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ABSTRACT

Caml is a variant of general purpose functional programming language ML. This
project implements a Caml compiler: Caml Featherweight, which implements almost
all Caml syntax. The main part of the compiler is written in OCaml, generates bytecode
on an abstract machine to execute. The runtime system and bytecode interpreter is
written in C. A code pretty printer is also implemented. Caml Featherweight has also

been ported to JavaScript which can be executed in web browsers.

Keywords: compiler; functional programming language; Caml; ML

II



BB Bl B oo
F2F MBS CamIBEIEE ..o
2.1 Caml ...

22 MY
23 EEARLRH
2.4
2.5 TG
2.6 FlFk
2.7 A
2.8 M

EIE

E4E

4.2.1
422
423
4.2.4
4.2.5

4.3.1
43.2

Type constructor. FARER ..

AR RRIESAIE
4.3 AANES T
TVEIHT o
VR

I

TESEERUER ...
HIFESSANIEIT
4.1 PATIT%
42 &



433 FEMTFRRET, XM A A i 16

44 BHERIR 18
4.5 First-class function BISEH ... oot 18
4.6 IR 18
B 5B RIS . 20
5.1 Strict functional language FIFHERHLAS ... 20
5.2 Lazy functional language FJHMRHLAS ... 20
5.2.1 Krivine machine...........ooiiiiiiiiiiiii i 20
5.2.2 Three Instruction Machine............. ... 21
5.3 Logic programming language FJHIZRMLAT ... 21
54 Zinc IR HLES . 21
5401 DR R 22
542 MR ARG 22
5.4.3 Tail call BT BRI ..o 23
544 Lt GBI oo 24
5 B 25
BB B BRI oo 27
6.1 Block FIEEBIIIX A oo 28
6.0 L B 28
6.1.2  BlOCK oot e 28
6.1.3 IR L 29
6.1.4  BUHIIZRIR o 29
6.1.5 PELIIZRIR oo 30
6.1.6  FRIEMIIRIR oo 30
6.1.7 Block F1F XOR FREMIK . ....ooei i 30
FTE BIF BEEIEIT 31
T R 31
7 R R T 31

v



7.2.1 AU generalization ............c.iiiiiiii 32

7.2.2  SERIE generic 2R 32
73 FFEHT A-alculus ... 32
T30 AR 34
732 BHPEAUCHD ..o 35
733 BRI 35
734 F T8 A-calculus T8 X ..o 36
74 978 A-calculus BHIF AL Zinc BRI linearcode ....ovvvvvvvninnenn.... 36
T4 AJRE 38
7.5 Linear code flF TS, ARERCHE o 38
76 B 38
7. BT R G R R 39
771 WAL size 8O 0 BIRJIERS ..o, 39
772 AJRMEVIGEI 39
773 FBAFREDFIIRIL ..o 39
774 BRI 40
BB HAMt .. 41
LT B o6 (<11 015 1 17<) 41
8.2 MEAHE Web Bl ... 42
82.1 Js of ocaml........oooiiiiiiiiii 42
8.2.2 T ettt 44
8.3 M H: BCTF 2015 CamIMazZe. ....cuvvneee e 45
OB EBE 47
9.1 Fast Feed-Muller Transform ...........ooiouiiiiiiiiiii i 47
10 B BBR 49
10. 1 BT A 49
B RS 51
R R 52



L - S 54
J= N | I 55
MR A ISR 56

A.1 The Zinc experiment: an econonomical implementation of the ML language56

VI



][l

£1& 35l

Caml & ML 4a 218 5 XM — 1145 5, 0 INRIACTF K, ZHiTE Ecole
Normale Supérieure. Caml s&>— [ T H KRB MEES, HU0F LRS-
« K H call-by-value FJ=RAE KRS, FoVFREIMEH AT imperative programming
o BRI BAT BN AR L
* X¥F first-class function, EREATLAE int. string ABFEMIME—FE E %
B, Al
o ST ERASRM A, JFReESESRE, BT C THREEM.
« 3¢t 7 immutable programming ) & 437 #F
« ZHZE, R4 T AR SCRE, RIT Java B generico
o SCRAAREC S SR AR SAUT BT LA B AT (R B0 45 4
AT H 2 W 5221 Zine BISEIH—ANSEIL, SEIL T BRI RGN LT 4
[FE) Caml 18, £S48 BHKE), KR A Caml 1EF, FERECH:
e
Caml W5 AT LT 1987 “E B, fTH 1 Lisp, BINHNAEM CPU FHFRKK
MR N “Heavy CAML”. £E 1990 fil 1991 4F, Xavier Leroy 4’5 1 #5523l
Caml Light, E1TH KRG TSRS MEH C 95, HARNE Caml. 1995 4,
Caml Special Light & A, ‘BAERZJ7 Y & | Caml Light, 1X—TiH Z WL 1
1R 2 THI ) X G L & -4 =2 Ay 44 4 Objective Caml(Z J5 X444 OCaml).
AIHH OCaml 445, 2% | Caml Light FI454), B4 RG0S5 i
B C oS, A 1000 247, AR HE R OCaml, £ 5000 217, ML
Caml Light /MR 2%, [FHE4 A Caml Featherweight.

@® French Institute for Research in Computer Science and Automation



$£2F NMESIE Caml 1IBSIEE

Wi H sEHA2E Caml 18 5 F1 Caml SEARE 42—, R T HHH Caml Kig
AT H 9w 12 28 SEILE 5

2.1 Caml

Caml FEF7 B4 T3 XAMRIENXHM, TR 4G PR

o HESCRMFI . HITEIa0s AR SRR, sl 2 A O SCRA S

%o

o let € Lo BT C g X amA E ek 8. A gfEis 5 o

first-class ), FMERA KZ X7, B R EHE SCRA T HALEIE .

« HESGRHRA,

« Kk,

Caml #2537 AEAF AR KT I AT B TR EH, HIE 2IRIE K =
SERISRAE . #E Caml FPBcA RIEATEAIHIX 73, RILF AT U= A5 Fp AR R R
TEH

2.2 v

N SRE — AN (H A 2 — 28 R 2 Caml Featherweight 3% & SZ A,
HEEfRNTIX BLACAY), Trabb Pardo-Knuth algorithm f) Caml SZELUN T :

let f x = sqrt x +. 5.0 *. (x ** 3.0)
let p x = x < 400.0
let () =

print endline "Please enter 11 Numbers:”;
let Ulst = Array.to list (Array.init 11 (fun  ->
read float ())) in
iter (fun x ->
let res = f x in
if p res
then printf "f(%g) = %g\n%!” x res



else eprintf "f(%g) :: Overflow\n%!"” X
) (rev lst)

HIPRAT let @ X TS, el £/ p, #iE—1 408 x
28, REAAEF SN, Caml TR RREN A, FIt sqrt x ik
AF C i sqrt(x), FHHBHENHOHAEREHLS S, Fit sqrt x 1Y
HHERAEENEZ R/ +. &5 AEn, ** 2Ry,

let () =fER—ARENL, ZRAAVEINZERENZ;, CHFHTH
FNTEA)H; AE Caml B RIS XM AR TG, AR Jaxf 7T — ARk R,
B T ZRIE AR, R BBTRAAM R AT PR 2 3] ML % 1H 4R
Mz hb, JEIEARERG XK,

; I print_endline A T/=4 %, FEHNUZE— let g6, K
T CHE—XRHE S BoE X REEEIFPITFEHE] . iter XML, 5
—ANSHE— lambda BRE (B X RE), ZSHAGWE —NMEZ—ANSHW
PR, MIX HL T DA 3] Caml A R BUE N first-class X R HHRFAE: 7T LA 7 {11
B IFAL I

23 EARLHE

Caml SZFF RN FEAREA, FRMAAH 7 HAE IR RN Tk
F 2.1 FHEARRH

bool true. false
char "a's '\n’
int 12. Ox0e

float | 3.0. 2e-5
string | "hello”. "world”

24 BEF

22250 T Caml SCRFAIHEAERT
Hp =, <> <SF8BAER, H TENBTR RS RAB M AMER RS
B RN, sEBal P25 runtime/compare. c.



K22 BAEFF
= 'a -> 'a -> bool FEE, CRHMERR S
<> 'a -> 'a -> bool AN
== 'a -> 'a -> bool XToint: BEMESE; HAb, £5F—X

R

I= 'a -> 'a -> bool =25 AU
<, 'a -> 'a -> bool INF, CFRHMERESH LLE
<= 'a -> 'a -> bool INTEET
>, 'a -> 'a -> bool KT
>= 'a -> 'a -> bool KTET
+ int -> int -> int hn
- int -> int -> int ik
* int -> int -> int P
/ int -> int -> int Fa
mod | int -> int -> int 15
+. float -> float -> float | i
- float -> float -> float | %k
*, float -> float -> float | 3
/. float -> float -> float | &
&& bool -> bool -> bool w5
| | bool -> bool -> bool W By
land | int -> int -> int -4 DA
lor |int -> int -> int Ei7 g1
Ixor | int -> int -> int YA 78X
1sl | int -> int -> int B
1sr |int -> int -> int AR
asr |int -> int -> int HAL#
not | bool -> bool BIRAG
+ int -> int BH
- int -> int BH, Rk
+. | float -> float HH
- float -> float HH, Mk

float HIINERERERIERFA int AFP, X H 4] BIE 2] ML Z & Caml
A SML PHRHLIR AT 78 B0 SML SRR — B4R AT, IXFERU T ZERAEAT A M

P 2L

Caml K44 | “principled overloading or none at all” ) ¥ 2%,



2.5 JriA

TCHARIVRMNE S, WAV A RN A PR G, JTTdiE
o FE 5008, SNBSS, .

# let a _tuple = (3,"three”);;
val a tuple : int * string

FEE AN GRS SR T AT LA I [R5 5, R P ARy, IX BLANR
CIRDNEEL D S UNIGE i) o 2N DS P

# let (x,y) = a_tuple;;
val x : int
val y : string

2.6 Ik

JodL Al DAAE [ e 2 H AR e I G k2, 1R AT AR s Al [F) 2R R
FEEHHTR, BFRENERIIRTHENIEE, WRREIRN [1, WA
MANTCRIIFIER [3; 4].

PRI G il — RS, BT R DU E ([, BEE S R
F—ANFE G461 S R LRGSR s s, bedn: 3::[])e 1 MESR R — MR
BT, RALER, A2 [3; 41 WTRELE 3::4:: [ MiEENE.

2.7 R
BAHRRAT PR, "R FER R B H ook, IR 7 BENLYT
fRIZh e :

let a
let b

I n
—_—

3; 4; 711
"a”,('c’,false); "b"”,('d’,true)|]

Vi A — AR
a.(3)

B — IR

a.(3) <- 'a’



2.8 B

BR—ASHL RESHOIN— R

let plus one x = x + 1

MK CIEE AR, PR ASHE 20 E], JIF AT =,
N ML FEAE C X 3B A MERIER.
IRESE X Z SRR KL, SRR 70 E:

let sum of three x y z=x +y + 2z

BRESVE HIET, XNHEMAH] let rec:

let rec fib n =
if n < 2 then
n
else
fib (n-1) + fib (n-2)

R CHIBAR RS, LAE—1 let rec HFFRIKE XA EE
Bz E M and 7%

let rec is even x =

if x = 0 then true else is odd (x-1)
and is odd x =

if x = 0 then false else is even (x-1)

XFE Caml & 5 Wit i — M. C Fal DU s 80 B R 05 U445 58 A
HIT T P R H0 i AT BL ST 22 5 8 SRR, B 80 5 B AE SURUM A PE A &
BT BELEISAT I P AR 2R TS — Sy ) AL, AERPARRSIT, Caml t 1610 1 i
VA PR KL RN 38 SCIIPRAE 3 R X TR S5 IR AL 2

2.9 REHHERBAETE

Caml W& | —2eR RG2S . option R P RESKHIME, & None. Some
(4,true,7,'a’).
T2 option MI—ANNA, FowirsMa:



let divide x y =
if y = 0 then None
else Some(x/y)
THEEER type ATLAH T H € SUREEE 28
type t = Zero | One of int | Two of char * int
type tt = A of t
FHEN T —ANRE t, EA= MG Zero, One Ml Two, #%ZA
[FIHIZ 5
B VLEC A A B R E A, AT DL B 3 2 1 2 4

match a with

| At ->
match t with
| Zero -> 0

| One i -> 1
| Two(ch,i) -> 1

BAULEC R AT T int., string &AM, RERCFT, W] LALEAE
BH:

match s with
| "hello” -> true
| -> false

QUL RC th T I T 2R, % 70 SO LBV P BT Sk R OR AT R0
Ak, AAVCEAEREAE, MAimal BIE -> JERREA 5 -

match s, 'a’, 3+2 with
| "a" Ial’ v _> "a"
| g, h, 5->9g
| B > "b"
210 HBH

SR T — R WS AT L, AR, WERENR I
BRECN TR Sk N E R Division by zero F%, NHMFEFHIET
o IR 12:



try
output _int (1/0)

with Division_by zero ->
output int 12

WA G EC R, <=4k Match failure 74

output int (try
let Some 3 = None in
1

with Match_failure ->
0)

try et EIERR T A ERE, WEREALR) try TOVERERE, S
REGHNZEI try:

output int (try
try
let Some 3 = None in
1
with Division_by_zero ->
0
with Match_failure ->
2)



E£3EF THHEFEMRA

cd src/jEPHAT make AT g IF A camlfwe. 7R RE A
camlfwrun. FHBEES camlfwod.
o B R BE BRSO R B AT BAT IO TS S

% ./camlfwc -v /tmp/a.ml -o /tmp/a.out
Compiling /tmp/a.ml

- 1 unit

Linking /tmp/a.zo -> /tmp/a.out

ffH camlfwrun $47:
% ./camlfwrun /tmp/a.out
camlfwod 7] LLZ 7R H A5 SCAF 0 i AT 0T S 42 5136

% ./camlfwod /tmp/a.zo
%File /tmp/a.zo
Relocatable file

Offset 8
Length 33
0008: PUSHMARK

% ./camlfwod /tmp/a.out
File /tmp/a.out
Executable

Length 34
000c: PUSHMARK
%File /tmp/a.zo



Relocatable file

Offset 8
Length 33
0008: PUSHMARK



FA4E WIESIANT
41 PITH&E

G A AT TR R B3 DY 28 -

L EREPAT AN B 5 SCBL, MRS BUTEIEM 5 B 1 AR RI AT SEEs
IBATIN fEREIIAT, (ETERERAR.

2. AR, ALEEER AT A EARHAT . RO TR .

3. AR ERHLE EPATH TS SRALTAACHS, B4 RS T —
MG LR RN, AT KRGS B A28k LRI,

4. BRI HA S IOE S . AR RN 0TSSR, EATE S TR,
IR Z A HRE KRR L. MiFD— [ TRSUE S AR 2 T ERS 21
.

4.2 IEFEFEIHFEREERTR
421 FiERK

W B MFRRIBEARIRAE, N7 IR RAREIrARE R, 2T
FEEERBEMREN AEER. RRMERFEAWMITE, —HEEE G
ar B — MR
type expression =

| Pexpr_apply of location * expression * expression list
| Pexpr_array of location * expression list

XA T A AU T 1 b 7 #S L DL B A, B e, ARANTT . G RAE A I8 25
MU record R E, BIAULECH S AT (E,

LA I 7 SRR A A R AL
type expression = { e desc: expression desc; e loc: location }
and expression desc =

| Pexpr_apply of expression * expression list
| Pexpr_array of expression list

11



W F I TAEE Z40iE, 4 expression i&a] L% i+ ESEALK .
{ELEFR A LB 5B 2 — Mg R, R B 281,

type expression = { e desc: expression desc; e loc: location }
and expression desc =

| Pexpr_apply of expression * expression list

| Pexpr_array of expression list

| Pexpr_constant of constant

| Pexpr_constraint of expression * type expression

| Pexpr_constr of long ident * expression option

| Pexpr_for of string * expression * expression * bool * expression

| Pexpr_function of (pattern * expression) list

| Pexpr_ident of long ident

| Pexpr_if of expression * expression * expression option

| Pexpr_let of bool * (pattern * expression) list * expression

| Pexpr_sequence of expression * expression

| Pexpr_try of expression * (pattern * expression) list

| Pexpr_tuple of expression list

422 1ELE

AL AR A L= 7 — ik o, Wi, o, Midds, &
25, HHPARTHI for, ; 5, MRERCZH Lz, FIHEN
BREN—1KA pattern.

pattern 2/~ expression “FIMEE, [FFEHE THZEENEE,
I INAL EAS B IR A AN

and pattern = { p _desc: pattern desc; p loc: location }
and pattern desc =
| Ppat_alias of pattern * string
| Ppat_any
| Ppat_array of pattern list
| Ppat_constant of constant
| Ppat_constraint of pattern * type expression
| Ppat_constr of long ident * pattern option
| Ppat_or of pattern * pattern
| Ppat_tuple of pattern list
| Ppat_var of string

423 FERFRZERN

expression fil pattern R YFHBIRAR 2 (i (3 : int). (xs
'a list)), | type expression Fix, XtHE—H expression
IS .

12



and type expression = { te desc: type expression desc;
te loc: location }
and type expression desc =
| Ptype_var of string
| Ptype_arrow of type expression * type expression
| Ptype_tuple of type expression list
| Ptype constr of long ident * type expression list

4.2.4 Type constructor, E{REHY

fEERTBY B ASR FH BN SRS . BT Caml SCRESEUGEAY, R anfr &
REI . MR IR AR IR Bk
FEUMTS — RN LS HMER (0 int. string) MSHLER (In'a
option), ‘EfT#E L H type constructor(int. string. option) %%k %
NS H15 21, type constructor ] UL A E & — M — & Z W FR IR AR, KA
type constr &I~
HAERMZRMA typ ¥78, W LBLH type constructor M F 3| 2 % I 15 3
(Tconstr), Lt product 27 B arrow A&7 XA 3], WAl bLE&—
A~ generic 25! (Tvar, typ level & -1) 8 & — /N A E KA (Tvar,
level FE-1).
34 Caml 37§ type abbreviation, type constructor 1] g5 ] 75 — A~ ARk,
g LR B3 Mg X
type typ = { typ desc: typ desc; mutable typ level: int }
and typ desc =
| Tarrow of typ * typ
| Tconstr of type constr global * typ list
| Tproduct of typ list
| Tvar of typ link ref
and typ link =
| Tnolink
| Tlink of typ
and type constr = { ty stamp: int; mutable ty abbr: type abbrev }
and type abbrev =

| Tnotabbrev
| Tabbrev of typ list * typ

4.2.5 FEREEANAERSTEL

XFHRMEL type t = ARFEMREE X, DUE—SPERM G float)
%, M type desc Ein, HAMAE—NRRIRE, 9 1EN)E S0 B bl

13



H. Z2HEURM AR TFSEONERRE, Hik type desc AT EWLRSHA
H(ty arity). ZES40MENA type components HKHE R, A&
abstract type. variant type B{/& type abbreviation.
5 type desc KELFZMIER IR constr desc, FikA A= ILHT
Hh S AL A AR I 2 F B AN R, B R BN T R R AR SR (typ), £
T 2% (cs_kind: constr kind) MEERZHSEHIZEA (of JEHEH) Z.
WANEE MR cs tag: constr tag F T IX 4h Rl BRI iR R K
%%&0
type type desc =
{ ty constr: type constr global; ty arity: int;
mutable ty desc: type components }
and type components =
| Abstract_type

| Variant_type of constr desc global list
| Abbrev_type of typ list * typ

and constr desc =
{ cs_arg: typ; cs_res: typ; cs_tag: constr_tag;
cs_kind: constr kind }

and constr kind =
| Constr_constant
| Constr_regular
| Constr_superfluous of int

Hrh constr tag fiiidtyigas oM . 2 B E UL AR A it &, 3R
T B I IMEREX Ay [ — DB A R G 2% G R A& 2% 2 closed type H,
IAX D AFIER A TE—MEE, WHESNARS, F— P RN
g asbr s BAMIE . 8 7T ARSAE T, s a0 A H Mg g 2hs 5 4, 1]
DL —Acdl int * int RERES.

N7 —8E, exception BRMRIEEMIER, M exception KAETF
TR, ROA i 2 AT LAE CAEAN R, HH ASZBR ], AT LSS —Fh extensible
type, XL AR IRFFRIN
type constr_tag =

| Constr_tag_regular of int * int
| Constr_tag_extensible of long ident * int

14



4.3 AESTHT

4.3.1 AR

T A ocamllex. X—#B4rSLUAE lexer.mll Hi,

Caml SCHF H E SGRIERT, AR B — AN FRRE, AR SHE
MR AR, PR AL S A TR A E AT 2 s AN TR 3R] 3=

Caml Light 3% % K5 H/NGIFLPRIRFFEAT X 73, HZ 5 OCaml Y5 A
Al ULVE B X 0 5B E T S A 7. BRI IR I E P KNS 317X 5

A — TR EE R T TR R TR RSN, HREF R L
TR R, AHEAS M R

432 EESH

X—H# 7 SLWAE parser.mly H. i T H ocamlyacc 8 menhir. FiAA
STE QRTS8 X AN TH 7 AR R A RS S

Z 4 yace SLIHCRH T BRAEFFAR Je FOR M e Fe N/RLL 5%, http://caml.
inria.fr/pub/docs/manual-ocaml-4.00/manual026.htmI i | IX —fE it #2. 752
H AL F) — 8 R i) @ IR A DU R

BITESHEINTIR FERRSREAWIERLER expr, EHHEAPHAT=4
NEESHERRIEAM DS oEHRIEX, LgiES (COMMA) AT Em T4
5 (SEMI), B LLUn FsEHl:

expr:
|
| expr_comma list %prec below COMMA { Pexpr tuple($1l) }
| expr SEMI expr { Pexpr seq($1,%$3) }
|

expr_comma_ list:
| expr COMMA expr comma list { $1 :: $3 }
| expr COMMA expr { [$1; $3] }

15
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Hesprec below COMMA &5 e 5 — & =AML g, MmTERR N
expr_comma_list HRFIAER TN COMMA i, menhir iE£8 N A ZZ)
expr_comma_list -> expr.

X FpiEEH R A — R 8. SN 44 expr COMMA
expr_comma_list HIA I A5~ SEMI K, M%) expr comma list
-> expr At expr COMMA expr comma list -> expr FIftsegiy K
T SEMI, PRI, Joikihe m B —A~, AL LR R

R TT S RAT B T BUE A a  :

expr_comma_list:
| expr comma list COMMA expr { $3 :: $1 }
| expr COMMA expr { [$3; $1] }

fEAE ] expr_comma list B EEERFEIK. BRI AXES
HAE B 3R KBS N JC 3R LB 5y, R S N I R A2 3 U T R A 38
BELLAEE T AS S RAL B, OCaml B LM HE AR Ik, £
parsing/parser.mly " aEHE B — LK FEHIH T

4.3.3 RHTHRIREF, XOoOWESRNTE

Caml Light {135 32 73 1 SO P 38 52 B SC A Rl 20 9 FE XUy 5 23 1 2 A
phrase, f##fr5¢—> phrase JA L RIBHTIRA & . SRS TIE, FRALR
ME. KA. G aE E . ML RS B3 7 I8 B — MR IR, Ed &
W2 AT 15 58 SOTIZARRFT IR IE 2% R X AR IR AT R i A5 i 2 A8 . Caml
Light FEHR 7222 B2 75 I TAEEGS 2 1 TP BL.

A B e 8 B AT IR SO AR R R REAT AR BE ORI I AR, HUEfE s T
OCaml MIFHTERSEIL, X0 KANEPIMIR RS, KSRGS, NI

=

HHo

X MR — B8 5 SCMEE, TN AR 2 SR TR 118 5
EMESRMEARS. TRAEHNS.

XHEWAEERIN TIESH—FE, false fl true NMiZEIEHIERS, 1]
K5, SLHFWIREES Caml Light FF TR BCRIW 2 5 e IGE, tgilr
()5 RRAEIFNE M i false M1 true WAE AialiE T,

16



AT EREAYN 3=  Caml Light 2R — phrase(FRiA. let & X, type &
X5 exception i& X) 5 HLAERM S5, 1M OCaml H1, JEFKE A phrase A
[RIX 535 2 A A BE T o

J715 58 X o3 FRIX AT AR L AN HER IS SO AR B SE . A H — N HE& 45
ff structure item FTI/RHAEFRIAR phrase.

SRR = Fha] e

o R 5 — 3Rk phrase.

« DUIKIEI phrase 3k, ZEEW5 5.

« DIIERIA K phrase 3k (H structure tail FR)

structure tail o] DAEAERSEIMME R A LML ZE, L]

and>
(aYy

AL

SEMISEMI seq expr structure tail

SEMISEMI structure item structure tail

structure item structure tail, XFPREHLNTR T 4 BE X535 K

it

implementation:
| structure EOF { $1 }

structure:
| structure tail { $1 }
| seq expr { [make impl(Pimpl expr $1)] }
| seq expr SEMISEMI structure tail {
make impl(Pimpl expr $1)::$3 }

structure tail:
| /* emtpy */ { [] }
| SEMISEMI { [] }
| SEMISEMI seq expr structure tail {
make impl(Pimpl expr $2)::$3 }
| SEMISEMI structure item structure tail { $2::$3 }



| structure item structure tail { $1::$2 }

structure item:
| TYPE type decl list { make impl(Pimpl typedef $2) }
| LET rec_flag let binding list {
make impl(Pimpl letdef($2, $3)) }
| EXCEPTION constr decl { make impl(Pimpl excdef $2) }

Caml Light &5 080 — L8P Caml Light 1915 7% 43 M ST 38 A7 78 HoAh —
sk, IR S e g CIRRGREL, 1R 2 Hh 5 Bii% H%nonassoc T A
%left Bi%sright 4.

4.4 HHERR
4.5 First-class function BJSCIR

SCFF first-class function 75 22 SCRFE pR EUE MAE AL, T DAfEgE =Y. H
PEIREME, SCREANIRIERE. PR B E ARy, &y nT BAYs i) FJZ 3
)i g, B RAE A E SRR ST, TRt —F oy Ao e &

— A7 SR P, R T A AR A R RS — A . R ARG AT LA
AR FAFAT TR A BT 5T R, T PN R o8 0 TR 05 1) 1) b )2 o ) =) 3 A &2 gk
TR — DN EIRSEM HE, FRONIREE B A 2 31 7w P 6, S 5 s 1) 2%
BRI 0NE FH BE VR0 U7 I IR, A A 4 P ) AR N 1) A AR AR A G
EIE MR RN AU E HE.

H—H 77 RS2 lambda lifting, 7] LLSZIR first-class function 387 R .

4.6 URIFRIEBLIT

o MEATIEACADAST B4 FAEER

o RAHEFAF B KRB IE VR

o B R de Bruijn index 378 A-calculus. JRUGAITEEM A-calculus
ME— AR R A S, 1ZP 7 A-calculus 3t 1 let. JFIBEHEAE (Whnik.
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i, QU . B4 boxed data &%) X —&B 70 I AL HE— g A UL AT

KT &5,
o 978 A-calculus F1FF| Zinc MR HL 25
o IBITH RGEREAAT Zine I ZRHL 28 T 1505

19



BE5F HRIF

R LA (abstract machine) —25 —PPATIEST, (HILEBARIIALE (W1 x86)
BT REEAMT . SHRVLEEF RN — DS 2 B (virtual
machine). {H virtual machine IX/NMA#E) 2 H THAE RS &ZH S H, Bk
R MR XA DL IR RS A X

15 e LA T 2

5.1 Strict functional language HI3HZR 185

» SECD machine(1964) call-by-value

« Functional Abstract Machine(1983) & — 1M . Ht4ki) SECD

« Zinc Abstrace Machine(1990) 7] LA {E & Krivine machine [] call-by-value it
PN

5.2 Lazy functional language BYIMZE 188

* G-machine(1984)

» Krivine machine(1985)

* Three Instruction Machine(1986)

* Spineless-Tagless G-machine(1989), HF T Glasgow Haskell Compiler

5.2.1 Krivine machine

K de Bruijn index 7~ A-calculus FIIUE U1 T
M = n|(MN)| AM

Krivine machine {{ 5 =2k 4584 : Access. Push fl Grab, # call-by-name f{]
A-calculus M Z)°A weak head normal form, ‘& RIEIIFE T EUF:

[n] = Access(n)

20



[(MN)]]
[AM]

Push([N1); [M]
Grab; [M]]

MLERE — MUBFER . 3% (— AN EYIER). & (FEIR), IREEBR TR
W

% 5.1 Krivine machine

Code Env Stack Code Env Stack
Access(0); ¢ (co,ep)-e s co 2 s
Access(n+ 1);¢c e S Access(n) e s
Push(c"); ¢ e s c e (c’,e)-s
Grab; ¢ e (co,€9) s | C (co,e9) e s

5.2.2 Three Instruction Machine

F&#1& Three Instruction Machine (TIM) ) — MR UFFIM R, FRAEILSLEL T
— M) B lazy functional language ) 4m1%2%. TIM 7& spineless I M4, H =
% FEE[ 454 : Take. Push 1 Enter, [KIt#i#%A Three Instruction Machine, 1]
PLSEIL pure A-calculus 1) call-by-name 1157, B 5%F58 2 H 00 A 2 FhHh bk AL,
NTERERBEEEZRR, EFEEZMIELS LR TEZ MR T
TIM HI5E58 T AR S BT H

5.3 Logic programming language R3S 138

5 F Warren Abstract Machine fz FLARA

5.4 Zinc #H&RHE

Caml Light R 7 #4777 N2 g B2 Zine #HRHLLE

LT Krivine machine, Zinc IS IEEHMIAEL . Zine AMUEALH A4, &
FIAL PR AR BE SR, Bl T —A RS0 I 45 5 . Krivine machine
R 2 O R, SER IR B A, WRAMESR 7y, BT RP R a2
e AR TIUC R HRAE, SairokPEREIR.
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Wb tail call iz B )R IE AR K2R B 4R IEXE ST Return,
EXFEMRIEXTRESAMAITIF TR, FHHH CRprx—BIPIRETR, TR
AL T tail call 7 B I FRIAXFIRIBETT R
541 ifEEBTE

n 2 de Bruijn index, BRI :

T[n]] = Cl[n] = Access(n)

W& TR G EIREBEENT):

2 5.2 Zinc: Access

Code Acc Env Arg stack Ret stack
Access(n);c a e=Vvy - Vyrr S r
C Vn e S r

542 N A#HE
SeRFE— T Zine [FIRTHK CAM 2 T {a] &1 9% 28 08 FH 11 «

Clinl = Access(n)
ClaM] = Closure(C[M];Return)
C[M N] = C[M];CIN]; Apply

XFT—A n ZH KRB, H curry BB LR A n XS 500 R H8
H, a4 n - 1 ANIGE AL

Zine i ¥ —Aeit, SCHTASHNA B REIF A S Hk, 3T & BUlHE
Findsd, HEM Apply fR MR &E n NS 8 . HE T AY:

let id x = x in

let f x = id in
let g f x = x in
g (f 3) 4

22



4 IEANSHRRERT £ 3KRME, 3 EARENH f, ik BronER e 3 A 4,
MG f RSB RAE A FIIRFE-MHERE fREENSHAE—
Ao — ML RIESEARR M TR RIT, RKAANFERERHRZSE . Zine R
g2 Pushmark 84, S8 EEAILS €.

FERE—MEN, $UT Return B SEHRTA —E & e, AIREZIHLAMAE, I
2 Hl partial application FHXJ IR L, BT BRI 45 5L 2B s 4, B sk HCEAE A2
RTEIZSE b S R — R, FELENHIIR TRSE .

C[M N; N;--- Ni] = Pushmark; C[Ni]; Push;- - - ; C[N;]; Push; C[M]; Apply

% 5.3  Zinc: Push, Pushmark, Apply, Return

Code Acc Env  Argstack Ret stack
Push; ¢ a e s r

c a e a-s r
Pushmark;c a e s r

c a e €S r

Apply; ¢ a=(cp,en) e Vs r

co a v-ey S (c,e)-r
Return; ¢ a e €S (co,ep) - r
Co a €o N r
Return; ¢ a=1 (cp,eq) e Vs r

co a e v-s r

A TRAEN first-class {5, EALIHN Mz HEMAERR. k7 #fE%5h,
ME— REM Rl A2 B B S8 b, A R BUASAT 56 2 ) 7 2R [ 2 caller, [AUE
A tail calle DY Apply 484 @S HL LS NS HR P55+ T,
BE A PRI AT DA B IXANRAE . 256 BB, W RUCR A R T

Cl[AM] = Cur(T[M]; Return)
Cur FIfEH & —A .

5.4.3 Tail call EiFH5 EMHL
2 B AT A AL T tail call A7 B HIN AT A FhR BT E.

23



%54 Zinc: Cur

Code Acc  Env Argstack Ret stack
Cur(c’);c a e s r
c (c’,e) e s r

Tail call 17 B (1) B BN H SEVFIE S RIS 5, BRI ] B AR R 2 A G
WHMZEURRE T — PR, BN e TR NS H L. FERAH
B e 2 EIZH. B A RN, WARAR - AHESEZ JE N A EIRT
MZ% L, TUEENSER B SH s 2R, APUT R R,
REE e, WS EA, T EAERMAE.

TAM]

Grab; T[M]
TI[M Ny Ny---Ni¢]l = CINgl; Push;--- ; C[N{]; Push; C[M]; Termapply

Code Acc Env  Argstack Ret stack
Grab; ¢ a e Vs r
c a v-e S r
Grab; ¢ a e €-S (co,e9) - r
co (c,e) € S r
Termapply;c  a = (co,e9) e Vs r
o a v-ey S r

544 let 48&E

let x = N in M ATV (AM) N DA let, XA MAFIAMG,
UFBG 7 EE R ELBE L N FUMGEIBR B, #6 and BIAT 2%, HERKK
HCRIFRBE I . T tail call BfS5L, et ik a5 505 R R 4|
AHgRsEE, L Endlet 4549591,

Clllet x; = Ny and...and x; = Ny in M] CIIN:{1; Let; ... Cl[IN:]; Let; C[M]; Endlet k

T[let x; = Ny and...and x; = Ny in M]| C[IN:11; Let; ... CI[IN]; Let; Cl[M]

Clletrec x; = Ny and...and x; = Ny in M| Dummy k; C[N;]; Update k — 1;. ..

24



C[[N]; Update O0; C[M]; Endlet k
T|letrec x; = Ny and...and x; = Ny in M]] = Dummy k; C[N,]; Update k — 1;...
C[Ni]; Update 0; C[M]

Code Acc  Env Arg stack Ret stack
Let; c a e s r
c a a-e s r
Endletn;c a Vi V,-e S r
c a e s r

55 54&

NHfERE— L R BRI L

 ACCESS n SREUCGAETH S n MELL, HUE RN

« CONSTINT8 n 8 int8 t RAIFIHE n jiltre B inesh .

« GETGLOBAL s R A7 0y s 14 BB RUE 2 n g

« SETGLOBAL s 2 g2 m#s H BHEAFANFEAL 5.

« APPLY BREUNFH, AR¥EIR [ bk AT 2 5y A5 A 2 P AL R R [R1 6, [R] A 4E
SHRR T A I B8

- POP 9t S %k% -

o PUSH 88 228 iH I N S 5k -

« PUSHMARK #tt € [JE NS %% »

« CUR, FHARZS 1R BIARIS AN S AT A B P, TN B Inas .

« GRAB &S WUONME, WIS H AR I B FASE 75 T4 2 PH AL TBON 2R D4
FFIR [

« TERMAPPLY RS, [F] B4 S 0k T s tH s I PR 5

« DUMMY n ZEREI RN n MERME (W BELRKEE),

« ENDLET n fEMBEH I n NG,

o LET 48 2 hna% N5

« UPDATE n FH 2 IN#8 E RT3 n M

« GETFIELD n % m#s 88 N H KRR AT block HIEE n M.

« MAKEBLOCK tag, size tR ¥ tag F1 size 3f1)% block.

25



« SETFIELD 2/N#8R/~ 1 block HI%E n NME B ASEALH B IR
« BRANCH 7 k%% .

« SWITCH fR#E 2 m#s KR 1 block [ tag FIBkHE R BEH .

« CCALLY Zmastrnfiifeas v UG R AL, PUTIZREL.

« RAISE il 7%

 RETURN & ZHUR TN € B H IR ], 75 AT 028 A i P A

26



B6E HIEERT

ANFRISEAYTE 5 WS BUE ] 1 BUORAN [A i Bds 22 5 1.

X T Scheme IXFF BN A S AE T LI, BERAEIBATIN & ZhRE LLX 0 A
[FIZRAL, P KA BERIE FEE i —fodE H g, @ 2 — IR
£, 4RI— block, block EAFHEAMRHIEE, XFA7 7 PN boxed, id3x
KR, HHEH T boxed KM . F TRUGEE R 8L A 64 A, MHLEETK
AN AR IS o 4R BT AT BT o] RE AR R B8, DR M s Bt A 2R boxed 2R

DRI g B2 54 1 a1 1 e 25 RS, B0 AN FAR AE block H If FH AR &
PR, TR A HRALE 1 77 AR R BUONTRE I8 20 2 — 2
XA, BARAIN 0, EMFIRITIEATIREECL .

XfF C. Pascal IXF£¥) monomorphic & AEF 1L, KNG H#HAT
AT RN, S BRI ADE G, B R AT LA AR RN
FARGRE DU FE P i BT DUCR BRG] unboxed K7k, T LA &R /N 1) %L
KM, Wi int8 t. int64 t 5. AIEZRAIN ok Eth v LURBAS [F] i H £
€, HUNSHONET SRR, AR 22 58K T AR I H B B AU S BURAEAN
ZFAFas .

71 N\ parametric polymorphism /&, [F@ARFEIR, H=KMERITE:

« BRI polymorphism A2, Ll Modula H R 5E 1 5 ST DA 202 FR 6T 2R 7Y,

Java AL unboxed U1 int #4508 Object. XAy =sk 2

A EM, I HRHE 5 R BOR B4 .

o NAFIZRBA B2 A ARRS o C++ BERSGHE W R BGX AN T7 2, AN AR A A B

ANFIIACRS o Sk AR RN K, R R PRI In, v Re s E U

* XM Scheme R IR TT o kK boxed KA. i U PR RE K

X5 TH A — A5 AR, B R C A1 Scheme 45 & 1) /572 1E polymorphic

AAG R GINERRIME B A%
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6.1 Block FIE X5

HRHL boxed KM 730, ZHAITH . M. float 55, EAIMSEL
b A AR F HE B X BC I — SR NAE R, (AR RS R EAT, S HeE M &
FEAE I ERAE R EATR R e . RO ARA N 1 ER R

6.1.1 E¥

—AVHESE BN 20+ 1, TE— A 32 BEHLES b (FTAME E R A 32
Bl BEORHY Ant SRR (<292, KT Ak [-2%,2). AR
o, BHOEHHEM S, HABUR I 2 - xo IESEELA x4y — 1 %,

6.1.2 Block

—> block H1iC 3 TuHE # & B AT SEBR A7l BB PR 7 . FAT R L AL
LA PR AL IR A A ek, FoA block RS — Mg 20, ol AN, B —
AMFI0 K tag block IR/ - 573% [BIW B color. 5 /M52 —1> XOR
FERAREN, E LB 2 BCH block #HR /E—~ XOR #ER HL .

bits 31 20 19 87 0 31 0

| size | color | tag | | xor of prev & next |

Tag (54— 579, FRIR T 1% block BIZRAL, AT TIX /W EKA float(ER
TR ADBNEETF S ¥, string. array fl sum EBRH 7HF— MRk 28,
HRAIRUREE, RATEX S ARARBEE LD, R & EbRRR e
AR RAERA TR — MG

#7 tag AT H%T No _scan tag(251), mi&EaixA> block f74if 1 ¥k
HARAFEHIFIEE, AROZAE AR T8 M HAb block 1I48EH. —MUEKL
BIE R BRI RE, 2B tag 15 0+ 1. 2 R0k, unit RAKIESE ()
() tag {9 1, bool KA HyiEEs false [¥) tag [N 0, true ¥ tag H N 1.

size XK block MFREHEEH, XT true XFEAEE FHIME, H size
M0,
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color 3 H T3 e A, F T3 K A Schorr-Waite graph marking %%, color
7 4 max[log, n + 177> bit, HH n @ 1% SIFREHERECH « W5 color AN size
AT AR RE, andR SR BT B, size 80 R AT LA 212 — 1 = 4095,
TCAHARMEA IS 4095 10T, — NSRBI 1E 28 20 H AR MEE I 4095, PR A7
TN T X B SRR HR R B 1 o AHAR XN T R K EE AR RN, 4095 38 =2 A%
BN, BRI AN R EER BURF IR I 2275 77 2, 38 color 3K bit WAE Y size i
F, AHSXFE R 75 ZE AR T 774if color 3, FRaLFE 1 7F XOR $84H8 5 Fn—4>
F 9wt color,

Ko VR | — e WA iR U7 2

Fe6.l BIEHINERR

i )
3 3%2+1=7
‘a’ 97*2+1=195

true | fEm—"A~tag N 1, size N O [ERFIFEEN

false | 8 —1 tag N 0, size N 0 FIELAIFRE!

[] a1 — tag N 0, size N 0 IBRATEET

3::[] | FEM—"tag A 1, size A2 WIERAIFRES, ZIRETPEANES BN 2%3+1=7
—AEEo [] sk

6.1.3 FHENERTR

FLFH Y block Y tag KT No_scan tag, {HTHE MR s A X 5.
PR D 4 H AN 25 i o) FeAt Y U 4R BHI, SR AT Schorr-Waite graph marking 5
EBLIR R, AR Z X A 2 S bR idad, color Bk 4% v R A —> bit, HR
bit #BHY size 3k T, size 3L 23 4> bit, HE A URRKE N 22 - 1 IFFFH

bits 31 9 8 87 0 31 0

| size | color | tag | | xor of prev & next |

6.1.4 BEERRT

T block 1 tag KT No scan tag. JERE—/NF 1 color 345 #
W size k5, I ERK & 224 — 1, color A 5h 3] XOR B 5481
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T

bits 31 87 0 31 0
T +----- I R +
| Ssize | tag | | xor of prev & next |
L +-----  Fmmmmmmm e +

bits 31 0
T +
| color |
T +

6.1.5 HBHRR

P16 F block ) tag /NT No_scan_tag, size I[EHE N 2, PS> 5N
AADFRE AR R G 1A

6.1.6 IFEBEHERTR

NT 8, AEWH block %o, HECAEAXAF NELE, tag LK
B, size WA R HALA# AR HL

6.1.7 Block # Ay XOR f5%tia

5 F mark-sweep 75 U5z 3 [l 28 75 B REIE ER O I HEXT &, FRAE &6
ff) XOR 1§ ’éJriJZEPé’ETF'Tﬁﬁﬁﬁj\@’u‘ﬁ%\ﬁ’]ﬂ%i@o X T 167 B R USCER BIT A 0 R I E AR
WCHBRIPIR A, HEERE R (HEERRRME, TR TR, My
AR AT BE TR B SCRFMERAE . RN FREH IS B P85 oK, A T XOR
fEFR, BRSNS AR B O T SRR S 485 A bk () XOR. R XOR #E3%
Ll R A A Mk R AT 3 AN
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EBTE HWE EHENET

7.1 RIEELR

fEMTAS B SOEER 5, 25 B gm it A2 0T DL 43 A LU TR B B :
- KA. MERTEGAE, RUHESFEARX—PIHT,
o AETEVEMEER AR R R AR A - calculus
o YA A = calculus PN Zine THIRHLAF TS BMFE AR —
AN BB CAT
o HERES B AR USRI BOE AT I RGEHAT TR S0
o BATH RARBEPAT .
N A SN B

72 XKBEKE

AT B ROE AN JE, AT R AR A AR T 2 S A k. T E A
Damas-Hindley-Milner 8% 245 1] algorithm W #4738,

Algorithm W H{{i F unification K F|Wr PR 2 B AT REAHSE, vt 5 20
FCP NSRBI AR . e an i SR 22 unify PRECEA! int -> a FI5— A b
-> char, RERMLE b A NAKEA int. RELE b A NAMKEH
int.

S unification B A8 B FH 12

o M —ARBG L, WWR &R BB T AR TY (AR,
HAth AR &, 8 generic Z57H)

o AR EYEY —DAESE, RO ES, KRR L
AR E 5 HAMR KRR (HEA—NMES), BEE N E 55 LR
A (5 EAE—NMEST). XHERA AR NIFE SRR AT m.

R AT AR S R e, R R I SR A R A 13X — Tk
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7.2.1 ZEAEIF) generalization

Damas-Hindley-Milner 252 R 45 H ¥ let-polymorphism B B, 75 Z4E i AR A
AR SRR S B AR B generalize Ji% generic 2844,

JR 46 1 S 77 S i I 2R (R A — BRI, Ui e Hh pr o SRR AR &
P2 SRS 2R Y unify 1, WTH %A N generalize. http://okmij.org/ftp/ML/
generalization.html 9 42 2| ] Rémy’s level-based generalization K HX T —Fh BY A% 3
B%, & Caml Light SEELFTRA K. FREGITH WL 77X — 7%k, R CEH
PR T — Mg PESZEL, A LU AL occur check,  Ff st 48 AN S 7R G ask 2 (g s
(52 R FE BE A A E . FRSEIN 11071, HE R R 2 8UIH I N R MASIRK,
occur check M1k Py A AT A 2R K, I HAGME 7 V2 5] NEA K 7 8] 75
K, LRSI R Z8ME, REDHH I

7.2.2 251 generic 2!

Caml Light 7E 3¢ il £ generic 2K M B X H T — F # 175
(cl75/src/compiler/types.ml), fESEHI4k 7 i NBY B: copy type
Ml cleanup type.

copy_type fEERIRB G M T — 14, B0 T KA T generic JKMAT &
PTARIS,  Fi5 A — MRS & ) 5] (AN FEA generic), 3 [B] () Bl A 5 i A () 26 204
FLEIRLEE generic HIFBAr. R IR E B2 i g, FrivEIAaS
Sy B AT B AR AT AE generic JEMAR &, KX T AH R A generic ST AR
B, ERSEIASE 2 2 A R SR A S

ZJE%id cleanup type, ERMIFEABILIFEN copy type AiIEL.

copy_type MU PETE = Az AH SR I R Y S gl Ip AR 7 {6, bU an R AR 2R B AR
Z—A generic WAV T4 SLAG) A0 A BEAF 21 1) 9 AN 2 2R S48 (19 6] o2
RR S R F ) AT DU FEf: S o I PR 64T copy type, T4
| cleanup_type, 33IHIPINEIAPRIUEIL A 1A [F 0S8 3 L4 o

o OR

)

7.3 ¥ 7/ A-calculus

ML IR O, ARG 1 ) 790 7 Z kAT — L8 fk, JYIt Caml Light
KT Y781 A-calculus 1Oy [E &R, FABSEIL 7RI (HEE e L
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¥ 78 A-calculus.

JRAG I TEIE A A-calculus FME—PMERAZ AR, 55 AR &A1 H
PIF . 25t de-Bruijn index F18# )5, AIPAGIAMRRIX—I0HR (5 FRE
1) A H R P E SR, BER AT RE B, K] U — R 5HME
B, HIbFEHIE Lvar of string #47 Lvar of int, XHZArLlgE
I 1R A2 i S A5 IR 7 A FH 3

tbanfe fun x -> fun y -> x i, x fil y #BFERTEH, x 7TLLA de
Bruijn index 1 8% .

fE ML H, {ARALEP DR int XFEMEARRR, R FE—AHsb
Mg #s Lconst of constant. JRZRIIRA A-calculus HIIER R IMNE
XFEREH, HBEKH Church encoding. 7& ML IXFEHISEFRE 5 B i B A IME
FoRXEEH, DR HAR ZEAE A BUT R P RIEMIESNS
BRI R A, KRS TG4 Lprim of prim * lambda
list, AfRLEAE prim RoRp)EEmES HE— 2S5 .

i1 7T let-polymorphism, let 7] LLEEANAZTE Jy A il GO0 B H 1) — A fil B A&
(let x=... in y&#K (fun x ->vy) (...)). MERMGAEELS,
WARIEPTE B E 2 boxed KA, Ff HAFFH LKA A-calculus, FBAFKATLAA
20 let-polymorphism HI52M . (H SEIN BREN FH 2 — & FIVERETT 4, DRI
EARRDAAER, RICZRMETHIES Llet of lambda list * lambda.

FIH call-by-value ft)RAE BT, o7 LAA A i GRS S I 7 It 4
T (G y Z#N (fun - -> y) x), (B8 T HEREFERSL T Lsequence
of lambda * lambda #i&#s, EREHATE —T, FHHPATHE Ol EiH
FIXF 70, SEELT 6 C BRI fIRIER MG —.

BAULE SN T2 8. A ULECE, PR8I (R 2T
X8 RAE—MG AT, A= MBEG . B AEAXILEE, %5
fun ((x,y) as a) -> , fEREEKNSHTUM a 5lH, AREITE 5]
AN TR a B Xy, BT LA s Euk s L B bLZan e
FoREAe? S AMUEEAR KA MG R T LA 242480, T DLERBC AT D
I, R R IME S BN TR S 4.

AR RBCEE R B R IBEE Codl T LAE R TR At 152 SR IR R AR
AR RA), SHTUERLSENNFE, RAEHEE Pfield of intk
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SIRZEA T8 T de Bruijn index B S 2 fA AZER ISR, IR+ 14
—UIAMESR S S 808 S5k, ER A S B UL AE
P, Rt RICHAERTZ A —DIIRIIE, AR FIRAE 1R
24, S T ER 5 5

BHPESCH front.mU sE3l 1 RIEEW 2 781 A-caleulus HIEIRE. 1R
2 R PRI B

| Pexpr_apply(e,es) ->
Lapply(go e, List.map go es)
| Pexpr_array es ->
Lprim(Pmakeblock(0,0), List.map go es)
| Pexpr_constant c ->
Lconst c
| Pexpr_sequence(el,e2) ->
Lsequence(go el, go e2)
| Pexpr_tuple es ->
Lprim(Pmakeblock(1,0), List.map go es)

ELanARE R E S H 1) Pexpr_apply, fAEFMHER Pexpr constant
&, THAME R, AUEERMAEE Pmakeblock 8J# 1 —ANHT
block, F &AM A A5

MG SR BN E A, TR B AR AR S T Ui i i A 2 S S 8
(Constr constant zi Constr regular, UAKAEXRERTREEWHSE, &
BERI PR — MBI EHT block 15T, BLE A A G #2 S8 LLAIEE block.

| Pexpr_constr(id,arg) ->
let cd = find constr desc id in
begin match arg with
| None ->
begin match cd.info.cs kind with
| Constr_constant ->
Lprim(Pmakeblock cd.info.cs tag, [1)
| ->
Labstract (Lprim(Pmakeblock cd.info.cs tag, [Lvar 0]))
end
| Some arg ->
Lprim(Pmakeblock cd.info.cs tag, [go argl)
end

731 z25E

SeFTRZE) let A — A fald (EEAREUE, W), "L e
AR 5 o I (e SR RO 0, P AR A A 2 R ACRS 1 1
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BN . MR DEETUE IR FIER let FPE AR IRER, HIXMEETTE
VR R Z SO A RAE I 5 TR R, RIEEAN AT AT o

R A HEHEZ AN RENM S, REFEE Pgetglobal of
long ident fil Psetglobal of long ident f TR/ iEEAE N 4R
fE.

7.3.2 EhFEEALE

BV RC & B E AR U7, SRVFILEC 2 MBI R E SN, WaE
FHE., TEAWIEGESE, SANLERIUSA T ER, Foyin R 2 A s
e, AR 4 T SN %I B A 5E AT IR VR BC () [ Chapter 5, Philip Wadler $213t
T VRN IR L 1) 5.2.4 Compiling pattern matching $24it T Caml Light ) SZE,
Jitke FEIUH v OGHAT T BRI

xR ARAR UL, tean.

match false, false with
| false, true -> ()
| false, false -> ()

AR — A4 Fr DL C 76 A 1) & TR 9 78 A-caleulus &R, 55— AN ILAC T
) false ILECAIhIG, true SULECRIM, BUI RNZ Bk 258 — AN ULECHT. 40
] S I FE 32 4R 2

58 k2 AL K BN, #8842 ' A A A K
Lstaticcatch(pl,Lstaticcatch(p2,Lstaticcatch(...))), pl.
p2 j& & A A UL R TR B3 B AR, $4T pl i, 5 K I 2 i s QUL T 2%
WY, BiePdr Lstaticraise. HAREMMTFWET 4%, ZRES
Wik ETHHRNZER Lstaticcatch #i3k, S #UTIENBRIE 444
Ao XML P UG B — N E SR ) S b B, DRI T IR R 44 5
Lstaticcatch 1 Lstaticraise.

if ATRLEE R XVLE R, BIULEC true A1 false, {HJy [ PEREE
e, Wory Lif X—HiEds.

7.3.3 IhEREAIE

Lcatch of lambda * lambda HIZE— " NS%& try FIREE,
P S WFE A 25 B VTR 7, BIESE NS4
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7.3.4 3% A-calculus EX

lambda.ml H1[5E X:

type lambda =

Labstract of lambda

Lapply of lambda * lambda list

Lcatch of lambda * lambda

Lcond of lambda * (constant * lambda) list
Lconst of constant

Lif of lambda * lambda * lambda

Llet of lambda list * lambda

Lletrec of lambda list * lambda

Lprim of prim * lambda list

Lsequence of lambda * lambda

Lstaticcatch of lambda * lambda
Lstaticraise

Lswitch of int * lambda * (constr tag * lambda) list
Lvar of int

7.4 3% A-calculus EIERK Zinc 3R HLEERY linear code

2 RAE A [E]) R~ EH PR Zine SR ALES Y linear code . 7= T ASAH Y T HL 20T,

If7 linear code HiAH 4T 4wfChS . Linear code H)E XAEX4F instruction.ml

.

type zinc instruction =

Kaccess of int

Kapply

Kbranch of int

Kbranchif of int
Kbranchifnot of int

Kcur of int

Kdummy of int

Kendlet of int

Kgetglobal of long ident
Kgrab

Klabel of int

Klet

Kmakeblock of constr tag * int
Kpoptrap

Kprim of prim

Kpush

Kpushmark

Kpushtrap of int

Kquote of struct constant
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Kreturn

Ksetglobal of long ident
Kswitch of int array
Ktermapply

Ktest of bool test * int
Kupdate of int

type zinc_instruction i 2 oy id & #0715 A A B AN MoK &R,
tbtntiti 28 Kaccess of int #HFERCF TSNS, 24 MaH —1 uint8 t
BV FoRMIbr S HiES Klabel of int R&Apiy iy, (HAEE
N MR AR YRS 51 FH .

HH 8] 2 7~ B 3 X linear code [ SEHLE SCAFE back.ml 1, RA T com-
pile with continuation )41 77 7%, HP K FZ K2 compile lambda
] compile expr : int -> lambda -> instruction list ->
instruction list, ¥ — S F R ILACKMUE 75 L8k 2000, 2
TASHRFRERT A A-caleulus, F=ASHARKILIE S PAT B )G 77 LT
[#) continuation, R[7l Zinc 84 K513 (27 continuation).

1R 22 G5 AL IR 1R 2 EL WL «

| Lvar i ->

Kaccess i :: cont
| Lconst c ->

Kquote c :: cont

| Lprim(Pdummy n, []) ->
Kdummy n::cont

| Lprim(Pgetglobal id, []) ->
Kgetglobal id::cont

BisQ UL 2k S 22347 Lstaticraise, BIPEMIT RS BEE 2 EZAR
S K) Lstaticcatch.

| Lstaticraise ->
Kbranch staticraise::cont

Ayt Lif, REPATHETRA 254, HTEIIAN—LESTIRS.

Lswitch 4ES % (L2 block) ] tag {8 M Bh#E R iHE4T BEEE .

Lcatch MFIIE LR BN —A 5 A EAR N, $AT try RREDIRE 2 KR
FE PRI AT 4 BT ) e B AL BEAR T, 40 SR VG P 2R IO A A A A S 4 b
JE P S8 AL RS o o AR R A S U B8 S A PR AR T
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741 =R/BE

778 A-calculus Hoxf 4 R B R A0 B AT DA BRSO B A sl RALAR 16 %, [
FEFRZ T A BB BN 5 N4 R E 964 . BB 5 AN AR R 2 R4 4 B 1)
] [A] — AN AEHhE . Oy TYERERI SRR, AR BB AT I 4R — D AR B H A
WA IE RO 32 . BB R B — A ST U5 18] 5 — A SO e e /e, e
FRACHS 5 36 75 E — AR e i B S iR AL, IR 2T — BB
— .

| Lprim(Pgetglobal id, []) ->
Kgetglobal id::cont

| Lprim(Psetglobal id, [e]) ->
c_expr e (Ksetglobal id::cont)

7.5 Linear code #iFAFTS, £HRBRXXHF

X—Fr B SEBE S emit.mU b FRAEH T — AR AOEHIE T R .
MR PR NSRS HO L 7, BRAERS L4 — A5, S8 2 Mg
uint8 t. intlé t. ArZ%E,

PRI AR A & SO 5| F A& AE 24 B SR B Ry 30, AR AR IS I /] DA IR 2
P28 5| AR AT 715 A o SRR G) HLd «

7.6 fEEESR

Bz ATt B R, X0 A, EIET R R B R IER
I =B B BEHUE AN IR SO g A5 B0 B AR SO (FR B e A, A
Hb 4 RfE e X5 R R, %% Ksetglobal. Kgetglobal 54 f#
BT 2 TR A RS AT 20X — B B i 22 H A

FEFR S A X — 34 ARASZE Ud.ml H, Ud BAESGMBERERR 4 7,
AG 7 X — A R M) R 7R 1% B AR 75 2 58 I AT 55 o

ud.mUAEH 7 —AMs iR, e & B AR S 2 A 2 RE €
Xy ECAEAL, RS B A SO, it b i EE XS, 8184
ANATHAT SO 200 sk b BIe b3 T B AR
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7.7 BITRRZMFETHEHERES
AT RGBS C Sel, EHSE runtime/H.

7.71 FIaHEEZR size 9 0 BOIDIERR

R N4 3 2% I8 AT A4S, H size 380 0 1) block &% #f H, FK AT LA tag
H9 0 3] 255 1) 256 > block 247K, HEHTA size #9 0 /] block £ . Caml
Light ) c175/src/runtime/mlvalues.h #7587 extern header t
first atoms[];, (). true 25Xt first atoms LR MIFREEIR,
WHIBAT IR A T —475 .

7.72 E=REVRK

PR 2 float. string &, BATI T E A naat i,
JEIX L B A block BHRELAEA . H4MEA —L Psetglobal #25|AIY
FEAL, VIEEA A EEEL 0(bit pattern 22 1),

7.7.3 ESHBIEFRA

fRBE S H EE 2 runtime/main. ¢ F i) — DB 4 IF R (1) 16
oo W RUMORE AR L I T V5 2 ARG 3R BLTCE — A switch SEHLEE 4 IS AR &K
(switch-threaded dispatch):

for(;;) {
switch (*pc++) {
case ACCESS:

break;
case ADDFLOAT:

break;

HIX R, 484 — KB IE L2 I AR>S CPU MBkiL 154, HP
break 5| A fJBk4% 2| switch 4L 452 switch BERIH— MRS

AT LALL break SEILARAY T — %48 2 I BhEL BAH AR AL Thie, XFERLAT
DL — 4Bk 48 4 . GCC #2447 computed goto KFPE, AT PAFREU AT DAFREU bR
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Frig A bk (void* A, M Al PAF TSIl — AN Bk 3R (token-threaded
dispatch):

void *jumptable[] = {&S&ACCESS, &SADDFLOAT, ...};
goto *jumptable[*pc++];

ACCESS:

goto *jumptable[*pc++];
ADDFLOAT:

ééio *jumptable[*pc++];

http://www.complang.tuwien.ac.at/forth/threaded-code.htmlf — % X F
threaded code Hi116

7.7.4 HRENL

Caml Light {88 F iy b ¢ I L AT A2 2 U], 454 T stop-and-copy F1534X
mark-sweepo I SEILINASE T —ANAEH #0770, 2T Schorr-Waite graph
marking 5%, ZEIEAAMEAM, RTEEEWN A ESERDERFE (Tog,n + 17
bits, HH n &% RIREHEEH). TR HFRA pointer reversal.

T I A AR U7 1) B A iy, AR B4 J Y R8s B, X T
BT, AT R x AT RUEAE ) 7715 ALy HOFR BT ERE 1n) x BACTS R 1
i —ANBER p KR YGEIT SRS A IATM p ik, W ERE BT SE
Sud AR EH I, FT AR BIAR . A — AR g 8 R B A RN, R ERE
T AU RS, R R AN TE U AT U R — N . TR T A
FREYET AN s, o Py R e ) U e

fil R b S W SR A fe, RS, BNy 2REE N EFRE M AL AR
WSEPT A AT /UG, FH XOR 8383 [ P 73 BCHIORT 5, 83 1 Inl i (1715 A

kR,
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$F8E

Ll
=

T H rR IS T S B T

8.1 Peretty printer

Pretty-print $5 [ & X SCAR A (R AR IE1E 5 AR K HEE =
PREHAT % AR PRET B iz & T i, T H I SEEL 7 —A pretty printer,
F T A2 B AT 47 2 ks HE RS 28 5 B ARSI AAE B

R RS AT AT A% HE RO B (1) pretty printer. Haskell H [ pretty
printer = E A P KIIK, H—7& John Hughes %11, FH Simon Peyton Jones /&
[, ERFE GHC —#A&47, # AN Hughes-PJ FE; & Philip Wadler 7€ The Fun of
Programming " 15 11 [ pretty printer!®l, S5 Leijen 1824, #in 7 X549 EA&
2|1, A Wadler-Leijen JE

OVI-E T B —F 71k, &% Wadler/Leijen B —Fheg K . JR 461 Hughes-PJ
F1 Wadler/Leijen Xf T-FF4E RS, N TiFEEMRE, (HH 7 ovOHE TR H
XFEAF RIS A —E RN . X —TTEUAT N R R, e
HEAT T e R, 845 R DR IE R [958 B 06 B2 1 SRS, I IR 7 Wadler/Leijen H111)
Nesting Ml Column #yi&#s, HHTREMXIFIIRE. HELF BIX PR3 25 1
DIReRESCIL B N R DIRE, Lt A= B4 .

S5 A R TR R R BEA R 2

let column =
Column (fun k ->
if k < 60 then Text (String.make (60-k) ' ")
else Line true)

AEH . RIEA Column ZREXUHHIZS K, WIR k<60 UL W] ZHI4T
AT R R A HIRTTER, ARIATEIR .

HOT 3R T — M2 R 5%, U Rt 1 SR I AMKHE lazy evaluation HIRRCA .
PSR TR, SIN T TR
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8.2 %tEZE| Web i

T3 A ST — AN AAEHE R T E R — AN ] DUZE ) B 2% L g R AT I Y 48
#ihttp://maskray.me/portfolio/caml-featherweight/.

Caml Featherweight ~ Examples~  Run  Pretty(Uglify?)

1 let minab =
= if a < b then a else b

let levensht

output_int (levenshtein "abcdheloworldabcd” "abcdhellowoorldabcd™)

K8.1 Web %ii¥as LAT —BURBID

Caml Featherweight 7 A% %45 (OCaml) FfERESS (C) iS4, OCaml #7>
Al LLH Js_of ocaml %1%/ JavaScript, M A DAZER E 2% 34T . emscripten NI
A DA C 9wk JavaSeripte X AF AT DAZE ) Va2 25 P i B ST G 1R ANBHAT
8.2.1 Js_of ocaml
Caml Featherweight 7F 4w 1% 4= it phrase index F1 5% % ot #2 ¥y 75 2 Ad
seek_out SKEN, 1M Js_of ocaml ¥&AH KIIX—IhRE, KFULFHEZXS Js_of ocaml
it 1) JavaScript FURD i — Lo AR T .
o Js_of ocaml 23 HE ) runtime. js 557 5% %: B K] JavaScript
PHEEAE L, AT B SCH 7 EEm %, M seek out Bt T
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channel 1] offset, iMm#EMlfHFrFH caml_ml output EEIFi%
HHFH offset fER.

« Js_of ocaml 13 2| ] JavaScript 4% OCaml #x #E 4 H A1 bx o H 4 B R 20 H
console.log il console.error fith %] JavaScript Z¥i B, 1M AE
i Bn/E HTML B — M asfE R, RUb @ Zd T HEEm. HiEgE
M js print stdout f1 js print stderr fszHi.

--- /home/ray/.opam/4.02.1/1ib/js of ocaml/runtime.js
+++ /home/ray/tmp/runtime.js
@@ -3890,13 +3890,26 @@
caml blit string(buffer,offset,string,0,len);
}

var jsstring = string.toString();
- var id = jsstring.lastIndexO0f(”\n");

- if(id < 0)
- oc.buffer+=jsstring;
- else {
+ if (oc.fd <= 2) {
+ var id = jsstring.lastIndex0f(”\n");
+ if (id < 0)
+ oc.buffer += jsstring;
+ else {

oc.buffer+=jsstring.substr(0,id+1);

caml ml flush (oc);

oc.buffer += jsstring.substr(id+1);
+ }
+ } else {
+ var clen = caml _ml string length(oc.file.data);
+ if (oc.offset + len <= clen)
+ caml blit string(buffer, 0, oc.file.data, oc.offset, len);
+ else {
+ var new data = caml create string(oc.offset+len);
+ caml blit string(oc.file.data, 0, new data, 0, clen);
+ caml blit string(buffer, 0, new data, oc.offset, len);
+ oc.file.data = new data;
+ }
+ oc.offset += len;

}
return 0;
}

@@ -4313,19 +4326,13 @@
function js print stdout(s) {
// Do not output the last \n if present
// as console logging display a newline at the end
- if(s.charCodeAt(s.length - 1) == 10)
- s = s.substr(0,s.length - 1 );
- var v = joo global object.console;
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- v & v.log && v.log(s);
+ caml_stdout += s;

}

//Provides: js print stderr
function js print stderr(s) {
// Do not output the last \n if present
// as console logging display a newline at the end
- if(s.charCodeAt(s.length - 1) == 10)
- s = s.substr(0,s.length - 1 );
- var v = joo global object.console;
- v & v.error & v.error(s);
+ caml stdout += s;

}
//# 1 "jslib js of ocaml.js”
// Js_of ocaml library

B tags {4

<*.ml> or "js main.byte”: package(js of ocaml),
package(js of ocaml.syntax), syntax(camlp4o)

Y 1 FF R R AR JavaScript:

cd src

ocamlbuild -use-ocamlfind js main.byte

js of ocaml --no-inline --pretty js main.byte \
-0 ../build/js/camlfwc.js

Js_of ocaml SZH M A58, Web 4n 2% AT NAIAHIZ 1T ) Caml Feather-
weight 5 — SR FEENEN, Ll Lexing. from string BIEARRER, 5
BN AT 2 S

8.2.2 HIif
{}i i@ http://batsh.org/, 1% F Bootstrap 3 % | —AN UL, F A Zhttp://ace.c9.

o/ G AB AR HE, SIS T T LA S BB H T I B Fa AT 55
FERAASIETH H% M web/ F, ¥t Nodejs. Grunt. Bower. Sinatra.
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8.3 NH: BCTF 2015 CamlMaze

BCTF 2015 72 F i 3% 44 A5 BA 2% 710 () THD 1] 4 T 3 ) P9 2% 22 4= 25 il 3% (Capture
the Flag). & 7F bt 38 A7 61 3 CamIMaze [¥) iy 8 1. {F, CamlMaze & —i& Caml
Featherweight 715 1% ] @, (L% A Caml Featherweight SEIL 1 2B B A fl, LA
S AR 45 v () socket 1815 (R BEAS B/ T — 2 8h). HAiEe H 2| 72Kl T

Fast Fourier Transform [ Fast Reed-Muller Transform.
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ray @ KeepHacking >>= ~/bctf
—% ./camlfwrun bytecode

You need to input: drdrdrdd

Challenge:
.@
s . RRERRHRRE : | #ERRBRRERRERRRBHHRRH
| el L HBEERRERRRE . | . | | HEEERERRERR R AR
| o NN HEERRHRRER | | | . _ | #REER AR R RS
| 1 c_ JHBHERHAEH | _._ . _._. RHERRBHBHRRHRRHNRHERH
LU . [ ###R###E# . . | . HEHERERRRRRH AR AR
RUERRRBARBRHREHRRRRRERBHARHBRRRRRHRRRRRERRHERBERRHHRHIH
RURBRHARBRHREHRRHRERRHRRRRRHRRRHRRHRRRR BB RRHRHRH A
RURBRURRBEHBERRERBERBERBRURERBURERRERRERR LR R U BRI
RURBRBARRHHRBERRBRRERR AR BRHERRURERRRRRERRERR R BRI
RUERBHBHHRE_# H_# H_RRHARRBRHRRURERRERR AR RR R R R
RERBHBHHHE . _ . _| | . | RERREHRHERRARRERRRERR BB RR R BRI S
RERBRBHHHE . . | _._ | REARRHRHRRHRRHRRRR BB AR H BRI A
RERBHBHHE | | | . | REARRHRRRRHRRRRERR AR ERR R RH A
RHERBRBHHFE . _ | _. | _. | RHARHHERRRHRRHRRRR BB ERRHHRH Y
RERBHBHHE . _ . _. | | _ | REERRBRR BB URERRERRERRE BB R R BRI
RURBRUARREHRERRBRRERRHRRHRURERRURERRERRHERRERR U R R
RERRRBRRRHHRERRBHRERRHARBBRHERRURERRRRRERRE R R RS
RUERBRBARRRHREHRRRHRERRH AR BRHRRURREHRRRRERRERRH RS R
RURRRRARRRHREHRRRRRERBH AR RRHRRRHREHRRRRRERB BB HRH A
RURBRHABHRHRRHRRRRRR # R_H H_BUBRHRRHRRRR #_R_# # #
RUERBRBHBFRHARHRHRRH | . | . |#######E# . _1_. . _._|
RERBHBHHBRHARHRRARE . | . | |######88%. . | 1_. |
RURBHBARRRHRRHARRARE . | | _ ####REERE. L 1. | |
RURBHUAHRRHARARBHRE | | . ####REERED 1 1 | |
RERBHURRRHHBERRHHRHE | | HEHRRAREE. | _ . _ . _. I
$

Hint: you need to see more to escape

Path?

8.2 CamlMaze & ity (Caml Featherweight % 5)
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BT M

T Caml Featherweight F1 OCaml [ 7 7 i5 i ke 45 Python fifRE 48 1 14
REFEAT LA

9.1 FHARKM

PR P S

camlfwrun | Caml Featherweight [ it fi##e4s, H -march=native -03 -
m32 4w

ocamlrun | Arch Linux HJ extra/ocaml 4.02.1-1 fu #& fit
ffJ)/usr/bin/ocamlrun

python Arch Linux [ extra/python 3.4.3-2 & & it
f)/usr/bin/python

9.1 Fast Feed-Muller Transform

N A2 FH T L i OCaml X A9, Caml Featherweight X i3 X 7 4
print_int 24 output_int:

let reed muller transform a =
for ldm 18 downto 1 do
let m = 1 1sl ldm in
let mh = m 1lsr 1 in
let rec go i j =
if j = mh then
go (i+m) 0O
else if i < 262144 then (
a.(i+j+mh) <- a.(i+j) xor a.(i+j+mh);

go i (j+1)
_ )
in
go 0 0
done
let a Array.make 262144 0;;

= 0 to 262144-1 do
a.(i) <-1i
done;
reed muller transform a;
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for i = 0 to 262144-1 do
if a.(i) <> 0 then
print int a. (1)
done

04X Python XA

#!/usr/bin/env python3
import sys

a = [i for i in range(262144)]

def reed muller transform(a):
for 1dm in range(18, 0, -1):
m=1 << ldm
mh =m>> 1
for i in range(0, 262144, m):
for j in range(mh):
ali+j+mh] "= a[i+j]

reed muller transform(a)
for i in range(262144):
if a[i]:
sys.stdout.write(str(alil))

*92 HAKM

R IFIA] (F)
camlfwrun | 8.56
ocamlrun | 0.302
python 1.066

A W, Caml Featherweight 7& 14 g _F A H Al A5 i iR i 5 B K 20 .
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F£10E Yk
10.1 BIETS

Caml Light. OCaml #21R 2 BHJE A GFE 5% RSN AR 2017 i, AR VAR
P—MNGDH, REEBLZEE, Wy ) W g R Ao ik 2 B 2%
A TN TR, EmPEEOR EICE MR =, HAESNE MR 2 4808 B 1
BT

o PR MBIRITER . T XOR BERAXT R4k, H—AM WL 7 sk
LT XEER IR . {8 H Schorr-Waite graph marking 872528 1 3E 3 1] 5.
Rk licde, AHSANS RAT 100 247

* Pretty printer. %544 T pretty printer FE/S 2| | — ANt pOfA, B BT fE
SEILAT A SR

« P 3] Web ¥ii. OCaml %% 2] JavaScript I EETIAN R, 5T A

L AR SE B P TS m PR A SE T, X gm PR IR R T IR A
fift, W REIR 2 ML/SML/OCaml iff 5 Beit ) — 2800, AR 2iEs
Wt F BB Z, ARSI I SCHRFIA RS Hh 75 380 1 2 A

o SML R E B E A curry, T REMFHTCHAE S NS5 BN Zine 2
AR 2 3 RALAS S curry I 2277 A REHIE, AYERERK.

o MEARAAR B KNG X5y XFEERULEC I 7] PAX 0 f i de A AR &

o WS R AEL —ANoR, B MR THE S8 AR
K, B ZEE S IR A RS IR A SRR, RO EARER
MR #r . Caml Light F3E 2R rh 32 0 H S8 M 3 45 52 bR B 1
n GRS, T A(X,y,2z), X,y,z &R AR tag 7E [ — block ¥,
MAS AT MEE R X, y, z TR T .

» Caml Light FERE 2 1 B AR 745 52 &> AR AF. Wik Caml Light
£ Pset_global E XFF5Hi5tESI T Pget_global 31/, Haks
FEAERGE IR . IR ESCHRRIM AT G, A &R AT L i ECE R
MY — A5 HYIEE.

« Caml Light ¥ phrase fE#T3F TS A . &— phrase &t [ fif#tr. 2K
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Mg E. dnBaERR. ARAER RS, Rz armsiE Xa
JRBTBUR M SR AUE B, AR ] DU — 2B SO 5 [1%oR, i
PR i A I AT DA L B ARTE SUE R, T AR PR IRTHE R .
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8.1
K 8.2

mEZES|

Web % & EHAT —Bonlfis ...

CamIMaze %% /7 %fj (Caml Featherweight 4% 5)
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DURR A AR AN NI, 2y A S AR 5 AR ]

2%
R
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WRA SOEREA

A.1  The Zinc experiment: an econonomical implementation of the
ML language

The Zinc experiment: an econonomical implementation of the ML language

The ML language has grown to a general-purpose, very high-level language par-
ticularly well-suited to teaching and fast prototyping. My own experience with the
CAML system made me feel the need for yet another implementation of ML, with the
following goals in minds:

* to get a small, portable implementation of ML.
* to serve as a testbench for extensions of the language.
» for pedagogical purposes.
ZINC is a recursive acronym ofr “ZINC Is Not CAML”, which is yet another ML

implementation.

Design principles

Modules are a method of decomposing programs which is provided by ZINC.
ZINC prefers currying functions to N-ary functions. Traditional evaluation strict func-
tional languages use left-to-right evaluation which does not put up well with multiple
application as it will create many temporary closures. To be more efficient, ZINC uses
right-left evaluation which is both efficient and transparent for multiple application.

ZINC generate bytecode for an abstract machine, specially designed to fit CAML.
Then, the abstract machine gets mapped onto a real architecture is trivial which makes
ZINC portable.

The abstract machine

The ZINC machine can be seen as a Krivine’s machine with marks specialized to
call-by-value only, and extended to handle constants as well. The ZAM is equipped with

a code pointer and a register holding the current environment. Environments are lists of
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values, that is, either closures representing functions, or constants (integers, booleans,
-++). An accumulator has been added to hold intermediate results. The stack has been
split into two stacks, one of which is the argument holding arguments to function calls,
that is sequences of values, separated by marks. The other stack, the return stack, holds
closures, that is pairs of a code pointer and an environment. This design helps reducing
stack moves, and allows further refinements in the way environments are represented.

The ZINC machine is specially designed to build less closures. The idea is as
follows: when we don’t have to build any closures, the current environment does not
have to survive the evaluation of the current function body. Therefor we can store it, or
part of it, in some volatile location (stack or registers) that will automatically reclaimed
when the current function returns.

There consideration has lead us quited naturally to a faily complex abstract ma-

chine.

Data representation

ML data types can be split in three classes:

* atomic, predefined types: “small” integers, floating-point numbers, characters,
strings.

* predefined type constructors: functions (closures), vectors, dynamics.

« all other type constructors can be defined in ML, through a very general mecha-
nism called “concrete types”.

A value is a 32-bit work which represents either a small integer, or a pointer in the
heap. All pointers in the heap are 32-bit aligned, so their low-order bits are always 00.
Integers are therefore encoded with a 1 as low-order bit: the integer n is represented by
the 32-bit field 7 = 2n + 1. The heap is divided in blocks of arbitrary size n, preceded
by a one-word header. The header consists of:

* 2 bits used by the garbage collector for marking purposes.
* 22 bits holding the size of the block, in words (header excluded)
* 8 bits for the kind of the block, since the GC needs to distinguish between blocks

containing valid values, which should be recursively traversed.
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Small integers are represented by unboxed, 31-bit integers. Floating-point num-
bers are allocated in the heap as unstructured blocks of length one, two or three words.
Functional values are represented by closures, that is pairs of a code pointer and an
environment (a vector, that is a structured block). The code is not allocated in the heap,
but in a separate, static zone, without garbage collection. Code blocks are put in the
static area, thus they cannot contain pointers to the heap, since the Gc would not know
about them. This means that structured constants cannot be at the same time allocated
in the heap, and directly put into the code, as immediate operands. Either we allocate
them in the static area as well, or we store them in the global table, along with the values
of global variables, and access them through one additional indirection.

The sum-of-products allows for a very compact representation of values of con-
crete types. Not only is the constructor stored in the same tuple as its arguments, but
we try to put it in the tag field of the header of the tuple.

Without a record with n fields labeled /i, ..., [, can be represented by a vector if
size n, and it is easy to know statically the offset of each label, that is the vector ele-
ment holding the value associated to this label. With subtyping, we have the additional
constraint that the representation of a record with fields /4, ..., [, must be a valid rep-
resentation for records whose fields are a subset of /i, ...,1,. THis prevents us form

having at the same time a compact representation and static determination of offsets.
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