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[R5k KaleidoscopeRAFERE: ¥ BIEES—HAPEENEZER

ANZRFRLLVMIAEFTES KaleidoscopeHFZRFENRE, HEY EKaleidoscopeilESHFt, 1B
FAFBEEXEEAFbE,

SBNERNT

XIEE “(FRELLVMAAZinESKaleidoscopeZiiz" RIS NE. B, EAZGES, FHIIE
T—HINEESTERNEE, ZESEHYL, BHREA. B2, PARFEE—IKEE, HINESRE
ZEREER (flankRix, ZBiEkk, EERNTFLIMUHAILLRIZEER) .

AERENIX— BB ERMES AP EXAEEMRIIZEEEEIKaleidoscopeiF S+, IAE, X
BAEFTERE LA T A ERmAMBANES, (BEE TIIN—FEAMIES. SIEBCNE
?ggg%‘%;@ﬁ%ﬁmﬂL‘lﬁ%fﬁﬁ'ﬁ\%y}ﬁzwo ERZRETD, BRRIUSEREER—LEEAE

EABENEE, BRITBNB— 2 Mandelbrotss B97RfIKaleidoscope M FfERE., X&H T 0]
sEAKaleidoscope i HIhgeEE+ =AY,

BREEXEHET: B

EAVEHMELEEFR "E8/E" LEINC ++ ZRARESFEBA. £C ++f1, RRIFEHE
MEREER: TRELRELNERER, SINFRIEER, EREREF. AFEF, HilgEKale
doscoperFiINLLIIRE, MMERF A SHFANE BT EENNHE.

EXFRIEFETH AR E X BB E R ERFERETsRIIsEREE. BIBRIALL,
MN—BEEU TR KO IR A EAERIA T, WRAIERIEEFHUCRET. BXFHEER
B2NE 5, BUERAEEUERET, REDAIFERRISFINEEMSINEET®: EEEIT
ITRIETLASSY R

HANSHIRIF MTEVRER I RIZR—TEEF (F7E, KaleidoscopedriRAIRE—TEEAT) L
EE_TzER. fla:

# Logical unary not.
def unary!(v)
if v then
0
els
1;

# Define > with the same precedence as <.
def binary> 10 (LHS RHS)
RHS < LHS;

# Binary "logical or", (note that it does not "short circuit")
def binary| 5 (LHS RHS)
if LHS then
1
else if RHS then
1
else
0;
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# Define = with slightly lower precedence than relationals.
def binary= 9 (LHS RHS)
I(LHS < RHS | LHS > RHS);

SRS AR B RES A KM ENET T E. Kaleidoscoper, FAITRTLATERESEIE
HEZEERS !

B RERISTINS HFEERS | SO FRF e I TR A R R I — DR A,
AFRBEEX ZTiEHFT

EBRNZAFHELES, RN BERPEXN TzE8/RRsHEERERR,. BITEaSRd—t/ =T
e I

enum Token {

// operators

tok binary = -11,
tok unary = -12
|3

;;catic int gettok() {

if (IdentifierStr == "for")
return tok for;

if (IdentifierStr == "in")
return tok_in;

if (IdentifierStr == "binary")
return tok_binary;

if (IdentifierStr == "unary")
return tok_unary;

return tok_identifier;

BUEIA VTR LE P ATiROBREE, XIEIN T X—IoAl— TR allexersafF, KT SRIASTR—4
£E, HIBUEAEASCIRB AR EERER TR TEEEE. TN BEE
, BASERBRNRTR I, BB FREFEIASTERE TS5,

B—7E, BAINMEEERETENA  def binary | 5" hRRXLEFNzEFEN. FIBFIALE

ERNIAGEER, REENA "name” #WAEHT/I "prototype” ERFHIEN ASTTS
. ATRBFHHBREXEEMERTARE, R BIXEF RASTT A

/// PrototypeAST - This class represents the "prototype” for a function,
/// which captures its argument names as well as if it is an operator.
class PrototypeAST {

std::string Name;

std::vector<std::string> Args;

bool IsOperator;

unsigned Precedence; // Precedence if a binary op.

public:
PrototypeAST(const std::string &name, std::ivector<std::string> Args,
bool IsOperator = false, unsigned Prec = 0)
: Name(name), Args(std::move(Args)), IsOperator(IsOperator),
Precedence(Prec) {}
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Function *codegen();
const std::string &getName() const { return Name; }

bool isUnaryOp() const { return IsOperator && Args.size()
bool isBinaryOp() const { return IsOperator && Args.size()

char getOperatorName() const {
assert(isUnaryOp() || isBinaryOp());
return Name[Name.size() - 1];

}

unsigned getBinaryPrecedence() const { return Precedence; }

|3

BEAX L, RTYMEFRENBRZI, BINEERERIFEESRE—
AITER. MAERIRAT T8/ (TR, ERNERT—TEEHN) .

FPREXIEEMRENTGE, BAFERTE:

/// prototype

/// =id(id* )

/// == binary LETTER number? (id, id)

static std::unique_ptr<PrototypeAST> ParsePrototype() {
std::string FnName;

unsigned Kind = 0; // 0 = identifier, 1 = unary, 2 = binary.
unsigned BinaryPrecedence = 30;

switch (CurTok) {
default:

return LogErrorP("Expected function name in prototype");

case tok identifier:
FnName = ldentifierStr;
Kind = 0;
getNextToken();
break;

case tok binary:
getNextToken();
if (lisascii(CurTok))

return LogErrorP("Expected binary operator");

FnName = "binary";
FnName += (char)CurTok;
Kind = 2;
getNextToken();

// Read the precedence if present.
if (CurTok == tok_number) {
if (NumVal < 1 || NumVal > 100)

return LogErrorP("Invalid precedence: must be 1..100");

BinaryPrecedence = (unsigned)NumVal;
getNextToken();

}

break;

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

std::vector<std::string> ArgNames;

while (getNextToken() == tok identifier)
ArgNames.push_back(ldentifierStr);

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

// success.
getNextToken(); // eat’)".

// Verify right number of names for operator.
if (Kind && ArgNames.size() != Kind)
return LogErrorP("Invalid number of operands for operator”);

return std::make_unique<PrototypeAST>(FnName, std::move(ArgNames), Kind != 0,
BinaryPrecedence);

}

XEBRIAFFE BRI, FAEIENESLEINRESXMUAMEE. KT LEEIRE, — M EER
PR Name ATHFNEEFFRERNUTAE. XEAFEXR " @" EEFFER " binary @ Z
AIETR. REFRIATSEL: RFLLVMAFSERPRFSEMRPESEIFRF, SRERARINUlIZFH,

ZERIIN T EENE RN XL TEEMAINIEERNSTT. £TRZRAEN, XENINE
TOEE AT RRECA B RAYEERN:

Value *BinaryExprAST::codegen() {
Value *L = LHS->codegen();
Value *R = RHS->codegen();
if (IL || IR)

return nullptr;

switch (Op) {
case '+
return Builder.CreateFAdd(L, R, "addtmp");
case '-":
return Builder.CreateFSub(L, R, "subtmp");
case '*":
return Builder.CreateFMul(L, R, "multmp");
case '<"
L = Builder.CreateFCmpULT(L, R, "cmptmp");
// Convert bool 0/1 to double 0.0 or 1.0
return Builder.CreateUIToFP(L, Type::getDoubleTy(TheContext),
"booltmp");
default:
break;

}

// If it wasn't a builtin binary operator, it must be a user defined one. Emit
// a call to it.

Function *F = getFunction(std::string("binary") + Op);

assert(F && "binary operator not found!");
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Value *Ops[2] = {L, R};
return Builder.CreateCall(F, Ops, "binop");
}

EEEETIRY, FBL LIFERER, EREEMFSRTEKREISNNEEFERYEAIRES
. BTAPEXNEEFRARFENERREEN (B "[RE" sTLIEEARMRIERRIRE) |
FTEREEBALAER.

BNROHRE—RABE—EEERI:

Function *FunctionAST::codegen() {
// Transfer ownership of the prototype to the FunctionProtos map, but keep a
// reference to it for use below.
auto &P = *Proto;
FunctionProtos[Proto->getName()] = std::move(Proto);
Function *TheFunction = getFunction(P.getName());
if (ITheFunction)
return nullptr;

// If this is an operator, install it.
if (P.isBinaryOp())
BinopPrecedence[P.getOperatorName()] = P.getBinaryPrecedence();

// Create a new basic block to start insertion into.
BasicBlock *BB = BasicBlock::Create(TheContext, "entry”, TheFunction);

EAXE, RS TRBERE, NRERAFEXRNZER, WEEEMENLRED. XE
BANEKALUMER _TisEMAmEZERAEE. BTHIIEEF A —TERIIEEAF LR ET=S
RXE T RIEE" FrESrIEER.

e, I TERNBREXN_TIzER. XEERNAEMMEEFFHERICRITESRRIER E1
8. RI—TEEAEERE, EABRMERBEHTER, IRIEEEFEMA.

RBRBEX—TERTT

BT HABRIA>zfFKaleidoscopelBSH—IzEM, EUWHMNFBEMITEARTLUZFFE]. LH
BAREDI=RN T —o" REFRIREENR. RIWZ5, BIEFEE—PASTEA:

/// UnaryExprAST - Expression class for a unary operator.
class UnaryExprAST : public ExprAST {

char Opcode;

std::unique_ptr<ExprAST> Operand;

public:
UnaryExprAST(char Opcode, std::unique_ptr<ExprAST> Operand)

: Opcode(Opcode), Operand(std::move(Operand)) {}

Value *codegen() override;

y

ZIHRIAL, BWASTORIFEERAE. BEEH_JTTEEFASTOR, AN EFHR. X
BNFERNNEMER. BT —mizB SRR BN MR HE X —:
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/// unary
/// = primary
/// =="l"unary
static std::unique_ptr<ExprAST> ParseUnary() {
// If the current token is not an operator, it must be a primary expr.
if (lisascii(CurTok) || CurTok == '(" || CurTok ==",)
return ParsePrimary();

// If this is a unary operator, read it.
int Opc = CurTok;
getNextToken();
if (auto Operand = ParseUnary())
return std::make_unique<UnaryExprAST>(Opc, std::move(Operand));
return nullptr;

}

BAVAIBNE A EXBIFEER. NREFTEEEANER—Tiif, WSZsE8fHEaRERE
, TRBERSBDIEAR— N —TTaE A THENT. XERNTLMES N —TE&ERF (fian " ! x”
. iR, —TTEEAABEG TEEFIEEERR T, BEAFELSRER.

XM REAEILE, HAIFENE M ERParseUnary, Altt, FAELARIRYParsePrimaryiEFg
B hiERAParseUnary:

/// binoprhs

/// = ("+"unary)*

static std::unique_ptr<ExprAST> ParseBinOpRHS(int ExprPrec,
std::unique_ptr<ExprAST> LHS) {

// Parse the unary expression after the binary operator.
auto RHS = ParseUnary();
if (IRHS)

return nullptr;

.

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

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

BEXFENERANER, BAVIET LT —TizBAAA AEREAST, B3R, BAIFEARES
fEfTeRSS, LIEtT—iz B RE. HE LEN SHBIEEAET BA:

/// prototype

/] c=id(id* )

/// == binary LETTER number? (id, id)

/// == unary LETTER (id)

static std::unique_ptr<PrototypeAST> ParsePrototype() {
std::string FnName;
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unsigned Kind = 0; // 0 = identifier, 1 = unary, 2 = binary.
unsigned BinaryPrecedence = 30;

switch (CurTok) {
default:
return LogErrorP("Expected function name in prototype");
case tok identifier:
FnName = IdentifierStr;
Kind = 0;
getNextToken();
break;
case tok_unary:
getNextToken();
if (lisascii(CurTok))
return LogErrorP("Expected unary operator");
FnName = "unary”;
FnName += (char)CurTok;
Kind = 1;
getNextToken();
break;
case tok binary:

SmisEN—, HIBESEEMNRIRReE—TaEN. XENRDERR A NRA THE
RERE, BNFENMINATRN—TTEBFHIBERSTT. BRRGXE:

Value *UnaryExprAST::codegen() {
Value *OperandV = Operand->codegen();
if (IOperandV)
return nullptr;

Function *F = getFunction(std::string("unary") + Opcode);
if (IF)
return LogErrorV("Unknown unary operator");

return Builder.CreateCall(F, OperandV, "unop");
}

;%ﬁ‘;ﬁ%%M?@tlﬁ:ﬁié%?%tﬂ’ﬂﬁﬁgfﬁﬁo EZALER, FERRANCAFTELRHITEXAYE
T

izt

RMELARE, BREI LIEEENAN—LEET R, BIIEEKRE—MESRIES. XiF,
I LMSIRSEBAISIS, &iEl /O, HFMIFSEMEE. fln, HITETLIMI—MAERTHE
BEM (BEEXprintdLFTENHIEERNEFNIRITHT) -

ready> extern printd(x);

Read extern:

declare double @printd(double)

ready> def binary : 1 (xy) O; # Low-precedence operator that ignores operands.

'r”eady> printd(123) : printd(456) : printd(789);
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123.000000
456.000000
789.000000
Evaluated to 0.000000

BANEALIESFEZEAM "JRe" 3, flan:

# Logical unary not.
def unary!(v)
if v then
0
els
1;

# Unary negate.
def unary-(v)
0-v;

# Define > with the same precedence as <.
def binary> 10 (LHS RHS)
RHS < LHS;

# Binary logical or, which does not short circuit.
def binary| 5 (LHS RHS)
if LHS then
1
else if RHS then
1
else
0;

# Binary logical and, which does not short circuit.
def binary& 6 (LHS RHS)
if ILHS then
0
else
IIRHS;

# Define = with slightly lower precedence than relationals.
def binary = 9 (LHS RHS)
I(LHS < RHS | LHS > RHS);

# Define "' for sequencing: as a low-precedence operator that ignores operands
# and just returns the RHS.
def binary : 1 (xy) y;

BT 5cAIRTIf / then / elsexzfs, BABERILAAI / OEXEBAITIRE. FlaN, LATa<STEIH—1 =
, H "EE" RIRTEANRE: BER, FrrEes:

ready> extern putchard(char);

'r"eady> def printdensity(d)
if d > 8 then
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putchard(32) #"'
else if d > 4 then

putchard(46) # '’
else if d > 2 then

putchard(43) # '+
else

putchard(42); # '*'

'r'éady> printdensity(1): printdensity(2): printdensity(3):
printdensity(4): printdensity(5): printdensity(9):
putchard(10);

g4,

Evaluated to 0.000000

ETXERBENRGERE, HNUUFTFREXESEENER. fl, LITE—M\RE, ceHES
FPEPFENREREFrRINEURE:

# Determine whether the specific location diverges.
# Solve for z = zA2 + c in the complex plane.
def mandelconverger(real imag iters creal cimag)
if iters > 255 | (real*real + imag*imag > 4) then
iters
else
mandelconverger(real*real - imag*imag + creal,
2*real*imag + cimag,
iters+1, creal, cimag);

# Return the number of iterations required for the iteration to escape
def mandelconverge(real imag)
mandelconverger(real, imag, 0, real, imag);

XA 2=20 2+ c RER—EIRINY, BUTESEMDIHERIEM. FIFREBIRERERSZIH
FRERAEAURE, IBFI/RIARI255. XABHAR— M FEERNRE, ERUNRBEESHIE "4
H.LE, WaLiEEIMandelbrotss, STRAIMXBRTELAMERputchard, Ffi1< ARINAYEF fH
ZERE, (EEFAITLER LENEEER—ERmRESE—R: (http://enwikipedia.org/wiki/

andelbrot_set)mandelconverge

# Compute and plot the mandelbrot set with the specified 2 dimensional range
# info.
def mandelhelp(xmin xmax xstep ymin ymax ystep)
fory = ymin, y < ymax, ystep in (
(for x = xmin, x < xmax, xstep in
printdensity(mandelconverge(x,y)))
: putchard(10)
)

# mandel - This is a convenient helper function for plotting the mandelbrot set
# from the specified position with the specified Magnification.
def mandel(realstart imagstart realmag imagmag)
mandelhelp(realstart, realstart+realmag*78, realmag,
imagstart, imagstart+imagmag*40, imagmag);

W, BT AiRS s ImandelbrotsE! ERI1E=E—T:
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ready> mandel(-2.3, -1.3, 0.05, 0.07);

**'k'k***************************+++++++++++**'k'k'k****'k'k**************************
*************************+++++++++++++++++++++++*******************************
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b ERREE SRRk,
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Evaluated to 0.000000

ready> mandel(-2, -1, 0.02, 0.04);

AR b+ +++++++++++++ 4+ +
++++++++

kel R R R R R R R e e e e o o T S T S o S S o S S U S A R R R e
+++++++++

feleinieiaialeiaiiaiaaieiiaiaiadaiaiaial S R TR T R R R A o o A R R A R
+++++++++,

FIRIRIIIARIIAIAIII I L+ ++++++H+H+H+++HH+H++ 4
++++++++..

o S o o S o T o o o
+++++++
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faleiiaiaialelaiiaiaaleiial R R TR R A o T R kb kR

B T T o T T
B T o o o o o e o o o o

B e i e o T RO
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ittt +++ o+
ittt +++++++++++++++

B S o o o o o o o s

Evaluated to 0.000000
ready> mandel(-0.9, -1.4, 0.02, 0.03);
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B
et FHE A+
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Evaluated to 0.000000
ready> ~D

bRs, {RRIgEESTHaRiREKaleidoscopeR—FIELMEARNES. EAREAZERMR, BET
FRSRER I SERRAIZRTY!

XK, BNERTAHEN "NNAREMZER —&2. BISEmItY =T8S, EBINTHEE
T EESAEH, FERIIERTNEEKaleidoscoper T iiE & B EE MBI REZ A N TR
. EX—m L, KaleidoscopeR]LASE EBINRENZFMN BER, FEATLAEREERERIRE,
BEEABLEEIEENNTRTE,

S5INERRIR, RERZRFLESHEEIE, MEEAHImAIN " SSAIE" MERIBRT,
RIS H—REARE, ET—FF, BRI AEAIERRSSARIER Nk
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S igiae
iﬁmﬁﬁgIEEiéﬁE’\JﬂﬁuE’ﬂ%%ﬁ‘:ﬁ%i%%, IENIXS P E AN E RIS, B TR, 15E
ARG

# Compile

clang++ -g chapter6-Extending-the-language-User-defined-Operators.cpp ‘llvm-config --cxxf
ags --ldflags --system-libs --libs all mcjit native' -O3 -o toy

# Run

Jtoy

e AREES L, BEHERNSEISE-rdynamica-WI, —export-dynamic, XHERH{FREEETHIT
HHENNATESSHESHERRE, IMERETHNTBEFAEMT. NRESISREmERIX=EF
NAFEXFHY, REXFMSEWIndows L5 [#E[A)RE,

AT R EER:

chapter6-Extending-the-language-User-defined-Operators.cpp
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