

158 app defs [(namOf t, (ps, body))1))

159 else

160 (let u = say (" " ~ unparse v ~ " => " ~ string of_int (run defs v)) in
161 defs)));

162

163 | let rec runPhrases prods acts gt defs ps =
164 match ps with

165 [1 -> defs

166 | t :: r -> runPhrases prods acts gt (doPhrase prods acts gt defs t) r;
167

168 | (*

169 E. 153

170 *)
171

172 | let srcl =

173 "let rec fac n = if n = 0 then 1 else n * fac (n - 1);\n" ~

174 "let rec fib n = if n < 2 then n else fib (n - 1) + fib (n - 2);\n" ~
175 "let rec gcd a b = if b = 0 then a else gcd b (a mod b);\n" ~

176 "let rec pow b k = if k = 0 then 1 else b * pow b (k - 1);\n" ~
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177
178
179
180
181
182
183
184
185

187
188
189
190
191
192
193
194
195

197
198
199
200
201
202
203
204
205

207
208
209
210
211
212
213
214
215
216
217

"fac 10;\n" ~

"fib 20;\n" ~

"ged 1071 462;\n" ~
"pow 2 30;\n" "

"let x = 3 in x * x + 1;\n" ~
"1 + 2 * 3;\n" "

"(1 + 2) * 3;\11" ~
"1+ 2+ 3 -4;\n" "
"-5 + 8;\n" "

"17 mod 5;\n" ~

"1 <2 &k 3 >= 3;\n" "
"fac 5 + fib 10;\n";

let go u =
(x FHENERZERT 2 %)
let lh = readHead [1 [] (explode lexSpec) in
let lrules = readRules (fst (snd 1h)) [] (snd (snd 1lh)) in
let lpairs = map (fun x -> (fst (snd x), snd (snd x))) lrules in
match makeDFA lpairs with
(1tbl, lacc, 1n) ->
(let lacts = map snd lpairs in
let ul = say (" FfJ: #H| " - string_of_int (length lpairs)
~ " K -> DFA JRRE " - string_of_int 1ln) in
(+ WSURMT a2 AT 2 *)
match generate grmSpec with
(prods, ts, nts, acts, gt, nstates, msgs) ->

(let u2 = say (" #M3¢: HAl " ~ string_of_int (length prods)
~ " R -> LR(0) JRRE " ~ string_of_int nstates) in
let u3 = say (" f2%%: " ~ (if msgs = [] then "JRL"
else string_of_int (length msgs) ~ " ff")) in
let u4 = iter (fun m -> say (" "~ m)) msgs in
let ub = say " -- L% 2 DORT MiniML 2HHF --" in
let tokens = map tk2 (toksLoop ltbl lacc lacts srcl 0 (size srci) [1) in
let u6 = say (" FLEDIE = " - string_of_int (length tokens)) in
let phrases = splitSemi [] [] tokens in
let u7 = say (" 7L —X% =" - string_of_int (length phrases)) in
let d = runPhrases prods acts gt [] phrases in
say (" ERINZBIE = " - string_of_int (length d) ~ " fH")));
say "-- BfEDLERKA 2 D TfEo 7 MiniML --";
go O;

16.7 BhhY

$ ./miniml3 selfhost.mml
-- BfED4REE 2 DT> 72 MiniML --
4] Al 25 A& -> DFA IRFE 44
2. #HH] 35 & -> LR(0) JIRFE 68
&2 L
-— AL 2 DDFET MiniML Z#Hh$ -
LB ORI = 161
TJL—XH = 16
EF facn = (if (n = 0) then 1 else (n * (fac (n - 1))))
EFR fib n = (if (n < 2) then n else ((fib (n - 1)) + (fib (m - 2))))
EF% gcd a b = (if (b = 0) then a else (gcd b (a mod b)))
JEFE pow b k = (if (k = 0) then 1 else (b * (pow b (k - 1))))
(fac 10) => 3628800
(fib 20) => 6765
(ged 1071 462) => 21
(pow 2 30) => 1073741824
(let x =3 in ((x * x) + 1)) => 10
1+ (@2=*3) =7
((1+2) 3 => 9
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(1 +2) +3) -4 = 2
((-5) +8) => 3

(17 mod 5) => 2

((1 <2) & (3>=3)) = 1
((fac 5) + (fib 10)) => 175
TEmRIN-BE = 4 E

FEMO X THIFEINTWA DX, T L7 REHROBIICELIEDDTH S, 1 +2 x 30 (1
+ (2% 31 +2+3-4D (A +2)+3)-4)IkKEoTWb, ERLEERD EX
LEBRIBEMNMEEEZERLTVWA I EAHTHEILD SN,

16.8 Y ZFTHkEH

B HEW=FRE EDS
FAENTAT MiniML kD 54K
WESCfRMTAS MiniML kD & 4K
Al 2R MiniML FEx
FoRAn MiniML FE=
BMEdSR  — ZiFHu

BRERZIDF TR0, BMERTICEHFNR T2 (ri=a |7 7|...) DEDDH,
MiniML (23 ZhhiEv, AiEGEOHELZ Y 2 P THER T AR TE 205, BH—(Li3H
ZHADOBIRNBRIEZHIIZIC L TH D, ZRoOM» MiniML TIERARZFRBES Z 212k 5,
ZHEKIETE T 20, NREEEZ IR T AL E, #HEmITRNEENIFE ACE N, Z I
AEDIERTDH 5,

16.9 7UEHRE

8 16.1 EHKEHED—HTH %, exp -> LET ID EQ exp IN exp DFHIT. let HifizlEh, %
Al ID OfED HHL S,

else if p = 6 then
app [("let", headName \ana{ 7 }, 0)] (app \ana{ £ } \ana{ 7 })

f 16.2 BAZE-H O FIAI appseq -> ID args TH %, 5IBOEEIIRDELKZEZ TKD %,

else if p = 28 then
app [("call", headName vO, \ana{ T } v1)] vi

f16.3 id 5% % 7 L — XY 3890 TH %, SEMI THI3,

let rec splitSemi acc cur 1 =
match 1 with

[1 => rev (if cur = [] then acc else rev cur :: acc)
| p::r —>
(if fst p = \ana{ 4 } then splitSemi (if cur = [] then acc else rev cur :: acc) [] r

else splitSemi acc (\ana{ 7 }) r);
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fRZE 7 vi. £ v3. 7 vb, T countTrees. # "SEMI", # p :: cur

16.10 EXfHRE
R 16.4 REDFAUTHETIETHREREZ AT X DENCE W, BEFZ T 2 LM Z 22 let
¥ letter TinHYE X,

[ 16.5 EHEENER [HARES TOIK S 2880 £ LTEIRD OGS 2R, APD ML-Yacc
HIZ DEEZ BT &0 2 B 2 3 Ko

M 16.6 REDOSEIC, HREEDONEFE POV (x X DIEV) R0, FHAIZY Zice 5 2dh
FHr /2. ZHUT K o TLALR(1) ROKREEIIE S5ZE D2 & THEINS D,

il 16.7 MR FeEZ R ICK o 2D, HICHEZ AN WD TH S, HEZ TRIDER
RADRG|) TEREXEEREBDRZ 20, TZ 2 L FTHUIMDBRDAS D,

f16.8 ARDUHRIZH T HE (selfhost.mml) ZFHDRV, b k31T 212id, FhHME
B SR 2 R 3 RED D 2 D515 K,

1169 TR ZEHPHETEL ] Z2T—rAFSY T WS, KET{ToZ2BT—F
A b T v TOEE TR WERZ B X,
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F178E MiniML T Prolog & C AYNT 5%
3

A % CTT. MiniML @ FiZ MiniML Z{E-> 7z, FIUCHEEN. T THOSEH/EN DS, AETIZ
FODES 2 O%1E5S,

e Prolog — MM EFE, H—be Nv 7 7y IHED
o C— FHWiXAIFFE, a4 7 L RAEFIWHE 2

Prolog 3R 3 2, CIZAYNAIL L TREKIKCTES X 2, SEUHRD 2 DORIZ I RT
H3Z2iTks,

17.1 Prolog Z1E%

17.1.1 IEZYS5FRTH
Prolog ®IHIZ 3 D 5,

1 REDORLF
7 M2A& foo, [1 ("a", #Hi, 0)
28 XY ("v", fHi, 0)

HEHE f(a,b) ("f", BF, ¥ &, H kHOTF

WO EBYETELEDEHEZ YV AN TH S, VAL [a,b] & "."(a, "."(b, [1)) &EL,
Prolog HEMNV A2 I H5RLTWEDT, RELMIGICKR S,

17.1.2 H—{t
H—tix 2 o0iEZ FLICT 3] RAZRDZHEETH 2,
X ¥t X =t Z2RAIET
te X [A] |

Thhalt ThAb a=bDEEFIFHEY
f(Sl..Sk) & f(tl-.tk) 518z HIz E—1k
Zhbat e

SIECRIEICE LT % unifyN (ZHE—LEE unifyl ZFERADS, unifyl B unifyN ZFESR, #
HHFROT, ThETEBOEFEIFIHMTRITMEFICT %,

AEDH—{LIZHIRIRE (occurs check) 2T->TWaEW, X ¥ f(X) ZH—{b§ % ¥ HRIEAH
TX%3%, Z2< O Prolog WHRDEETIEEVTWVWE HEDED), HEXTIOEEIRS,
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17.1.3 £R%=INETB
% 22 L7 prolog_sample.mml (ZRFIDETIEFE > Tz,

| (true,sl)->
(let r = solve (append (body,rest),program,sl,depth+l) in
(match r with
(true,s2)->(true,s2) (x ZZTIEE D *)
| (false,s2)->try_clauses clauses))

BESRLUTIUE, BIILTH 1D TICED OEHHH L THERET 3.

| (true, s1) ->
(let a = solveAll (app bb rest) program (snd u) (k2 + 1) (depth - 1) in
let ¢ = tryC cs2 (snd a) in
(app (fst a) (fst c), snd c)) (x HHT 2 %)

NN I VT I ZDHDTH S, ROMEHET 2id TELHLTORVWEINIIES) Z
T, BABETETIIBROVILNZESC Itk 5,

Hizfilfi 5 7- MBI E R 2080 H 5 (FUHIZ 2 WS & =, BRSO > Tidwn
Fzw), BAENMGELESZRETE I TI WV, BEE5IKTRBE S,

17.1.4 22X

)Xk 17.1: MiniML T&\UL\7z Prolog prolog.mml

(*
prolog.mml -- MiniML T\ /z Prolog
917: ./miniml3 prolog.mml
~/miniml/prolog_sample.mml (FiR3E S EH S BITHE(L L, ZIHRGE
RV, RAIDRELINEE BhoTz, TITR
CHERARYOEEEICT S (7o 28 - BF-oEH, VAMHFHIT D)
- EE D5 IBUEE
- BIREIET S
PRI 7 — ZRHFENDT, HS ZNETLFEUHTELLEOVIHZY R T
K9, HiglE @A, %0, 20 o=-off,
("a", %Hi, 0) VAP foo bar []
("v", fEi, 00 X X Y
(e, BF, k) k FIOBEEEH, FA k k<
YZ b [a,b] & "."(a, "."(b, [1)) &L,
*)
(F —mmmmmmm - VA DER ——mmmmmmmm - *)
let rec map £ 1 = match 1 with [1 -> [1 | x :: r -> f x :: map f r;
let rec iter f 1 = match 1 with [J -> O | x :: r -> let u = f x in iter f r;
let rec app a b = match a with [] > b | x :: r -> x :: app r b;
let rec length 1 = match 1 with [J -> 0 | _ :: r -> 1 + length r;
let rec revl acc 1 = match 1 with [J] -> acc | x :: r => revl (x :: acc) r;

let rev 1 = revl [] 1;
let rec takeN k 1 = if k <= 0 then [] else (match 1 with [] -> [J | x :: r -> x :: takeN (k-1) r);
let rec joins sep 1 =
match 1 with [] -> "" | [x] > x | x :: r -> x ~ sep "~ joins sep r;
let rec concatL 1 = match 1 with [J -> [] | x :: r -> app x (concatL r);
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33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104

le

(*
le
le
le

le
le

le
le
le

(*
le
le
le
le
le
le

(*
le

(*
le

(*

le

le

le

t say s = print_string (s ~ "\n");

t kindOf t = fst t;
t nam0f t = fst (snd t);
t numOf t = snd (snd t);

t tArity t = if kindOf t = "f" then numOf t else 0;

t rec tSkipN k 1 =

if k = 0 then 1 else (match 1 with [] -> [1 | t :: r -> tSkipN (k - 1 + tArity t) r);
t tSkipl 1 = tSkipN 1 1;

t lenTerm 1 = length 1 - length (tSkipl 1);

t headTerm 1 = takeN (lenTerm 1) 1;

THDFAILT *)
t atom_ x = [("a", x, 0)];

t var_ x = [("v", x, 0)];

t funA f args = app [("f", f, length args)] (concatl args);

t nil_ = atom_ "[]";

t cons_ h t = funA "." [h; t];

t rec list_ xs = match xs with [] -> nil_ | x :: r -> cons_ x (list_ r);
———————————————— KA GROF)  —mmmmmmmmmmmmmm %)

t rec lookupT x s =

match s with [J -> [ | (v, t) :: r -> (if v = x then t else lookupT x r);

FHDP RS NI BRI S, ZOHERIS *)
t rec derefT 1 s =
match 1 with
n->10a
|t it >
(if kindOf t = "v" then
(let b = lookupT (namOf t) s in
if b = [] then headTerm 1 else derefT b s)
else headTerm 1);

H—{t

HERBRAFTRVOT, 5OES2EDES wifyN &
B—(LBIR uf 25 TRIMS, *)
t rec unifyN uf k xs ys s =
if k = 0 then (true, s)
else

(let r = uf (headTerm xs) (headTerm ys) s in

if not (fst r) then (false, snd r)

else unifyN uf (k - 1) (tSkipl xs) (tSkipl ys) (snd r));

t rec unifyl a b s =
let da = derefT a s in
let db = derefT b s in
match da with
[1 -> (true, s)
| ta :: ra ->
(match db with
[1 -> (true, s)
| tb :: rb ->
(if kindOf ta = "v" then
(if kindOf tb = "v" && namOf ta = namOf tb then (true, s)
else (true, (namOf ta, db) :: s))
else if kindOf tb = "v" then (true, (nam0Of tb, da) :: s)
else if kindOf ta = "a" && kindOf tb = "a" then (namOf ta = namOf tb, s)
else if kindOf ta = "f" && kindOf tb = "f"
&% nam0f ta = nam0Of tb && numOf ta = numOf tb then
unifyN unifyl (numOf ta) ra rb s
else (false, s)));

---------------- O O Lo I S —
HizfE > 72002, ZOHOEHERNGICT %, ARCESER T TEY %)

t renameT k 1 =

map (fun t -> (if kindOf t = "v" then ("v", namOf t ~ "#" ~ string_of_int k, 0) else t)) 1;

---------------- B (2 s) -
goals FHMEDW N, program & (FEER, AEDIiK) Difi tf,
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105 k FEBOMIBEZIMESELES, BHEEE EOUY, ROEFEES),
106
107 RAIOMRTIED T, Hix TNTRL THERZEE T 2, Zhd
108 (N7 o9 7 UTROMBEFET) ZviZhizs,

110 | let rec solveAll goals program s k depth =
111 if depth <= 0 then ([], k)

112 else

113 (match goals with

114 0 -> (Is], ®)

115 | g :: rest ->

116 (let rec tryC cs k2 =

117 match cs with

118 0 -> 1, x2)

119 | (h, D) :: cs2 >

120 (let hh = renameT k2 h in

121 let bb = map (renameT k2) b in

122 let u = unifyl g hh s in

123 if not (fst u) then tryC cs2 (k2 + 1)
124 else

125 (let a = solveAll (app bb rest) program (snd u) (k2 + 1) (depth - 1) in
126 let ¢ = tryC cs2 (snd a) in

127 (app (fst a) (fst c), snd c)))

128 in tryC program k));

129

130 | (¥ —===—mmmmmmm - fRZHICR S - -

131 RAZEEoT, BBEFHTEBEMXHEES *)

132 | let rec instN f k xs s =

133 if k = 0 then []

134 else app (f (headTerm xs) s) (instN f (k - 1) (tSkipl xs) s);
135
136 | let rec instT 1 s =

137 let d = derefT 1 s in
138 match d with

139 0o->10n

140 | t :: r -> (if kindOf t = "f" then app [t] (instN instT (numOf t) r s) else [t]);
141

142 | (¥ ———-mmmmmmmm - HORR ———--mmmmmmm -

143 YZ M [a,b,c] DIFTHRES *)
144 | let rec showArgs sf k 1 =

145 if kX = 0 then ("", 1)

146 else

147 (let p =sf 1 in

148 let q = showArgs sf (k - 1) (snd p) in

149 (fst p ~ (if k = 1 then "" else ", ") ~ fst q, snd q));
150

151 | let rec showListTail sf 1 =
152 match 1 with

153 ao->en,

154 |t ::r >

155 (if kindOf t = "a" &% nam0f t = "[]" then ("]1", 1)

156 else if kindOf t = "f" && namOf t = "." && numOf t = 2 then

157 (let h = sf r in

158 let q = showListTail sf (snd h) in (", " ~ fst h "~ fst q, snd q))
159 else (let p = sf 1 in ("|" ~ fst p = "]", snd p)));

160

161 | let rec showT 1 =
162 match 1 with

163 o->en,

164 |t ::r >

165 (if kindOf t = "a" then (namOf t, r)

166 else if kindOf t = "v" then ("_" ~ namOf t, r)

167 else if namOf t = "." && numOf t = 2 then

168 (let h = showT r in

169 let q = showListTail showT (snd h) in ("[" "~ fst h ~ fst q, snd q))
170 else

171 (let p = showArgs showT (numOf t) r in (nam0f t ~ "(" ~ fst p =~ ")", snd p)));
172

173 | let showTerm 1 = fst (showT 1);

174

175 | (¥ ====mmmmmmmm FOEHLEDAN - - *)

176 | let ask program goals vars =
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177 let r = solveAll goals program [] 1 60 in
178 let sols = fst r in
179 let showOne s =

180 (if vars = [] then "I\

181 else joins ", " (map (fun v -> v =~ " = " ~ showTerm (instT (var_ v) s)) vars)) in

182 (let u = say (" ?- " ~ joins ", " (map showTerm goals)) in

183 if sols = [] then say " W (fgme) »

184 else if vars = [] then say (" Fwv & " - string_of_int (length sols) ~ " D) ")
185 else iter (fun s -> say (" " ~ showOne s)) sols);

186

187 | let askCount program goals =
188 let r = solveAll goals program [] 1 60 in

189 (let u = say (" 7- " ~ joins ", " (map showTerm goals)) in

190 say (" fROME% = » ~ string_of_int (length (fst r))));

191

192 | (%

193 Bl 1. RRX

194 parent(a,b). parent(b,c). parent(c,d). parent(b,e).

195 ancestor(X,Y) :- parent(X,Y).

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

197 *)
198

199 | let fact_ h = (h, [1);
200 | let famiy0 = O;

201
202 | let family =

203 [ fact_ (funA "parent" [atom_ "a"; atom_ "b"]);
204 fact_ (funA "parent" [atom_ "b"; atom_ "c"]);
205 fact_ (funA "parent" [atom_ "c"; atom_ "d"l);
206 fact_ (funA "parent" [atom_ "b"; atom_ "e"]);
207 (funA "ancestor" [var_ "X"; var_ "Y"],

208 [funA "parent" [var_ "X"; var_ "Y"]11);

209 (funA "ancestor" [var_ "X"; var_ "Y"],

210 [funA "parent" [var_ "X"; var_ "Z"];

211 funA "ancestor" [var_ "Z"; var_ "Y"]1) 1;
212

213 | (*

214 ffil2: VA POD append ¥ member

215 append([], L, L).

216 append([H|T], L, [HIR]) :- append(T, L, R).
217 member (X, [XI_1).

218 member (X, [_I|T]) :- member(X, T).

219 *)
220

221 | let lists =
222 [ fact_ (funA "append" [nil_; var_ "L"; var_ "L"]);

223 (funA "append" [cons_ (var_ "H") (var_ "T"); var_ "L"; cons_ (var_ "H") (var_ "R")],
224 [funA "append" [var_ "T"; var_ "L"; var_ "R"]]);

225 fact_ (funA "member" [var_ "X"; cons_ (var_ "X") (var_ "Zz")]);

226 (funA "member" [var_ "X"; cons_ (var_ "Ww") (var_ "T")],

227 [funA "member" [var_ "X"; var_ "T"]1]1) 1;

228

229 | (*

230 ECh)

231 *)

232

233 | say "-- Bl 1: KRN, LErFIETE --";

234 | ask family [funA "parent" [atom_ "b"; var_ "Q"]] ["Q"];
235 | ask family [funA "ancestor" [atom_ "a"; var_ "Q"]] ["Q"];
236 | ask family [funA "ancestor" [var_ "P"; atom_ "d"]1] ["P"];
237 | ask family [funA "ancestor" [atom_ "a"; atom_ "d"1] [1;
238 | ask family [funA "ancestor" [atom_ "d"; atom_ "a"]l] [I];
239
240 | say "-- fil 2: append, VR FDREIZFTRTHT --";

241 | ask lists [funA "append" [var_ "X"; var_ "Y"; list_ [atom_ "1"; atom_ "2"; atom_ "3"]]] ["X"; "Y"I;
242
243 | say "-- #l 2: append ZH{MIZIZMES --;

244 | ask lists [funA "append" [list_ [atom_ "1"; atom_ "2"]; list_ [atom_ "3"]; var_ "Z"1] ["Z"];
245
246 | say "-- {l 2: member --";

247 | ask lists [funA "member" [var_ "X"; list_ [atom_ "a"; atom_ "b"; atom_ "c"]111 ["X"];
248
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249 | say "-- HFOMWVWEDLE --";
250 | ask lists [funA "append" [var_ "X"; var_ "Y"; list_ [atom_ "1"; atom_ "2"]];
251 funA "member" [atom_ "1"; var_ "X"1] ["X"; "Y"];

17.1.5 Ehd

$ ./miniml3 prolog.mml
- Bl RN, 2fzSFETE -

?- parent(b, _Q)

Q=c
Q=e
?- ancestor(a, _Q)
Q=D
Q =c
Q=e
Q=4d
?- ancestor(_P, d)
P=c
P=a
P=0D»

?- ancestor(a, d)
Fw (B 1 ED)
?- ancestor(d, a)
WWz (@ L)
-- fil 2: append, VR FDHHENEFTRTHT --
?7- append(_X, _Y, [1, 2, 3])
X=10, vy=1[1, 2, 3]

X=1[1, Yy = [2, 3]
X=1T[1, 21, Y = [3]
X=11, 2, 3], Y=1I

-- fil2: append ZHiMIZIZMHES --
?7- append([1, 2], [3], _Z)
Z=1I1, 2, 3]
-- 5l 2: member --
?- member(_X, [a, b, c])

X =a
X=5D
X=c
-—- HEoMWaEbE —-
7- append(_X, _Y, [1, 2]), member(1, _X)
X=1T[11, Y = [2]
X=1I1, 2], Y=1[I]

append (X, Y, [1,2,3]) 28 4 @D DREZITXTHLTWE DD Prolog 5L WE ZATH
%, [A L append % append([1,2],[3],2) LHIMAZICHMR 2, FHE TRAELEFREZEVT
W06, YOREIZHEZR 5,
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17.2 C aOYN1S5%E3

17.2.1 /S EH

> BZ int DA, RIROBEUER. K518 TR R
A~ if/else, while, for. return., B (FIF%
ae). B+ - x / % HEE< > <= >= == 1=, Gl
& || ', HIH< A SR, #IAAD print

Febiwn KA 2 & EH. BIER, char, float, KRIRZHL, Hi
VUBZEisR

KA ¥ ZEBEHNEHN L 7O TREBROGFEIET IRV, i - A&y 7 7L -4 a—F4E
JREWS BREEHA > TS,

17.2.2 XR5TFHD else
C OXEIITEHRERI DD 5,

if (a) if (b) x = 1; else x = 2; ‘

ZD else FAMEAMUD ES 5D if I D XiEZZDE FH & shift/reduce HZEIZ
%%, BFOEMIIINZIMET 2,

B2 1 (RNS5THD else, shift ZIEAZDOTHAID if 124<)
REE 102 #0H ELSE T shift/reduce fH2%S
(shift ELSE -> IKFE 107 / #RHI 15 T#&IT, shift %% 3)

shift #8225 Z 21X lTelse ZitAED S| L\WH Z T, R L THEID if 12F<,
ZHEC OHEEBYTH S, BERAGEDT £, BIEDHFRICE>TELVWERKREZETWLWS i
BT, yace ROBEETIIHEMNEONEFTH 5,

17.2.3 2w 7 {RAEH
HIEoEMIZ, B0 R 2y 72, BEBFEHEHEO 7 L — 4%,
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N O Ut W N =

GiN) Rk

push n ER n ZHET

load i B7 Vv —LDRTER « 2
store i FBENTEZ /LR i ~NANS

add sub mul div rem

1t gt le ge eq ne and or
not

jmp t

jz t

call f (k 5150

ret

print

pop

halt

2 DA LTHE LB

M B GERE 021D

1 DA LT &G e

Fih ¢ APk

A L72fED 0 72 5B

SIECE AEREALTZL—a%1ED, f DAL
TJL—L%ETTRES, EDHEIFRAX Y 712K
k%2 L CHIF

BT

k%3

17.2.4 —F&ERK

RO — FERIZRETDH %, e op e9 Bhe DA—FR, eg DaA—F, op DA, DIEIZAN

T (wnt, BRoOTE, 4D O=28TRT, DIEEERIAINILBTENTEE, K

%, BEILEICZSTWVWADNAR Yy ZHEMOARETH 3,

XD a— FERITIEINILORENE L, BIRBENDOT, RIHES>HS 25 THRbE %, if

BFERD XS5,

L1:
L2:

Froa—r
jz L1

then Hioa—F
jmp L2

else ffiioa—F

while ¥ for dRILIATTH %,

RFFZERZELES (Ruy ) 2HEDE TS, REIED0.. . k-1, Z0HLICESIAICH <
70y 7 &Rk B ARG R A2 %50, /EIFHEMMA LW FELE/HEICT 579),

17.2.5 £€X

)Xk 17.2: MiniML TEZWL/:= C a1 S oi{RBEEW (ERBBO%ERKR<)

let say s = print_string (s ~

(*

"\n") ;

A. C DFHAAE

*)

let cLexSpec =
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8 "digit = [0-9];\n" ~

9 "idfst = [A-Za-z_];\n" "

10 "jdchar = [A-Za-z0-9_];\n" ~

11 "Zu/n\n" -~

12| "0 \\t\\nl+ => (SKIP);\n" ~

13| "\"int\" => (INT);\n" ~

14 T\"Lif\" => (IF);\n" ~

15|  "\"else\"  => (ELSE);\n" °

16| "\"while\" => (WHILE);\n" -

17 "\"for\" => (FOR);\n" ~

18 "\"return\" => (RETURN);\n" -

19 "\"print\" => (PRINT);\n" "

20| "{digit}+ => (NUM);\n" "

21| "{idfst}{idchar}* => (ID);\n" "

22 n\u<=\n => (LE);\H" ~

23| "\">=\" => (GE);\n" ~

24 n\u==\n => (EQ);\H" ~

25 T\ r=\" => (NE);\n" ~

26| "\"&&\" => (ANDAND);\n" "

27 "N\t => (OROR) ;\n" ~

28 "\"=\" => (ASSIGN);\n" ~

29 ll\ll<\ll => (LT) ;\n" -~

30 ">\ => (GT);\n" ~

31 \MI\" => (NOT);\n" ~

32 T\ M\ " => (PLUS);\n" ~

33 -\ => (MINUS);\n" ~

34 M\ => (TIMES);\n" ~

35 RARVA => (DIVIDE);\n" -

36 ll\ll%\ll => (MOD) ;\nll -~

37 T\ => (LPAREN);\n" ~

38 "N\ => (RPAREN) ;\n" ~

39 R AN => (LBRACE);\n" ~

40 T\ => (RBRACE);\n" -

41 A"\ => (SEMI);\n" ~

42 A\ => (COMMA) ;\n";

43

44| (*

45 B. C DX, SO FAD else WHILELTHS

46 *)
47

48 | let cGrmSpec =

49 "%term INT | ID | NUM | IF | ELSE | WHILE | FOR | RETURN | PRINT\n" ~
50 "Yterm LPAREN | RPAREN | LBRACE | RBRACE | SEMI | COMMA | ASSIGN\n" ~
51 "%term PLUS | MINUS | TIMES | DIVIDE | MOD\n" ~

52 "%term LT | GT | LE | GE | EQ | NE | ANDAND | OROR | NOT\n" -
53 "Ynonterm prog | funcs | func | params | plist | block | stmts | stmt\n" ~
54 "Ynonterm expr | oexpr | aexpr | rexpr | addexpr | mulexpr | unary | prim\n" ~
55 "Ynonterm args | alist\n" ~

56 "Ystart prog\n" ~

57 ll%%\nll -~

58 "prog : funcs ;\n" °

59 "funcs : func | funcs func ;\n" ~

60 "func : INT ID LPAREN params RPAREN block ;\n" ~

61 "params : | plist ;\n" ~

62 "plist : INT ID | plist COMMA INT ID ;\n" ~

63 "block : LBRACE stmts RBRACE ;\n" ~

64 "stmts : | stmts stmt ;\n" ~

65 "stmt : INT ID SEMI\n" "

66 " | INT ID ASSIGN expr SEMI\n" ~

67 " | ID ASSIGN expr SEMI\n" ~

68 " | IF LPAREN expr RPAREN stmt\n" ~

69 " | IF LPAREN expr RPAREN stmt ELSE stmt\n" ~

70 " | WHILE LPAREN expr RPAREN stmt\n" ~

71 " | FOR LPAREN ID ASSIGN expr SEMI expr SEMI ID ASSIGN expr RPAREN stmt\n" ~
72 " | RETURN expr SEMI\n" ~

73 " | PRINT LPAREN expr RPAREN SEMI\n" ~

74 " | block\n" ~

75 " | expr SEMI ;\n" ~

76 "expr : oexpr ;\n" ~

hicd "oexpr : oexpr OROR aexpr | aexpr ;\n" ~

78 "aexpr : aexpr ANDAND rexpr | rexpr ;\n" ~

79 "rexpr : rexpr LT addexpr | rexpr GT addexpr | rexpr LE addexpr\n" ~
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80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108

110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

140
141
142
143
144
145
146
147
148
149
150
151

| rexpr GE addexpr | rexpr EQ addexpr | rexpr NE addexpr | addexpr ;\n" ~

"addexpr : addexpr PLUS mulexpr | addexpr MINUS mulexpr | mulexpr ;\n" ~

"mulexpr : mulexpr TIMES unary | mulexpr DIVIDE unary | mulexpr MOD unary | unary ;\n
"unary : MINUS unary | NOT unary | prim ;\n" ~

"prim : NUM | ID | ID LPAREN args RPAREN | LPAREN expr RPAREN ;\n" ~

"args | alist ;\n" ~

"alist : expr | alist COMMA expr ;\n";

(%

C. MR, REFLIEDFHEZL Y Z b

*)

let tagOf t = fst t;
let nam0Of t = fst (snd t);
let numOf t = snd (snd t);
let cArity t =

let g = tagOf t in

if g = "num" || g = "var" || g = "declz" || g = "nop" then 0

else if g = "neg" || g = "not" || g = "assign" || g = "decl" || g = "ret"

|l g = "expr" || g = "print" then 1

else if g = "bin" || g = "while" then 2

else if g = "if" then 3

else if g = "for" then 4

else if g = "call" || g = "blk" || g = "prog" then numOf t

else if g = "fun" then num0Of t + 1

else 0;
let rec cSkipN k code =

if k =

0 then code

else (match code with [1 -> [1 | t :: r -> cSkipN (k - 1 + cArity t) r);
let cSkipl code = cSkipN 1 code;

let rec c
match c

ountTrees code =
ode with [J -> 0 | _ :: _ => 1 + countTrees (cSkipl code);

let headName v = match v with [] -> "" | t :: _ -> namOf t;

(*

D. HERKEIIE

let bin2

let cAct
let vO
let vi
let v2
let v3
let v4
let vb
let v6

let v8 =

let v10
let v12
if p =
else if
else if
else if
else if
else if
else if
else if
else if
else if
else if
else if
else if
else if
else if
else if

app [

*)

g ab=app [("bin", g, 0)] (app a b);

p vals =

= nthD [] 0 vals in

= nthD [] 1 vals in

= nthD [] 2 vals in

= nthD [] 3 vals in

= nthD [] 4 vals in

= nthD [] 5 vals in

= nthD [] 6 vals in

= nthD []1 8 vals in

= nthD [] 10 vals in
= nthD [] 12 vals in

1 then app [("prog", "", countTrees v0)] vO
= 3 then app vO vi
then app [("fun", headName v1, countTrees v3)] (app v3 v5)
then []
then vi1
then app vO v3
= 9 then app [("blk", "", countTrees v1)] vl
= 10 then []
then app vO vi1
= 12 then [("declz", headName v1, 0)]
= 13 then app [("decl", headName vi, 0)] v3
= 14 then app [("assign", headName vO, 0)] v2
= 15 then app [("if", "", 0)] (app v2 (app v4 [("nop", "", 0)1))
= 16 then app [("if", "", 0)] (app v2 (app v4 v6))
= 17 then app [("while", "", 0)] (app v2 v4)
= 18 then
(Iifor"’ l|ll’ O)]

]
w0 N O

hellie Bl Bue el Buc el BucRiielsc Bl o el o]
]
-
[N

(app (app [("assign", headName v2, 0)] v4)

(app v6 (app (app [("assign", headName v8, 0)] v10) vi12)))
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152
153
154
155

157
158
159
160
161
162
163
164
165

167
168
169
170
171
172
173
174
175

177
178
179
180
181
182
183
184
185

187
188
189
190
191
192
193
194
195

197
198
199
200
201
202
203
204
205

207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223

else if p = 19 then app [("ret", "", 0)] vi1
else if p = 20 then app [("print", "", 0)] v2
else if p = 22 then app [("expr", "", 0)] vO
else if p = 24 then bin2 "[|" vO v2
else if p = 26 then bin2 "&&" v0O v2
else if p = 28 then bin2 "<" v0 v2
else if p = 29 then bin2 ">" v0 v2
else if p = 30 then bin2 "<=" v0 v2
else if p = 31 then bin2 ">=" vO0 v2
else if p = 32 then bin2 "==" v0 v2
else if p = 33 then bin2 "!=" v0 v2
else if p = 35 then bin2 "+" v0 v2
else if p = 36 then bin2 "-" v0O v2
else if p = 38 then bin2 "*" v0O v2
else if p = 39 then bin2 "/" v0 v2
else if p = 40 then bin2 "%" vO v2
else if p = 42 then app [("neg", "", 0)] vi
else if p = 43 then app [("not", "", 0)] vi
else if p = 47 then app [("call", headName vO, countTrees v2)] v2
else if p = 48 then vi
else if p = 49 then []
else if p = 52 then app vO v2
else vO0;
(*

E. a— FER, @imid (math, BRI, 4 o=->2M#

*)

let opcodeOf g =
if g = "+" then "add" else if g = "-" then "sub"

else if g = "x" then "mul" else if g = "/" then "div"
else if g = " then "rem"

else if g = "<" then "1t" else if g = ">" then "gt"
else if g = "<=" then "le" else if g = ">=" then "ge"
else if g = "==" then "eq" else if g = "!=" then "ne"
else if g = "&&" then "and" else "or";

let rec slotOf x env =
match env with
n->o0-1
| (n, s) :: r -> (if n = x then s else slotOf x r);

(* 5O, genExpr &IHEMHIMITERVOTIMEBEMESIBTZITIS *)
let rec genArgs gf env k ast =
if k = 0 then ([], ast)
else
(let a = gf env ast in
let b = genArgs gf env (k-1) (snd a) in
(app (fst a) (fst b), snd b));

let rec genExpr env ast =
match ast with
o -, M
[ t::r >
(let g = tagOf t in
if g = "num" then ([("push", numOf t, "")], r)
else if g = "var" then ([("load", slotOf (namOf t) env, "")], r)
else if g = "neg" then
(let a = genExpr env r in
(app [("push", 0, "")] (app (fst a) [("sub", O, "")]), snd a))
else if g = "not" then
(let a = genExpr env r in (app (fst a) [("not", 0, ""™)], snd a))
else if g = "bin" then
(let a = genExpr env r in
let b = genExpr env (snd a) in
(app (fst a) (app (fst b) [(opcodeOf (nam0Of t), O, "")1), snd b))
else if g = "call" then
(let a = genArgs genExpr env (numOf t) r in
(app (fst a) [("call", numOf t, nam0f t)], snd a))
else ([("push", 0, "")], r));

let 1bl n = "L" ~ string_of_int n;
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224

225 | (x XD, genStmt Z5IHTZITELS *)

226 | let rec genSeq gs k env ns 1lb ast =

227 if k = 0 then ([], env, ns, 1lb, ast)

228 else

229 (match gs env ns 1lb ast with

230 (cl, el, n1, 11, r1) —>

231 (match genSeq gs (k-1) el nl1 11 ri with

232 (c2, e2, n2, 12, r2) -> (app cl c2, e2, n2, 12, r2)));

233

234 | let rec genStmt env ns 1lb ast =

235 match ast with

236 [1 -> ([1, env, mns, 1b, [1)

237 [ t::r >

238 (let g = tagOf t in

239 if g = "nop" then ([], env, ns, 1b, r)

240 else if g = "declz" then ([], app env [(namOf t, ns)], ns + 1, 1lb, 1)
241 else if g = "decl" then

242 (let a = genExpr env r in

243 (app (fst a) [("store", mns, "")], app env [(namOf t, ns)], ns + 1, 1b, snd a))
244 else if g = "assign" then

245 (let a = genExpr env r in

246 (app (fst a) [("store", slotOf (namOf t) env, "")], env, ns, lb, snd a))
247 else if g = "expr" then

248 (let a = genExpr env r in (app (fst a) [("pop", O, "")], env, ns, lb, snd a))
249 else if g = "ret" then

250 (let a = genExpr env r in (app (fst a) [("ret", 0, "")], env, ns, lb, snd a))
251 else if g = "print" then

252 (let a = genExpr env r in (app (fst a) [("print", O, "")], env, ns, 1b, snd a))
253 else if g = "blk" then

254 (match genSeq genStmt (numOf t) env ns lb r with

255 (c, e2, n2, 12, r2) -> (c, env, n2, 12, r2))

256 else if g = "if" then

257 (let ¢ = genExpr env r in

258 let 11 = 1bl 1b in

259 let 12 = 1bl (1b + 1) in

260 match genStmt env ns (1b + 2) (snd c¢) with

261 (ct, el, ni1, b1, r1) —>

262 (match genStmt env nl bl rl with

263 (ce, e2, n2, b2, r2) ->

264 (app (fst c)

265 (app [("jz", 0, 11)]

266 (app ct (app [("jmp", 0, 12); ("label", 0, 11)]

267 (app ce [("label", 0, 12)1)))),

268 env, n2, b2, r2)))

269 else if g = "while" then

270 (let 11 = 1bl 1b in

271 let 12 = 1bl (1b + 1) in

272 let ¢ = genExpr env r in

273 match genStmt env ns (1b + 2) (snd c) with

274 (cb, el, n1, b1, r1) ->

275 (app [("label", 0, 11)]

276 (app (fst c)

277 (app [("jz", 0, 12)] (app cb [("jmp", 0, 11); ("label", 0, 12)1))),
278 env, nl, bl, rl))

279 else if g = "for" then

280 (let 11 = 1bl 1b in

281 let 12 = 1bl (1b + 1) in

282 match genStmt env ns (1b + 2) r with

283 (ci, el, n1, b1, r1) ->

284 (let cc = genExpr el ril in

285 match genStmt el nl bl (snd cc) with

286 (cs, e2, n2, b2, r2) ->

287 (match genStmt e2 n2 b2 r2 with

288 (cb, e3, n3, b3, r3) ->

289 (app ci

290 (app [("label", 0, 11)]

291 (app (fst cc)

292 (app [("jz", 0, 12)]

293 (app cb (app cs [("jmp", O, 11); ("label", 0, 12)1))))),
294 env, n3, b3, r3))))

295 else ([], env, ns, 1lb, r));
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207 | (x RGO ATHTE k HED L TEREICT 2 %)
298 | let rec paramEnv k ast env i =

299 if k = 0 then (env, ast, i)

300 else (match ast with

301 0 -> (env, [I, 1)
302 | t :: r -> paramEnv (k-1) r (app env [(namOf t, i)]) (i+1));
303

304 | let rec genFuncs k ast 1lb acc ftab =
305 if k = 0 then (acc, ftab, lb)
306 else

307 (match ast with

308 [1 -> (acc, ftab, 1b)

309 [ t::r >

310 (match paramEnv (numOf t) r [] O with

311 (env, body, np) ->

312 (match genStmt env np 1b body with

313 (c, e2, n2, 12, rest) —>

314 genFuncs (k-1) rest 12

315 (app acc (app [("label", 0, "F:" ~ nam0f t)]
316 (app ¢ [("push", 0, ""); ("ret", 0, "")1)))
317 (app ftab [(namOf t, np)]1))));

318

319 | (¢ TNV EHD BRNTHRMZHEES 5 *)
320 | let rec striplLabels code i acc labs =
321 match code with

322 [1 -> (rev acc, labs)

323 | ins :: r ->

324 (if fst ins = "label" then stripLabels r i acc (app labs [(snd (snd ins), i)1)
325 else stripLabels r (i+1) (ins :: acc) labs);

326

327 | let rec resolveJ code labs acc =
328 match code with

329 [1 -> rev acc

330 | (op, @, nm) :: r ->

331 (if op = "jmp" || op = "jz" then

332 resolveJ r labs ((op, lookupS nm (0O - 1) labs, nm) :: acc)
333 else if op = "call" then

334 resolveJ r labs ((op, a, nm) :: acc)

335 else resolveJ r labs ((op, a, nm) :: acc));

336

337 | let compile ast =
338 match ast with

339 o -> a1, 0o,

340 |t ::r >

341 (match genFuncs (numOf t) r 0 [] [] with

342 (code, ftab, 1b) ->

343 (let pre = [("call", O, "main"); ("halt", O, "")] in

344 match stripLabels (app pre code) 0 [] [] with

345 (c2, labs) ->

346 (resolveJ c2 labs [1, ftab,

347 map (fun f -> (fst £, lookupS ("F:" ~ fst f) (0 - 1) labs)) ftab)));
348

349 | (*

350 F. A&y ZARAREN

351 *)
352

353 | let doBin op a b =

354 if op = "add" then a + b

355 else if op = "sub" then a - b

356 else if op = "mul" then a * b

357 else if op = "div" then a / b

358 else if op = "rem" then a mod b

359 else if op = "1t" then (if a < b then 1 else 0)

360 else if op = "gt" then (if a > b then 1 else 0)

361| else if op = "le" then (if a <= b then 1 else 0)

362 else if op = "ge" then (if a >= b then 1 else 0)

363 else if op = "eq" then (if a = b then 1 else 0)

364 else if op = "ne" then (if a <> b then 1 else 0)

365 else if op = "and" then (if a <> 0 && b <> O then 1 else 0)
366 | else (if a <> 0 || b <> 0 then 1 else 0);

367
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368 | let rec popN k st acc =

369 if k = 0 then (acc, st)

370 else (match st with [1 -> (acc, [1) | v :: r -> popN (k-1) r (v :: acc));

371

372 | let rec bindArgs vs i env =

373| match vs with [] -> env | v :: r -> bindArgs r (i+1) (app env [(i, ¥)1);

374

375 | let rec setlLocal i v env =

376 match env with

377 0 -> [G, vl

378 | (j, w) :: r-> (if j = i then (i, v) :: r else (j, w) :: setlocal i v r);

379

380 | let rec vmRun code ents pc st frames out fuel =

381 if fuel <= 0 then (out ~ " (WHHMDOERIGELEZL) \n", 0)

382 else

383 (match nthD ("halt", 0, "") pc code with

384 (op, a, nm) ->

385 if op = "halt" then (out, (match st with [J -> 0 | v :: _ -> v))

386 else if op = "push" then vmRun code ents (pc+l) (a :: st) frames out (fuel-1)
387 else if op = "pop" then

388 vmRun code ents (pc+1) (match st with [1 -> [1 | _ :: r -> r) frames out (fuel-1)
389 else if op = "load" then

390 (let loc = (match frames with [1 -> [1 | (rp, 1) _->1) in

391 vmRun code ents (pc+1) (lookupS a O loc :: st) frames out (fuel-1))

392 else if op = "store" then

393 (match st with

394 [1 -> (out ~ " RARvwZHZE\n", 0)

395 | v ::r >

396 (match frames with

397 [0 -> (out ~ " 7L —AHE N \n", 0)

398 | (rp, 1) :: fr —>

399 vmRun code ents (pc+l) r ((rp, setLocal a v 1) :: fr) out (fuel-1)))
400 else if op = "not" then

401 (match st with

402 [1 -> (out ~ " RA&XvZHhZ\n", 0)

403 | v :: r -> vmRun code ents (pc+1) ((if v = O then 1 else 0) :: r) frames out (fuel-1))
404 else if op = "jmp" then vmRun code ents a st frames out (fuel-1)

405 else if op = "jz" then

406 (match st with

407 [1 -> (out ~ " AKXy ZHhZE\n", 0)

408 | v :: r -> vmRun code ents (if v = 0 then a else pct+l) r frames out (fuel-1))
409 else if op = "call" then

410 (match popN a st [] with

411 (vs, st2) ->

412 (let e = lookupS nm (0 - 1) ents in

413 if e < 0 then (out ~ " REZXOEE " -~ nom ~ "\n", 0)

414 else vmRun code ents e st2 ((pc+l, bindArgs vs O []) :: frames) out (fuel-1)))
415 else if op = "ret" then

416 (match frames with

417 [1 -> (out, (match st with [1 -=> 0 | v :: _ -> v))

418 | (rp, 1) :: fr -> vmRun code ents rp st fr out (fuel-1))

419 else if op = "print" then

420 (match st with

421 [1 -> (out ~ " AR ZHZE\n", 0)

422 | v ::r >

423 vmRun code ents (pc+l) r frames (out =~ " " ° string_of_int v ~ "\n") (fuel-1))
424 else

425 (match st with

426 [1 -> (out ~ " AR ZHZE\n", 0)

427 | b :: st1 ->

428 (match stl with

429 [1 -> (out ~ " XXy ZPEDZRWN\n", 0)

430 | ¢ :: st2 ->

431 vmRun code ents (pc+1) (doBin op ¢ b :: st2) frames out (fuel-1))));
432

433 | (*

434 G. XD BHETET

435 *)

436

437 | let rec toIntFrom s i n acc =

438 if i >= n then acc else toIntFrom s (i+1) n (acc * 10 + (ord (sub s i) - 48));

439 | let toInt s = toIntFrom s O (size s) O;
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510
511

let rec toksLoop tbl ac acts src pos n out =
if pos >= n then rev out
else
(match scanOne tbl ac src pos n with
(r, np) ->
if r < O then rev (("ERR", substr src pos (pos+1)) :: out)
else
(let nm = nthD "" r acts in
let text = substr src pos np in
let np2 = (if np <= pos then pos + 1 else np) in
toksLoop tbl ac acts src np2 n (if nm = "SKIP" then out else (nm, text)

let ctk p =
(if fst p = "NUM" then ("NUM", [("num", "", toInt (snd p))])
else if fst p = "ID" then ("ID", [("var", snd p, 0)1)
else (fst p, [1));

let showIns i ins =
let op = fst ins in
let a = fst (snd ins) in
let nm = snd (snd ins) in

string_of_int i op
(if op = "push" || op = "load" || op = "store" then " " ~ string_of_int a
else if op = "jmp" || op = "jz" then " " " string of_int a ~ " (" " nom """
else if op = "call" then " " "~ nm ~ " (51% " - string_of_int a ~ " fE)"
else nu);
let rec showCode i code k =
if k <= 0 then ()
else (match code with
0->0
| ins :: r -> (let u = say (showIns i ins) in showCode (i+1) r (k-1)));
(*
H. 853
*)
let cSrc =

"int fact(int n) {\n" ~

" if (n <= 1) return 1; else return n * fact(n - 1);\n" ~
ll}\nll -~

"int fib(int n) {\n" ~

" if (n < 2) return n;\n" ~

" return fib(n - 1) + fib(n - 2);\n" ~

n}\nu -~

"int gcd(int a, int b) {\n" °

" while (b '=0) { int t =a % b; a =b; b =t; }\n" ~
" return a;\n" "

"}\Il" -~

"int sumto(int n) {\n" ~

" int s = 0;\n" ~

" for (i=1; i<=n;i=1i+1){s=s+1i; N\n"
" return s;\n" "

|l}\nl| -~

"int isprime(int n) {\n" ~

" int d = 2;\n" ~

" if (n < 2) return O;\n" ~

" while (d * d <=n) { if (n % d == 0) return 0; d =d + 1; Fn" ~
" return 1;\n" ~

n}\nu -~

"int countprimes(int n) {\n" ~

" int ¢ = 0;\n" ~

" for (i =2; i <=mn; i=1+ 1) { if (isprime(i)) ¢ = ¢ + 1; X\n" ~
" return c;\n" ~

n}\nu -~

"int main() {\n" ~

" print(fact(10));\n" ~

" print(£fib(15));\n" "~

" print(gcd(1071, 462));\n" ~

" print(sumto(100));\n" "~

" print(countprimes(100));\n" ~
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512 " print(-3 + 10 * 2);\n" ~

513 " print('0 && 1 || 0);\n" ~

514 " return O;\n" ~

515 n}\nu;

516

517 | let go u =

518 let 1h = readHead [] [] (explode cLexSpec) in

519 | let lrules = readRules (fst (snd 1h)) [] (snd (snd 1h)) in

520 let lpairs = map (fun x -> (fst (snd x), snd (snd x))) lrules in

521 match makeDFA lpairs with

522 (1tbl, lacc, 1n) ->

523 (let lacts = map snd lpairs in

524 let ul = say (" FfJ: #H| " - string_of_int (length lpairs)

525 =~ " AR -> DFA IK#E " - string_of_int 1n) in

526 match generate cGrmSpec with

527 (prods, ts, nts, acts, gt, nstates, msgs) ->

528 (let u2 = say (" #3C: #Al " ~ string_of_int (length prods)

529 ~ " R -> LR(0) JRRE " ~ string_of_int nstates) in

530 let u3 = say (" f&2Z%: " - string_of_int (length msgs) ~ " ff"

531 ~ (if msgs = [] then "" else " (RNBHFAHD else, shift ZEZ2OTHMD if 1<)
< ")) in

532 let u4 = iter (fun m -> say (" " ° m)) msgs in

533 let tokens = map ctk (toksLoop ltbl lacc lacts cSrc 0 (size cSrc) []) in

534 let ubs = say (" FEDHME = " ~ string_of_int (length tokens)) in

535 match parseWith prods cAct acts gt tokens with

536 (st, ast) ->

537 (if not (st = "ok") then say (" MiZEED: " - st)

538 else

539 (let u6 = say (" MEIKROHIAE = " - string_of_int (length ast)) in

540 match compile ast with

541 (code, ftab, ents) —>

542 (let u7 = say (" AWML HE = " - string_of_int (length code)) in

543 let u8 = say (" PBHBOALD ="

544 ~ joins ", " (map (fun e -> fst e ~ "@" "~ string_of_int (snd e))

7 ents)) in

545 let u9 = say " -- SE¥H 20 @® --" in

546 let ul0 = showCode O code 20 in

547 let ull = say " -- 5T --" in

548 match vmRun code ents 0 [] [] "" 20000000 with

549 (out, v) -> (let ul2 = print_string out in

550 say (" main ORED{E = " ~ string_of_int v)))))));

551

552 | say "-- MiniML TEWz C 2234 5 ¥ 2R v 7 RAEHW --";

553 [ go )3

17.2.6 #h7
AVRANTEZCOTarl T8I NTH 3,

int fact(int n) {
if (n <= 1) return 1; else return n * fact(n - 1);
}
int fib(int n) {
if (n < 2) return n;
return fib(n - 1) + fib(n - 2);
}
int gecd(int a, int b) {
while (b !'=0) { int t =a % b; a =b; b
return a;

]
ct
-

}
int sumto(int n) {
int s = 0;
for i1 =1; i<=n; i=1+1) {s=8+1i; }




return s;
}
int isprime(int n) {
int d = 2;
if (n < 2) return O;
while (d * d <=n) { if (n %4 d == 0) return 0; d =d + 1; }
return 1;
}
int countprimes(int n) {
int ¢ = 0;
for (i = 2; i <=n; 1 =1+ 1) { if (isprime(i)) c¢ =c + 1; }
return c;
}
int main() {
print(fact(10)); print(fib(15)); print(gcd(1071, 462));
print(sumto(100)); print(countprimes(100));
print(-3 + 10 * 2); print(!0 && 1 || 0);
return O;

}

$ ./miniml3 ccomp.mml

-- MiniML TEW ¢ a¥y 4 J e A&y 7B -
FA4): Al 31 A -> DFA K& 57
Wz #HRI 53 A& -> LR(0) 1KAE 116
2% 1 (RS FHD else, shift ZHBZDOTHHEID if 1IfF<)
B DRI = 307
RESOR DR = 172
AR L7t = 168
B @D A = facte2, fibe18, gcd@37, sumto@54, isprime@T75,

countprimes@108, main@133

-- JEWH 20 @M -

: call main (5% o fE)

halt

load O

push 1

le

jz 9 (LO)

push 1

ret

jmp 16  (L1)

load O

: load O

: push 1

: sub

: call fact (5% 1 &)

: mul

. ret
16: push O
17: ret
18: load O
19: push 2

— T -

3628800

610

21

5050

25

17

1

main OREDE = 0

© 00 ~NO O WNH+- O

e
— o .-

R o
g wN
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e 2 26 17 B3 fact TH 5, load 0 TG[E n ZFEA, push 1 LU, jz THIKL. B
R DB & mul THNT 2, C DR e aRmF e iR THDIX, a2 %14 2% Lichrdd 117
TOBZ 5,

#H 16 D push 0; ret &, return IZEER T ICHEOK D D ITKIGEDBEDERE D ET
H5,

FERIZTRTE LW, 10! = 3628800, Fis = 610, ged(1071,462) = 21, S.1% 4 = 5050, 100
DT oEHBE 25 i, —3+10x 2 =17,

17.2.7 BEIXIDMRFA
ZDavA 7, BEKILTERLEID 2 2H 5,

o k& & || DEEIEFHEICAR > TULWARL, C DS TIX, a && b ik a 2MARS b ZEHML A&
W, AEDa— FERIZ la®a—F, b Da— K, and if) 2WRBZFHROT, Wil
CHFMBELTLES, BIEHOH 2. YufRE2E#I)27-0Dd '=0&& n / d > 1
DEohEEHPENS, BETICEDEEHES (FERMEE),

o BAAEHOZOY FE2BFALLEV, 70y 72KTTIREEZREIRVDT, FOANT
T 7L — 0B KREL 22, IEL X EL WV,

17.3 7TUESHREEE

171 BE—ALoHDLETH 5, FITHERIZSRAITET,

(if kindOf ta = "v" then
(if kindOf tb = "v" && namOf ta = nam0Of tb then (true, s)
else (true, (namOf ta, \ana{ 7 }) :: s))
else if kindOf tb "v" then (true, (namOf tb, \ana{ £ }) :: s)
else if kindOf ta "a" && kindOf tb = "a" then (\ana{ 7 }, s)

B 172 Nv 7 v Iv 7 LTEBEED I TH S,

| (h, b) :: cs2 ->

(let hh = renameT k2 h in

let bb = map (renameT k2) b in

let u = unifyl g hh s in

if not (fst u) then tryC cs2 (k2 + 1)

else
(let a = solveAll (app \ana{ T } rest) program (snd u) (k2 + 1) (depth - 1) in
let ¢ = tryC \ana{ & } (snd a) in
(app (fst a) (fst c), snd c)))

B 17.3 while Da— RAEKTDH 3,
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\ana{ 7 }:
FfEoa—F
jz \ana{ ¥ }
ENUNOR=E
jmp \ana{ 7 }
\ana{ 7 }:

R 17.4 “JHEBEDFETTH S, RAEX v 715 2 DA TIHICHEER X,

| b :: stl —>
(match stl with
- ...
| ¢ :: st2 -> vmRun code ents (pc+1) (doBin op \ana{ 2 } \ana{ ¥ } :: st2) ...)

fRZE 7 db. A da. 7 namOf ta = namOf tb. L bb, A4 cs2. #» L1, ¥ L2, Z L1, 7 L2, T c, ¥
b (GEickEA L7z b BEDOHEET)

17.4 EXRIRE
B 175 AEOHELIZHEBFAMEZITo TRV, X = £X) ZH—LT 2L ¥5% 230, HEMH
B2 ANZGE, YOO Y 21T I ViR X,

[ 17.6 append (X, Y, [1,2,3]) 28 4D OEHT#EEZ, YOI EDIHICELN ST
T,

B 17.7 KED solveAll FIKEX D LERTH B> Tnwb, LRZATEIEE 5<% Prolog
T rys LneET,

[ 17.8 Prolog OfRDIERFIZ. HizFEWHE =L 2iNIHETRE 5, KEDFEIETZOEF
BEIHLHRTVWE%E, a— 2L CHHE &L

1179 X5 FHD else DfZE%, EEZEEMHZ T (EHEIHELZVWL S HE L, EXHZ
PSR L. R 5 R A K,

R 17.10 AE DR IZ R FTE A EE Y X FTH->TW3, ZAEREHNCT 3 L pEL &
27, MiniML THADME Z 70 Z 2 1Z ¥ DOREE OFlf 22,

B9 17.11 fact OmSH| (FEHh 2-17) #FHA, fact(3) ZEITLEZEZXDAR Y ZE TL—LD
2%, @S 1O IR L,

Rl 17.12 KEDa >4 Zi%. REROZRay v 270y 72T CTHHEAMA LRV, B
TELEDXIRFEND D0, Fi-. BHFAHLTIWEEIXMA D,
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| InfLet :
forall G x el e2 T1 T2,
hm_infer G el T1 ->
hm_infer ((x, gen_max G T1) :: G) e2 T2 ->
hm_infer G (ELet x el e2) T2.

genmax(I',7) & T+ OBHBZED S T O HHMEZRZRW b D2 2iiES) D TH 5,

18.4 #E24
T BHROESM) TIHuee: 725 TFe: T

DEDTIIVILHDHE LRI, RATHETFS, 713V XLEZWEEZ DRV,

Theorem hm_infer_sound :
forall G e T, hm_infer G e T -> has_type G e T.
Proof.
intros G e T H. induction H.
- eapply TyVar; eauto.
constructor.
apply TyLam. exact IHhm_infer.
eapply TyApp; eauto.
eapply TyLet.
+ exact IHhm_inferl.
+ apply gen_max_ok. (x T2 TR RZT %)
+ exact IHhm_infer2.
Qed.
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—DFER LET DHFE T, 7TV XLPEHE L7 genmax SHRIOHIZEM: gen(T, ) 27
2t (#fiff genmax_ok) ZRITHELD 5,

18.4.1 fLRHIIZEETHL
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THEPDTH 5, I' ITHEIZHN 2 BZEIX gen 234557202 ¢ (gen_rejects_env_variable).
gen_max b Zi %55 Z ¢ (genmax keeps_env_variable) %l & ITRLTW5,

INZEFoRVEMPBIEND e HHRHIIKRTH %,

’fun x -> let y=x in (y 1, y true)
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y % int -> a £dH bool -> b L HHXTL WV, FEITRICHHET %,
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SO, SHDHD TRV ¥ 2R THRANTH B,

Definition id_scheme : scheme := Sch [0] (TArrow (TVar 0) (TVar 0)).

Lemma id_scheme_at_int : inst id_scheme (TArrow TInt TInt).

Lemma id_scheme_at_fun : inst id_scheme (TArrow (TArrow TInt TInt)
(TArrow TInt TInt)).

FCUAF—LA Va.a — o D3, int -> int 1% (int -> int) -> (int -> int) ZH BRIk
T3, BHORS 27 LA TREI LW 075 408E1T 2 X512k oTWVW3,
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From Coq Require Import List Arith.PeanoNat Bool.Bool.
Import ListNotations.

(*

Hindley-Milner inference soundness.

What changed with respect to the first version of this file

The earlier development stubbed out the two rules that carry all of the
content of Hindley-Milner:

inst (Forall xs T) T -- instantiation returned the body unchanged
gen G T (Forall xs T) -- generalisation quantified anything at all

With instantiation the identity and generalisation unconstrained, [hm_infer]
and [has_typel were the same relation constructor for comstructor, so
[hm_infer_sound] held by mapping each constructor to its twin and said
nothing.

Here instantiation really substitutes for the quantified variables, and
generalisation carries the Damas-Milner side condition: a variable may be
quantified only if it is not free in the environment. The declarative system
keeps generalisation as a relation -- any scheme meeting the side condition --
while the algorithm commits to the maximal one, [gen_max]. Soundness is then
a real obligation: one has to show that what the algorithm computes satisfies
the side condition the declarative system demands. That is [gen_max_ok].

Still out of scope, as before: a concrete unification algorithm, the occurs
check, and principal types. [InfLam] still guesses the argument type and
[InfApp] still assumes the function already has an arrow type, which is the
shape unification would deliver on success.

*)

(* *)
(* Types, expressions, schemes *)
(* *)

Inductive ty : Type :=

| TInt : ty

| TVar : nat -> ty

| TArrow : ty -> ty —> ty.

Inductive expr : Type :=

| EVar : nat -> expr

| EInt : nat -> expr

| ELam : nat -> expr -> expr
| EApp : expr -> expr -> expr
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48| | ELet : nat -> expr -> expr -> expr.
49
50| (* [Sch xs T] is forall xs. T %)
51 | Inductive scheme : Type :=

52| | Sch : list nat -> ty -> scheme.

53

54 | Definition Mono (T : ty) : scheme := Sch [] T.

55

56 | (* Environments are association lists so that the free variables of an

57 environment are computable, which the side condition on [gen] needs. *)
58 | Definition env := list (nat * scheme).

59

60 | Fixpoint lookup (G : env) (x : nat) : option scheme :=
61 match G with

62 | [1 => None

63 | (y, Sg) :: G' => if Nat.egb y x then Some Sg else lookup G' x

64 end.

65

66 | (* *)
67 | (* Type substitution *)
68 | ( *)
69

70 | Definition tsub := nat -> ty.

71 | Definition tid : tsub := TVar.

72

73 | Fixpoint appT (s : tsub) (T : ty) : ty :=
74 match T with

75 | TInt => TInt

76 | TVar a => s a

7 | TArrow A B => TArrow (appT s A) (appT s B)
78 end.

79

80 | Lemma appT_id :
81 forall s, (forall a, s a = TVar a) -> forall T, appT s T = T.
82 | Proof.

83 intros s Hs T. induction T; simpl.

84 - reflexivity.

85 - apply Hs.

86 - rewrite IHT1, IHT2. reflexivity.

87 | Qed.

88

89 | Lemma appT_tid : forall T, appT tid T = T.

90 | Proof.

91 intros T. apply appT_id. intros a. reflexivity.

92 | Qed.

93

94 | (* *)
95 | (* Membership, free variables *)
96 | (* *)
97

98 | Definition memb (a : nat) (1 : list nat) : bool := existsb (Nat.egb a) 1.
99
100 | Lemma memb_In : forall a 1, memb a 1 = true <-> In a 1.

101 | Proof.

102 intros a 1. unfold memb. rewrite existsb_exists. split.

103 - intros [y [Hy Heql]. apply Nat.egb_eq in Heq. subst. exact Hy.
104 - intros H. exists a. split; [exact H | apply Nat.eqb_refl].

105 | Qed.

106

107 | Lemma memb_false_notin : forall a 1, memb a 1 = false -> ~ In a 1.
108 | Proof.

109 intros a 1 Hf Hin. apply memb_In in Hin. rewrite Hf in Hin. discriminate.
110 | Qed.
111

112 | Fixpoint ftv (T : ty) : list nat :=
113 match T with

114 | TInt => []

115 | TVar a => [a]

116 | TArrow A B => ftv A ++ ftv B
117 end.

118

119 | Definition ftv_scheme (Sg : scheme) : list nat :=
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120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158

160
161
162
163
164
165
166
167
168

170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188

190
191

match Sg with
| Sch xs T => filter (fun a => negb (memb a xs)) (ftv T)
end.

Fixpoint ftv_env (G : env) : list nat :=

match G with

I 00 =1

| (., Sg) :: G' => ftv_scheme Sg ++ ftv_env G'

end.
(x *)
(* Instantiation: a real substitution for the quantified variables *)
(x *)

Definition only_on (xs : list mnat) (s : tsub) : Prop :=
forall a, memb a xs = false -> s a = TVar a.

Inductive inst : scheme -> ty -> Prop :=
| Inst
forall xs T s,
only_on xs s —>
inst (Sch xs T) (appT s T).

Lemma only_on_nil : forall s, only_on [] s -> forall a, s a = TVar a.
Proof.

intros s H a. apply H. reflexivity.
Qed.

Lemma inst_mono : forall T, inst (Mono T) T.
Proof.

intros T. unfold Mono.

rewrite <- (appT_tid T) at 2.

apply Inst. unfold only_on, tid. intros a
Qed.

. reflexivity.

(* A monomorphic scheme has exactly one instance, itself. *)

Lemma inst_mono_inv : forall T T', inst (Mono T) T' -> T' = T.
Proof.

intros T T' H. unfold Mono in H. inversion H; subst.

apply appT_id. apply only_on_nil. assumption.
Qed.
(* *)
(* Generalisation, with the Damas-Milner side condition *)
(* *)

Inductive gen : env -> ty -> scheme -> Prop :=
| Gen :
forall G T xs,
(forall a, In a xs -> ~ In a (ftv_env G)) ->
gen G T (Sch xs T).

(* What the algorithm commits to: quantify every variable of T that the
environment does not hold fixed. *)

Definition gen_max (G : env) (T : ty) : scheme :=
Sch (filter (fun a => negb (memb a (ftv_env G))) (ftv T)) T.

(* The obligation that makes soundness non-trivial. *)
Lemma gen_max_ok : forall G T, gen G T (gen_max G T).
Proof.
intros G T. unfold gen_max. apply Gen.
intros a Ha. apply filter_In in Ha. destruct Ha as [_ Hneg].
apply negb_true_iff in Hneg.
apply memb_false_notin. exact Hneg.

Qed.

(* *)
(* Declarative typing *)
(* *)

Inductive has_type : env -> expr -> ty -> Prop :=
| TyVar
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192 forall G x Sg T,

193 lookup G x = Some Sg ->

194 inst Sg T >

195 has_type G (EVar x) T

196 | | TyInt

197 forall G n,

198 has_type G (EInt n) TInt

199 | | TyLam :

200 forall G x body T1 T2,

201 has_type ((x, Mono T1) :: G) body T2 ->

202 has_type G (ELam x body) (TArrow T1 T2)

203 | | TyApp :

204 forall G £f a T1 T2,

205 has_type G f (TArrow T1 T2) ->

206 has_type G a T1 ->

207 has_type G (EApp f a) T2

208 | | TyLet

209 forall G x el e2 T1 Sg T2,

210 has_type G el T1 ->

211 gen G T1 Sg ->

212 has_type ((x, Sg) :: G) e2 T2 ->

213 has_type G (ELet x el e2) T2.

214

215 | (* *)
216 | (* Algorithmic inference *)
217 | (% *)
218

219 | Inductive hm_infer : env -> expr -> ty -> Prop :=
220 | | InfVar :

221 forall G x Sg T,

222 lookup G x = Some Sg —>

223 inst Sg T ->

224 hm_infer G (EVar x) T

225 | | InfInt :

226 forall G n,

227 hm_infer G (EInt n) TInt

228 | | InfLam :

229 forall G x body T1 T2,

230 hm_infer ((x, Mono T1) :: G) body T2 ->
231 hm_infer G (ELam x body) (TArrow T1 T2)
232 | | InfApp :

233 forall G f a T1 T2,

234 hm_infer G f (TArrow T1 T2) ->

235 hm_infer G a T1 ->

236 hm_infer G (EApp f a) T2

237 | (* The algorithm does not get to choose a scheme: it computes gen_max. *)
238 | | InfLet :

239 forall G x el e2 T1 T2,

240 hm_infer G el T1 ->

241 hm_infer ((x, gen_max G T1) :: G) e2 T2 —>
242 hm_infer G (ELet x el e2) T2.

243

244 | Theorem hm_infer_sound :
245 forall G e T,

246 hm_infer G e T —>

247 has_type G e T.

248 | Proof.

249 intros G e T H. induction H.

250 - eapply TyVar; eauto.

251 - comnstructor.

252 - apply TyLam. exact IHhm_infer.

253 - eapply TyApp; eauto.

254 - eapply TyLet.

255 + exact IHhm_inferl.

256 + apply gen_max_ok. (* here the side condition must be discharged *)
257 + exact IHhm_infer2.

258 | Qed.

259

260 | (* *)
261 | (* The side condition is not vacuous *)
262 | (* *)
263
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264 | (* A variable that the environment holds fixed may not be generalised. *)
265 | Lemma gen_rejects_env_variable :

266 | ~ gen [(0, Sch [1 (TVar 7))] (TVar 7) (Sch [7] (TVar 7)).
267 | Proof.

268 intros H. inversion H; subst.

269 match goal with

270 | Hc : forall a, Ina _ -> " Ina _ |- _ =>

271 apply (Hc 7); simpl; left; reflexivity

272 end.

273 | Qed.

274

275 | (* And the algorithm does not try to: on that environment it generalises
276 nothing, so the scheme it builds is monomorphic. *)

277 | Lemma gen_max_keeps_env_variable
278 gen_max [(0, Mono (TVar 7))] (TVar 7) = Mono (TVar 7).
279 | Proof. reflexivity. Qed.

281 | (* On the empty environment the same type is fully generalised. *)
282 | Lemma gen_max_on_empty :

283 gen_max [] (TVar 7) = Sch [7] (TVar 7).

284 | Proof. reflexivity. Qed.

285

286 | (* *)

287 | (* Instantiation really substitutes *)

288 | ( *)

289

290 | Definition s_int : tsub := fun a => if Nat.egb a O then TInt else TVar a.

291 | Definition s_fun : tsub := fun a => if Nat.egb a O then TArrow TInt TInt else TVar a.
292

293 | Lemma only_on_s_int : only_on [0] s_int.

294 | Proof.

295 unfold only_on, s_int, memb. intros a Ha. simpl in Ha.
296 destruct (Nat.eqb a 0) eqn:E; [discriminate | reflexivityl].
297 | Qed.

299 | Lemma only_on_s_fun : only_on [0] s_fun.

300 | Proof.

301 unfold only_on, s_fun, memb. intros a Ha. simpl in Ha.

302 destruct (Nat.egb a 0) eqn:E; [discriminate | reflexivity].
303 | Qed.

305 | Definition id_scheme : scheme := Sch [0] (TArrow (TVar 0) (TVar 0)).

307 | Lemma id_scheme_at_int :

308 inst id_scheme (TArrow TInt TInt).
309 | Proof.

310 unfold id_scheme.

311 replace (TArrow TInt TInt)

312 with (appT s_int (TArrow (TVar 0) (TVar 0))) by reflexivity.
313 apply Inst. apply only_on_s_int.

314 | Qed.

315

316 | Lemma id_scheme_at_fun :

317 inst id_scheme (TArrow (TArrow TInt TInt) (TArrow TInt TInt)).
318 | Proof.

319 unfold id_scheme.

320 replace (TArrow (TArrow TInt TInt) (TArrow TInt TInt))

321 with (appT s_fun (TArrow (TVar 0) (TVar 0))) by reflexivity.
322 apply Inst. apply only_on_s_fun.

323 | Qed.

325 | (* *)
326 | (* Genuine let-polymorphism: one binding used at two different types *)
327 | (% *)

329 | Definition id_e : expr := ELam O (EVar 0).

331| (* let id = fun x -> x in (id id) 42 *)
332 | Definition selfapp : expr :=
333 ELet 1 id_e (EApp (EApp (EVar 1) (EVar 1)) (EInt 42)).

335 | Lemma infer_id_e :
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336 | hm_infer [] id_e (TArrow (TVar 0) (TVar 0)).
337 | Proof.

338 unfold id_e. apply InfLam.

339 eapply InfVar.

340 - simpl. reflexivity.
341 - apply inst_mono.
342 | Qed.

343

344 | Lemma gen_max_id :

345 gen_max [] (TArrow (TVar 0) (TVar 0)) = Sch [0; 0] (TArrow (TVar 0) (TVar 0)).
346 | Proof. reflexivity. Qed.

347
348 | Lemma only_on_s_int' : only_on [0; 0] s_int.

349 | Proof.

350 unfold only_on, s_int, memb. intros a Ha. simpl in Ha.

351 destruct (Nat.egb a 0) eqn:E; [discriminate | reflexivityl.
352 | Qed.

353
354 | Lemma only_on_s_fun' : only_on [0; 0] s_fun.

355 | Proof.

356 unfold only_on, s_fun, memb. intros a Ha. simpl in Ha.

357 destruct (Nat.egb a 0) eqn:E; [discriminate | reflexivity].
358 | Qed.

359
360 | Lemma infer_selfapp :

361 hm_infer [] selfapp TInt.
362 | Proof.

363 unfold selfapp.

364 eapply Inflet.

365 - apply infer_id_e.

366 - rewrite gen_max_id.

367 eapply InfApp with (T1 := TInt).

368 + (x (id id) : int -> int, using id at two different types *)

369 eapply InfApp with (T1 := TArrow TInt TInt).

370 * eapply InfVar.

371 -- simpl. reflexivity.

372 -- replace (TArrow (TArrow TInt TInt) (TArrow TInt TInt))

373 with (appT s_fun (TArrow (TVar 0) (TVar 0))) by reflexivity.
374 apply Inst. apply only_on_s_fun'.

375 * eapply InfVar.

376 -- simpl. reflexivity.

377 -- replace (TArrow TInt TInt)

378 with (appT s_int (TArrow (TVar 0) (TVar 0))) by reflexivity.
379 apply Inst. apply only_on_s_int'.

380 + constructor.

381 | Qed.

382

383 | Theorem selfapp_sound :
384 | has_type [] selfapp TInt.

385 | Proof.

386 apply hm_infer_sound. exact infer_selfapp.

387 | Qed.

388

389 | (* The same program is not typeable if the let binding is kept monomorphic:
390 the two occurrences of [id] would have to receive the same type. *)

391 | Lemma selfapp_needs_polymorphism :
392 forall T,

393 inst (Mono T) (TArrow (TArrow TInt TInt) (TArrow TInt TInt)) ->
394 inst (Mono T) (TArrow TInt TInt) ->

395 False.

396 | Proof .

397 intros T H1 H2.

398 apply inst_mono_inv in Hl. apply inst_mono_inv in H2.

399 subst. discriminate.

400 | Qed.
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18.7 1&RiE

$ coqc HMSoundness.v
$ echo $7
0
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[ 18.3 Coq DU IF RN TyLam Z D K, N WO ZEKIIBEBTIREEICA S,

| TyLam :
forall G x body T1 T2,
has_type ((x, \ana{ = } T1) :: G) body T2 ->
has_type G (ELam x body) (\ana{ # } T1 T2)
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i 18.4 M DREHT, LET OLERIMENIE S, ZoOMEHEZE T,

- eapply TyLet.
+ exact IHhm_inferl.
+ apply \ana{ 7 }.
+ exact IHhm_infer2.

RE 7 1 — 1 A 1. VI, T Mono, # TArrow, 7 gen max ok
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Theorem progress :
forall t T, has_type empty t T -> value t \/ exists t', step t t'.

Theorem preservation :
forall t t' T, has_type empty t T -> step t t' -> has_type empty t' T.

19.3.1 ZMEDOEFEWL
let DEFIF T, FEXNZRNITARTOEMBETHLH L 2 2ERLTWS,

| TyLet : forall G x el e2 n T1 T2,
(forall ts, length ts = n -> has_type G el (open ts T1)) ->
has_type (extend G x (Sch n T1)) e2 T2 —>
has_type G (TmLet x el e2) T2

ZO5LTHLL, LETV Te ZRALIZEZ e DFOLEDHELNIFTIIH L THEID(FL Z
EMEBIHES, SEIHOHFTIX, HEITD TnLet DHZET TRXDE S BiRKMbE —D0ER] 7291
repeat TInt n Zffio T3,

19.4 £X

DR+ 19.1: L2t (Coq) HMTypeSafety.v

From Coq Require Import Bool.Bool Arith.PeanoNat Lists.List.
Import ListNotations.

(*

Type safety for a polymorphic core language.

What changed with respect to the first version of this file

The earlier development called itself Hindley-Milner but its types were

Inductive ty := TInt | TArrow : ty -> ty -> ty.

208




12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83

-- no type variables at all. Lambdas carried an explicit annotation and
[let] was monomorphic, so what was proved was the type safety of the simply
typed lambda calculus with let and addition. Nothing polymorphic occurred
anywhere.

Here types have variables, environments map to type schemes, and [let] is
polymorphic: the bound expression is required to be typeable at every
instance of the scheme, and each occurrence of the bound variable may pick a
different instance. Lambdas lost their annotation (Curry style), so the
language is the untyped calculus typed by the relation, as in a real HM
system. [poly_program] below is a program that is typeable here and is not
typeable in the monomorphic system, which is what makes the extension real
rather than cosmetic.

Quantified variables are de Bruijn indices ([TBound]) drawn from a
constructor distinct from free variables ([TFree]). Instantiation replaces
only [TBound], and the types substituted in contain only [TFreel, so variable
capture cannot arise and no freshness side conditions are needed. This is
what keeps the development short enough to be checked end to end.

Generalisation is given semantically: the [TyLet] rule asks that [el] be
typeable at every instance of the scheme, rather than computing the scheme
from the free variables of the environment as HMSoundness.v does. The two
files therefore treat generalisation from the two standard angles: the
syntactic side condition there, typeability at all instances here.

*)

(* *)
(* Types and schemes *)
(x *)
Inductive ty : Type :=
| TInt : ty
| TFree : nat -> ty (*x a free type variable *)
| TBound : nat -> ty (* a variable bound by the enclosing scheme *)
| TArrow : ty -> ty -> ty.
(* [Sch n T] is forall a_0 ... a_{n-1}. T,

where a_i occurs in T as [TBound i]. *)
Inductive scheme : Type :=

| Sch : nat -> ty -> scheme.
Definition Mono (T : ty) : scheme := Sch O T.

(* Instantiation replaces the bound indices by the given types. *)
Fixpoint open (ts : list ty) (T : ty) : ty :=

match T with

| TInt => TInt

| TFree a => TFree a

| TBound i => nth i ts (TBound i)

| TArrow A B => TArrow (open ts A) (open ts B)

end.

Lemma open_nil : forall T, open [] T = T.
Proof.

induction T; simpl; try reflexivity.

- destruct n; reflexivity.

- rewrite IHT1, IHT2. reflexivity.
Qed.

Inductive inst : scheme -> ty -> Prop :=
| Inst
forall n T ts,
length ts = n —>
inst (Sch n T) (open ts T).

Lemma inst_mono : forall T, inst (Mono T) T.
Proof.
intros T. unfold Mono.
pose proof (Inst O T [] eq_refl) as H.
rewrite open_nil in H. exact H.
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84 | Qed.
85
86 | Lemma inst_mono_inv : forall T T', inst (Mono T) T' -> T' = T.
87 | Proof .

88 intros T T' H. unfold Mono in H. inversion H; subst.

89 match goal with

90 | H1 : length 71 =0 |- _ =>

91 apply length_zero_iff nil in Hl; subst; apply open_nil
92 end.

93 | Qed.

94
95 | (* *)
96 | (* Terms *)
97 | (* *)
98
99 | Inductive tm : Type :=

100 | | TmVar : nat -> tm

101 | | TmInt : nat -> tm

102 | | TmAdd : tm -> tm -> tm

103 | | TmLam : nat -> tm -> tm (* no type annotation: Curry style *)
104 | | TmApp : tm -> tm -> tm

105 | | TmLet : nat -> tm -> tm -> tm.

106

107 | Definition env := nat -> option scheme.

108 | Definition empty : env := fun _ => None.

109 | Definition extend (G : env) (x : nat) (Sg : scheme) : env :=
110 fun y => if Nat.egb x y then Some Sg else G y.

111
112 | Lemma extend_eq : forall G x Sg, extend G x Sg x = Some Sg.
113 | Proof. intros. unfold extend. now rewrite Nat.egb_refl. Qed.
114
115 | Lemma extend_neq : forall G x y Sg, x <>y -> extend G x Sgy =G y.
116 | Proof.

117 intros G x y Sg H. unfold extend.

118 destruct (Nat.egqb x y) eqn:E.

119 - apply Nat.egb_eq in E. contradiction.
120 - reflexivity.

121 | Qed.

122

123 | Lemma extend_shadow :

124 forall G x S1 S2, forall y, extend (extend G x S1) x S2 y = extend G x S2 y.
125 | Proof .

126 intros G x S1 82 y. unfold extend. destruct (Nat.egb x y); reflexivity.

127 | Qed.

128
129 | Lemma extend_permute
130 forall G x y Sx Sy,

131 x <>y >
132 forall z, extend (extend G x Sx) y Sy z = extend (extend G y Sy) x Sx z.
133 | Proof.

134 intros G x y Sx Sy Hneq z. unfold extend.
135 destruct (Nat.eqb y z) eqn:Eyz; destruct (Nat.egb x z) eqn:Exz; auto.
136 apply Nat.eqb_eq in Eyz. apply Nat.eqb_eq in Exz. subst. contradiction.

137 | Qed.

138

139 | (* *)
140 | (* Typing *)
141 | (* *)
142

143 | Inductive has_type : env -> tm -> ty -> Prop :=

144 | | TyVar

145 forall G x Sg T,

146 G x = Some Sg ->

147 inst Sg T —>

148 has_type G (TmVar x) T

149 | | TyInt

150 forall G n,

151 has_type G (TmInt n) TInt

152 | | TyAdd :

153 forall G a b,

154 has_type G a TInt ->

155 has_type G b TInt ->
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156 has_type G (TmAdd a b) TInt
157 | | TyLam :

158 forall G x body T1 T2,

159 has_type (extend G x (Mono T1)) body T2 ->

160 has_type G (TmLam x body) (TArrow T1 T2)

161 | | TyApp :

162 forall G £ a T1 T2,

163 has_type G f (TArrow T1 T2) ->

164 has_type G a T1 ->

165 has_type G (TmApp f a) T2

166 | (* Polymorphic let: el must be typeable at every instance of the scheme,
167 and the body may use x at any of them. *)

168 | | TyLet

169 forall G x el e2 n TO T2,

170 (forall ts, length ts = n -> has_type G el (open ts TO)) ->
171 has_type (extend G x (Sch n TO)) e2 T2 ->

172 has_type G (TmLet x el e2) T2.

173

174 | Inductive value : tm -> Prop :=

175 | | VInt : forall n, value (TmInt n)

176 | | VLam : forall x body, value (TmLam x body) .
177
178 | Fixpoint subst (x : mat) (s : tm) (t : tm) : tm :=
179 match t with

180 | TmVar y => if Nat.eqb x y then s else TmVar y

181 | TmInt n => TmInt n

182 | TmAdd a b => TmAdd (subst x s a) (subst x s b)

183 | TmLam y body => if Nat.egqb x y then TmLam y body else TmLam y (subst x s body)
184 | TmApp f a => TmApp (subst x s f) (subst x s a)

185 | TmLet y el e2 =>

186 TmLet y (subst x s el) (if Nat.egb x y then e2 else subst x s e2)

187 end.

188

189 | Inductive step : tm -> tm -> Prop :=

190 ST_AddInts : forall n m, step (TmAdd (TmInt n) (TmInt m)) (TmInt (n + m))
191 ST_Addl : forall a a' b, step a a' -> step (TmAdd a b) (TmAdd a' b)
192 ST_Add2 : forall v a a', value v -> step a a' -> step (TmAdd v a) (TmAdd v a')

|
|
|
193 | | ST_AppLam : forall x body v, value v -> step (TmApp (TmLam x body) v) (subst x v body)
|
|
|
|

194 ST_Appl : forall f f' a, step f f' -> step (TmApp f a) (TmApp f' a)

195 ST_App2 : forall v a a', value v -> step a a' -> step (TmApp v a) (TmApp v a')

196 ST_LetValue : forall x v body, value v -> step (TmLet x v body) (subst x v body)
197 ST_Letl : forall x el el' e2, step el el' -> step (TmLet x el e2) (TmLet x el' e2).
198

199 | (* *)

200 | (* Structural lemmas about the environment *)

201 | (* *)

202

203 | Lemma context_invariance
204 forall G G' t T,

205 (forall x, G x = G' x) ->
206 has_type G t T ->

207 has_type G' t T.

208 | Proof.

209 intros G G' t T Heq H. generalize dependent G'.
210 induction H; intros G' Heq.

211 - eapply TyVar; [ rewrite <- Heq; eassumption | assumption ].
212 - constructor.

213 - constructor; auto.

214 - apply TyLam. apply IHhas_type. intros y.

215 unfold extend. destruct (Nat.egb x y); auto.

216 - eapply TyApp; eauto.

217 - eapply TyLet.

218 + intros ts Hlen. apply HO; [ exact Hlen | exact Heq 1].
219 + apply IHhas_type. intros y.

220 unfold extend. destruct (Nat.egb x y); auto.

221 | Qed.

222

223 | Definition env_extends (G G' : env) : Prop :=

224 forall x Sg, G x = Some Sg -> G' x = Some Sg.
225
226 | Lemma weakening :

227 forall G G' t T,
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env_extends G G' ->
has_type G t T ->
has_type G' t T.
Proof.
intros G G' t T Hext Hty. generalize dependent G'.
induction Hty; intros G' Hext.
- eapply TyVar; [ apply Hext; eassumption | assumption J.
- constructor.
- constructor; auto.
- apply TyLam. apply IHHty. unfold env_extends in *.
intros y Ty Hy. unfold extend in *.
destruct (Nat.egb x y); eauto.
- eapply TyApp; eauto.
- eapply TyLet.
+ intros ts Hlen. apply HO; [ exact Hlen | exact Hext ].
+ apply IHHty. unfold env_extends in *.
intros y Ty Hy. unfold extend in *.
destruct (Nat.egb x y); eauto.
Qed.

Lemma weaken_empty :

forall G t T, has_type empty t T -> has_type G t T.
Proof.

intros G t T H. eapply weakening; eauto.

unfold env_extends, empty. intros x Ty Hnone. discriminate Hnone.
Qed.

(* *)
(* Substitution *)
(* *)

(* The substituted value must be typeable at every instance of the scheme the
variable was bound with. For a monomorphic binding that is one type; for a
let binding it is the whole family. *)

Lemma substitution_preserves_typing :

forall t G x Sg v T,
has_type (extend G x Sg) t T ->
(forall T', inst Sg T' -> has_type empty v T') ->
has_type G (subst x v t) T.
Proof.
induction t; intros G x Sg v T Ht Hv; simpl; inversion Ht; subst.
- (x TmVar *)
destruct (Nat.egb x n) eqn:Exn.
+ apply Nat.egb_eq in Exn. subst.
match goal with

| H1 : extend _ _ _ _ = Some _ |- _ =>
rewrite extend_eq in Hl; inversion Hl; subst
end.
apply weaken_empty. apply Hv.
match goal with | Hi : inst _ _ |- _ => exact Hi end.

+ apply Nat.eqb_neq in Exn.
eapply TyVar.
* match goal with

| H1 : extend _ _ _ _ = Some _ |- _ =>
rewrite extend_neq in Hl by auto; exact Hl
end.
* match goal with | Hi : inst _ _ |- _ => exact Hi end.
- (¥ TmInt *)
constructor.
- (* TmAdd *)

constructor; [ eapply IHtl | eapply IHt2 ]; eauto.
- (% TmLam *)

destruct (Nat.egb x n) eqn:Exn.

+ apply Nat.egb_eq in Exn. subst.
apply TyLam.
apply context_invariance with (G
* apply extend_shadow.
* assumption.

+ apply Nat.egb_neq in Exn.
apply TylLam. eapply IHt with (Sg
apply context_invariance with (G
* apply extend_permute. exact Exn.

extend (extend G n Sg) n (Mono T1)).

Sg); [ | exact Hv ].
extend (extend G x Sg) n (Mono T1)).
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300 * assumption.

301 - (* TmApp *)

302 eapply TyApp; [ eapply IHtl | eapply IHt2 ]; eauto.

303 | - (* TmLet *)

304 eapply TyLet.

305 + intros ts Hlen. eapply IHt1 with (Sg := Sg); [ | exact Hv ].

306 match goal with

307 | Hp : forall 1 : list ty, _ |- _ => apply Hp; exact Hlen

308 end.

309 + destruct (Nat.egb x n) eqn:Exn.

310 * apply Nat.eqb_eq in Exn. subst.

311 apply context_invariance with (G := extend (extend G n Sg) n (Sch n0 TO0)).
312 -- apply extend_shadow.

313 -- assumption.

314 * apply Nat.egb_neq in Exn.

315 eapply IHt2 with (Sg := Sg); [ | exact Hv ].

316 apply context_invariance with (G := extend (extend G x Sg) n (Sch n0 TO0)).
317 -- apply extend_permute. exact Exn.

318 -- assumption.

319 | Qed.

320

321 | (% *)
322 | (¥ Canonical forms *)
323 | (* *)
324

325 | Lemma canonical_int
326 forall v, value v -> has_type empty v TInt -> exists n, v = TmInt n.
327 | Proof.

328 intros v Hv Ht. inversion Hv; subst; eauto. inversion Ht.
329 | Qed.
330

331 | Lemma canonical_arrow :
332 forall v T1 T2,

333 value v -> has_type empty v (TArrow T1 T2) -> exists x body, v = TmLam x body.
334 | Proof.

335 intros v T1 T2 Hv Ht. inversion Hv; subst.

336 - inversion Ht.

337 - eauto.

338 | Qed.

339

340 | (* *)
341 | (* Progress and preservation *)
342 | (* *)
343

344 | Theorem progress

345 | forall t T, has_type empty t T -> value t \/ exists t', step t t'.
346 | Proof.

347 intros t T Ht. remember empty as G. induction Ht; subst.

348 - (* TmVar: impossible in the empty environment *)

349 unfold empty in H. discriminate.

350 - left. comnstructor.

351 - right.

352 destruct IHHt1 as [Hvl | [a' Ha'l]; auto.

353 + destruct IHHt2 as [Hv2 | [b' Hb']]; auto.

354 * destruct (canonical_int a Hvl Htl) as [n ->].

355 destruct (canonical_int b Hv2 Ht2) as [m ->].

356 exists (TmInt (n + m)). constructor.

357 * exists (TmAdd a b'). comnstructor; auto.

358 + exists (TmAdd a' b). constructor; auto.

359 - left. comstructor.

360 - destruct IHHt1 as [Hvf | [f' Hf']]; auto.

361 + destruct IHHt2 as [Hva | [a' Ha']]; auto.

362 * right. destruct (canonical_arrow f T1 T2 Hvf Htl) as [x [body ->1].
363 exists (subst x a body). constructor; auto.

364 * right. exists (TmApp f a'). constructor; auto.

365 + right. exists (TmApp f' a). constructor; auto.

366 - (* TmLet: use the instance at a list of the right length *)

367 assert (Hlen : length (repeat TInt n) = n) by apply repeat_length.
368 destruct (HO (repeat TInt n) Hlen eq_refl) as [Hvl | [el' Hel'l].
369 + right. exists (subst x el e2). comnstructor; auto.

370 + right. exists (TmLet x el' e2). constructor; auto.

371 | Qed.
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Theorem preservation :
forall t t' T, has_type empty t T -> step t t' -> has_type empty t' T.
Proof.
intros t t' T Ht Hs. generalize dependent T.
induction Hs; intros TO Ht; inversion Ht; subst.
- constructor.
- constructor; [ apply IHHs; assumption | assumption ].
- constructor; [ assumption | apply IHHs; assumption ].
- (* beta *)
match goal with
| Hfun : has_type empty (TmLam x body) (TArrow _ _) |- _ => inversion Hfun; subst
end.
eapply substitution_preserves_typing; [ eassumption | ].
intros T' Hi. apply inst_mono_inv in Hi. subst. assumption.
- eapply TyApp; [ apply IHHs; eassumption | eassumption ].
- eapply TyApp; [ eassumption | apply IHHs; eassumption ].
- (* let of a value *)
eapply substitution_preserves_typing; [ eassumption | ].
intros T' Hi. inversion Hi; subst.
match goal with

| Hp : forall 1 : list ty, _ |- _ => apply Hp; reflexivity
end.

- (* let, evaluating the bound expression *)
econstructor.

+ intros ts Hlen. apply IHHs.
match goal with
| Hp : forall 1 : list ty,
end.
+ eassumption.
Qed.

_ |- _ => apply Hp; exact Hlen

Theorem type_safety :
forall t t' T, has_type empty t T -> step t t' -> has_type empty t' T.
Proof. apply preservation. Qed.

(* *)
(* The polymorphism is real *)
(* *)

Definition id_tm : tm := TmLam O (TmVar O).

(* id has the scheme forall a. a -> a *)
Definition id_scheme : scheme := Sch 1 (TArrow (TBound 0) (TBound 0)).

Lemma id_at_every_instance :

forall ts, length ts = 1 -> has_type empty id_tm (open ts (TArrow (TBound 0) (TBound 0))).
Proof.

intros ts Hlen. destruct ts as [| t ts']; simpl in Hlen; try discriminate.

destruct ts' as [| u ts'']; simpl in Hlen; try discriminate.

simpl. unfold id_tm. apply TyLam.

eapply TyVar; [ apply extend_eq | apply inst_mono ].
Qed.

(x let id = fun x -> x in (id id) 42
The first occurrence of id is used at (int -> int) -> (int -> int),
the second at int -> int. A monomorphic let cannot type this. *)
Definition poly_program : tm :=
TmLet 1 id_tm (TmApp (TmApp (TmVar 1) (TmVar 1)) (TmInt 42)).

Lemma poly_program_typed :
has_type empty poly_program TInt.
Proof.
unfold poly_program.
eapply TyLet with (n := 1) (TO := TArrow (TBound 0) (TBound 0)).
- apply id_at_every_instance.
- eapply TyApp with (T1 := TInt).
+ eapply TyApp with (T1 := TArrow TInt TInt).
* eapply TyVar; [ apply extend_eq | J.
pose proof (Inst 1 (TArrow (TBound 0) (TBound 0))
[TArrow TInt TInt] eq_refl) as H.
simpl in H. exact H.
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* eapply TyVar; [ apply extend_eq | J.
pose proof (Inst 1 (TArrow (TBound 0) (TBound 0)) [TInt] eq_refl) as H.
simpl in H. exact H.
+ constructor.
Qed.
(* The same program is not typeable if the binding is kept monomorphic:

the two occurrences would have to receive the same type. *)
Lemma poly_program_needs_polymorphism :

forall T,
inst (Mono T) (TArrow (TArrow TInt TInt) (TArrow TInt TInt)) ->
inst (Mono T) (TArrow TInt TInt) ->
False.
Proof.
intros T H1 H2.
apply inst_mono_inv in H1. apply inst_mono_inv in H2. subst. discriminate.
Qed.
Lemma poly_program_steps :

exists t', step poly_program t' /\ has_type empty t' TInt.
Proof.
exists (subst 1 id_tm (TmApp (TmApp (TmVar 1) (TmVar 1)) (TmInt 42))).
split.
- unfold poly_program. apply ST_LetValue. unfold id_tm. constructor.
- eapply preservation.
+ apply poly_program_typed.
+ unfold poly_program. apply ST_LetValue. unfold id_tm. constructor.
Qed.

19.5 ZHEALPEYTHB &
BSOS . ZHDMEID TRV L 2RTBIBANTH %,

Definition poly_program : tm :=
TmLet O id_tm (TmAdd (TmApp (TmVar 0) (TmInt 1))
(TmApp (TmVar 0) (TmInt 2))).
Lemma poly_program_typed : has_type empty poly_program TInt.
Lemma poly_program_needs_polymorphism :
Lemma poly_program_steps :

AT id 2 2 2RI CHIORUCHE S T u 2T a0, B E, RECENTEZ 22 Z2RL TV,
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$ ./miniml3

> let f x=x + 1;

f : (int -> int) = <fun>

>f = £,

Runtime error: these values cannot be compared.
> (fun x -> x) = (fun x -> x);

Runtime error: these values cannot be compared.

f = f FZBEMFVTVS Rl —3REIhB), ZRTOWTHETH L, s TEIIC
b b, ZHUDFEED (stuck) TH D, ETEHIEL TV BIEXTOIRETH 5,

SOFh, BEOA S 27 2, EHI-o TWAKEIEL VBV, EHEEATWRY, Bh
TV DX TRENZDOKSEQHIPFNICINE > TWVWD ] EWVWHFHEDIZS TH 5,
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.
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Invalid argument ZiXH$ %, BTI3#23, M5
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o FHEDFHMIEENEHEBHICHIK Z 2 3BEL WAL, IERILL 2Bk, SML TH
DT FHEEHI B CTH 2, WHEZExEDOYE 21213, FHMiigsZ AL S T 20, E5
FTAPZHEETEZ2DOWTRLNES,

o ZHHERDIIF ETRAZEED,

19.8 TUESH[EEE

fd 19.1 EITERD TR 2 HD X

Theorem progress :
forall t T, has_type \ana{ 7 } t T -> \ana{ £ } t \/ exists t', step t t'.

[ 19.2 REFEF D TR ZHD X,

Theorem preservation :
forall t t' T, has_type empty t T -> step t t' -> has_type empty t' \ana{ ¥ }.

R 19.3 E¥EZOMETH 2, EIRET 1 — nn OB P EO[EIZ[ D,

Lemma canonical_arrow :
forall v T1 T2, value v -> has_type empty v (TArrow T1 T2) ->
exists x body, v = \ana{ T } x body.

f19.4 g EIOHAITH %, BIBIMETH 5 Z L ITHEEE X,

Met)| * |=lem| A |t

R 7 empty. £ value., ¥ T. T TmLam. * v. H v

19.9 EXk[IRE

M19.5 TG5% %) (stuck) DEREZEZ, PIIPRVWATEHE2DD% 3 DT X,
B 19.6 ML LWMEIEEE S bRn e %2, oW RL — 7 ofl %2 OURt,
1 19.7 BEE OENETEME O © OGETlbN 2 H. FEHZIE > TEARIICHERE X

R 19.8 fRADFHE (substitution lemma) DFiREFH =, ZADRGFEEHEHD YOG ETHELNS
IR X,

R 19.9 AF D MiniML Tl f = £ UM EZE > TEITRICED 5, ZOUOETEHEDKEIT
HBZrHw, EEHOTRICHES U THEICHR X,
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f19.10 E@I%, Standard ML D & 51T 2 EA L TEE 720 Rl e R HRIZ
ESEZNUI X VD, Fhl ZOEBETETRLRET0T T LED 50,

f19.11 MLk, OCaml @ & 512 THBEIEIFINZHRIFTE V) CERLERBLTESZE DT
%3, ZOHE. BITEHOFRIZIY S E XD 30,

f19.12 ERIL L 72 EkGR & . FEEOFHEgR S —B L T3 Z L 2D 2 7% 2 D¥F, £
nZEN DR & AT B X,

[ 19.13 REDFEHIZIZ 1let rec 23V, HIREZMA 7z &, ETERIFOIAHDOE ZIZF 2 A
NDREDD 50w C Ko
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T 8A RAD Standard ML ADEEL

A DXFFEFNL, 1993 4 4IFD Standard ML of New Jersey (SML/NJ) N—a ¥ 0.93
DEFNIEONT WD, 2Dk 1997 FIZFEMERANET S (SML *97) , HE#ES 475
(Standard ML Basis Library) 23¥fixt7z. BEAFTE 208 FR (SML/NJ 110 R, MLton,
Poly/ML, Moscow ML 72 ¥) 1IBBLrda SML 97 ICHEM L TW5E. 2Dk, AXD T F A
EZDEFEANT DL, —HEBARIPED > TOTHED»RWV. ZOMERTE, DFFTEL TV
HRE, TOEZMATT2EeD5.

Al XFEXF5

RORKERLEHEII XFH char DEATHS. SML/NJ 0.93 1ZIFXFRD2L, 1 XFD TR
X1 OXTFH|] TERLTW., SML 97 TlE 1 XFE char BLOETH D, #"a" D LS 1EL.

ik A& (0.93) Bife (SML 97)

1 X F DKL "a" #"a"

XA 1 XFTOIIf%E | explode s @ string list explode s : char list

XY R b " SFAIAN implode : string list -> string | implode : char list -> string
CFFN D A b O (implode THH) String.concat

XFa—F¥z53 ord "O" ord #"O"

I— FHhH3FEAN chr n : string chr n : char

XFHNDRE size s size s ([FAIL)

728 ZAIAEE 4 BEOFAIT TRV
10*i + ord(input(ISTREAM,l)) - ord("0")
X, HEOIATIIRD X 512# L (input DEHIZXESR) .

10*%i + ord c - ord #"O" (* ¢ & char B %)

A2 AHHD (RRU—=L)

%28 B 4 BETHOAAHNBERIZ, T TextI0 BEFIIBINL. B LRXIGIERD
EBHTH%.
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AE (0.93)

BIE (SML "97)

open_in "f" TextIO.
open_out "f" TextIO.
input (strm, n) TextIO.

TextIO.
TextIO.
TextIO.
TextIO.
TextIO.
TextIO.

output (strm, s)
lookahead strm
end_of _stream strm
close_in / close_ out
std_in / std_out

flush_out strm

openIn "f"

openQut "f"

inputN(strm, n)

output (strm, s)

lookahead strm (char option %iR3)
endOfStream strm
closeIn / TextI0.closeOut

stdIn / TextIO.stdOut

flushOut strm

& < IZ lookahead I¥, DO TIX 1 XFXFHNZIRLTWD, BIEX TSCFENHIUL SOME c,
#&Uf72 & NONE| &£\ char option HZR T RICHEDPNLETDH 5.

A.3

R (print ¥ makestring)

SML/NJ 0.93 @ print (3EBCMBED 2D E FRRTE XD, SML 97 @ print ORI
string -> unit WKHEES N, BREBEZRRT 512E, Vo AFIINZEWT 5. 0.93
DJTRERIEN makestring FFEIL S h, BT OZHBEARIZ TN,

AE (0.93)

BIE (SML "97)

print 10
makestring (n:int)
makestring (r:real)

makestring (b:bool)

print (Int.toString 10)
Int.toString n
Real.toString r
Bool.toString b

L7=MoT, % 3 FED IntItem ND fun show a

a = Int.toString a ¥F<.

A4 BfESREA—N—0O—F

AXEH 1 ETIX, fun square x = x *
(x:int)

N5, ALTHRFRZ M- TV S EATDZ <

makestring a (¥, BIfETIX fun show

x; DA —oN—n— FERIZKH L, fun square

x * x; DX WHFRBIHETH -72. SML 97 TlX, IR TER VWA —N—n1—
FIZBLET int RSN 5729, fun square x

X % x; IXFDEF int -> int LR
X, HEOUHERTIXEWT XV,

HH—DODEEIX [EFIE (value restriction) TH 3. B 5 B TSHRE ref (TN [§H0WEL
Y1a EWIHFKELIE SML 97 TlEH WS, Kb DIZ, GUME TR WHETIZZ MR

SN s WS HAI (EHIR) 12X D ZeMEIRIEENS. val ¢

ko RBEHOANCEEXNS.

ref []; 1& ’_a 1list ref D
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A.5

A.6

E D1t

exportML, exportFn (£§ 2 &) & SML/NJ M HDHEET, BTEIX SMLofNJ.exportML,
SMLo£NJ.exportFn & W5 AR o TS (MLton R ETIERIDHIETHEITZ 74 %
E3) .

fun, val, if --- then --- else, case --- of, XX —2<vF, let --- in --- end,
abstype, signature  structure  functor, fIS}MILIHE (exception, raise  handle)
EWVo L FREDOEI®E, SML 97 THZDEFWHT 2. RETHESREZTIIBEDLHULT
|AYA4 AN

U Z NEE% hd, t1, null, map, rev, length, @, :: X5| XM ZHEMTHZ S (List
MERIC O AR OB D 2) . 1272 UAFEMAICER LTz foldl / foldr X, fH¥ED
List.foldl / List.foldr XI5 DIEF - EPELRZ2DTHEET 5 Z v (BFHERRIX
List.foldl : (’a*’b->’b) -> ’b -> ’a list -> ’b).

WMIBZRDAF

FEWE, BEFPE 7R v —=IDBUIRRONTIDZE#D 5.

SML/NJ (XFEERIEAARE DFHSICHR D IEWV)
Poly/ML (¥ CTXIEEAIFH A <)
MLton (@b 84 5. SATHEEZ BT 2 E M %)
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1 8xB BENMECFEDF5|E

AEEKZT05, XHIEREDDEEZRIT 3.

e R. Milner, M. Tofte, R. Harper, D. MacQueen, The Definition of Standard ML (Revised),
MIT Press, 1997.
SML 97 O EeEHRZ DB D. AREHE 5 T - 55 10 T THUN 7 IR D BRI ERN T 212
H5.

e L. C. Paulson, ML for the Working Programmer, 2nd ed., Cambridge University Press,
1996.

SML % EBANCERNERE. MRT — 2P 2 — LDV FE L.

e R. Harper, Programming in Standard ML (4> 24 Y HEF) .
B2 27 L e ERGm & B L 72 AFY.

e J. D. Ullman, FElements of ML Programming, ML’97 Edition, Prentice Hall, 1998.
SML "97 IZHEMLL 7= T 7z AP,

o KYEIEIZH, [Standard ML # 12X 270275370 13, HAETHD 2B T 75
I VT OREE.

AREDOEED R UE, EFRICUHERICAT L THEPD 5 Z e THR DL, 18 A 2SR LN
5, 358 1 ED NV LOREKHE (append, el, last, map, filter, foldl /2¥) X HNTH
x, BB EBDICREZDEHRT L2 XV, ZD5 XA THE 3 BOMRT— B, 5§ 4 ELF
® SML T ML %2535 %) hA~EDIX, 4 27V 2XOftHA L SFEOREMKR L AHRICD
RBoOTHRZITL 372%5.
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T 8C HREOUNIBRTOIREE (2026FE8A)

ik A T, AFEDOFHFZTLBIED SML '97 L DEWEZEIT . AFEIZZOHZT, KEDH
RAZREBICVWEOBBTESELRERTHS. ZODRE 3 7ZAMS Mac &, HEZREICHS X
573 Linux—T, WHREZAND & 22006060 T, AXCHEMED T0 7 LAz HIZED L.

C.1 FANT-IBE

B A (Mac) B5 B (Linux)
Bt - OS  Apple >V 2>, macOS 26.5.2 aarch64, Ubuntu 24.04 LTS
ML ¥ SML/NJ 2026.1 Poly/ML 5.7.1

MLton 20241230 (MLton (3#&ib 0B TAA])
AR AR mllex / mlyacc (MLton [FIfH)
AEA %%  Rocq (Coq) 9.1.0 RIEA
A 21 H 2026 4 8 A 2026 4 8 A

C.2 NEBRIEIVWIHAS

AFE SML/NJ ZHHRICLTWS. WETHAS. L LEROEE (CPU) ICL>TAS
MIBRHGES Z L IRV D, BAITED Ry 7 — I B RERICFHANERIEIRD B TH .

ALEE R macOS (Apple ¥V 2>) Linux (x86.64) Linux (ARM)

SML/NJ O 2026.1 O 110.79 X Rt L
MLton O 20241230 O 2021 i X RPN ST
Poly /ML O O 5.7.1 O 5.7.1

BANFZIhZFR, macOS 725 brew install smlnj (mlton, polyml) , Linux 725 apt
install smlnj (mlton, polyml) T 5.

Linux ® ARM ffiZ SML/NJ & MLton 23#EWoix, EEAAHEIAZ D CPU A DRy 7 —
VafEoTWRWIDTHS (Ubuntu O—EZEHFAXTHEDI D) . ARM D Linux Tld
Poly /ML ZfEXIE& V. KEFEOHIEIZZNATEHIL,

C.3 FXDHIBEZESEIMER

B1EDILE IBEFTORERNZHAE— VR MOKER, n HFHOWDH L, map, foldr, B
FHH, —OBEBROEACITENTIE, >/ F ¥ BRI R Z Yy 7, RO — %
1DOD7 7 ANIZFE D, WTOMNHRIZHAAEE T,

SML/NJ 2026.1(Mac) Poly/ML 5.7.1(Linux)
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reverse [1,2,3,4,5] 5,4,3,2,1 5,4,3,2,1
get_nth ([10,20,30], 2) 20 20

map square [1,2,3] 1,4,9 1,4,9

foldr (op +) 0 [1..5] 15 15

fact 5 120 120

fact "1 handle Negative 7999 999
COBEAR > fTETIE 1,3,5,7,8,9 1,3,5,7,8,9
Stack.push/pop SOME (2, [11) SOME (2, [11)
eval (2 + 3%4) 14 14

ZODMBRTHAIITERIC—BLT, 2F D AXONEIR, 5k A ODEEHZ (char Bk
Y) XZSFE, WEOMHERTZDE F¥R5B,
B NEEREOM- O LA IR L IES,

UBLIES FELE) & FiAIA A

SML/NJ sml £475, use "reverse.sml"; (KX EEBD)

Poly/ML poly &4T5, use "reverse.sml";, £ ®HTHEITTS7L5 poly --script f.sml
MLton MEEERIRIIIE WV, mlton f.sml THEIT7 7y A VEAED

C.4 BHE (BFOWER) z8h LIcER

%13 BLFTIES MiniML &, 0 _FIC#EB 7248 - Prolog* C 2> %4 8 Lz, &
HigkorBHTh s,

ol Mac Linux (ARM)
MiniML DO#2E (make) O MLton Tiio 7z X MLton 23 A 572\
EEDAERZ—N (make tools) O 5 AL b7 X Ak

MiniML TREFRZEIE O fact 10 = 3628800 X

HAE Prolog ®OfW&HH O append / member DMfEZFIZE X

Al DR (Rocq 9.1) O 2 K& LD HE - 72 P NSy i

HYE Prolog 1%, 7% XX append(X, Y, [1,2]), member(1, X) W HEZF D WEDHHIC
FMLUX=1[1]1, Y=1[2] & X = [1,2], Y = [] OO0 %EIZIRT & Z A FTHW,
Linux ® ARM TH#EDE 2720 D1F, MiniML ORI MLton B35 TH %, x86_64
® Linux %5 apt install mlton TADD T, £H 5 TIEFRIL L5 ZEH <, ARM DM L 5
NG EE, 5 13 ELEIX Mac 2 x86_64 @ Linux THE®D % & X\,

C.5 BE2MHDOIERICOWVT

520 F - 5 21 BT AE2MHDFEHIX, Rocq (IH Coq) THEMAREEL TW5, FTtd
Rocq 9.1.0 T, 2 A& BB =B L 7= (HMSoundness.v, HMTypeSafety.v), aEFHX#ER
ZH4HTD Coq 225 Rocq IZED 27283, coqc EWHaAx Y F{IFZDFEMZ 5,
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C6 Fd

o AEDHIEZ, MBREENIFVEFDHZDOXEEH <, Mac TiZ SML/NJ, ARM @ Linux
T& Poly/ML %1{£ 5,

o MNIWIHRDZED > TH—H LTz HEINFITHEIIZR,

o W=D HIFENMARIX MLton 25, ARM @ Linux 7Z1HEEAG Sy 77— I DN D T,
Z DEF IR DEETIT S0

o {JEEk A (BHUKD Standard ML NDFGE L) OEXHZIE, WEDBLETH S, & IT char
e AT FEDDIEIAD X FTIEEL R,
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* 5

abstract data type, 42
abstract syntax, 97
algebra, 109

algebraic specification, 111
axiom, 111

axiomatic semantics, 109

backus normal form, 97
binding, 5

BNF, 97

bounded stack, 41

CAML, 3

carrier, 109

compiler, 59

complete partial order, 117
currying, 10

datatype, 59
debugging, 23

denotational semantics, 109, 115

dictionary order, 56
directed set, 117

divide and conquer algorithm, 30

domain, 97, 109

EDML, 3
encapsulation, 42
environment, 98
expression, 5

expressions, 96

free variables, 96
function arguments, 96
function names, 96
functor, 45

garbage, 100
garbage collector, 100

higher order functions, 13

imperative languages, 99
interpreter, 59
isomorphic, 111

label, 119, 120

label extract function, 120
leaf, 48

least upper bound, 117
list, 7

lookahead, 60

many sorted algebra, 109
Meta-Language, 3
model, 110

mutual recursion, 89

node, 48
non-terminal symbol, 62
null string, 107

object oriented language, 42
operational semantics, 109
operators, 96

partial order set, 117
pattern match, 7
polymorphic type, 6
procedual languages, 99

record type, 60, 119
reply, 96

root, 48

row polymorphism, 120

scope, 23
sequence, 24
sign, 112
signature, 109
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SML, 3

sml, 3

sort, 109

stack, 41
Standard ML, 3
state, 43
stream, 25
syntax, 97
syntax sugar, 14

term, 5

terminal symbol, 62
terms, 96

tilde, 4

type inference system, 104
type inferences, 3

upper bound, 117

variables, 5
variant type, 60

AR X, 59
HE T, 96
F7Y 7 b fRIASEE, 42

BUMERR, 4
RIMERR S 27 4, 104
IS, 3

& Fral, 42

AV —1k, 10

BRI, 98

%D fE, 13

R D515, 96
BE%A, 96
Sefd-PIEF RS, 117

724H, 120

JH, 5, 96

I FERARL, 13
WSO, 14
N 111
INFHEE, 109
Z A, 100

Z AEDHIKEE, 100
a4 7,59

/DR, 117
RN ESR 117
SeFt A, 60

=, 5, 96

¥ =F %, 109
wrEEF, 56
UL s, 62
HHZR, 96
HEFAUEAS 110
5117

IKAE, 43

Aa—7 23
AZX w7 41
A Y=L, 25

Ffi, 48

HHEFH, 89
BERERE, 109
Y — 1, 109

&, 109

REL, 109
REBULAE, 111
ZHA, 6

%y — MUK, 109

SN, 97
G T — %A 42
FILER, 4

frx, 24

Fihi ST EFE, 99
TN 7,23

FBE, 111
XV F, 107
i, 48

J—F, 48
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HE 48
NRE—=V=vF T
Y7 ML60
FIEFES, 117

JEIRRC S, 62
FOREM, 109, 115

TR, 45
5, 112

SYEIE 7 LY X A, 30

K, 97

R, 5
RE, 96

3

B

&, 99

]
p={U118

E7L, 110

GR2AZ v 7 41
BHEES, 117

S~ 119, 120
7 ~OUHHH BE%K, 120

) —7 . 48
YRk, T
#EISL, 97, 109

JL— 1, 48
La— K8 60, 119

#HMT, 5
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