JRJ5 3V TS558 8
) et e (lexer) & R SCERT#5 (parser)

FH
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XU DI

o HOEWHTTT T IV IFHMMAIRE, BYICTHTT L%
BARA, XFEDF v 7 %2175
> FHIERTER (“lexer” £ 721 “tokenizer”)
» WS R (“parser”)
o TNHIX, EFEMMRA] TR THHLWIHHTHE
» Web Page (HTML X XML) Dt il A
» CSV, SVG, ... 77 A )...
» V7 MO config file. ..
e TNH% [IoLfENd ] T LIFFEENIZEEER AT
» 7 RABY ZIIFIIEZ 2B 7213 TR E 22 5 <71 EW
» TOD/ODMRZY —Ib (k) Wb D
» —Ef o TEWTHEITARW!
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Introduction

e All programming language implementations first read a
program and check its grammar
» lexical analyzer ( “lexer” or “tokenizer”)
» syntax checker ( “parser”)
e they are necessary not only in programming language
implementations but in many other circumstances
» web pages (HTML or XML)
» CSV, SVG, .. .files ...
» config files of software ...
e it’s an important skill to be able to make them quickly
» you’d better not process strings in an ad-hoc manner
» there are useful tools for them (parser generators)
» it never hurts to have an experience with them
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TR & SRR

o FHIfENTHR ~
» 307 O —
[F4] ] (~ HEE)
DH
> RN B RN
EADY VIS )
ro—
o MESUMRNTHR ~
» 4] D% —

RIS IEAGEA ]

1 (X, x, 71 -

AN Y AR R 20 B \ﬁs; . 25 B0 B ES
. XITR BB Srssbrs AT

DFINF T~ 5

55—
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Lexer and parser

o lexer =~

» converts a sequence of
“characters” — a sequence of
“tokens” (= words)

» rejects when characters do
not constitute a valid token

g?ﬁﬁvéﬁﬁ@mﬁﬁﬂ

%E B

L) 28 HBE B i
[0 (2 (3 (538 [FA [T A [2
=

@ parser ~

» converts a sequence of
“tokens” — a “sentence”
(expression, statement,
whole program, etc.)

» rejects tokens that constitute
a valid sentence
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let_expr

\ \
LET ID EQ ID PLUS ID PLUS NUM MUL ID

lefx]=I(al[4 bi] [2 II-II

let x=a+b+2*cinfx
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An example in a programming language

let_expr

\ \
LET ID EQ ID PLUS ID PLUS NUM MUL ID

lefx]=I(al[4 bi] [2 II-II

let x=a+b+2*cinfx
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FHEHMXZ EDEERT DN

o JET,
» Fh) R
» FESC SUIRE I SCE
VO AEM SO TEET D
o HEMRIRNS, THJT A (FhIFENEE, WXEiTEE) %
T Y —I2h D
o F>XVHENA] EHILDHAD
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How to define a token and a sentence?

e normally, we define

» tokens: by regular expression (regex)
» sentences: by context free grammar (CFG)

e there are tools that generate programs (lexers and parsers)
from their declarative descriptions

e “practice makes perfect.” Let’s see it working
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ocamllex : ) fEAfrar A Y — )b
e ocamllex D AJJ = mll 77 4V (OCaml F\ZH3E U Tld
ANRY
o il (calc_lex.mll)

1| (x FEE: fEREO 0Caml I— K. M TEA *)
2 | type token =

3 NUM of (int)

4 | | PLUS

5 | | EOF

6|}

7

8 | (x A )

9 | rule lex = parse

0 |1 [ 7 °\t” ’\n’] { lex lexbuf } (x BHZHARIZT *)
11 || "+ { PLUS }

12 || [’0°-°9°]1+ as s { NUM(int_of_string s) }
13 | | eof { EOF }

14

15 | { (* {FE® 0Canl I— R, fELTEHH %)

16

17 | '}
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ocamllex : lexer generator

e input to ocamllex = .mll file (similar to but different from

OCaml)

@ ex. (calc_ lex.mll)

1 | { (* preamble: any OCaml code; can be omitted *)
2 | type token =

3 NUM of (int)

4 | | PLUS

5 | | EOF

61}

7

8 | (x the real part *)

9 | rule lex = parse

10 |1 [ 2 °\t> °’\n’] { lex lexbuf } (* skip whitespaces *)
11 || "+ { PLUS }

12 || [’0°-°9°]1+ as s { NUM(int_of_string s) }

18 | | eof { EOF }

14

15 | { (x any OCaml code; can be omitted *)
16

17 |}
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mll 7 7 A INVDEA

o | NEMIKRH { X} DOFEk:

P AJTDJEHHEE (prefix) 2 TIERIZR
(LRoncans 1 N e B e wFUkb, TR 2FHiiL

S TEF (ZM0 L DDFA))

Cx HAL %) o [IEBIRIL as 28] T, HiAl

tew i = R HT, ¥V F USRI AT
BETES

rule lex = parse
| EMEs { R}
| EMRE {0}

1 [| [’°0°-°9°]1+ as s { NUM(int_of_string s) }

| EEEE R} o BIT[H S IEHEIIZAN 2T S
. Y
) fERO0Cam1 I — K i [let digit = [°0°-79°]

1 [I digit+ as s { NUM(int_of_string s) }
12

£o




.mll file format

{
any OCaml code

typically type definition for tokens
}

(* define regexes *)
let id = regex

(x rule *)

rule lex = parse
| regex { expr }
| regex { expr }

| regex { expr }
{

any OCaml code
}

e semantics of “| regex { expr }” :

when a prefiz of the input matches
“regex”, evaluate “expr” and make
it a token

@ “reger as var’ binds the matched
string to the variable var

1 [I [’0°-’9°]+ as s { NUM(int_of_string s) }

@ you can name regular expressions
for later use

let digit = [’0°-’9’]

3 | | digit+ as s { NUM(int_of_string s) }
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ocamllex D 1 FEL D H]

IR R 2RI B (% F9 2 XS

- EEO1IXF (T VA —AAT)
’a’ a

[ ’a’ b’ ’¢c> ] |a, b, c &N

[’0°-29"] 0, 1, ..., 9 &hp

"abc" abc

"abc" | "def" abc F7/21& def

"abc 'k abc A0 [ LA B Y 3R X 7z SCF 5
"abc"+ abc 2% 1 [AILA_EAg Y 3R X 72 35
("abc"|"def")+ | (abc FE72iF def) 231 [HIPLE

eof AJIDFEH Y

o —ElXhttp://caml.
manual-ocaml-400/manual026.html (

inria.fr/pub/docs/
PEEE) E 721X

http://ocaml. jp/archive/ocaml-manual-3.06-ja/
manual026.html (HAGE) 2@ EU &5
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ocamllex regex examples

regex semantics (strings that match it)
_ any character
’a’ a
[ ’a’ ’b’> ’¢’ ] |a, b,orc
[’0°-29"] any of 0, 1, ..., 9
@ | "abc" abc
"abc"|"def" abc or def
"abc"* zero or more repetitions of abc
"abc"+ one or more repetitions of abc
("abc"|"def")+ | one or more (abc or def)
eof end of input

@ see http://caml.inria.fr/pub/docs/manual-ocaml-400/
manual026.html (English) or http://ocaml. jp/archive/
ocaml-manual-3.06-ja/manual026.html (Japanese) for
more
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S%: EHRBOD T 4 —< )V (REW)) 5 E %

o FIRFERT DX T (T T 7Ry N DEESEE ALTD
o UMW A EDIFHKE

EHEH Bk (¥ v F3 2 3075))
€ & |
a (a € A) a

RS (R, S IXIEMER) | RIZYVFTEXFHE SIZ
XY F Y S LFHN D
R|S (R SBREHRER) | RELIXSIIIYVFTIX
A

Rx (RIGIER ) RIZXYF§23XFHD 0[]
DAL ED#EY R L

o BEIIGUTHEMZMS (Hl: (abecldef)+)

o BRD B 5 2 il LR DMA A DY (F7213F DEMIE)
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Note: a formal definition of regular expressions

e let A be the set of characters constituing a sequence

(alphabet)

e the following is reqular expressions over A

R|S (R, S : regex)
Rx (R : regex)

expression semantics  (strings  that
match it)
€ empty string
a (a € A) a
RS (R, S : regex) | concatination of strings

matching R and strings
matching S

strings matching R or .S
zero or more repetitions of a
string matching R

@ use parens as necessary (4l

: (abcldef)+)

e all previous examples are combinations of the above (or an

abbreviation thereof)
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ocamllex W ERK T 2 7 7 1 ) & B

o ocamllex [FFHEN DELRT 7 1)V (mll) 225, OCaml D
774 (ml) ZEKT D

1 | $ ocamllex calc_lex.mll

2 | 6 states, 267 transitions, table size 1104 bytes
3|$ 1s

4 | calc_lex.ml calc_lex.mll

o .ml 7 7 A IVNIZEAE lex DVEHR I ND ((mll ND rule lex
= parse ...IIXTIR)

$ ocaml -init calc_lex.ml
O0Caml version 4.01.0

# lex ;;

1
2
3
4
5 | - : Lexing.lexbuf -> token = <fun>

o Lexing.lexbuf &, XFZEHALTZOD/NY T 7 (~CD
FILE*). mutable 7% record
o lex buf i, buf DICFEAMNS XTI ZHEL, FH %IRRT
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A file and function generated by ocamllex

e ocamllex generates an OCaml file (.ml) from a lexer
definition file (.mll)

1 | $ ocamllex calc_lex.mll

2 | 6 states, 267 transitions, table size 1104 bytes
3 1% 1s

4 | calc_.lex.ml calc_lex.mll

e the .ml file defines a function lex (as rule lex = parse
. was in the .m11)

$ ocaml -init calc_lex.ml
O0Caml version 4.01.0

# lex ;;

1
2
3
4
5 | = : Lexing.lexbuf -> token = <fun>

e Lexing.lexbuf is a type of buffers to read characters from
(= FILE* of C); a mutable record

@ lex buf consumes characters from buf and returns a token
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Lexing.lexbuf DfEH F\NAH 05

o XFHIMNH

1 [Lexing.from,string "12+34* 56"

o REEATING

1 [Lexing.from,channel stdin

o 77 AININD

1 [Lexing.from,channel (open_in "exp.txt")
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Creating a Lexing.lexbuf buffer

e from a string

1 [Lexing.from,string "12+34* 56"

e from a standard input

1 [Lexing .from_channel stdin

e from a file

1 [Lexing.from,channel (open_in "exp.txt")
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7] figAfr et (5 1

$ ocamllex calc_lex.mll
6 states, 267 transitions, table size 1104 bytes
$ ocaml -init calc_lex.ml

OCaml version 4.01.0

# let b = Lexing.from_string "12 + 34+56";;
val b : Lexing.lexbuf =

{0 E® ...}

# lex b;;

- : token = NUM 12
# lex b;;

- : token = PLUS

# lex b ;;

- : token = NUM 34
# lex b ;;

- : token = PLUS

# lex b;;

- : token = NUM 56
# lex b;;

- : token = EOF

rule lex = parse

I [’ 2 °\t> >\n’] { lex lexbuf }

|

{ PLUS }

| [°0°-’9°1+ as s { NUM(int_of_string s) }

| eof

{ EOF }
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Using a lexer

$ ocamllex calc_lex.mll
6 states, 267 transitions, table size 1104 bytes
$ ocaml -init calc_lex.ml

OCaml version 4.01.0

# let b = Lexing.from_string "12 + 34+56";;
val b : Lexing.lexbuf =
{ ... (snip) ... }

# lex b;;

- : token = NUM 12
# lex b;;

- : token = PLUS

# lex b ;;

- : token = NUM 34
# lex b ;;

- : token = PLUS

# lex b;;

- : token = NUM 56
# lex b;;

- : token = EOF

rule lex = parse

I [’ 2 °\t> >\n’] { lex lexbuf }

|

{ PLUS }

| [°0°-’9°1+ as s { NUM(int_of_string s) }

| eof

{ EOF }
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ocamlyacc : T X fEffras £ Y — IV

/* BE + {EED0Caml 11— Rx*/
AN
(x R D0Caml I — K %)
Wt
/* FRIDEH */
%token <int> NUM
%token PLUS EOQF

/* SRS & Z DR (WED */
%start program
%type <int> program

expr :
| NUM {$132
| expr PLUS NUM { $1 + $3 }

program :
| expr EOF {8113

(* {EED0Caml I— R %)

o Al =mly 771
e JEA: T 345H|
HE + £ED OCaml 2— R

v

>

» fEE® OCaml 2 — R

=

i

» %token : BFMH & B LAITLT
b4 %7 —4& D

» Ystart : JeHRLE (AJTRMRITH
g BELE) £

» %type : %‘uaﬁb)nmui&‘)(jq/f_t X
WX U TR (Jediad 5 12
WTIRAZH)

o 7¥: .mll & mly [] /5 CFH DEH
LTS (WY fHidgd)
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ocamlyacc . parser generator

/* declarations +

any OCaml code */
%{ (x any OCaml code *)
%
/* token definitions */
%token <int> NUM
%token PLUS EOF

/* the start symbol and
its type (mandatory) */

%start program

%type <int> program

expr :
| NUM {$112
| expr PLUS NUM { $1 + $3 }

program :

| expr EOF {$1}

(* any OCaml code *)

e input = .mly file
e format: separated by 7 into 3 parts

» declarations + any OCaml code

>
» any OCaml code
e declarations
» %token : token names and their types
» %start : the start symbol (the
symbol representing the whole input)
» Jtype : a type corresponding to a
symbol (mandatory for the start
symbol)
e Remark: both .m11 and .mly define
tokens (a better method comes later)
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ocamlyacc £ menhir

e ocamlyacc & (ZIFHMT, H LW —I)L & LT menhir B’ 3

o ZOHHHDHIFHTIZEHHLTERL

o B TlXocaml &1 Y A M —IFTHIXHBNIZA VA N—)b
X N3 ocamlyacc % f# 5
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ocamlyacc D K E 7

o YRHEHXIEIZIH > /-EHE
o fi:

1 | expr :
2 01 ...
3 | | expr PLUS NUM { ... }

DEEA S

» expr (I F9 5FH5),

» PLUS (1 F4))

» NUM (IZ2¥ v F9 % Fh)41),
DRI DX, expr ThH
5 (IIXvF9I5).

o | T, HEOWEMENLHD Z
ERIRT.
o { ... }Hi&, TEEAMHLAI
(i)
° JE:
» GUTHPESZSKL
THERW ()
» O ENEHWES
BUTWTERW (FHH
FHIF)

expr
/wu—\

— A HRAY

af - OHE
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Grammar definition in ocamlyacc

@ based on Context Free
Grammar (CFG)

@ cX.

1 | expr :
2 |l ...
3 || expr PLUS NUM { ... }

reads that concatinating
» (a string matching)
expr,
» (a token) PLUS, and
» (a string matchin)
NUM
will match (make a
string matching) expr

e | indicates there are multiple
possibilities
e { ...} is an evaluation rule (later)

e Remarks:

» the righthand side can reference
the symbol being defined itself
(recursive definitions)

» multiple symbols can refer to
each other (mutually recursive
definitions)

expr

/WA
S M

oo - OEE
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YHRBEHCHED 7 4+ —< IV E S

o Muial & (FH) DEE: T
o Al 5 DES: NT

o JEHHFLS: S e NT

o MHAIDES. —DDHAI,

a=b - b,

D (n>0,ae NT,b; € NTUT).
» Z OFHIDE
* b XY F 9 B FMH,
* ..
* b, IZXYF T 2T,
ZORIFEFAGNE, allYvFT5
o BETOHLLKEDTEWRENHEID/Z:
» EFIT b BWFRDEE, b 1ETD 1T (05525 FHH) I
(DAY XYV F4 B
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A formal definition of CFG

e set of terminal symbols (tokens): T
@ set of non-terminal symbols: NT

e the start symbol: S € NT

@ set of rules. each rule is of a form

a=by - by
(n>0,a€e NT,b; € NTUT).

» which reads that concatinating

* a token sequence matching by,
* ...

* a token sequence matching b,,,
will match (make a string matching) a
o just for the sake of formality:

» if b; is a token, b; matches (a token sequence consisting only
of) the token
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-l R A

o fEED OCaml DA, 272U, $1, $2, ... RET, HLD
Mg DMNEIZHDFHLFICHNTIEEZSHMTES

o Elk: ANthdDd 2R FAHFIMN, Al a=0b, ... b, IZ&Y
aL?/%btb,ﬂmTér§Mﬁ%J%%Eb,%@?@
FHI NG 2L UTERIFET D

o f:

1 | expr :
2 |1 ...
3 | | expr PLUS NUM { $1 + $3 }

A S BB ERG T ﬁﬂ#wmpwsmm INVFULEDL,
T DM FRFNI N 9 D fH I

» G 1EFHOD expr(ﬂi“\?‘y?"bf:?/@ﬂ) VR 2 fH

» FHI3FEHD NUM(IZ Y Y F U 2FH0) IR 51
DHITH S
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Evaluation rule

e any OCaml expression, which can use $1, $2, ... to
reference values of the corresponding symbol on the
righthand side

e semantics: if a subsequence of tokens matches a due to the
rule a = by ... b,, evaluate the corresponding evaluation rule
and associate the resulting value with the subsequence

@ eX.

expr :
2 |1 ...
| expr PLUS NUM { $1 + $3 }

reads that, if a subsequence of tokens matches expr PLUS
NUM, the value of that subsequence is the sum of

» the value of (the string matching) the first term expr and
» the value of (the string matching) the third term NUM
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ocamlyacc WAEKT D 7 71 )V

e ocamlyacc iX.mly 5, 22D OCaml D7 7 A )L (.ml & .mli)
KT D

» mli 2 T? = &3k

1 | $ ocamlyacc calc_parse.mly
2|8 1s
3 | calc_parse.ml calc_parse.mli calc_parse.mly

o .ml 77 1IVAIZ, LBl S# T, BBMPERIND
» DF Y I T, .mly NDY%start program (ZXf)k L,
program &\ BIHMER I ND
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A file generated by ocamlyacc

e ocamlyacc generates two OCaml files (.ml and .mli) from a
.mly file

» what is .m1i? = later

1 | $ ocamlyacc calc_parse.mly
2 |$ 1s
3 | calc_parse.ml calc_parse.mli calc_parse.mly

e a function is defined in .ml1 with the name of the start
symbol

» that is, due to %start program in the .mly file, a function
program will be defined
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ocamlyace 234 %9 % W AT a (BAER)

$ ocaml -init calc_parse.ml
0Caml version 4.01.0

# program ;;

1
2
2
4
5 | - : (Lexing.lexbuf -> token) -> Lexing.lexbuf -> = <fun>

e Lexing.lexbuf -> token |IFHffMTas DAY
° i, .mly N (%type <int> parse) THiE L /21
(] $§§:§zﬁﬁgiyfé%%cjt’
> FRIfENTER & SCFNY T 7 2 ZITEY,
> TR E T, XTI T 7 M HIR* & token ZHLY
U,
» token FBIRMNEIHFF LYY FTENEIHEL,
» YW F U7 S FHlEANT & o T (token SRR L T) FHE
SN/ AEZET
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a parser (function) generated by ocamlyacc

$ ocaml -init calc_parse.ml
O0Caml version 4.01.0

# program ;;

1
2
g
4
5 | - : (Lexing.lexbuf -> token) -> Lexing.lexbuf -> = <fun>

e Lexing.lexbuf -> token is the type of lexers

° is what .mly file (%type <int> parse) specified
e the parser

» takes a lexer and a character buffer,

» repeats calling the lexer to get tokens one after another from
the character buffer,

» checks if the entire token sequence matches the start symbol,
and

» if it does, returns the value associated with the entire
sequence according to the evaluation rule
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TR & RSN R SRS E D

o DL LTHufENER (lex) & HEXfENTHR (program) 23 C X /=
o LTDESIZUTHAGDLETEHK Z L2 MFHLAEZLS LD

1 [# program lex (Lexing.from_string "12+ 34 - 56")

o BRBMOEDIIITMR., HH:
Q MHIFIH ZDT7 7 AINIEMINT VDS, HO2BBT D200
[BEL] WNE
Q Lo lHELMAE: mllNSAEKRINA token &, .mly 264
X477 token &, TOFEFETIX TRLCED] LE->TN
A
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Combining the lexer and the parser

e a lexer (lex) and a parser (program) are now ready

e we would expect we can combine them as follows

1 [# program lex (Lexing.from_string "12+ 34 - 56")

e this is not the case, unfortunately, because
@ they are written in seprate files, which must follow a rule to
refererence each other
@ a more complicated issue: token generated from .mll and
token generated from .mly are not considered the same thing
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FRIFEATIN D token # FESCETN O token

° » .mll

1 | $ ocaml -init calc_lex.ml
2
3

# lex;;
Lexing.lexbuf -> token = <fun>

Z D token %, calc_lex.ml D token

» .mly

$ ocaml -init calc_parse.ml

1
2
3

# program ;;
(Lexing.lexbuf -> token) -> Lexing.lexbuf -> int = <fun>

ZH b5l calc_parse.ml 1D token
o MUAMTEHDED. EE N L THTEHIDED
o —RHIARZEMN, —MIZ OCaml TlX, D7 71 IVHODEHE
ST 512X, BEEPBEZDTIS>HKD
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token in lexer # token in parser

o » .mll

1
2
3

$ ocaml -init calc_lex.ml
# lex;;
- : Lexing.lexbuf -> token = <fun>

this is token in calc_lex.ml
» .mly

1
2
3

$ ocaml -init calc_parse.ml
# program ;;
- : (Lexing.lexbuf -> token) -> Lexing.lexbuf -> int = <fun>

this is token in calc_parse.ml
e they are different even if their names are the same; they are
different even if their definitions are ientical
@ it is inconvenient but , but OCaml in general requires appears
unreasonable — RELARZMN, —M#IZ OCaml T, o7 7
AINVHDEZEEZ ST LI121E, BIEEPBELROTIS>RD
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token 7€ 38 D A — DR PIE

e Sift1: mlliTx LT,
[BHTIE token ZEFK Y D74, mly (ZHdPD&fH> Tl
LRI D

o Ji#t2: mlyiZxULT,
[BHTIE token ZEFET DA, mlliZHhdDXPD%EfHi>Tial
LRI D

e EHLLTETEDM, URNTIE—H A1 %2511
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How to solve the issue of separate token
definitions

e Method 1: instruct .mll
“you do not define token but use the one in .mly”

e Method 2: instruct .mly
“you do not define token but use the one in .m11”

e you can do either one, but the following explains the method
1
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token 7€ 38 D A — DR PIE

SRS RS W T S

(-
W~ S O

calc_lex.mll ZLARD X D IZEHH:

{

(* TZIZHo7 token EHEZIRE *)

x AFDBELBNT, PLUS R
calc_parse.ml NDELD%2BWTED (§5)
£ D *)

open Calc_parse

}

rule lex = parse

| [ 7 °\t> ’\n’] { lex lexbuf }

[+ { PLUS }

| [70°-’9°]1+ as s { NUM(int_of_string s) }
| eof { EOF }

(B E LAV OERIFER I
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How to solve the separate token definitions

o change calc_lex.mll as follows:

{
(x remove token definition here *)
(* {\it with the following magic, you now reference {\tt PLUS} etc. in}
{\tt calc_parse.ml} *)
open Calc_parse

rule lex = parse

| [ 2 °\t> ’\n’] { lex lexbuf }

(S { PLUS }

| [°0°-’9°]+ as s { NUM(int_of_string s) }
| eof { EOF }

© 0 N G L~

~
~

o I will explain the “magic” shrotly
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BRU CTEH» T EEREDFE

o TNEXHOTELAE, BRILMNLLUTTIRENLFNZN

1
2

$ ocaml ocaml_lex.ml ocaml_parse.ml # NG
$ ocaml -init ocaml_lex.ml -init ocaml_parse.ml # NG

o MMH: ocaml ¥ Y NIXEHD . ml 7 7 1 )% 2T fHTF 20

e ocaml AV YV RIX, ml 77 A NVEEHETTIIVY Y REZE
BOBWIES BDLOEREZHRTS

o HijlZocamlc EWH AV RT, [aV)NA)] LEED
(.cmo) % JE9 DAEEAR
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How to run programs consisting of multiple files

e even with that, any of the following does not work

1 | $ ocaml ocaml_lex.ml ocaml_parse.ml # NG
2 | $ ocaml -init ocaml_lex.ml -init ocaml_parse.ml # NG

@ reason: ocaml command does not take multiple .ml files
e for your piece of mind, do not consider ocaml a command
that directly executes an .ml file

e you instead compile .m1 files with ocamlc and pass generated
files (.cmo)
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BRU CTEH» T EEREDFE

$ ocamllex calc_lex.mll

$ ocamlyacc calc_parse.mly

# ocamlc TIV/SA)b. LARD 3 7 7 1 NVOJEFEE!

# parse MV, lex M

ocamlc -c calc_parse.mli calc_parse.ml calc_lex.ml
# ocaml |Z.cmo % Y9

$ ocaml calc_parse.cmo calc_lex.cmo

OCaml version 4.01.0

~
Q'QOO\}QQ‘I*\Q&I\%N°
-

# Calc_parse.program; ;

~
~
|

12 | # Calc_lex.lex;;
18 | = : Lexing.lexbuf -> Calc_parse.token = <fun>

(Lexing.lexbuf -> Calc_parse.token) -> Lexing.lexbuf -> int = <fun>

o INTHOTHEIMHEN HEEH)

1 | # Calc_parse.program Calc_lex.lex (Lexing.from_string "12+34 + 56");;
2 |- : int = 102
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How to run programs consisting of multiple files

~
Q'QOO\]QQ\%\QQI\%NQ

[
LW W =~

$ ocamllex calc_lex.mll
$ ocamlyacc calc_parse.mly
# compile with ocamlc (the order is important)!
# parse must come before lex
$ ocamlc -c calc_parse.mli calc_parse.ml calc_lex.ml
# pass .cmo to ocaml
$ ocaml calc_parse.cmo calc_lex.cmo
OCaml version 4.01.0

# Calc_parse.program;;

- : (Lexing.lexbuf -> Calc_parse.token) -> Lexing.lexbuf -> int = <fun>
# Calc_lex.lex;;

- : Lexing.lexbuf -> Calc_parse.token = <fun>

they finally combine successfully

# Calc_parse.program Calc_lex.lex (Lexing.from_string "12+34 + 56");;
- : int = 102
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VAR

o OCaml R TIX, EE: ml 2E79 2 DIIMHMN & S HE

o .ml% .cmo (/N hI—R)IZIV/NAIL, ocaml IZ5-X
% DHIFEA

o TUT, HET7ANMNLRDTOTT LADYE, TAN
Tbﬁjkéé

e .cmo #fEAIZIL, ocamlc -¢ T AV /81 )] LW
Y, Bl (@b\b ¥ Y REAT) DIEEF A EE

o V=i MKFTBHT7 7 A IV EHZIZEL]

» calc_lex.ml #' calc_parse.ml H1D token % &M —
calc parse.ml calc lex.ml DJH
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Summary

e in OCaml, directly executing .ml is an exception

e the norm is to compile .ml into .cmo (byte code) and give
them to ocaml

e it is “must” when a program consists of multiple files

@ to create .cmo, compile .ml files with ocamlc -c, but their
order in the command line is important
e rule: a depender must come after dependees

» calc_lex.ml refererences token defined in calc_parse.ml
— calc_parse.ml calc_lex.ml
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2251 - ocamlbuild

e OCaml HHD LIV KV — )1
o (LT EMLMNEARNVEKRE I Y RN (72583 —)%
fHA])

1 | $ ocamlbuild calc_lex.byte

2 | /usr/bin/ocamllex -q calc_lex.mll

3 | /usr/bin/ocamldep -modules calc_lex.ml > calc_lex.ml.depends

4 | /usr/bin/ocamlyacc calc_parse.mly

5 | /usr/bin/ocamldep -modules calc_parse.mli > calc_parse.mli.depends
6 | /usr/bin/ocamlc -c -o calc_parse.cmi calc_parse.mli

7 | /usr/bin/ocamlc -c -o calc_lex.cmo calc_lex.ml

8 | /usr/bin/ocamldep -modules calc_parse.ml > calc_parse.ml.depends

9 | /usr/bin/ocamlc -c -o calc_parse.cmo calc_parse.ml

10 | /usr/bin/ocamlc calc_parse.cmo calc_lex.cmo -o calc_lex.byte
11 |$ 1s

12 | _build/ calc_lex.byte calc_lex.mll calc_parse.mly

18 # EEWIEAET, _build 7ANANIZH D

14 # -1 _build &£\D, FAEFEUARWV

15 | $ ocaml -I _build _build/calc_lex.cmo _build/calc_parse.cmo
16 0Caml version 4.01.0

17 | #
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a convenient command : ocamlbuild

e a build tool for OCaml
e a lengthy series of incomprehensible command lines is

©

[ I V)

o XS

11
12
13
14
15
16
17

unpleasant but still convenient

$ ocamlbuild calc_lex.byte
/usr/bin/ocamllex -q calc_lex.mll
/usr/bin/ocamldep -modules calc_lex.ml > calc_lex.ml.depends
/usr/bin/ocamlyacc calc_parse.mly
/usr/bin/ocamldep -modules calc_parse.mli > calc_parse.mli.depends
/usr/bin/ocamlc -c -o calc_parse.cmi calc_parse.mli
/usr/bin/ocamlc -c -o calc_lex.cmo calc_lex.ml
/usr/bin/ocamldep -modules calc_parse.ml > calc_parse.ml.depends
/usr/bin/ocamlc -c -o calc_parse.cmo calc_parse.ml
/usr/bin/ocamlc calc_parse.cmo calc_lex.cmo -o calc_lex.byte
$ 1s
_build/ calc_lex.byte calc_lex.mll calc_parse.mly

# generated files are in _build folder

# you still need -1 _build
$ ocaml -I _build _build/calc_lex.cmo _build/calc_parse.cmo

OCaml version 4.01.0

#
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ocamlmktop

e *x.cmo ZE> /=14, M|

$ ocaml -I _build _build/*.cmo

1
2 0Caml version 4.01.0
3 | #

DEHIZ, TNHEFEEL T ocaml #&ZEH) 350V I,

1 [$ ocamlmktop -o calc.top _build/*.cmo
LUT, TNHDx.cmo 2 [HEAN UZz, MNEEAAER%Z
fRE U 72400 (EEL Tl calc.top) THEKT DI LMNTED

$ ./calc.top -I _build
O0Caml version 4.01.0

3 | #

53 /62



ocamlmktop

e after creating *.cmo’s, you could give them to ocaml every
time like

$ ocaml -I _build _build/calc_lex.cmo _build/calc_parse.cmo
0Caml version 4.01.0

IS

#

but you can also generate an interactive command (calc.top
below) they are “burned in” as follows

1 [$ ocamlmktop -o calc.top _build/*.cmo

1 |$ ./calc.top -I _build
2 OCaml version 4.01.0
3 | #
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OCaml CTE 7 7 A N5 R5TOT I L%
VEBBED AR DHIFRD F &

o D7 7 A (Hil: abc.ml) TEZEI NI KA (B /L84,
M, MOIVANT I R4, ete.) 22T 254,

» JiiE L 2IRT 5 -CNC4ATHTE TAbe. #4401 DX D IZRIRT D
» 31k 2: JEBAEIZ, open Abc & FE<

o B L&Y, MEIZERR] DIEIZ ocamle TIV/SA LT S

e ocaml ¥, ocamlmktop THRL U 2 RIX, *.cmi °*.cmo
BTG, -1 THRETD
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Summary of what you must know when
developing multi-file programs in OCaml

e when you refer to a name (function/variable names, type
names, constructor names, etc.) defined in another file (ex:
abc.ml)

» method 1: qualify names like “Abc.name”
» method 2: write open Abc in the file that references them

e compile them with ocamlc, in the order of dependencies

@ ocaml and programs generated by ocamlmktop specify with
-1 directories to search for *.cmi and *.cmo
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SCHEE ST & < PR 4 3 A (1)
etk LA D

o JLDIEEH

1
2
3

expr :
| NUM
| expr PLUS NUM { $1 + $3 }

&, AR TIERWFRONDES S 97

expr : expr :
| NUM | NUM
| NUM PLUS expr { $1 + $3 } | expr PLUS expr { $1 + $3 }

o LA DHIANK, RUK (+) A3, T4 A (left associative)] T
B k& MU 2 BRI
o fiftit:
a+b+c=((a+b)+c)
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Common issues in grammar definitions (1)
left and right associativity

e what if we change the above grammar

1
2
3

expr :
| NUM
| expr PLUS NUM { $1 + $3 }

into this?

expr : expr :

| NUM | NUM

| NUM PLUS expr { $1 + $3 } | expr PLUS expr { $1 + $3 }

e the original rule reflects the fact that addition (+) is “left
associative”

o left associative:

a+b+c=((a+b)+c)
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SCHEE ST & < P 5 5 HIA (2)
S 0D LB

o x (HMIH) 22 DEDICLEZETD
o AR TIHME T VMn?

1 | expr :

2 | | NUM

s | | expr PLUS NUM { $1 + $3 }
4 || expr MUL NUM { $1 * $3 }

3+4x5=(3+4)x5=35

o MTHIITEODAMRUELY ] WD BRI 2 SURIZ X

Bzwn
3+4%x5=3+(4%5)=23
o HHAFZBMU CEEEHT D
» T8 PHTHEAINT T (term) 12741
» TH| 2+ THRAINT TR (expr) 1225
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Common issues in grammar definitions (2)
precedence

e say we want to include * (multiplication)
e any issue with the following?

1 | expr :
2 | | NUM

s | | expr PLUS NUM { $1 + $3 }
4 || expr MUL NUM { $1 * $3 }

e with this definition
3+4x5=(3+4)%x5=35
e we like to incorporate the fact that “a multiplication binds its
operands more strongly than an addition”
3+4%x5=3+(4%5)=23

@ one way is to introduce more symbols
» * binds “number”s to make a “term”
» + then binds “term”s to make an “expr” 60 /62



e

e ocamlyacc IZ1&, INH6DMEZES NIRRT SE0EE H
HIhTwa

> %left (LEFER)
» Yright (HF5E)
» TNOEELEZTELED S I 2 IHSR
o bLLIZNGZMWAITNIX, =T IV&IE

o TH, INHLDAFTDARYEDERNOMN L Z TN, REIZ
H7 CRle &2 PR
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Remark:

@ ocamlyacc has mechanisms to solve these issues declaratively

» %left (left associative)
» %right (right associative)
» their order indicates their precedences

o refer to the manual if you want to use them

e if you don’t know what they exactly mean, a more
straightforward approach is to introduce more symbols
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