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LL(1) XOABI D ATEX

token = next_token();
Eeme=EScTacktop] = 5';
while (true) {

if (top == 1 &&
stack[top] == EOF &&
Boken=="E0F ) {

return true;
} else if (top >
top--; token = next_token();
} else if (top > 0 &&
table[ stack[top]][token] ==

A

0 & stack[top] == token) {

S EImG 1 = ks 1 >="1; 1
top++; stack[top] = B;;

§

§
[ Rcilice |

return false;

}
5

UNI P

YEK
@
&,
4118.6

I898%

0] S’ — SEOF
L S — €
2] S—>[S5]S

A2 — AN AR R IT F AF I BL g

VL5 I8 o JE LR LE T B

ST\ FRTE FOF

pS EBI[0]| 4% | B [0]
i

pS BT (2] | BT [1] | BT [1]

pl pT Be 55 1% 55 I

f] 5517 Ui 58 IR
LS LS B
58 TR 58 TR 58 Th
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LL(1) oA DT

o A ATA Ao 48T & 75 H0 % EOF T

o MATRTAR AL AT o, 4 2] e .

Al A AT 5 EELR, s/E N IEE FIRST(S) = {[, EOF}
FIRST(S) = {[, €}

© THMREIELLEHFT A K FOLLOW(S) = {EOF, 1}

* FRANA > o, HEE SATH\ 1

FIRST () F 64445555 ¢, 1 77 B [0] BFF [0]
BN o B, FAEH

BERHETA M, AR [S RIT (2] | BT (1] | BT (1]

A— a XFHAN

o w® ¢ € FIRST(a), &
FOLLOW(A) #4542 ¢,
Bl BT A5 A ¢ B, sEA &I

A > a XELHN

BI T 2
B T 2

0 5
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FENS
© BJE[E_EEGEESM;
® BIEMHTHI B 314 AR,
o B TINm T &9+:E %947 (G AR)

od
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NI AREEEGNE N7

© GLR A PECG FH AT IHFHI X EC AR 2

% 5 GLR ﬁgiﬁ;x&é@xiﬁ 4’2%)‘%%%2— ez
oo El DEG fA\/bJAFq\E% é_t- {E%‘BT/\ ;l Eﬁ:
o EM:A <« a/ab 8 Nk IFHKIT AL F

© BJKE _EoATE EMELFNEI, B E AR E 304 /K
o AR EEOAATIAR F B BESMTARAE KX, ME ORI
o FRR: B4 REFH XA RS B ARS8

© BTRME T /M EFHELHE:
AL B K E ESATEMRE R, LE LG EME
o B FHEIGEEFTE), A A EH#HATHER. b 551213 5
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LL(K) Bk R4 2 T E
Bl da: IFAEZ AT K, AW SO AR LL() 89

* FXER AN ET

R/
%*

SHEEE ) B Rk

yom

S &1 15 5] A & R, DFA

&K

EEERAAA S C AT RRE AN

— /I DFA K32 7| 18] B A 4R X

% B 1] Bl & A5

I 1 I 1 I 1 I 1 I 1 I 1 If 1
L )| L | L )| L ] L )| L J L J]

S’ — SEOF
S—> A
S —> B
A —>cAa
A —>ca
B —cBhb
B — chb

A #] 15 H] A HE X DFA

o
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LL(™) B0
REFAER T LLCY) 69120 & X XK T H| Z 9] 2R
® ANTLR: ML AMIE , M8 A W kst = X A LL(k) 2 B PR

7l

ke,
—~@ :
0] S’ — S EOF = e ". .“ @ -
1 ] 23R4 « T CU e = R R R %
1 S el x"'-'-'-':":" D P e n i RS
2]  S—B 7 e @ @@
N ' ' 1
4 A —>ca : Te ’ :
> q
:5: B _) CBb “ ’¢ ‘‘‘‘‘ ~. A'B ----- ~~ "'
6] B —chb

[PF11] Terence Parr and Kathleen Fisher. 2011. LL(*): the foundation of the ANTLR parser generator. In PLDI'11.
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<.>oEZAARAKIER

—fA TR RSB —E

F =M E KT AP [1]: s1<$>, a0<s2>, a1s2>, a5<s2>
© BT AL [2]: s3<$>, b0<s4>, b1<s4>, b5<s4>
> LN

o 38 22 [ B A% | 64 15 R Jc

[1]: 02<s2>, a0<a3>, ala3>, a5<a3>, a6<s2>
[2]:02<s4>, b0<b3>, b1<b3>, b5<b3>, b6<s2>

lc

[1]: a2<a3>, a0<a3>, a1<a3>, a5<a3>, a6<a3>
[2]:02<b3>, b0<b3>, b1<b3>, b5<b3>, b6<b3>

[1]: a7<s2>, a8<s2>, s2<$>, s5<$>

[2]:b7<s4>, b8<{s4> rs A<D RS

B T A, 3R [E [1]: a7<a3>, a8<a3>, a3<?>
J& AN4niE 2 H]
& [ 3 A A | 12 b7<b3>,b8<b3>,b3<?>}
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Darser Combingators

o FIA: BEREA—MF AN TFHEIAEINERZE?

© NE: REEZHITATEAMKE LA A2 F A
o thtm[ BN EAN].TRESEAFOEAN]. [ PREFZFERAXN|F

Something to match

| —

Create step in
parsing recipe

/

A “Varser-making” function

Parser<something>

'r

l
This is a recipe to make

.some’chinq, not the ’chinq
itself

AR RS F T https: //fsharpforfunandprofit.com/parser/ .
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https://fsharpforfunandprofit.com/parser/

Darser Combingators

®© 484 F (combinator): % AN £ parser E& M — 8 449

: combined . .
Parser<thingA> with Parser<thingB> | == | Parser<thingC>
A “combinator” A recipe to make a more

complicated thing

© EEMAMEITATEH:

input

| |
\ ] Success

Parser<something> —_—> Run — or.
P Failure

o
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/V/\_ N2/ /

—/NE B/ parser: 3

[ %KX | ER: LBIMEAR, ER— T H &,

R[5 40T 5E AR JE R R T A

input[—— ] remaining input
pcharA

[ | true/false

Parsing fwnction

pair<bool, string_view> pcharA(
string_view input
i
if (Yinput.empty() && input[B] == 'A") {
return {true, input.substr(1)};
} else {
return {false, input};
5
5
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e A

—/ BB/ parser: AR

SR P S S RS Y

R EME L IRA B F A, o R AR A F R

pair<char, string_view> pchar(

input | | : remaining input char char_to_match,
pchar matched char | itring_view input
charToMatch ] I failure message if (linput.enpty() 8&

input[@] == char_to_match) {
return {input[8], input.substr(1)};
} else {
New parameter throw runtime_error("...");

}

More comp\ex owtput )

g
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UNI P

vEK7
@
6>
4118.5

e A S ——

— NNEE® parser: E=HR

X35 A AT R HAAT [ BB
A Sk BE, charToMatch & 224749, input &3 R 4e i &

input Success: remaining input
pchar\ Success: matched char
charToMatch I Failure: message

We know this  We don’t know this
in advance in advance

FROEMOR R ZE [ R R | AL F, ik pchar &%k R %

charToMatch — /24, A JERE 7 —A K #H 4 3E input
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/Vf\_ N2/ /

—/NEI B parser: FE=hR

pchar —>
charToMatch |

Inpwt stream

CH F XFE LXK

Reswlt

function<pdir<char, string_view>(string_view)> pchar(char char_to_match) {
return [=](string_view input) {
if (!input.empty() &% input[B8] == char_to_match) {
return pair<char, string_view>{input[0], input.substr(1)};
JeNic o
throw runtime_error("...");

¥
i
}
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/Vf\_ N2/ /

—/ BB parser: ZEUORR

Parser<char> Yo B8 @ 1e) X R AT A R
pchar = === AT H %
charToMatch
Parser<char>* pchar(char c) {
struct CharParser : public Parser<char> {
char char_to_match;
CharParser(char char_to_match)
template <typename A> - chan o nafeh(ehanSoRiohh .
pair<char, string_view> parse(string_view input) override {
struct Parser { if (linput.empty() && input[8] == char_to_match) {
virtual pair<A, string_view> return {input[8], input.substr(1)};

parse(string_view) = 0;

};

cillc i
throw runtime_error("...");

§
§
1
return new CharParser(c);

5
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Combinator 21/1+4 ?

* A“combinator” library is a library designed around

combining things to get more complex values of
the same type.

* Integer + integer = integer

o list @ list = list /| @ is list concat
® 7 —
dubenl .Mser/ What could go here?

103
2025 4 & & 5 47 (iR E (L 3e3r)) ERFTFENER



— U H KB Parser Combinators

® parser and_then parser ==> parser
® FIBATHE — parser #ATIEE M
* H/IBATH = parser &R & e N L3 AT B R AT
» R BEMNERAN T, R CAT6 044 R A —1> pair &

® parser or_else parser ==> parser

& SIEAT B — parser #HATEHRTAT, & DN
& R, WBATH =/~ parser #AT 3R

R
S

S

@ parser map (transformer) ==> parser

% 3BAT parser #ATIE AT
o BRI, W EREXSHE R L~ AT K # transformer
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and then B4&

template <typename B>
Parser<pair<A, B>>* and_then(Parser<B>* other) {
struct AndThenParser : public Parser<pair<A, B>> {
Parser<A>™ parseri;
Parser<B>* parser?;
AndThenParser(Parser<A>* parserl1, Parser<B>* parser?2)
: parser1(parser1), parser2(parser2) {}

pair<pair<A, B>, string_view> parse(stri % 3% 4T parser ride {
auto res1 = parserl->parse(input);

auto res? = parser2->parse(resl.second); res].second &
e RS RSt Pes2 T iFs L e s2useeald ol 4 84 H N

;

}s 48 p, pair & =
return new AndThenParser(this, other);

}
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Btice .2HSF

ERECER 0 else(Parser<f>* ‘other) {
struct OrElseParser : public Parser<A> {
Parser<A>* parseri;
Parser<A>™ parser?;
OrElseParser(Parser<A>* parserl, Parser<A>* parser?2)
. parserl1(parser1), parser2(parser2) {}
pair<A, string_view> parse(string_view input) override {
try { 384T parser]
return parser1->parse(input);
} catch (runtime_error&) {

return parser2->parse(input); BRI, N AE B AT A
2 #Hr N\ _E3E4T parser?
}
¥
return new OrElseParser(this, other);
;
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map HEF

A RBE T BB XA

template <typename B>
Parser<B>* map(function<B(A)> transform) {
struct MapParser : public Parser<B> {
Parser<A>* inner_parser;
function<B(A)> transform;
MapParser(Parser<A>* inner_parser, function<B(A)> transform)
: inner_parser(inner_parser), transform(transform) {}
pair<B, string_view> parse(string_view input) override {
auto res = inner_parser->parse(input);
return {transform(res.first), res.second};

%} RN W=PSH Rk S

return new MapParser(this, transform);

}
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AN

SRS T

Parser<char>* one_of(char start, char final) {
auto parser = pchar(start);
WU CHelne = 'start + 1; ¢ <= final; ++c) {
parser = parser->or_else(pchar(c));

}

return parser;

-7 start..final X [q]

¥ & BT R T AT

}

s (R, 19") R Al —AN2 5 £A R Parser<char>™

one_ofi('8"', '9')->map<int>([](char ¢) { return c - '8'; })

IR R — /N F I T o A XA A Parser<int>*
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AN

ST MENNaE K{ELS

auto pdigit = one_of('0', '9')fmap<int>(chr2int);
auto pnumber = pdigit->many1()->map<int>(vec2int);

auto pexpr = new RecParser<int>(); RecParser 43 ik & a3 03 R
auto pterm = new RecParser<int>();

Parser<int>* atom = pexpr->between(pchar('('), pchar(')'))->or_else(pnumber);
pterm->inner_parser = atom->chain_left —ra s
D between & <[ & 2 /& < 4] |

->map_throw<intop>(multiplies<int>())

->or_else(pchar('/")->map_throw<intop>(divides<int>())));
chain_left ARAZEA L &8 FH KA K

pexpr->inner_parser = pterm->chain_left(
pchar('+")
->map_throw<intop>(plus<int>())
->or_else(pchar('-")->map_throw<intop>(minus<int>())));

map_throw £ A map, 1B R % [EA RS H & &R
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many A0 many £

&F

Parser<vector<A>>* many() {
struct ManyParser
Parser<A>* inner_parser;
ManyParser(Parser<A>* inner_parser)
: inner_parser(inner_parser) {}
pair<vector<A>, string_view> parse(
string_view input
) override §
vector<A> vec;
while (true) §

try {

vec.push_back(res.first);
input = res.second;
} catch (runtime_error&) {

break;
5
i
return {vec, input};
5
5
return new ManyParser(this);
s

: public Parser<vector<A>> {

auto res = inner_parser->parse(input);

many1 & 28 4 and_then

A= many K3, £ A map
T e A7 48 R

Parser<vector<A>>*fmany1() {
return this->and_then(this->many())
->template map<vector<A>>(
[ 1(pair<A, vector<A>> p) {
p.second.insert(
p.second.begin(),
DIEGTESE
ik

return p.second;

B0
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between H4EF

throw_right & F~MRR#AT this
#= other, 18 other #9{E R~ &

template <typename B>
Parser<A>* throw_right(Parser<B>* other) {
return this->and_then(other)->template map<A>(
[1(pair<A, B> p) { return p.first; A
) throw_left & =KX # 4T this
#=2 other, 12 this s91E R~ &

template <typename B>
Parser<B>* throw_left(Parser<B>* other) {
return this->and_then(other)->template map<B>(
[1(pair<A, B> p) { return p.second; gl
} between L A4 throw_left A=

throw_right &30

template <typename B, typename C>
Parser<A>* between(Parser<B>* before, Parser<C>* after) {
return before->throw_left(this)->throw_right(after);

}

Ieihl
2025 4 & & 5 47 (iR E (L 3e3r)) ERFTFENER



chain_left A4 ClrETmes

BS54, R E S A RARE(E

Parser<A>* chain_left(Parser<function<A(A, A)>>* op_parser) {
struct ChainLeftParser : public Parser<A> {
Parser<A>* inner_parser;
Parser<function<A(A, A)>>* op_parser;
ChainLeftParser(Parser<A>* inner_parser,
Parser<function<A(A, A)>>* op_parser)

: inner_parser(inner_parser), op_parser(op_parser) {}
pair<A, string_view> parse(string_view input) override {
auto res = inner_parser->parse(input); " o
auto acc = res.fi?st; : FE I e

input = res.second;
while (true) §
try {
auto op = op_parser->parse(input);
auto res = inner_parser->parse(op.second); Kk E 1¢ F op_parser Ao inner_parser 22

ceeR=Ra D NS tEee i res. first); MimE S fe T — e S, FiEa
input = res.second; N q#/i,A\"
} catch (runtime_errord) { op_parser &0 AT & REAT &I
break;
}
;
return {acc, input};
}
5
return new ChainLeftParser(this, op_parser);
§

1hh2
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AN

&7 MiElNizR

RecParser &%t Parser & & %

B, ARFEIIZERGE |, A

struct RecParser : public Parser<A> { ES &z A=K
Parser<A>* inner_parser;

pair<A, string_view> parse(string_view input) override {
return inner_parser->parse(input);

template <typename A>

}
i

auto pdigit = one_of('8', '9')->map<int>(chr2int);
auto pnumber = pdigit->many1()->map<int>(vec2int);
auto pexpr = new RecParser<int>();
auto pterm = new RecParser<int>();
Parser<int>* atom = pexpr->between(pchar('('), pchar(')'))->or_else(pnumber);
[pterm->inner_parser|= atom->chain_left(
pchar('™")
->map_throw<intop>(multiplies<int>())
->or_else(pchar('/')->map_throw<intop>(divides<int>())));
|pexpr->inner_parser|= pterm->chain_left(
pchar('+")
->map_throw<intop>(plus<int>())
->or_else(pchar('-")->map_throw<intop>(minus<int>())));

19,5
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Pratt Parsing

o] RE : 4L 3238 A R R R A A A B R LR

o [Bi ndmg Power] : 4682 £ 5 —xt#4E (p, rp), 2t F HA
EHANE, o BT AN o ABE A | K, I A
4o )s’az N 1] A 46 &

© fBldo, &+ -8BP A (1,2), 45 *. / 89 BP A (3,4):

N EFE_NEHES>ED NEZERALE S
SR = s T e c, NIZE AL e a+((b*C)*d)+e
 NEENEHEr2Ed NIZEALE S
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37 ¥F Pratt Parsing 9B & F

G B = .
Parser<A>* chain( é/\yl\:‘\@kﬂ—iiz Blﬂdlﬂg Power
Parser<tuple<function<A(A, A)>, int, int>>* op_parse (BN 22
it

struct ChainParser : public Parser<A> {

pair<A, string_view> parse_bp(string_view input, int min_bp) {
auto res = inner_parser->parse(input);

guto afc = res.firét; 05 Y BT EAL S E SR [ 2 8T |

input = res.second; = o L

s trle) | #1325 A 69 1 & ] Binding Power
try {

auto op = op_parser->parse(input);
auto op_func = get<@>(op.first);
int 1_bp = get<1>(op.first), r_bp = get<2>(op.first);

if (1_bp < min_bp) { break; } 3
auto res = parse_bp(op.second, r_bp); fe & min_bp & K, W EZRA B @&EH 5

acc = op_func(acc, res.first); BB AL, ATV IE Y BT
input = res.second;
} catch (runtime_error&) {

Sl B, BARCERMALLL, AL ALE
} 47 r_bp A #FE min_bp B #AT AT
return {acc, input};

}
}et
return new ChainParser(this, op_parser);

}
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37 ¥F Pratt Parsing ENZB&

T # K5 Expr A2 Term, L7 @Y R E % 5 54T

pexpr->inner_parser =
atom->chain(pchar('+")

->map_throw<tuple<intop, int, int>>({plus<int>(), 1, 2})

->or_else(pchar('-")->map_throw<tuple<intop, int, int>>(
{minus<int>(), 1, 2}))

->or_else(pchar('*')->map_throw<tuple<intop, int, int>>(
fmultiplies<int>(), 3, 4}))

->or_else(pchar('/")->map_throw<tuple<intop, int, int>>(
{divides<int>(), 3, 4})));
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