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[R5 KaleidoscopeRFFE _E: SLUHENTEEFOAST

ANZEFFLLVMIA EFTESKaleidoscope#iZZAE"E, FELIKaleidoscopelESHNE AR
FARLASTRITHEE.

EZE@EN

XISEE “(FRELLVMAAZinESKaleidoscope#iiz” #IEMNE_E., AEDR(IIBRUNEAFERZE—=
t’gggﬁéﬁﬁﬁsﬁﬁmﬁgKaIeidoscopeiﬁ‘a‘*@ﬁ%gﬂ’ﬂﬁ’ﬂfﬁ%%o BT RRE, RIS EXFaiE
| IEEN (AST)

BA VGRS E R S ) N IEH A E B LS TR A & K f#TKaleidoscopelE S (IFERT
%ﬁ%ﬂ%iit, AIERTRMATEAT) . EHTHTZE, LBAGTe— TR MSIE

HSIFRIEN (AST)

—ERIEFRIHSIE SRS ZER TR ERmIE=S (Fean: (CRBERBER) BEAWlastE. F(lE
ENA—NSKITRIES, RN, BRIEFNEERUGATIEKRAMER, BAMARIATE:

/// ExprAST - Base class for all expression nodes.
class ExprAST {

public:

virtual ~ExprAST() {}

%

/// NumberExprAST - Expression class for numeric literals like "1.0".
class NumberExprAST : public ExprAST {
double Val;

public:
NumberExprAST(double Val) : Val(Val) {}
i

FHERRBERT EXprASTEENEXI—MNTFHFEXFNFEEN. XTHAB, SEIEN
%:& E‘%ﬁg mberExprASTRIE N FRISFERIANLHITE, XEmFSRNEEMEBTLRIENRF
YEUER(T 4.

W, FAUNEEZRAST, AEE(N LRBERIAE. g0, FI— N EIE AR S EFTENARS
LA 2Kaleidoscoper EftAIASTI RAVEN :

/// VariableExprAST - Expression class for referencing a variable, like "a".
class VariableExprAST : public ExprAST {
std::string Name;

public:
VariableExprAST(const std::string & Name) : Name(Name) {}
i

/// BinaryExprAST - Expression class for a binary operator.
class BinaryExprAST : public ExprAST {

char Op;

std::unique_ptr<ExprAST> LHS, RHS;
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public:
BinaryExprAST(char op, std::unique ptr<ExprAST> LHS,
std::unique_ptr<ExprAST> RHS)
Op(op), LHS(std::move(LHS)), RHS(std::move(RHS)) {}
Iy

/// CallExprAST - Expression class for function calls.
class CallExprAST : public ExprAST {
std::string Callee;
std:vector<std::unique_ptr<ExprAST>> Args;

public:
CallExprAST(const std::string &Callee,
std::vector<std::unique_ptr<ExprAST>> Args)
: Callee(Callee), Args(std::move(Args)) {}

|3

UEIBEHNSEEIFERR: TETRMREESR, TsBNTRmREIRFED (flal'+') , &
ERT RIRREE R HISEEFRIANRIIR. FINWASTILERERIX TIESII8E, MmixAXiE
SNEMEZEAT. B8, XBREXTUEER, HiEEEEMERNITIE,

SFHINPNERES, XEHMERIIBENHRERATR. AATCREREEHR, MUUTARE
SE. BIIBELUENXESER, F1ITE ﬁ%ﬁ&ﬂﬁ#%ha, —{4 2L EKaleidoscopeiE
#H, B—4HRICRREANAS,

/// PrototypeAST - This class represents the "prototype" for a function,
/// which captures its name, and its argument names (thus implicitly the number
/// of arguments the function takes).
class PrototypeAST {
std::string Name;
std::vector<std::string> Args;

public:
PrototypeAST(const std::string &name, std::vector<std::string> Args)
: Name(name), Args(std::move(Args)) {}

const std::string &getName() const { return Name; }

|3

/// FunctionAST - This class represents a function definition itself.
class FunctionAST {

std::unique_ptr<PrototypeAST> Proto;

std::unique ptr<ExprAST> Body;

public:
FunctionAST(std :unique_ptr<PrototypeAST> Proto,
std::unique_ptr<ExprAST> Body)
: Proto(std::move(Proto)), Body(std::move(Body)) {}

L

ftKaleidoscoper, HREUXAESEHEERBA. EEHZFE’Q{E%‘B%W*%JE;‘?,#\%&, EENSEEIER
HAFEFHEEEUES. EIRTENESIES ENHE—MCREENTE

BETLAEERE, BAIIMEILATSTEKaleidoscoper AT RIAFIREUA T,
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el

PAEBRAIE TAST, FIREEEN =R UBRETE, XBEREERBAVEERE (FHid
PR EA=MRCIRE]) RIABEET AT LUBIS I SERSERMAST:

auto LHS = std::make_unique<VariableExprAST>("x");
auto RHS = std::make_unique<VariableExprAST>("y");
auto Result = std::make unique<BinaryExprAST>('+', std::move(LHS),

std::move(RHYS));
A, FEAPENEX —LEARRIHEIEFFS:

/// CurTok/getNextToken - Provide a simple token buffer. CurTok is the current
/// token the parser is looking at. getNextToken reads another token from the
/// lexer and updates CurTok with its results.
static int CurTok;
static int getNextToken() {

return CurTok = gettok();

}

XERED TR B 7 —MaBRATtokenfZ X, XEFATILITUIREZ D HrefiGiRETA. ##
BRI NREISBRECUrTok R EEMITAI L Htoken,

/// LogError* - These are little helper functions for error handling.
std::unique_ptr<ExprAST> LogError(const char *Str) {
fprintf(stderr, "LogError: %s\n", Str);
return nullptr;
}
std::unique_ptr<PrototypeAST> LogErrorP(const char *Str) {
LogError(Str);
return nullptr;

}

XL B0 B R AT SRR RAVE BRIE . (BT PAERREF T ER
5%, ABARNABPRIFRSE, BRENTHNNEENS, XEXRBT. XEHRIEGIF
BANMEE B S TNREIEERIGIETRSEREINE S BNRRENull,

ERREEAEIEY, RETUSIEENE 5 K.
RFEPRER

BANEFTR, EACNRESZNIEN. YTEEPRIEINER, FIISEN— MR
HIERER. TEF, FIF:

/// numberexpr ::= number

static std::unique_ptr<ExprAST> ParseNumberExpr() {
auto Result = llvm::make_unique<NumberExprAST>(NumVal);
getNextToken(); // consume the number
return std::move(Result);

}

LEHFEAFEREER: EHABESRItokenZ tokenBJ#AA. EXABIRKFE, SIE—
TR, FREEDITHREE FT—Mre, &EREL.
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XE—EEBIOH., REERNE, ZOIREEHEASZERIEXINEIFStoken, FHIREESEIF T
Moken (RETIEEERMAI—ERD) RIEEDIERETX., XERTEIT T IEFETaRAIESERY
ik, BEANEFRIGF, ASEEMIIENAT:

/// parenexpr = '(* expression ')’
static std::unique_ptr<ExprAST> ParseParenExpr() {
getNextToken(); // eat (.
auto V = ParseExpression();
if (V)
return nullptr;

if (CurTok!'=")"

return LogError("expected ')');
getNextToken(); // eat).
return V;

}
LEERESRR T B X ETRRRY LN B BB RIS |

1) BER 7 HAAERLogErrorflfE, JERAILEREET, ZREEIESRITRCE— (fxc, BZ2
Mz rRANZ/E, FTRERE ) FF. HI0, WRAPEA (MAR (1), NST=R8AHER
EARTRERERIR, ATLATRREE —FMEMERRERTE: ERIAE e, Tl REERE

null,

2) KRS — M ERENSEECBTEAERES (FAVRRASEE!
ILAEA ) . BZATLEERZRACERAIESLBEINE L, FHiEE

FENHIEEBR, HIS, BRSARSHASTURASINE. SRBAITLUXEY, BEESK
BRUWERES SRR D EH. —BFTsiE TAST, BMIATEES T,

T MERMEERATAEZE S RMREERA:

/// identifierexpr

/// = identifier

/// = identifier '(" expression* ')’

static std::unique_ptr<ExprAST> ParseldentifierExpr() {
std::string IdName = IdentifierStr;

getNextToken(); // eat identifier.

if (CurTok !="(") // Simple variable ref.
return llvm::make _unique<VariableExprAST>(IdName);

// Call.
getNextToken(); // eat (
std::vector<std::unique_ptr<ExprAST>> Args;
if (CurTok !'=""{
while (1) {
if (auto Arg = ParseExpression())
Args.push_back(std::move(Arg));
else
return nullptr;

if (CurTok ==1")
break;
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if (CurTok!'="")
return LogError("Expected ') or ', in argument list");

getNextToken();
}}
// Eat the ')".
getNextToken();
} return llvm::make_unique<CallExprAST>(IdName, std::move(Args));
ZHIBERSEMAIEERAIEN. (MRZRItokenE <hE, NHRHIER) . ©

BEaE®BIIERGIENE. — M EENAEE, SR B HiEFIMREESRNANT IR ZE
RERFEARFIAIN. CETRERATERItoken@E A ( token, FREERE—D
B T RSRALIR L RIRE,

e, FIELXETERRIIRATETER, HIITTUEN —MHEEIRE, SHEEEUERA,
IBLRFRATFR Y "BA" REAN, HRREAZENEETOBREEINEE. N THTESE
o, BNFEHECRWIFRE:

/// primary
/// = identifierexpr
/// = numberexpr
/// = parenexpr
static std::unique_ptr<ExprAST> ParsePrimary() {
switch (CurTok) {
default:
return LogError("unknown token when expecting an expression");
case tok_identifier:
return ParseldentifierExpr();
case tok_number:
return ParseNumberExpr();
case '(":
return ParseParenExpr();
}
}

§%§$§Eﬁﬂﬁiﬁﬁ%§ HA TR LABBE It ATV ER T, XERATRIEAIMREEE
e,

NECSKMETEAREN, BMNFEGLETHHIRE, eERER.

T —RER

—HBRIAUERERERERSLIAE X, ELRERNT, flin, SeEFHTEH A, fETER
LAUSEG EL#T 9 17 . R LRBRAEN, BiAERRREEXMH

T, B GRIR) B IMER BT + (IR) B kR,

BRZERLRRIERR, (BR—FLEMAEMAEERER Operator-Precedence Parsing,
fRITRANEA T BRI REREEIF. 5% HIIFE—MUERE:

/// BinopPrecedence - This holds the precedence for each binary operator that is
/// defined.
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static std::map<char, int> BinopPrecedence;

/// GetTokPrecedence - Get the precedence of the pending binary operator token.
static int GetTokPrecedence() {
if (lisascii(CurTok))
return -1;

// Make sure it's a declared binop.

int TokPrec = BinopPrecedence[CurTok];
if (TokPrec <= 0) return -1;

return TokPrec;

}

int main() {
// Install standard binary operators.
// 1 is lowest precedence.
BinopPrecedence['<'] = 10;
BinopPrecedence['+'] = 20;
BinopPrecedence['-'] = 20;
BinopPrecedence['*'] = 40; // highest.

=

X3FKaleidoscopeRIEAR R, FAWG AN TIEER (SATTTLBEST E) . LE
EREIREIZRTtokenAILIELR,; dIRtoken NEITIZERF, WIREl-1, B T IRGIAILIER
IFRIZEER, FHEAABEMRBZEZ MK TINS RAMSEE RN, BRREHE
REPHTILRBERES. (SEREREREA/NIEE) .

BT LHEXREWER, HIIMERATLIFAD T _TRAN T, EREFUERETNESRER
BEBEENHN _TEEFNRENOBAS I ERD . EEHINRIAT .
BRREMSEN AR TEEMAORNERAIUR. X, SBESEmSEREAN o, A
BERRS [+, b] [+, (c+d) ][ el [ 1 [+ gl. HER, EAAESEEMFEN, FALATRAR
HEtRAAFER MG (c + d) XERNBREFRIAL.

B, —MREAR—MERAIN, HiEgERlbinop, primaryexpr]XJHIFS:

/// expression
/// == primary binoprhs
/1
static std::unique_ptr<ExprAST> ParseExpression() {
auto LHS = ParsePrimary();
if (ILHS)
return nullptr;

return ParseBinOpRHS(0, std::move(LHS));
}

BHBAERE FIIRRE. BB —MUSRM—MEREI BRI/ L ERTHY

PRIRATRIEH. FER, « B— P =EARRIERAN: Eit, RFNT, EXFER
;@ﬂ%ﬁ%lﬁ”ﬁiﬂézﬂ’ﬂ%ﬁﬁo £ LmEARAIS, B - IREIUEEEIES =
ANISYE

BRI IERIE BT IFZER S E R _S/NEERFUR . BIa0, SIRZRIRGRA
+, X|F LAAORILSeRIEES, NEAMZEE Ttoken (B " +" BILFERINID2
) . FBEEIX—R, MEATREFE:
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/// binoprhs
//] = (+' primary)*
static std::unique_ptr<ExprAST> ParseBinOpRHS(int ExprPrec,
std::unique_ptr<ExprAST> LHS) {
// If this is a binop, find its precedence.
while (1) {
int TokPrec = GetTokPrecedence();

// If this is a binop that binds at least as tightly as the current binop,
// consume it, otherwise we are done.
if (TokPrec < ExprPrec)

return LHS;

Jtl:ﬁﬁ%zxﬂyéﬁutokenﬁﬁﬁﬁ%ﬁ HEBNBRER TR, EAFIETStokenE X BINER S
,%%l:lﬁ%g—%é d}’%ﬂ’]ﬁﬁ?ﬁ*&%ﬁd\ AT LMEB eI —tRA BEER. & =aIRtoken
=V, 1]

// Okay, we know this is a binop.
int BinOp = CurTok;
getNextToken(); // eat binop

// Parse the primary expression after the binary operator.
auto RHS = ParsePrimary();
if ('RHS)

return nullptr;

X, LACIDISIRR (SBiclE) s8Ry, ARBTEEMNERAN. XEHMTENYY, T
i ThIAl, F—XIRZ[+, bl.

WE, BHOEF T REARAMNFI—RHSFES, MERIVTBERAL KBNS, FI2, &
ALUKEN =7 7376%151_—,%'5, 52 Wz
URBEELS R, FHBESZaibinopItdk (FEARFIRA +) L 1TEE:

// If BinOp binds less tightly with RHS than the operator after RHS, let
// the pending operator take RHS as its LHS.

int NextPrec = GetTokPrecedence();

if (TokPrec < NextPrec) {

FIES AMNAIbinopAULIERIRT B ST ARG EFAAINTHR, WA IFEFES KA

o EFARIRBIFR, SZRNEE/AA +, T—NEE/RA «, HNEe(IEEHEENNER. &
MERT, EIIEH BIRRASTT R, SATSALEIRIT

... if body omitted ...

}

// Merge LHS/RHS.
LHS = std::make_unique<BinaryExprAST>(BinOp, std::move(LHS),
std::move(RHYS));
} // loop around to the top of the while loop.

}

FE LEERRGIF, X% 25R% FHUTERNT—MNER, FLA - fEASEIRE.

HAIBICR TR, £ R EREMFRIAR, XfEf -_—L|ﬁu$(j"="‘£3:[+ (c+d)]. A/, ©

ﬁﬁ B’\E?E{fﬂjﬁﬁﬂﬂﬁ’ﬂbinopiSFEJZEEI'J F. EXFERT, © IUEREST + BT,
MANIfE
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XERITXEORE "WNRFMENEEFTAN" ? F532, ERFENBRGIERIEEAST, &
1%!;‘){?75 YEARHSETIXAZE, MEX—RAIEIEERER (EERMEPIRBESETY
™)

// If BinOp binds less tightly with RHS than the operator after RHS, let
// the pending operator take RHS as its LHS.
int NextPrec = GetTokPrecedence();
if (TokPrec < NextPrec) {

RHS = ParseBinOpRHS(TokPrec+1, std::move(RHS));

if ('\RHS)

return nullptr;
}
// Merge LHS/RHS.
LHS = std::make_unique<BinaryExprAST>(BinOp, std::move(LHS),
std::move(RHYS));
} // loop around to the top of the while loop.

}

Eitb, FHFNEERHSH —HBIEEMAINERE T HAHRIEEFTRIbinop, EItL, FH(IAEIE
FHASRIIET + RIS FRF RN —efEtT, FEA RE], AL, FAEIFEA
18R RIBREF AT TR IRIEMER. ELEIRAF, XESHERE
RIASTTRUEARHS, RARBHIRE + RIATRIRHS,

&, EwhilefEAEY F—RIERH, ERETFAINEIASTR, BT XA (1417 LAHL
), Bl IELA—FR IR (URERT S U ERaBANE T Se 2B AR HHIZRIATURT. XBIXERABIEY
g, FIBRNFEI LSRG RETFE, UTHETFRE.

DA EERT I _RIATRIANE, RS, FefITLUSHETasER IS tokenifi, FiREZtokenifity
—NFEK, HEFBTIZREANNFE— MokendMELE, FTR, RMNBELERIHENSE.

R ELtER S

& FRERADIIRFEUREIIE. fEKaleidoscopet, XERT "FMEB" ERENABRLAR REEIRE X
PTG FROMASIEREE Y, MEARREE (—ERIRBTRAN, MALERGMET) -

/// prototype
/// w=id(id* )
static std::unique_ptr<PrototypeAST> ParsePrototype() {
if (CurTok != tok_identifier)
return LogErrorP("Expected function name in prototype");

std::string FnName = IdentifierStr;
getNextToken();

if (CurTok !="()
return LogErrorP("Expected '(' in prototype");

// Read the list of argument names.
std::vector<std::string> ArgNames;
while (getNextToken() == tok_identifier)
ArgNames.push_back(ldentifierStr);
if (CurTok !=")")
return LogErrorP("Expected ')' in prototype");
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// success.
getNextToken(); // eat")".

return std::make_unique<PrototypeAST>(FnName, std::move(ArgNames));

}
£TFIE, BEENIFEHR, RFE—NREUR— AT ERERFIRIATRIE:

/// definition ::= 'def' prototype expression

static std::unique_ptr<FunctionAST> ParseDefinition() {
getNextToken(); // eat def.
auto Proto = ParsePrototype();
if ('Proto) return nullptr;

if (auto E = ParseExpression())
return std::make_unique<FunctionAST>(std::move(Proto), std::move(E));
return nullptr;

}

B, Beli1Sz3E 'extern’ SEASBREHN 'sin' 0 'cos' ZRMTE, FIBRAPREAMERSR, XL®
RERBEARRFRE:

/// external ::= 'extern' prototype

static std::unique_ptr<PrototypeAST> ParseExtern() {
getNextToken(); // eat extern.
return ParsePrototype();

}

&la, BAMELAPBNEBRINERIALU (top-level expressions) , EETHIRISITEHERIA
ZFR, N, BNFELIELSEHRE:

/// toplevelexpr ::= expression
static std::unique_ptr<FunctionAST> ParseTopLevelExpr() {
if (auto E = ParseExpression()) {
// Make an anonymous proto.
auto Proto = std::make unique<PrototypeAST>("", std::vector<std::string>());
return std::make_unique<FunctionAST>(std::move(Proto), std::move(E));

}

return nullptr;

}

WEBANEE7H 7 BRI, FTREIGE—VINRIER, R RIS SLhRAI TR IE
AL EMERIARS!

IRXzD4ES

ZR SRR BEE TR A ERINE B EETR., XBEREHATFEN, KR BEREER, B
AT S S22 EEM “top-level expressions” EBHAISSE(LHS,

/// top = definition | external | expression | ;'
static void MainLoop() {
while (1) {
fprintf(stderr, "ready> ");
switch (CurTok) {
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case tok_eof:
return;

case ';': // ignore top-level semicolons.
getNextToken();
break;

case tok def:
HandleDefinition();
break;

case tok extern:
HandleExtern();
break;

default:
HandleTopLevelExpression();
break;

}

}
}

RABATED BRI TR DS, REAFANE? BRAREE, MREEGIITHIEAN ,
BT ARIEXEE R EERANRNTHNERE. fla0, TR, EILUEA , X
B T4 + SEIMFRIANIER. 8E, SN © 0, GHERAL. ERIED SHLUE
BN . TR AIEE SR

MG

BEIAZ4001THYERMES (24017EERE, E=BB) | Bll=EEX TRINES, SiEEiED
#x, REHTRSTOASTIOEERS, SSAlIIR(FE, ATHUTH5IiiiKaleidoscopeftis, HEIRHAIHEIEX
B fla, XR—I e

$ ./a.out

ready> def foo(x y) x+foo(y, 4.0);
Parsed a function definition.
ready> def foo(x y) x+y y;

Parsed a function definition.
Parsed a top-level expr

ready> def foo(x y) x+y );

Parsed a function definition.
Error: unknown token when expecting an expression
ready> extern sin(a);

ready> Parsed an extern

ready> ~D

$

XEERET BE, BARTUENFHIASTOR, USHALIY BIES, FF. £ FF9 %=
AERYLLVMAR[EICRS IR, BeA SR AMAMASTAERLLVMAEZRT (IR) .

sigae
REIEE EHANAITELAN, ETHET, BB T TSN TS TR,

XEHNNETAIRERGER. RAXERATLLVME, FLENFES (SRR, Alt,
fiMfEAllvm-config TRi@XImakefile /ai$1TE X EFEAMLIETANES :
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# Compile

clang++ -g -O3 chapter2-Implementing-a-Parser-and-AST.cpp ‘llvm-config --cxxflags --syst
m-libs --libs®

# Run

Ja.out

UTFRARETE:
chapter2-Implementing-a-Parser-and-AST.cpp

23 Kaleidoscope: Implementing a Parser and AST
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