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CHAPTER

ONE

IMPORTANT AND USEFUL LLVM APIS

1.1 RTTlin LLVM

R4 2P LLVM/Clang fJE RS, 24T LLVM/Clang H T 3h T 5 — S (R F, & 1 20 ik 2
LLVM i) RTTI T, Wit E isa<> , cast<> fl dyn_cast<> , MR H cast_or_null<> Fl
dyn_cast_or_null<>, NI HOHFGEAELEHXHA -

NHS—MEN dyn_cast<> BIBIT, FERANEITA, FATETREPRPA TS, FHRHAE Calllnst $5
QAT —LE b B -

for (inst_iterator i = inst_begin(F), e = inst_end(F); i != e; ++1i)
{
Instruction *I = & (*1i);
if (auto *CI = dyn_cast<CalllInst>(I))
{
/* do something*/

B LLVM A% AE (R LLVM [, tEEA Calllnst Z5A1 Instruction ZE[1 44 FRAED H 2% ) Calllnst 252
k7% [ Instruction 2508, IR ELE T dyn_cast<> ¥ Instruction )%} 4 cast i, Calllnst %} £, U1HE—
4% Instruction 42 Calllnst , A4 CI 52 2S84 nullptr , 24147 do something.

TH#EAIE X, isa<>, cast<> fll dyn_cast<> 3|2 /E AL .
e LLVM-5.0.1 #, A fITASEFACRS AT 1lvm-5.0.1.sre/include/llvm/Support/Casting.h .
¥ isa<>, cast<> fll dyn_cast<> By TR B A S5 3R TR FHE DT .
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1.1.1 isa<> BYscIp

WPARH isa<> BSEHKIIT KT classof %L

// The core of the implementation of isa<X> is here; To and From should be
// the names of classes. This template can be specialized to customize the
// implementation of isa<> without rewriting it from scratch.
template <typename To, typename From, typename Enabler = wvoid>
struct isa_impl
{

static inline bool doit (const From &Val)

{

return To::classof (&Val);

bi

FEATPA Value Z5F1 Argument 25 RS HEF U6, Argument 2552y Value 267K T 3K .

1E Argument 25135 304 (1lvm-5.0.1.src/include/llvm/IR/Argument.h ) H1, Ff A PAFRF] classof HK%L, AIDA
FHHRE, classof MG M T 3248 LLVM H1#) RTTI 11,

/// Method for support type inquiry through isa, cast, and dyn_cast.
static bool classof (const Value *V)

{
return V->getValueID () == ArgumentVal;

Value ZE) 5L S classof pREH KA BT :

class Value

{
const unsigned char SubclassID; // Subclass identifier (for isa/dyn_cast)
/// An enumeration for keeping track of the concrete subclass of Value that
/// 1is actually instantiated. Values of this enumeration are kept in the
/// Value classes SubclassID field. They are used for concrete type
/// identification.
enum ValueTy
{

#define HANDLE_VALUE (Name) Name##Val,

#include "llvm/IR/Value.def"

// Markers:
#define HANDLE_CONSTANT_ MARKER (Marker, Constant) Marker = Constant##Val,
#include "1lvm/IR/Value.def"

i

(continues on next page)
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(continued from previous page)

/// This is used to implement the classof checks. This should not be used
/// for any other purpose, as the values may change as LLVM evolves. Also,
/// note that for instructions, the Instruction's opcode is added to

/// InstructionVal. So this means three things:

/// # there is no value with code InstructionVal (no opcode==0) .

/// # there are more possible values for the value type than in ValueTy
/// enum. # the InstructionVal enumerator must be the highest valued

/// enumerator in

/7 the ValueTy enum.

unsigned getValueID () const

{

return SubclassID;

bi

1E Value 28N FRE LT — A4S & ValueTy, i HANDLE_VALUE ZZMISC{f Value.def Bt &K & 45 Fh
ValueTy HH A&, FRATAT ATE & B M2 B ArgumentVal [ L.

HANDLE_VALUE (Argument)

BrLAfE enum ValueTy HEYAZAI4 T, B0 T ArgumentVal St HA R 25 4

enum ValueTy

{

ArgumentVal,

bi

SRIGFATTH Argument ZE#) 15 BR A E X (1lvm-5.0.1.src/include/llvm/lib/Argument.cpp ) Al Value 25443 pR%L
)52 S ( 1lvm-5.0.1.src/include/llvm/lib/Value.cpp )

Argument : :Argument (Type *Ty, const Twine &Name, Function *Par, unsigned ArgNo)

Value (Ty, Value::ArgumentVal), Parent (Par), ArgNo (ArgNo)

Value: :Value (Type *ty, unsigned scid)
VTy (checkType (ty)),
Uselist (nullptr),
SubclassID (scid),
HasValueHandle (0),

(continues on next page)
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(continued from previous page)

SubclassOptionalData (0),
SubclassbData (0),
NumUserOperands (0),
IsUsedByMD (false),

HasName (false)

FMTHE SRR, B E— Argument ZERYXFGRINT, 2 TS E2E Value 1143 BT HAZ 45 Value 14
1 PRBL I 58 24002 Value::ArgumentVal , T Value 143 A0S U T 1 7 A8 7 SubclassID [{E &N FLEE —
MSEE. AR —4> Argument ZRIXT5, RIGIRATER)ZF5171% Argument XF 4211 Value 27U [T
et VBl BATAIZIREE NS EEH isa<Argument > (V) B, £i&[H Argument: :classof (V) HH,
MEITEEHATESR], Argument : :classof (V) PF{HILE return V->getValueID() == ArgumentVal;
. PRUAAEM 1% Argument XF42i}, B4 H B Value (1) SubclassID % # A ArgumentVal , Fif DAfR i 2x1& 9]
true, HIFEEF V $5I0 AR R E—A> Argument LR R .

1.1.2 cast<> g4scI

// cast<X> — Return the argument parameter cast to the specified type. This
// casting operator asserts that the type is correct, so it does not return null
// on failure. It does not allow a null argument (use cast_or_null for that).
// It is typically used like this:
//
// cast<Instruction>(myVal)->getParent ()
//
template <class X, class Y>
inline typename std::enable_if<!is_simple_type<Y¥Y>::value,
typename cast_retty<X, const Y>::ret_type>::type

cast (const Y &Val)
{

assert (isa<X>(Val) && "cast<Ty> () argument of incompatible type!");

return cast_convert_val<

X, const Y, typename simplify_type<const Y>::SimpleType>::doit (Val);

template <class X, class Y>
inline typename cast_retty<X, Y>::ret_type cast (Y &Val)
{
assert (isa<X>(Val) && "cast<Ty>() argument of incompatible type!");
return cast_convert_val<X, Y, typename simplify_type<¥>::SimpleType>::doit (

val);

(continues on next page)
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(continued from previous page)

T PAE R cast<> WSLPKHIT cast_convert_val::doit &k, HEXWT.

template <class To, class FromTy>
struct cast_convert_val<To, FromTy, FromTy>
{

// This _is_ a simple type, just cast it.

static typename cast_retty<To, FromTy>::ret_type doit (const FromTy &Val)

{

typename cast_retty<To, FromTy>::ret_type Res2 =
(typename cast_retty<To, FromTy>::ret_type) const_cast<FromTy &> (
Val);

return Res2;

bi

Feffi ] C++ const_cast XXl const_cast MZERIEAT C KU I 58 il ST EE e .

1.1.3 dyn_cast<> #scIj

// dyn_cast<X> - Return the argument parameter cast to the specified type. This
// casting operator returns null if the argument is of the wrong type, so it can
// be used to test for a type as well as cast if successful. This should be

// used in the context of an if statement like this:

//

// 1f (const Instruction *I = dyn_cast<Instruction>(myVal)) { ... }

//

template <class X, class Y>
LLVM_NODISCARD inline
typename std::enable_if<!is_simple_type<¥>::value,
typename cast_retty<X, const Y>::ret_type>::type
dyn_cast (const Y &Val)

return isa<X>(Val) ? cast<X>(Val) : nullptr;

AIPAE#| dyn_cast @il = ez BT, Wk isa<x> (val) i&[H] true (val & X 2 —XF45), W
Ff val cast J X HKJFRE], FHIWR B 25354 nullptr .

1.1. RTTlin LLVM 5
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1.1.4 il LLVM-style RTTI #FEHCCHmBRI3E

TR 4 5 1 AR K R 2

| Shape
| Square
| SpecialSquare

| Circle

T LLVM H RTTI (52805, FRATEELEH R B CRmEH2E, Bl Value 251 Argument 251555, 71
— AR R, FET N bR T S R R SO 1 R O A% B 25 AU 1 BB — N FOR TR B
, EFREE X classof gL,

HARA LB -

#include "1lvm/Support/Casting.h"
#include <iostream>
#include <vector>

using namespace llvm;

class Shape
{
public:
// £l class Value W enum ValueTy H & X
enum ShapeKind
{
/* Square Kind Begin */
SK_SQUARE,
SK_SEPCIALSQUARE,
/* Square Kind end */
SK_CIRCLE,
bi

private:

const ShapeKind kind_;

public:
Shape (ShapeKind kind) : kind_ (kind) {}

ShapeKind getKind() const

{

return kind_;

virtual double computeArea() = 0;

(continues on next page)
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(continued from previous page)

bi

class Square : public Shape

{
public:
double side_length_;

public:
Square (double side_length) : Shape (SK_SQUARE), side_length_(side_length) {}

Square (ShapeKind kind, double side_length)
Shape (kind), side_length_ (side_length)

double computeArea () override

{

return side_length_ * side_length_;

static bool classof (const Shape *s)

{
return s->getKind() >= SK_SQUARE && s—>getKind() <= SK_SEPCIALSQUARE;

bi

class SepcialSquare : public Square
{
public:

double another_side_length_;

public:
SepcialSquare (double side_length, double another_side_length)
Square (SK_SEPCIALSQUARE, side_length),
another_side_length_ (another_side_length)

double computeArea () override
{

return side_length_ * another_side_length_;

(continues on next page)
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(continued from previous page)

static bool classof (const Shape *s)

{
return s->getKind() == SK_SEPCIALSQUARE;

bi

class Circle : public Shape

{
public:

double radius_;

public:
Circle (double radius) : Shape (SK_CIRCLE), radius_ (radius) {}

double computeArea () override

{

return 3.14 * radius_ * radius_;

static bool classof (const Shape *s)

{
return s->getKind() == SK_CIRCLE;

bi

int main ()

Square sl (1);

SepcialSquare s2(1, 2);

Circle s3(3);

std: :vector<Shape *> v{ &sl1, &s2, &s3 };
for (auto 1 : v)

{

if (auto *S = dyn_cast<Square> (i))
{
std::cout << "This is a Square object\n";
std::cout << "Area is : " << S->computeArea () << "\n";
}
if (auto *SS = dyn_cast<SepcialSquare>(i))
{
std::cout << "This is a SepcialSquare object\n";
std::cout << "Area is : " << SS->computeArea() << "\n";
}

(continues on next page)
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(continued from previous page)

if (auto *C = dyn_cast<Circle> (1))
{
std::cout << "This is a Circle object\n";
std::cout << "Area is : " << C->computeArea () << "\n";

}

std::cout << "————- \n";

return 0;

S
1. http://llvm.org/docs/ProgrammersManual . html#the-isa-cast-and-dyn-cast-templates
2. http://llvm.org/docs/HowToSetUpLLVMStyleRTTILhtml

3. https://stackoverflow.com/questions/6038330/how-is-llvm-isa-implemented

1.2 StringRef & Twine

1E LLVM 1) APL /O T B2 i 745 ef 7€ T StringRef 2871 Twine 2.

1.2.1 StringRef

StringRef 2411 7 XA/ T 1lvm-5.0.1.src/include/llvm/ADT/StringRef.h

StringRef & TR/ X EFAFR A5, B3R ATE HW stdostring B SCRERGARLE A, H2
StringRef NEEHNTTNAFE/ B ( heap allocation )

P2k StringRef 2RI R 5 B2 0] 208/, BrAFRATAESE ) StringRef i RY2% 502 (8 I EA& 29 7 2K

Ky StringRef 28 A & — AN AN N AF A ] (B F AR ITER AR — M85, ITARETER
UEFR I Y N A 2SR SRR OL T, PRAF—1> StringRef fUXTR A @441, MW AES %L UAF (Use
After Free).

StringRef ZS[1 7 X (44Ws T —LE8%F) IR

class StringRef
{

public:
static const size_t npos = ~size_t (0);
using iterator = const char *;

using const_iterator = const char *;

(continues on next page)
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(continued from previous page)

using size_type = size_t;

private:
/// The start of the string, in an external buffer.

const char *Data = nullptr;

/// The length of the string.
size_t Length = 0;

/// Construct a string ref from an std::string.

LLVM_ATTRIBUTE_ALWAYS_INLINE

/*implicit*/ StringRef (const std::string &Str)
: Data(Str.data()), Length(Str.length()) {}

/// str - Get the contents as an std::string.
LLVM_NODISCARD
std::string str() const
{
if (!Data)
return std::string();

return std::string(Data, Length);

bi

T PAEH|, StringRef 25 ASH : Data 1 Length, Data j2—~451] const char {3541, Length FT1¢
i FAFER IR B

5 std::string 24b), StringRef 7% data, empty, size, startswith, endswith &5 MK 249K StringRef
I 2 stdzstring A N G BEEL, U1 equals, split, trim %,

StringRef S Fr 2R 15 2, A LA LT C style null-terminated string , std::string B¢ i 15 $5 7F StringRef B Hi
S 1A & Data 1 Length 344 1& StringRef .

StringRef iR L #:—~ str B, Z KSR [M]— std::string ( A StringRef [ 1% 51 25 & Data 1 Length 1S4
) std::string #4385 BRECEASF)) .

FEf# T StringRef I, ZEERE—F LR :

1. ANEEE B —> StringRef 2RI 1% % 4640 l)—> const char * | [K T StringRef Ji{ 5145 & Length ¥
f7AE, StringRef Friig [l i) 74 2 il AR “\0™ (1, Bilhn: StrlngRef ("\Obaz", 4)

2. StringRef ANBEF AR [0 (7 B FAFH AL a1 0], BT DA AN 1% A StringRef FXFR AR Ry 2 —4>2E

10 Chapter 1. Important and useful LLVM APIs
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R B DA A R

3. [AlFEHD, A0SR — AR AR BHE R — ME A T RS B R AR, IR AT R B R [BHE 2R R B % A
StringRef , i B i% i [} std::string

4. StringRef A %] HAE [7] Y8 = 244 R ) 717 A 364714 20 ( mutate the pointed-to string bytes, insert or
remove bytes from the range ), X} T IXFEAERAVE, NA# ] Twine 5 StringRef HE47HL & -

1.2.2 Twine

Twine 2535 07T llvm-5.0.1.src/include/lIlvm/ADT/Twine.h, J§ 30447 F 1lvm-5.0.1.src/lib/Support/Twine.cpp »

Twine 24l F RS0 R FAFER O BEE AR . FLATE LLVM (4 APT sf—Fh LI E AE A 1 — 464541
ARREI SRS 2 — AR L 4

New = CmpInst::Create(..., SO->getName() + ".cmp");

Twine 282 — N HLAS R rope, TTPAHI“FAFHR (C-strings, std:string, StringRef ) 22 [H] {14 + 125247 1) 45 5 B3
XA ERE] (_EH 15k B StringRef Fl C-strings #17 + 125 5 Fax015%] Twine ). Twine 28 H A 7EF4F 5
Z IR PFFEEE R L PR TR, A EIERATHHERAE, TR DA S By TR A R D 7 A (9 I e 45 SR A 7
ey ey ofe ) HE A LBV E ) A

Bian, AR B

void foo (const Twine &T);

StringRef X = ...
unsigned i = ...

foo(X + "." + Twine(i));

B Foo BRI BN TAFBPHETIR, (B StringRef 16 193 BFAF 12 “arg” | unsigned i Jy 123, i
BHEE R SH IR TR “arg” B0 “arg”, TR HFE “arg123” SKAENHEL foo H9BHL
FEVERAIL , 2% Twine f Py 4% 0 (Twine S~ SURSCBLAY ) S fE kR L0, 250456 (Hu Twine
MR i) Z5ARC2 5, Twine AHGUAEASE, B Twine FV KB fEAZ AL, T FLIZ LA const
Twine & W aBEAIN, 0 LTI,

TRy O AR 1

void foo (const Twine &T);

StringRef X = ...
unsigned i = ...
const Twine &Tmp = X + "." + Twine(i);

foo (Tmp) ;

PIoAFE Tmp AR %L £oo MBHCL AT, T AL an A I wH

1.2. StringRef & Twine 11



https://en.wikipedia.org/wiki/Rope_(data_structure)

LLVM-Study-Notes Documentation, Release 0.1

KT Twine HYJEISSEIL .
Ja=3

1562 Twine A pR &L, Twine AR Z MM AR, Hrp s 7 SORp RSB ) H 38 R

/*implicit#*/ Twine (const char *Str);
/*implicit*/ Twine (const std::string &Str);
/*implicit*/ Twine (const StringRef &Str);
...... //E

Twine /2 DA R SEBL, 7E Twine (#4025 2% enum NodeKind AR F/REG imy nl AEAYRAL, [ 4E

RATRERBARZ , FrLAMYE union V045 RUE L.

class Twine

{

enum NodeKind

{

unsigned char

NullKind,
EmptyKind,
TwineKind,
CStringKind,
StdStringKind,
StringRefKind,
SmallStringKind,
FormatvObjectKind,
CharKind,
DecUIKind,
DecIKind,
DecULKind,
DecLKind,
DecULLKind,
DecLLKind,
UHexKind

i

union Child {
const Twine *twine;
const char *cString;
const std::string *stdString;

const StringRef *stringRef;

const SmallVectorImpl<char> *smallString;

const formatv_object_base *formatvObject;

char character;
unsigned int decUI;
int decI;

const unsigned long *decUL;

(continues on next page)
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(continued from previous page)

const long *decL;

const unsigned long long *decULL;
const long long *decLL;

const uint64_t *uHex;

bi

Child LHS;
Child RHS;
NodeKind LHSKind;
NodeKind RHSKind;
...... /B

bi

FATE R LT, RTPHERE

inline Twine Twine::concat (const Twine &Suffix) const
{

// Concatenation with null is null.

if (isNull() || Suffix.isNull())

return Twine (NullKind) ;

// Concatenation with empty yields the other side.
if (isEmpty())

return Suffix;
if (Suffix.isEmpty())

return *this;

// Otherwise we need to create a new node, taking care to fold in unary
// twines.
Child NewLHS, NewRHS;
NewLHS.twine = this;
NewRHS.twine = &Suffix;
NodeKind NewLHSKind = TwineKind, NewRHSKind = TwineKind;
if (isUnary())
{
NewLHS = LHS;
NewLHSKind = getLHSKind();
}
if (Suffix.isUnary())
{
NewRHS = Suffix.LHS;
NewRHSKind = Suffix.getLHSKind();

(continues on next page)

1.2. StringRef & Twine 13




LLVM-Study-Notes Documentation, Release 0.1

(continued from previous page)

return Twine (NewLHS, NewLHSKind, NewRHS, NewRHSKind) ;

inline Twine operator+ (const Twine &LHS, const Twine &RHS)

{
return LHS.concat (RHS);

SLIPFHENZ R BREL concat, R, B 2B ERCRA BAER MAVERB) Twine Xof G211 7 45 5
A 25 SORM G — A8 Twine X4, RZEBAEE. ZBEECU R A4 MmO TR IALEE . R
concat FUEMIE THHEZ G FEAFER Y Twine R, H1%A A2 B std::string .

RS RN PHE G stdstring , FILFEH KA std: :string Twine::str () const , ZKEGE
Tt 3 A i g A 2 SR 45 iR 7 A SE PR I PE S IR stdistring

S48 http:/llvm.org/docs/ProgrammersManual. html#passing-strings- the-stringref-and- twine-classes

¢ genindex
¢ modindex

¢ search

14 Chapter 1. Important and useful LLVM APIs
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CHAPTER

TWO

LLVM IR

2.1 ConstantExpr

2.1.1 Constant

TE LLVM IR 73X B H: constants, XFP{ETE LLVM IR Hrfg iy T EAYRIREEAE, WiEE. &%
. RS . FRATE LLVM IR i —445 2 R Bk Bt B — 1 :

llvm ir call void @llvm.memset.p0i8.164(i8* nonnull align 8 $%$some, 18 0, 164
40, 11 false)

1lvm.memset . * j& LLVM Hif—% intrinsics 54>, LLVM 3} C bRl i) s B3R T intrinsics SZPY,
A T iX 4 intrinsics BREL, BEALVFREEAR B (A0 clang) KA XCHEE X FF W AH A5 B 45 D AR BUAR , RBAS (I
AR A K — S AR AR AR TN L

[a] 2| constants |3, Y¥E A callinst H)j5 =154 i8 0, 164 40, i1l false, fHHE—1Z% i1
false /& boolean constants, SLf5 b true fl false #ie A il type [ constants., FI54E —ANSEAEIEEE =
ANBE18 0,164 40 th[E|FER constant, HAASEHE integer constant, ZE{LI[YifAF floating-point constants, null
pointer constants ( ‘null” in LLVM IR ) %%, | I#2%|#9#4R /2 simple constants, [F]#:.47 complex constants, Lt

e/ 4R

Il structure constants, array constants (35574574 4H), vector constants 5, "N HLf&—1> character array constants:

@.str.123 = private unnamed_addr constant [5 x 18] c¢"YES!\00", align 1

Constants [ T 35 _FaE$2 3| 1) simple constants £ complex constants , 74 Global Variable and Function Addresses,
Undefined Values, Poison Values, Addresses of Basic Blocks, Constant Expressions, 5% FJAj @.str.123 §i2
—|~ global variable, F{]74< 3 24} ConstantExpr (Rl Constant Expressions) .

15
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2.1.2 ConstantExpr

ConstantExpr is a constant value that is initialized with an expression using other constant values, 9582156 {1 5 —1
Pk KW T BRVEECER /2 constant (13, HBAIX A A& —4> constant experssion, 245K [AIFEH 22—~

constant,

— AR BT

$ cat a.c
int a;

int main ()
{

return 5+ (long) (&a);

F a.c i@ clang 41345 5] LLVM IR FIW TR T

$ clang -S -02 -emit-1llvm a.c -0 a.o02.11

$ clang -02 a.c -o a.o2.out

a.02.11 MERIF AR :

@a = common dso_local global i32 0, align 4

; Function Attrs: norecurse nounwind readnone uwtable
define dso_local i32 @main() local_unnamed_addr #0 {
entry:

ret i32 trunc (i64 add (i64 ptrtoint (i32* (@a to i64), i64 5) to i32)

XH trunc (i64 add (i64 ptrtoint (i32* Ra to i64), i64 5) to i32) #BAFEXLE—N
ConstantExpr,

fifi ] objdump £ main pEEUE Y AL ARG :

mov $50x601039, $eax
retqg

A] JL7E LLVM IR " ContantExpr 7£ 4 A8 A5 F1 52 5 | J&— constant value ., SZJr_| ContantExpr £ 155 24~
MrBe i AT S (some in the backend, some by the linker, some by the dynamic loader) , 2 FEFE T4 N B K

—]~ constant value.,

16 Chapter 2. LLVM IR
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2.1.3 BreakConstantExpr

4 —F ContantExpr #B X} I —Ff Instruction, 7F LLVM 124 A] DLF F X FEM S P visitConstant—

Expr (ConstantExpr *CE) MG

void visitConstantExpr (ConstantExpr *CE)

{
switch (CE->getOpcode ())

{

case
case
case
case
case
case
case
case
case
case
case
case
case
case
case
case
case
case
case
case
case
case
case
case
case
case
case
case
case
case
case
case
case
case
case

case

Instruction:
Instruction:
Instruction:
Instruction:
Instruction:
Instruction:
Instruction:
Instruction:
Instruction:
Instruction:
Instruction:
Instruction:
Instruction:
Instruction:
Instruction:
Instruction:
Instruction:
Instruction:
Instruction:
Instruction:
Instruction:
Instruction:
Instruction:
Instruction::S
Instruction::
Instruction::
Instruction::
Instruction::
Instruction::
Instruction::
Instruction::
Instruction::
Instruction::
Instruction::
Instruction::

Instruction::

:Trunc:

tZExt:

:SExt:
:FPTrunc:
:FPExt:
:FPToUI:
cFPToSI:
:UIToFP:
:SIToFP:
:PtrTolInt:
:IntToPtr:
:BitCast:
:AddrSpaceCast:
:GetElementPtr:
:Select:

:ICmp:

:FCmp:
:ExtractElement:
:InsertElement:
:ShuffleVector:
:ExtractvValue:
:InsertValue:

:Add:

(continues on next page)
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(continued from previous page)

case
case
case
default:

1lvm_unreachable ("Unknown constantexpr type encountered!");

visitConstantExpr M) HAbMEZESEHIWH 2% Instruction [ EEVESE S & ConstantExpr, {1552 VH FZ 26

BT AL R

1‘3 SETEFAE M) —LE 5T LLVM IR R 5 2 A RS LR o (40 SVF), Bk 28 T Al 2% LLVM IR
HATAR T AN SR —2% Instruction [ FEANHEVESE ConstantExpr , A54 ¥1% ConstantExpr %4 % 1/ Instruc-

tion 148 A F|{ifi Jfli% ConstantExpr f] Instruction 2 |, %1% ConstantExpr [ FfrAG i Ff 73 5 25 4 5 A8

5 Y Instruction., ZBREAYSZEACAL AT PAZ2% hitps://github.com/Ennal/LLVM-Clang-Examples/tree/master/

break-constantexpr .

PRI EE R LLVM IR SCfF a. 02 .11 %3 BreakConstantExpr AP 5, 53| LLVM IR IR, "JPABFIC
244 ConstantExpr ¥4 4 T Instruction

@a = common dso_local global i32 0, align 4

; Function Attrs: norecurse nounwind readnone uwtable
define dso_local i32 @main() local_unnamed_addr #0 {
entry:

$0 = ptrtoint i32* (@a to i64

1 add i64 %0, 5

%2 trunc i64 %1 to i32

ret i32 %2

2.1.4 SE5EE:

1. http://llvm.org/docs/LangRef . html#constant-expressions

2. http:/Nists.llvm.org/pipermail/llvm-dev/2017-March/110885.html

* genindex
¢ modindex

¢ search
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CHAPTER

THREE

SSA

3.1 SSA-construction

ARSI EXR H CMU 15-745 SRR TE X .
FRUERY SSA F VA 43 I 25 -
1. Place all ®()

2. Rename all variables

TEYF SSA #FIANAZ |, 7 B LERELA A

3.1.1 Basics

Dominator

N dominates M (N dom M) <==>{£ CFG |, M entry node Fl| M [ A Bs 1288433 N
* E. AL (strictly dominate, sdom), 15 N dom M 3 H N !=M, 0 N sdom M

o H#: W (immediate dominate, idom), % Ndom M 3 HATFEEN', ffiNdom N’, N’ dom M, NN
idom M

Dominator Tree

o SCHT AR T U L ST

19
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Dominance Frontier

%45 4 N, The Dominance Frontier of node N J&—MEA, HEEG 4 W IR W 3 DA &40
1. N2 W IR HIIKE, s Sy A
2. NANE W B SR A

HJ DE(N) = { W | N dom pred(W) AND !(N sdom W)}

Computing the Dominance Frontier: Algorithm

for each node n in the post-order traversal of the D-tree
compute-DF(n)
S={}
foreach node c in succ[n]
if I(n sdom c)
S=Su{c}
foreach child a of n in D-tree
compute-DF(a)
foreach x in DF[a]
if I(n dom x)
S=Su{x}
DF[n] =S

T & 2 —117 Dominance Frontier [#){5]7-:

20 Chapter 3. SSA
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i [
S TN
A “ IR LE

E
# Dominator Tree

F

F

Control Flow Graph

Block A B C D F F
Dominance O {F}y | {E} | {E} | {F} [0}
Frontier

Iterated Dominance Frontier
B e AT S 4E A% Dominance Frontier: #7754 S = { X0, X1, X2 - XN }, #5-4 DF(S) = DF(X0) U DF(X1)
U DF(X2) - U DF(XN)

A5 S5 4 A1 Tterated Dominance Frontier iC/F DF+(S), DF+(S) gt 2 AWrii15 S K H DF ££451) DF 4, H
EV NS

PA_E1Hi 1145 Dominance Frontier [1J{5]%11. Iterated Dominance Frontier :

1. DF1({A, B, C}) =DF({A, B, C}) = { E, F}

3.1. SSA-construction 21
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2. DF2({A, B, C}) =DF( {A, B, C} UDFI({A, B, C}))=DF({A,B,C,E,F} )= {E,F }

3. DF+({ A,B,C})={ E,F}
3.1.2 Place all ®()

Using Dominance Frontier to Place ®()

* Gather all the defsites of every variable
* Then, for every variable

— foreach defsite
* foreach node in DominanceFrontier(defsite)

— if we haven’t put @©() in node, then put one in
— if this node didn’t define the variable before, then add this node to

the defsites

* This essentially computes the Iterated Dominance Frontier on the fly, inserting the
minimal number of ®() neccesary

B#—T, XHi “This essentially computes the Iterated Dominance Frontier on the fly” {47

AR eI T DF(defsites) , X} T DF(defsites) F1AYICER , AIARIXITCEATE defsites HRERFHIA S defsites
b, Fi144 DF(new defsites), 5252 DF (defsites U DF(defsites)), IR % 158 B0 s m A 3] defsites .

] T R AT Tterated Dominance Frontier
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Using Dominance Frontier to Place ®(): Algorithm

foreach node n {
foreach variable v defined in n {
orig[n] u= {v} /* variables defined in basic block n */

defsites([v] U= {n} /* basic blocks that define variable v */

}

}
foreach wvariable v {
/* work list of basic blocks */

W = defsites|[v]
while W not empty ({
n = remove node from W

foreach y in DF[n]
if y ¢ PHI[v] {
insert “v « ®(v,v,..)” at top of y
PHI[v] = PHI[v] U {y} /* BBs containinga ® forv */
if v ¢ orig[y]l: W= W U {y} /*addBBtoworklist */

}

3.1.3 Rename all variables
Rename HIEUT, S5 B FoREAH,

rename(B):

for each assignment in B:
replace (non-®@) use of v with top of stack(v)

replace def of v with v,,,,,, push v,,,,, onto stack(v)

for each successor S of B in CFG:
replace k’th arg. of ®@ (v, ...v) with top of stack(v),

where B is k'th predecessor of S
call rename(C) on all children C of B in D-tree

pop all defs in B from stacks
5214 Phasel (place all ©() J5, #4147 phase2 (rename all variables) #i/21J# ] rename(entry block), entry block ¥

23
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& CFG A A,

3.1.4 Example

24 Chapter 3. SSA
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Normal Form IR

3.1. SSA-construction
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SSA Form IR

. M
=

I-F::I
H ot

O R KR

J, <« D(35,31)
2 k2 <« (D(ksrk]_)
k, < 1007

> ‘/\.

4
‘jz < 207 ‘return 3,
5 r\.
jy « i, °13
ks «< k, + 1 k,

7/ Js <« DP(33,34)
ke « ®(ks, k,)
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3.1.5 LLVM

Basics #r HNAFE LLVM w1 ¥4 sC ¥, Iterated Dominance Frontier 1) 3Z ¥V F 1lvm-7.0.0.
src/include/llvm/Analysis/IteratedDominanceFrontier.h fI 1lvm-7.0.0.src/lib/

Analysis/IteratedDominanceFrontier.cpp,

template <class NodeTy, bool IsPostDom>
class IDFCalculator {
public:
IDFCalculator (DominatorTreeBase<BasicBlock, IsPostDom> &DT)

DT (DT), uselLivelIn(false) {}

void setDefiningBlocks (const SmallPtrSetImpl<BasicBlock *> &Blocks) {
DefBlocks = &Blocks;

void setLiveInBlocks (const SmallPtrSetImpl<BasicBlock *> &Blocks) {

LiveInBlocks = &Blocks;

uselLiveln = true;

void resetLiveInBlocks () {

LiveInBlocks nullptr;

uselLiveln = false;

void calculate (SmallVectorImpl<BasicBlock *> &IDFBlocks);

private:

DominatorTreeBase<BasicBlock, IsPostDom> &DT;
bool uselLiveln;

const SmallPtrSetImpl<BasicBlock *> *LiveInBlocks;
const SmallPtrSetImpl<BasicBlock *> *DefBlocks;

bi

IDFCalculator WM KA fa B, WItAfk Tl f1 28 & DominatorTreeBase<BasicBlock, IsPost-
Dom> &DT fl bool uselLivelIn, M Hi4%%& bool uselLivelIn FiEfriHE2G{#H LiveInBlocks ,
LiveInBlocks i @iX FEMIEA S, value TEX LERLAHR Y A O 215 BRI . DefBlocks B2 LN value
AT EE R EAL.

K% setDefiningBlocks () A% setLiveInBlocks () g2 M K& EH 2 & DefBlocks #
LiveInBlocks [,

IDFCalculator EIF ¥ 115 Iterated Dominance Frontier [ K ZUEE i R BEL calculate (), 2K IDF-
Calculator MM i@ o R — x4, RIGVHH KA K%L setDefiningBlocks () Hl
setLiveInBlocks (), HHX} setLiveInBlocks () FYIEMH-ERI1ER . TG HFE% calculate ()

3.1. SSA-construction 27
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18 1 Tterated Dominance Frontier.

RS calculate () BIEXUTR:

template <class NodeTy, bool IsPostDom>
void IDFCalculator<NodeTy, IsPostDom>::calculate (
SmallVectorImpl<BasicBlock *> &PHIBlocks) {
// Use a priority queue keyed on dominator tree level so that inserted nodes
// are handled from the bottom of the dominator tree upwards. We also augment
// the level with a DFS number to ensure that the blocks are ordered in a
// deterministic way.
typedef std::pair<DomTreeNode *, std::pair<unsigned, unsigned>>
DomTreeNodePair;
typedef std::priority_queue<DomTreeNodePair, SmallVector<DomTreeNodePair, 32>,
less_second> IDFPriorityQueue;

IDFPriorityQueue PQ;

DT.updateDFSNumbers () ;

for (BasicBlock *BB : *DefBlocks) {
if (DomTreeNode *Node = DT.getNode (BB))
PQ.push ({Node, std::make_pair (Node->getLevel (), Node->getDFSNumIn()) });

SmallVector<DomTreeNode *, 32> Worklist;
SmallPtrSet<DomTreeNode *, 32> VisitedPQ;
SmallPtrSet<DomTreeNode *, 32> VisitedWorklist;

while (!PQ.empty()) A
DomTreeNodePair RootPair = PQ.top();
PQ.pop();
DomTreeNode *Root = RootPair.first;

unsigned RootLevel = RootPair.second.first;

// Walk all dominator tree children of Root, inspecting their CFG edges with
// targets elsewhere on the dominator tree. Only targets whose level is at
// most Root's level are added to the iterated dominance frontier of the

// definition set.

Worklist.clear();
Worklist.push_back (Root);
VisitedWorklist.insert (Root) ;

while (!Worklist.empty()) A
DomTreeNode *Node = Worklist.pop_back_val();

(continues on next page)
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(continued from previous page)

BasicBlock *BB = Node->getBlock();
// Succ is the successor in the direction we are calculating IDF, so it 1is
// successor for IDF, and predecessor for Reverse IDF.
for (auto *Succ : children<NodeTy> (BB)) {
DomTreeNode *SuccNode = DT.getNode (Succ);

// Quickly skip all CFG edges that are also dominator tree edges instead
// of catching them below.

if (SuccNode->getIDom() == Node)
continue;
const unsigned Succlevel = SuccNode->getLevel();

if (SuccLevel > RootLevel)

continue;

if (!VisitedPQ.insert (SuccNode) .second)

continue;

BasicBlock *SuccBB = SuccNode->getBlock () ;
if (uselivelIn && !LiveInBlocks—>count (SuccBB))

continue;

PHIBlocks.emplace_back (SuccBB) ;
if (!DefBlocks—>count (SuccBB))
PQ.push (std: :make_pair (
SuccNode, std::make_pair (SuccLevel, SuccNode->getDFSNumIn())));

for (auto DomChild : *Node) {
if (VisitedWorklist.insert (DomChild) .second)
Worklist.push_back (DomChild);

EAREROR KA calculate () AR EAT, (HE%PR Fi2 RN . %R ECH LSS BAI R A7 g A 2
X} value HEFT e (E A FL A, FLACHAE Dominator Tree | () level BIX (GEREFEIT 7 41) , JEASEAE Dominator
Tree |1¥) DFS 17 )78, st HETE DL 5SS A HiTE . PL5E BAS A HEF 7 2X0% . Computing the Dominance
Frontier: Algorithm " DA post-order traversal of the Dominator tree 75 203 K YK AL 3 Dominator tree _|F 47
o JETZ R E AT U2 #1155 Dominance Frontier I Place ®() FFVALSATE T —iE.

3.1. SSA-construction 29




LLVM-Study-Notes Documentation, Release 0.1

3.1.6 Reference

https://www.cs.cmu.edu/~15745/lectures/L11-SSA.pdf

3.2 Mem2Reg

mem2reg j&=—> LLVM transform pass, BTk LLVM IR %4tk SSA 1) LLVM IR, E{& 24t

= EE'
,‘E'wm\?

2
LLVM IR 48} “memory AN/& SSA value” 4R S TG . giiFas Bl e i LLVM IR B, AT DA
MELIER) SSA 2K, M2 AR & 2E iy alloca/load/store X

* i alloca #5435k I “Avhr, 158 A8 %A B FRET
* i store 54 RAEAAEAE B H
* i load 84 KAB(E 52 4 SSA value

LLVM 7E mem2reg iX > pass H1, <R 5I|H_Ed X F 1 alloca, HUEHETF A SSA value, FEHETH A SSA value
B 2 X [ B % store 5 load, fECA SSA | def-use/use-def 3¢ 22, F HAEAE 24 1) B 446 Phi MIE 748 &
W4

52Fn_F Clang A= B2 X LAY alloca/load/store FE 2R LLVM IR :

XTI R foo:

int foo(int x, int cond)
{
if (cond > 0)
x = 1;
else
x = —1;

return x;

clang -Xclang -disable-0O0-optnone -00 -—-emit-1llvm -S foo.c f5%|f) LLVMIR:

define dso_local 132 @foo (132 %x, 132 %cond) #0 {
entry:

%$x.addr = alloca i32, align 4

$cond.addr = alloca i32, align 4

store 132 %x, 132* %$x.addr, align 4

store 132 %cond, 132* %cond.addr, align 4

%0 = load 132, 132* %cond.addr, align 4

Scmp = icmp sgt 132 %0, O
br il %cmp, label %if.then, label %if.else

if.then: ; preds = %entry

(continues on next page)
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(continued from previous page)

store 132 1, i32* %x.addr, align 4
br label %if.end

if.else: ; preds = %entry
store 132 -1, i32* %$x.addr, align 4
br label %if.end

if.end: ; preds = %if.else, %if.then
%1 = load 132, i32* %x.addr, align 4
ret i32 %1

APABE], JHHAs BN BB A EE AR HLE o alloca & “FERE” 1Y, 3 HG S0t R R A S I (0 12 18
i store $§4, FRUURHAS O EA 2T load $84, 1E 2 HiTH TiHY alloca/load/store JE [ LLVM IR,

opt -S -mem2reg -o foo.m2r.ll foo.1ll %f A LLVM IR 1247 mem2reg pass J5/5 21 # ) LLVM
IR:

define dso_local 132 @foo(i32 %x, 132 %cond) #0 {
entry:

%Scmp = icmp sgt i32 %cond, 0

br il %cmp, label %if.then, label %if.else

if.then: ; preds = S%Sentry

br label %if.end

if.else: ; preds = %entry

br label %if.end

if.end: ; preds = %$if.else, %if.then
$x.addr.0 phi 132 [ 1, %if.then ], [ -1, %if.else ]
ret i32 %x.addr.O0

H] DA 3| alloca/load/store T ) SR iR AR B4R T8 T SSA value, FHFE if.end EABPIRZAH T Phi,

mem2reg pass [FCILSLHF: 11vm—7.0.0.src/lib/Transforms/Utils/Mem2Reg.cpp 11lvm-7.
0.0.src/lib/Transforms/Utils/PromoteMemoryToRegister.cpp
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3.2.1 HikfEk

NHETEASEE — T mem2reg FYSARIA (51 R KTERIT- LR9EIE, WA SH ) :

1. LLVM assumes that all locals are introduced in the entry basic block of a function with an alloca instruction. LLVM
also assumes that all allocas appear at the start of the entry block continuously. This assumption could be easily

violated by the front-end, but it is a reasonable assumption to make.

2. For each alloca seen in step 1, LLVM checks if it is promotable based on the use of this local. It is deemed

promotable iff:
1. It is not used in a volatile instruction.
2. Itis loaded or stored directly, i.e, its address is not taken.

3. For each local selected for promotion in step 2, a list of blocks which use it, and a list of block which define it are

maintained by making a linear sweep over each instruction of each block.
4. Some basic optimizations are performed:
1. Unused allocas are removed.

2. If there is only one defining block for an alloca, all loads which are dominated by the definition are replaced

with the value.

3. allocas which are read and written only in a block can avoid traversing CFG, and PHI-node insertion by simply

inserting each load with the value from nearest store.
5. A dominator tree is constructed.
6. For each candidate for promotion, points to insert PHI nodes is computed as follows:

1. Alist of blocks which use it without defining it (live-in blocks or upward exposed blocks) are determined with

the help of using and defining blocks created in Step 3.

2. A priority queue keyed on dominator tree level is maintained so that inserted nodes corresponding to defining
blocks are handled from the bottom of the dominator tree upwards. This is done by giving each block a level

based on its position in the dominator tree.
3. For each node —root, in the priority queue:

1. Iterated dominance frontier of a definition is computed by walking all dominator tree children of root,
inspecting their CFG edges with targets elsewhere on the dominator tree. Only targets whose level is at

most root level are added to the iterated dominance frontier.

2. PHI-nodes are inserted at the beginning in each block in the iterated dominance frontier computed in the

previous step. There will be predecessor number of dummy argument to the PHI function at this point.
7. Once all PHI-nodes are prepared, a rename phase start with a worklist containing just entry block as follows:

1. A hash table of IncomingVals which is a map from a alloca to its most recent name is created. Most recent

name of each alloca is an undef value to start with.
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2. While (worklist != NULL)
1. Remove block B from worklist and mark B as visited.
2. For each instruction in B:

1. If instruction is a load instruction from location L (where L is a promotable candidate) to value V,

delete load instruction, replace all uses of V with most recent value of L i.e, IncomingVals[L].

2. If instruction is a store instruction to location L (where L is a promotable candidate) with value V,

delete store instruction, set most recent name of L i.e, IncomingVals[L] = V.

3. For each PHI-node corresponding to a alloca —L , in each successor of B, fill the corresponding

PHI-node argument with most recent name for that location i.e, IncomingVals[L].

3. Add each unvisited successor of B to worklist.

3.2.2 HiksH

mem?2reg pass %[ f{j250E PromoteLegacyPass

struct PromotelegacyPass : public FunctionPass {
// Pass identification, replacement for typeid

static char ID;

PromotelLegacyPass () : FunctionPass (ID) {

initializePromotelegacyPassPass (*PassRegistry::getPassRegistry());

// runOnFunction - To run this pass, first we calculate the alloca
// instructions that are safe for promotion, then we promote each one.
bool runOnFunction (Function &F) override {

if (skipFunction (F))

return false;

DominatorTree &DT = getAnalysis<DominatorTreeWrapperPass> () .getDomTree () ;
AssumptionCache &AC =
getAnalysis<AssumptionCacheTracker> () .getAssumptionCache (F) ;

return promoteMemoryToRegister (F, DT, AC);

void getAnalysisUsage (AnalysisUsage &AU) const override {
AU.addRequired<AssumptionCacheTracker> () ;
AU.addRequired<DominatorTreeWrapperPass> () ;

AU.setPreservesCFG() ;

bi
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PromoteLegacyPass =—> FunctionPass, K% runOnFunction INEMEHE, IENERE pro-
moteMemoryToRegister HIEM .

K% promoteMemoryToRegister [SZILHN T :

static bool promoteMemoryToRegister (Function &F, DominatorTree &DT,
AssumptionCache &AC) {
std::vector<AllocalInst *> Allocas;
BasicBlock &BB = F.getEntryBlock(); // Get the entry node for the function
bool Changed = false;

while (true) {

Allocas.clear();

// Find allocas that are safe to promote, by looking at all instructions 1in
// the entry node
for (BasicBlock::iterator I = BB.begin(), E = —--BB.end(); I != E; ++I)
if (Allocalnst *AI = dyn_cast<Allocalnst>(I)) // Is it an alloca?
if (isAllocaPromotable (AI))
Allocas.push_back (AI);

if (Allocas.empty())

break;

PromoteMemToReg (Allocas, DT, &AC);
NumPromoted += Allocas.size();
Changed = true;

}

return Changed;

R BRI O A Hf ) BT A5 Promotable |9 Allocalnst, #4551 Fl B4 PromoteMemToReg , iX H
LLVM A —AMEBE: — AR BT i Allocalnst 82 th BUTE R BRI A L BEAR B . T DA GG 3685 BT S 7 2
LLVM IR I B 8 S F R L o

A2 AT 44 Allocalnst 52 Promotable ? faj B3 4 415 1% Allocalnst 1% 45 % /] T volatile instruction, F H'EH
B9 T Loadlnst B Storelnst (BIy& A #BGTHNE) , IRAHEIAN1Z Allocalnst J& Promotable, 340 77 PAE
isAllocaPromotable HRERHCHGSZTL .

FHH KA PromoteMemToReqg FSLHL :

void llvm::PromoteMemToReqg (ArrayRef<AllocalInst *> Allocas, DominatorTree &DT,
AssumptionCache *AC) {
// If there is nothing to do, bail out...

(continues on next page)
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(continued from previous page)

if (Allocas.empty())

return;

PromoteMem2Reg (Allocas, DT, AC).run();

SR V% A Promotable [1¥) Allocalnst, AR4Z TCRE I B R &N E— 45K PromoteMem2Reqg K%}
% RIGTEZAM 2 H) run B3, W& PromoteMem2Reqg (Allocas, DT, AC).run () ') Promote-
Mem2Req & PEEH{K.

Z5H{k PromoteMem2Reg WYSE LB A, X HIAL 52 B E U T, FRATIEAE— T HA & R4

PromoteMem2Reqg (ArrayRef<AllocalInst *> Allocas, DominatorTree &DT,
AssumptionCache *AC)
: Allocas(Allocas.begin(), Allocas.end()), DT(DT),
DIB (*DT.getRoot () ~>getParent () —>getParent (), /*AllowUnresolved*/ false),
AC(AC), SQ(DT.getRoot ()->getParent () —>getParent () —>getDatalLayout (),
nullptr, &DT, AC) {}

o W BiAFHE std: :vector<Allocalnst *> Allocas, JTARFEIELEME promoted i) Allocalnst, FHA4T
&4k~ G 119 Promotable 1 Allocalnst

e J{FiA%E DIBuilder DIB Debug Information Builder ff| ¥ LLVM IR 41| ##iJE 5 5,

o % AR

SimplifyInstruction

B AssumptionCache *AC, XTZMRAAFEMHER:: A cache of @llvm.assume intrinsics used by

e Wi HiASH const SimplifyQuery SQ, SimplifyQuery - instructions 25 KRR, Bilan: (
“addi32 1,17 -> “27 ), ( “andi32 %x, 0" -> “0” ), ( “andi32 %x, %x” -> “%x”" )

ete, IREEMIAEA R HAb A B 51 28

P %L PromoteMem2Req: trun () i H I HEF] ) mem2reg FIAMEIEARS LI, xR FHt 200+ 7, XHA
MESE BRI T, T — B — B 2% e

void PromoteMem2Reg::run() {
Function &F = *DT.getRoot () —>getParent ();
/7 B
for (unsigned AllocaNum = 0; AllocaNum != Allocas.size(); ++AllocaNum) {

AllocalInst *AI = Allocas[AllocaNum];

assert (isAllocaPromotable (AI) && "Cannot promote non-promotable allocal!");
assert (AI->getParent () —>getParent () == &F &&

"All allocas should be in the same function, which is same as DF!");

(continues on next page)
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(continued from previous page)

removelLifetimeIntrinsicUsers (AI);

if (AI->use_empty()) A
// If there are no uses of the alloca, just delete it now.

Al->eraseFromParent () ;

// Remove the alloca from the Allocas list, since it has been processed
RemoveFromAllocasList (AllocaNum) ;
++NumDeadAlloca;

continue;

/)

//

F 2iX &k Allocalnst iIffER %L, AllocaDbgDeclares [ il sg iRk Allocalnst [¥ dbg.declare intrinsic , 1E)5%E
Allocalnst g promoted 2 )i, ¥ER] PAXF dbg.declare intrinsic ¥4k dbg.value intrinsic .

for IR IR AL HREE—> Allocalnst , FEHEfT—2E assert H|Wr2 J5, JEJHEREL removelifetimeIntrinsi-
cUsers J£ LLVM IR HJf|[4i% Allocalnst {¥) User H1 i T Loadlnst A1 Storelnst DA 4} Instructions,, {1534~ Al-
localnst %74 User, 352 B2 M4 1% Allocalnst, F H 1% Allocalnst M il F1 25 & std: : vector<Allocalnst
*> Allocas HHIEE, BAiZ Allocalnst B 24 PRSE M. X BAACHDXT Y. mem2reg FEVERY 4.1 B4

SR e e S X BUG R Y. mem2reg 534K 4.2 F1 4.3 F

void PromoteMem2Reg::run() {
AllocaDbgDeclares.resize (Allocas.size());
AllocaInfo Info;
.
for (unsigned AllocaNum = 0; AllocaNum != Allocas.size(); ++AllocaNum) {

AllocalInst *AI = Allocas[AllocaNum];

/)

// Calculate the set of read and write—-locations for each alloca. This 1is
// analogous to finding the 'uses' and 'definitions' of each variable.

Info.AnalyzeAlloca (AI);

// If there is only a single store to this value, replace any loads of
// it that are directly dominated by the definition with the value stored.
if (Info.DefiningBlocks.size() == 1) {

if (rewriteSingleStoreAlloca(AI, Info, LBI, SQ.DL, DT, AC)) A

// The alloca has been processed, move on.

(continues on next page)
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RemoveFromAllocasList (AllocaNum) ;
++NumSingleStore;

continue;

// If the alloca is only read and written in one basic block, just perform a
// linear sweep over the block to eliminate it.
if (Info.OnlyUsedInOneBlock &&
promoteSingleBlockAlloca (AI, Info, LBI, SQ.DL, DT, AC)) {
// The alloca has been processed, move on.
RemoveFromAllocasList (AllocaNum) ;

continue;

a

/s

P8 AllocaInfo::AnalyzeAlloca (AllocaInst **AI*) (3£ Functionality:Allocalnfo) 43#Ti% Al-
localnst fAH 215 H . RYE AllocaInfo::AnalyzeAlloca(Allocalnst **AI*) FY/-Hr&is, U
FXF % Allocalnst Y E(H H A —4b, HBAE K rewriteSingleStoreAlloca (PEN Functional-
ity:rewriteSingleStoreAlloca) Ff T A7 (8 1% 2 H i (def) JT S FC I 8 A (use) #RF 40 A N 0 (A, B0 2 2
%1% Allocalnst [ Storelnst R —4%, BRARE A # 1% Storelnst S it i T FHL Allocalnst [J{E [ LoadInst ¢
e R 9k store FME; ANRXTZ Allocalnst 1) def H1 use #RLE [A]— A JEASER Y, W 1] K%L promoteSingle-
BlockAlloca (W, Functionality:promoteSingleBlockAlloca ) i i 2% 147141 e 7 5 Allocalnst / StorelInst/ LoadInst

o

TESE AT ik — S R () E B A PR 2 J5 , Wi IDF (Iterated Dominance Frontier) FIFRUER) SSA 44 7 3%
3 alloca/load/store FEZ ) LLVM IR 2T HHIEH SSA JE ) LLVM IR,

void PromoteMem2Reg::run () {
AllocaDbgDeclares.resize(Allocas.size());
AllocaInfo Info;
// B
for (unsigned AllocaNum = 0; AllocaNum != Allocas.size(); ++AllocaNum) {

AllocaInst *AI = Allocas[AllocaNum];

//

// If we haven't computed a numbering for the BB's in the function, do so

// now.

(continues on next page)
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if (BBNumbers.empty()) A
unsigned ID = 0;
for (auto &BB : F)
BBNumbers [&BB] = ID++;

// Remember the dbg.declare intrinsic describing this alloca, if any.
if (!Info.DbgDeclares.empty())
AllocaDbgDeclares[AllocaNum] = Info.DbgDeclares;

// Keep the reverse mapping of the 'Allocas' array for the rename pass.

Allocalookup[Allocas[AllocaNum]] = AllocaNum;

// At this point, we're committed to promoting the alloca using IDF's, and
// the standard SSA construction algorithm. Determine which blocks need PHI
// nodes and see if we can optimize out some work by avoiding insertion of

// dead phi nodes.

// Unique the set of defining blocks for efficient lookup.
SmallPtrSet<BasicBlock *, 32> DefBlocks;

DefBlocks.insert (Info.DefiningBlocks.begin(), Info.DefiningBlocks.end());

// Determine which blocks the value is live in. These are blocks which lead
// to uses.

SmallPtrSet<BasicBlock *, 32> LiveInBlocks;

ComputeLiveInBlocks (AI, Info, DefBlocks, LiveInBlocks);

// At this point, we're committed to promoting the alloca using IDF's, and
// the standard SSA construction algorithm. Determine which blocks need phi
// nodes and see if we can optimize out some work by avoiding insertion of
// dead phi nodes.
IDF.setLiveInBlocks (LiveInBlocks);
IDF.setDefiningBlocks (DefBlocks) ;
SmallVector<BasicBlock *, 32> PHIBlocks;
IDF.calculate (PHIBlocks);
if (PHIBlocks.size() > 1)
1lvm: :sort (PHIBlocks.begin(), PHIBlocks.end(),
[this] (BasicBlock *A, BasicBlock *B) {
return BBNumbers.lookup (A) < BBNumbers.lookup (B);
1)

unsigned CurrentVersion = 0;

for (BasicBlock *BB : PHIBlocks)

(continues on next page)
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QueuePhiNode (BB, AllocaNum, CurrentVersion);

if (Allocas.empty())

return; // All of the allocas must have been trivial!

LBI.clear();

// Set the incoming values for the basic block to be null values for all of
// the alloca's. We do this in case there is a load of a value that has not
// been stored yet. In this case, it will get this null value.
RenamePassData: :ValVector Values (Allocas.size());

for (unsigned i = 0, e = Allocas.size(); 1 != e; ++1i)

Values[i] = UndefValue::get (Allocas([i]->getAllocatedType());

// When handling debug info, treat all incoming values as 1if they have unknown
// locations until proven otherwise.

RenamePassData: :LocationVector Locations (Allocas.size());

// Walks all basic blocks in the function performing the SSA rename algorithm
// and inserting the phi nodes we marked as necessary
std: :vector<RenamePassData> RenamePassWorkList;
RenamePassWorkList.emplace_back (&F.front (), nullptr, std::move(Values),
std: :move (Locations));

do {

RenamePassData RPD = std::move (RenamePassWorkList.back());

RenamePassWorkList.pop_back () ;

// RenamePass may add new worklist entries.

RenamePass (RPD.BB, RPD.Pred, RPD.Values, RPD.Locations, RenamePassWorkList);

} while (!RenamePassWorkList.empty());

// The renamer uses the Visited set to avoid infinite loops. Clear it now.

Visited.clear ();

/7 o

AR X mem2reg BRI A TR 6 M PR 7.

N A5 H SmallPtrSet<BasicBlock *, 32> DefBlocks R FrAMIXTH: Allocalnst fE{H AN,
75 E SmallPtrSet<BasicBlock *, 32> LiveInBlocks HFEfi%K%L ComputeLiveInBlocks (3
W, Functionality:ComputeLivelnBlocks) ik [a]45 5% . #id IDF 18 8 55 %5496 A Phi (54454 PHIBlocks, ik
7 PHIBlocks 18 [ FE%X QueuePhiNode, #1715 1) PHINode .
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T A 75 2445 A PHINode {7 S #F L &4 A T RF 871 PHINode, #XJ5 worklist 5315 i %I RenamePass
(10, Functionality:RenamePass) %} PHINode {75 7. RenamePassWorkList #4451k 1 e B sk %R F A
FIEAE, SR G M A TR 15T E CFG Rk Gk,

i — 2R A,

// Remove the allocas themselves from the function.
for (Instruction *A : Allocas) {
// If there are any uses of the alloca instructions left, they must be in
// unreachable basic blocks that were not processed by walking the dominator
// tree. Just delete the users now.
if (!A->use_empty())
A->replaceAllUsesWith (UndefValue: :get (A->getType()));

A->eraseFromParent () ;

// Remove alloca's dbg.declare instrinsics from the function.
for (auto &Declares : AllocaDbgDeclares)
for (auto *DII : Declares)

DII->eraseFromParent () ;

TS 255 B AL B J57E LLVM IR Hif A5 Allocalnst, F54 35 G i Fl i% Allocalnst [} 77 2 :>4 Undef Value ,
SR)G4 Allocalnst M LLVM IR 5. #E LLVM IR " fil45i Allocalnst 1) dbg.declare instrinsics .

// Loop over all of the PHI nodes and see if there are any that we can get
// rid of because they merge all of the same incoming values. This can
// happen due to undef values coming into the PHI nodes. This process is
// iterative, because eliminating one PHI node can cause others to be removed.
bool EliminatedAPHI = true;
while (EliminatedAPHI) {
EliminatedAPHI = false;

// Iterating over NewPhiNodes is deterministic, so it is safe to try to
// simplify and RAUW them as we go. If it was not, we could add uses to
// the values we replace with in a non-deterministic order, thus creating
// non-deterministic def->use chains.
for (DenseMap<std::pair<unsigned, unsigned>, PHINode *>::iterator

I = NewPhiNodes.begin(),

E = NewPhiNodes.end();

I !=E;) {
PHINode *PN = I->second;

// If this PHI node merges one value and/or undefs, get the value.
if (Value *V = SimplifyInstruction (PN, SQ)) {

(continues on next page)
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PN->replaceAllUsesWith (V) ;
PN->eraseFromParent () ;
NewPhiNodes.erase (I++);
EliminatedAPHI = true;
continue;

}

++I;

#E X PHINode #47—26{4k, 15 PHINode ) IncomingValue H75 UndefValue, P28 KA Simpli-
fyInstruction fiij{ki% PHINode, L HRH# Fi% PHINode fYHh 5 #r i A 4L 5 1) Value

// At this point, the renamer has added entries to PHI nodes for all reachable
// code. Unfortunately, there may be unreachable blocks which the renamer

// hasn't traversed. If this is the case, the PHI nodes may not

// have incoming values for all predecessors. Loop over all PHI nodes we have
// created, inserting undef values if they are missing any incoming values.
for (DenseMap<std::pair<unsigned, unsigned>, PHINode *>::iterator

I

NewPhiNodes.begin (),
E = NewPhiNodes.end();
I !=E; ++I) {
// We want to do this once per basic block. As such, only process a block
// when we find the PHI that is the first entry in the block.
PHINode *SomePHI = I->second;
BasicBlock *BB = SomePHI->getParent ();

if (&BB->front() != SomePHI)
continue;
// Only do work here if there the PHI nodes are missing incoming values. We

// know that all PHI nodes that were inserted in a block will have the same
// number of incoming values, so we can just check any of them.
if (SomePHI->getNumIncomingValues () == getNumPreds (BB))

continue;

// Get the preds for BB.
SmallVector<BasicBlock *, 16> Preds (pred_begin(BB), pred_end(BB));

// Ok, now we know that all of the PHI nodes are missing entries for some
// basic blocks. Start by sorting the incoming predecessors for efficient
// access.

llvm: :sort (Preds.begin (), Preds.end());

// Now we loop through all BB's which have entries in SomePHI and remove

(continues on next page)
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// them from the Preds list.
for (unsigned i = 0, e = SomePHI->getNumIncomingValues(); 1 != e; ++1i) {
// Do a log(n) search of the Preds list for the entry we want.
SmallVectorImpl<BasicBlock *>::iterator EntIt = std::lower_bound
Preds.begin(), Preds.end(), SomePHI->getIncomingBlock(1i));
assert (EntIt != Preds.end() && *EntIt == SomePHI->getIncomingBlock (i) &&

"PHI node has entry for a block which is not a predecessor!");

// Remove the entry

Preds.erase (Entlt);

// At this point, the blocks left in the preds 1list must have dummy
// entries inserted into every PHI nodes for the block. Update all the phi
// nodes in this block that we are inserting (there could be phis before
// mem2reg runs).
unsigned NumBadPreds = SomePHI->getNumIncomingValues () ;
BasicBlock::iterator BBI = BB->begin();
while ((SomePHI = dyn_cast<PHINode> (BBI++)) &&
SomePHI->getNumIncomingValues () == NumBadPreds) {
Value *UndefVal = UndefValue::get (SomePHI->getType());
for (BasicBlock *Pred : Preds)
SomePHI->addIncoming (UndefVal, Pred);

NewPhiNodes.clear () ;

23 BT RenamePass 1) 4078 5 54 I PHINode #E £ W #1F T, {H2Z K & RenamePass £1+#% CFG g T4k
B, A W] BEXS T8 2L unreachable blocks RIS T CFG ARk AL, PHINode [ incoming values i&
AEE . S XAE N, $iX L incoming values 1% & & UndefValue.

3.2.3 Functionality

71k LLVM [¥) mem2reg B VAU IS 3, X HLKFBRE PromoteMem2Req: s run () I 3 19— 2%
SEF N R BRI T A0 HT
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Allocalnfo

struct AllocalInfo {
SmallVector<BasicBlock *, 32> DefiningBlocks;

SmallVector<BasicBlock *, 32> UsingBlocks;

StoreInst *OnlyStore;
BasicBlock *OnlyBlock;
bool OnlyUsedInOneBlock;

Value *AllocaPointerVal;

TinyPtrVector<DbgInfolIntrinsic *> DbgDeclares;

void clear () {
DefiningBlocks.clear();
UsingBlocks.clear () ;
OnlyStore = nullptr;
OnlyBlock = nullptr;
OnlyUsedInOneBlock = true;
AllocaPointerVal = nullptr;

DbgDeclares.clear () ;

/// Scan the uses of the specified alloca, filling in the AllocalInfo used
/// by the rest of the pass to reason about the uses of this alloca.
void AnalyzeAlloca(AllocalInst *AI) {

clear () ;

// As we scan the uses of the alloca instruction, keep track of stores,

// and decide whether all of the loads and stores to the alloca are within
// the same basic block.

for (auto UI = AI->user_begin(), E = AI->user_end(); UI != E;) {

Instruction *User = cast<Instruction> (*UI++);

if (StoreInst *SI = dyn_cast<StorelInst> (User)) {
// Remember the basic blocks which define new values for the alloca
DefiningBlocks.push_back (SI->getParent ());
AllocaPointervVal = SI->getOperand(0);
OnlyStore = SI;
} else {
LoadInst *LI = cast<LoadInst> (User);
// Otherwise it must be a load instruction, keep track of variable
// reads.
UsingBlocks.push_back (LI->getParent ());

(continues on next page)
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AllocaPointerVal

LI;

if (OnlyUsedInOneBlock) {
if (!OnlyBlock)
OnlyBlock = User—->getParent ();
else if (OnlyBlock != User->getParent ())
OnlyUsedInOneBlock = false;

DbgDeclares = FindDbgAddrUses (AI);

bi

AllocalInfo::AnalyzeAlloca (Allocalnst **AI*) AL, 0% T4 EH—5% Allocalnst fRAH &5 5.,
Allocalnfo [1}) %, 51 25 & DefiningBlocks i0'5% T firfg %} Allocalnst #4752 (H (def) pE A B ; Jil Fi45 & UsingBlocks
WS T HTA X Allocalnst FEAT ] (use) LA ; i iZ% & OnlyUsedInOneBlock iCi5% T J2& 5 i A 4 1% 4%
Allocalnst ] def I use #PAE R —MHEA A, WIRIE, WERFHZFEATHCRAE R 512 & OnlyBlock H; 15T
Allocalnst )€ {H (def) HJJ Storelnst HA—2%, H4 1% Storelnst WIFFfi#7E RY 5148 & OnlyStore Hi .,

LargeBlockinfo

/// This assigns and keeps a per—-bb relative ordering of load/store
/// instructions in the block that directly load or store an alloca.
/7
/// This functionality is important because it avoids scanning large basic
/// blocks multiple times when promoting many allocas in the same block.
class LargeBlockInfo {
/// For each instruction that we track, keep the index of the
/// instruction.
/)
/// The index starts out as the number of the instruction from the start of
/// the block.

DenseMap<const Instruction *, unsigned> InstNumbers;

public:
/// This code only looks at accesses to allocas.
static bool isInterestingInstruction(const Instruction *I) {
return (isa<LoadInst>(I) && isa<Allocalnst> (I->getOperand(0))) ||

(isa<StorelInst>(I) && isa<AllocalInst> (I->getOperand(l)));

(continues on next page)

44 Chapter 3. SSA




LLVM-Study-Notes Documentation, Release 0.1

(continued from previous page)

/// Get or calculate the index of the specified instruction.
unsigned getInstructionIndex (const Instruction *I) {
assert (isInterestingInstruction(I) &&

"Not a load/store to/from an alloca?");

// If we already have this instruction number, return it.
DenseMap<const Instruction *, unsigned>::iterator It = InstNumbers.find(I);
if (It != InstNumbers.end())

return It->second;

// Scan the whole block to get the instruction. This accumulates
// information for every interesting instruction in the block, in order to
// avoid gratuitus rescans.
const BasicBlock *BB = I->getParent();
unsigned InstNo = 0;
for (const Instruction &BBI : *BB)
if (isInterestingInstruction (&BBI))
InstNumbers[&BBI] = InstNo++;
It = InstNumbers.find(I);

assert (It != InstNumbers.end() && "Didn't insert instruction?");

return It->second;

void deleteValue (const Instruction *I) { InstNumbers.erase(I); }

void clear () { InstNumbers.clear(); }

bi

LargeBlockInfo T ic sk [E]— A He vp i 31 AY LoadInst #1 Storelnst 45 )5 U .

rewriteSingleStoreAlloca

/// Rewrite as many loads as possible given a single store.

/7

/// When there is only a single store, we can use the domtree to trivially

/// replace all of the dominated loads with the stored value. Do so, and return
/// true if this has successfully promoted the alloca entirely. If this returns
/// false there were some loads which were not dominated by the single store
/// and thus must be phi-ed with undef. We fall back to the standard alloca

/// promotion algorithm in that case.

static bool rewriteSingleStoreAlloca(AllocalInst *AI, AllocalInfo &Info,

(continues on next page)
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LargeBlockInfo &LBI, const Datalayout &DIL,
DominatorTree &DT, AssumptionCache *AC) {
StoreInst *OnlyStore = Info.OnlyStore;
bool StoringGlobalVal = !isa<Instruction> (OnlyStore->getOperand(0));
BasicBlock *StoreBB = OnlyStore->getParent () ;

int StoreIndex = -1;

// Clear out UsingBlocks. We will reconstruct it here if needed.

Info.UsingBlocks.clear () ;

for (auto UI = AI->user_begin(), E = AI->user_end(); UI != E;) {
Instruction *UserInst = cast<Instruction> (*UI++);
if (!isa<LoadInst> (UserInst)) {
assert (UserInst == OnlyStore && "Should only have load/stores");
continue;
}
LoadInst *LI = cast<LoadInst> (UserInst);

// Okay, if we have a load from the alloca, we want to replace it with the
// only value stored to the alloca. We can do this if the value is
// dominated by the store. If not, we use the rest of the memZ2reg machinery
// to insert the phi nodes as needed.
if (!StoringGlobalval) { // Non-instructions are always dominated.
if (LI->getParent () == StoreBB) {
// If we have a use that is in the same block as the store, compare the
// indices of the two instructions to see which one came first. If the
// load came before the store, we can't handle it.
if (StorelIndex == -1)
StoreIndex = LBI.getInstructionIndex (OnlyStore);

if (unsigned(StorelIndex) > LBI.getInstructionIndex(LI)) {
// Can't handle this load, bail out.
Info.UsingBlocks.push_back (StoreBB) ;

continue;
}
} else if (LI->getParent () != StoreBB &&
!DT.dominates (StoreBB, LI->getParent())) {
// If the load and store are in different blocks, use BB dominance to
// check their relationships. If the store doesn't dom the use, bail
// out.

Info.UsingBlocks.push_back (LI->getParent ());

continue;

(continues on next page)
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// Otherwise, we *can* safely rewrite this load.
Value *ReplVal = OnlyStore->getOperand(0);
// If the replacement value is the load, this must occur in unreachable
// code.
if (Replval == LI)
ReplVal = UndefValue::get (LI->getType());

// If the load was marked as nonnull we don't want to lose
// that information when we erase this Load. So we preserve
// it with an assume.
if (AC && LI->getMetadata (LLVMContext::MD_nonnull) &&
!'isKnownNonZero (ReplVval, DL, 0, AC, LI, &DT))
addAssumeNonNull (AC, LI);

LI->replaceAllUsesWith (ReplVval);
LI->eraseFromParent () ;

LBI.deleteValue (LI);

// Finally, after the scan, check to see if the store is all that is left.
if (!Info.UsingBlocks.empty())

return false; // If not, we'll have to fall back for the remainder.

// Record debuginfo for the store and remove the declaration's
// debuginfo.
for (DbgInfoIntrinsic *DII : Info.DbgDeclares) {
DIBuilder DIB(*AI->getModule (), /*AllowUnresolved*/ false);
ConvertDebugDeclareToDebugValue (DII, Info.OnlyStore, DIB);
DII->eraseFromParent () ;
LBI.deleteValue (DII);
}
// Remove the (now dead) store and alloca.
Info.OnlyStore->eraseFromParent () ;

ILBI.deleteValue (Info.OnlyStore);

Al->eraseFromParent () ;
LBI.deleteValue (AI);

return true;

rewriteSingleStoreAlloca L REIVERESE BMRIEMT. ZEXTT 4% Allocalnst H A — b {A A5 (def) 1)
0L T T Z RS, 1ZEE A RIZH OnlyStore, PR KA —AbEE s, FrRART DAKE BT A A48 (s S i) (i
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promoteSingleBlockAlloca

/// Many allocas are only used within a single basic block. If this is the
/// case, avoid traversing the CFG and inserting a lot of potentially useless
/// PHI nodes by just performing a single linear pass over the basic block
/// using the Alloca.

/7

/// If we cannot promote this alloca (because it is read before it is written),
/// return false. This 1is necessary 1in cases where, due to control flow, the
/// alloca is undefined only on some control flow paths. e.g. code like

/// this is correct in LLVM IR:

/// // A is an alloca with no stores so far

/// for (...) A

/7 int t = *A;

/) if (!first_iteration)
/// use (t);

/) *A = 42;

/S )

static bool promoteSingleBlockAlloca(AllocalInst *AI, const AllocalInfo &Info,
LargeBlockInfo &LBI, const Datalayout &DL,
DominatorTree &DT, AssumptionCache *AC) {
// The trickiest case to handle is when we have large blocks. Because of this,
// this code is optimized assuming that large blocks happen. This does not
// significantly pessimize the small block case. This uses LargeBlockInfo to

// make it efficient to get the index of various operations in the block.

// Walk the use-def list of the alloca, getting the locations of all stores.
using StoresByIndexTy = SmallVector<std::pair<unsigned, StoreInst *>, 64>;

StoresByIndexTy StoresByIndex;

for (User *U : AI->users())
if (StoreInst *SI = dyn_cast<StoreInst> (U))
StoresByIndex.push_back (std: :make_pair (LBI.getInstructionIndex (SI), SI));

// Sort the stores by their index, making it efficient to do a lookup with a
// binary search.

llvm: :sort (StoresByIndex.begin (), StoresByIndex.end(), less_first());

// Walk all of the loads from this alloca, replacing them with the nearest

(continues on next page)
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// store above them, 1if any.

for (auto UI = AI->user_begin(), E = AI->user_end(); UI != E;) {
LoadInst *LI = dyn_cast<LoadInst> (*UI++);
if (!LI)

continue;

unsigned LoadIdx = LBI.getInstructionIndex (LI);

// Find the nearest store that has a lower index than this load.
StoresByIndexTy::iterator I = std::lower_bound(
StoresByIndex.begin (), StoresByIndex.end(),
std: :make_pair (LoadIdx, static_cast<StorelInst *> (nullptr)),
less_first());
if (I == StoresByIndex.begin()) {
if (StoresByIndex.empty())
// If there are no stores, the load takes the undef value.
LI->replaceAllUsesWith (UndefValue: :get (LI->getType()));
else
// There is no store before this load, bail out (load may be affected
// by the following stores — see main comment) .
return false;
} else {
// Otherwise, there was a store before this load, the load takes 1its
// value. Note, if the load was marked as nonnull we don't want to lose
// that information when we erase it. So we preserve it with an assume.
Value *ReplVal = std::prev(I)->second->getOperand(0);
if (AC && LI->getMetadata (LLVMContext::MD_nonnull) &&
!isKnownNonZero (Replval, DL, 0O, AC, LI, &DT))
addAssumeNonNull (AC, LI);

// If the replacement value is the load, this must occur in unreachable

// code.

if (Replval == LI)

ReplVal = UndefValue::get (LI->getType());

LI->replaceAllUsesWith (ReplVval);

LI->eraseFromParent () ;

ILBI.deleteValue (LI);

// Remove the (now dead) stores and alloca.

(continues on next page)
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while (!AI->use_empty()) A

StoreInst *SI = cast<Storelnst> (AI->user_back());

// Record debuginfo for the store before removing it.

for (DbgInfoIntrinsic *DII : Info.DbgDeclares) {
DIBuilder DIB(*AI->getModule (), /*AllowUnresolved*/ false);
ConvertDebugDeclareToDebugValue (DII, SI, DIB);

}

SI->eraseFromParent () ;

LBI.deleteValue (SI);

AIl->eraseFromParent () ;

LBI.deleteValue (AI);

// The alloca's debuginfo can be removed as well.
for (DbgInfolIntrinsic *DII : Info.DbgDeclares) {
DII->eraseFromParent () ;

ILBI.deleteValue (DII);

++NumLocalPromoted;

return true;

K% promoteSingleBlockAlloca i FAbFH Allocalnst {4 LoadInst A1 Storelnst H H PLAFE [F]— A B i
1508 % T4~ LoadInst 1544 FEH 2 il i B . AHSEHLY Storelnst, i A ifi i LoadInst 3R {E#T
Bk B 17 Stored value ., fE7EJLFMRFR O A0SR T- 54 Allocalnst 3£ 35, A0V 1) Storelnst 247825, B
2 A A8 2 LoadInst ZRBUTIEHSE: A Undef Value; WS XFT 445 LoadInst 2Kik, BATEHZ BiH I
FHSB I Storelnst, B4 EEL promoteSingleBlockAlloca k[ false, JF&zim it iRt SSA gk sk
AbF

ComputeLivelnBlocks

/// Determine which blocks the value is live 1in.
/)
/// These are blocks which lead to uses. Knowing this allows us to avoid
/// inserting PHI nodes into blocks which don't lead to uses (thus, the
/// inserted phi nodes would be dead).
void PromoteMem2Reqg: :ComputelLiveInBlocks (
AllocalInst *AI, AllocalInfo &Info,
const SmallPtrSetImpl<BasicBlock *> &DefBlocks,
SmallPtrSetImpl<BasicBlock *> &LiveInBlocks) {

(continues on next page)
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// To determine liveness, we must iterate through the predecessors of blocks

// where the def is live. Blocks are added to the worklist if we need to

// check their predecessors. Start with all the using blocks.

SmallVector<BasicBlock *, 64> LiveInBlockWorklist (Info.UsingBlocks.begin(),
Info.UsingBlocks.end());

// If any of the using blocks is also a definition block, check to see if the
// definition occurs before or after the use. If it happens before the use,
// the value isn't really live-in.
for (unsigned i = 0, e = LiveInBlockWorklist.size(); 1 != e; ++1) {
BasicBlock *BB = LiveInBlockWorklist[i];
if (!DefBlocks.count (BB))

continue;

// Okay, this is a block that both uses and defines the value. If the first
// reference to the alloca is a def (store), then we know it isn't live-in.
for (BasicBlock::iterator I = BB->begin();; ++I) {

if (StoreInst *SI = dyn_cast<StoreInst>(I)) {

if (SI->getOperand(l) != AI)
continue;
// We found a store to the alloca before a load. The alloca is not

// actually live-in here.

LiveInBlockWorklist[i] = LiveInBlockWorklist.back();
LiveInBlockWorklist.pop_back();

__i,-

——e;

break;

if (LoadInst *LI = dyn_cast<LoadInst>(I)) {
if (LI->getOperand(0) != ATI)

continue;

// Okay, we found a load before a store to the alloca. It is actually
// live into this block.

break;

// Now that we have a set of blocks where the phi is live-in, recursively add

// their predecessors until we find the full region the value is live.

(continues on next page)
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while (!LiveInBlockWorklist.empty()) <
BasicBlock *BB = LiveInBlockWorklist.pop_back_val();

// The block really is live in here, insert it into the set. If already in
// the set, then it has already been processed.
if (!LiveInBlocks.insert (BB) .second)

continue;

// Since the value is live into BB, it is either defined in a predecessor or
// live into it to. Add the preds to the worklist unless they are a
// defining block.
for (BasicBlock *P : predecessors (BB)) {
// The value is not live into a predecessor 1f it defines the value.
if (DefBlocks.count (P))

continue;

// Otherwise it is, add to the worklist.
LiveInBlockWorklist.push_lback (P);

K% PromoteMem2Req: : ComputeLiveInBlocks JEREAR &M - LiveInBlock Worklist # #1464k~ flr G %] Al-
localnst PEFT{i F (use) By 3EAH, R LivelnBlockWorklist 774E R} Allocalnst 475 X (def) pyE AL, FFH
TEZE AR B 56HZ Allocalnst {1455 —24% Storelnst H FIAERT1% Allocalnst 145 —2% LoadInst 22 Fij, ABALE Liveln-
BlockWorklist 1 E3si% KA, SR 5 DALY LiveInBlockWorklist 7B R #] 1545 &r3647 worklist B Xt
LiveInBlockWorklist H 44702, WS HARTE LivelnBlocks H1, PR A LivelnBlocks, 1SR HEjIK AL
AERASJENT Allocalnst JE475E X (def) FyFEAR, TPRE I i gK B A B 3 i 2 LiveInBlockWorklist, — E{1% 1Y
% LiveInBlockWorklist %5,

QueuePhiNode

/// Queue a phi-node to be added to a basic—-block for a specific Alloca.
/)
/// Returns true 1if there wasn't already a phi-node for that variable
bool PromoteMem2Reg: :QueuePhiNode (BasicBlock *BB, unsigned AllocaNo,
unsigned &Version) {
// Look up the basic-block in question.
PHINode *&PN = NewPhiNodes|[std::make_pair (BBNumbers[BB], AllocaNo)];

// If the BB already has a phi node added for the i'th alloca then we're done!
if (PN)

(continues on next page)
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return false;

// Create a PhiNode using the dereferenced type... and add the phi-node to the

// BasicBlock.

PN = PHINode::Create(Allocas[AllocaNo]->getAllocatedType (), getNumPreds (BB),
Allocas[AllocaNo]->getName () + "." + Twine (Version++),
&BB->front ());

++NumPHIInsert;

PhiToAllocaMap [PN] = AllocaNo;

return true;

K% QueuePhiNode I THEHE A BB A 1455 AllocaNo 4% Allocalnst £)) & —-~ 3 ¥ (¥} PHINode.
FFH B HR 002X B PHINode 54 M HERBOA AR E 4, THFEIG SN EERIATEH (FEM%EL Promote-
Mem2Reg: : RenamePass HXJ 1AL A1 PHINode #EF7 55T ) .

RenamePass

/// Recursively traverse the CFG of the function, renaming loads and
/// stores to the allocas which we are promoting.
/)
/// IncomingVals indicates what value each Alloca contains on exit from the
/// predecessor block Pred.
void PromoteMem2Reqg: :RenamePass (BasicBlock *BB, BasicBlock *Pred,
RenamePassData: :ValVector &IncomingVals,
RenamePassData: :LocationVector &IncomingLocs,
std: :vector<RenamePassData> &Worklist) {
NextIteration:
// If we are inserting any phi nodes into this BB, they will already be in the
// block.
if (PHINode *APN = dyn_cast<PHINode> (BB->begin())) {
// If we have PHI nodes to update, compute the number of edges from Pred to
// BB.
if (PhiToAllocaMap.count (APN)) {
// We want to be able to distinguish between PHI nodes being inserted by
// this invocation of mem2reg from those phi nodes that already existed in
// the IR before memZ2reg was run. We determine that APN is being inserted
// because it is missing incoming edges. All other PHI nodes being
// inserted by this pass of mem2reg will have the same number of incoming
// operands so far. Remember this count.

unsigned NewPHINumOperands = APN->getNumOperands();

unsigned NumEdges = std::count (succ_begin (Pred), succ_end(Pred), BB);

(continues on next page)
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assert (NumEdges && "Must be at least one edge from Pred to BB!");

// Add entries for all the phis.
BasicBlock::iterator PNI = BB->begin();
do {

unsigned AllocaNo = PhiToAllocaMap[APN];

// Update the location of the phi node.
updateForIncomingValueLocation (APN, IncomingLocs[AllocaNo],

APN->getNumIncomingValues () > 0);

// Add N incoming values to the PHI node.
for (unsigned i = 0; i != NumEdges; ++1i)

APN->addIncoming (IncomingVals[AllocaNo], Pred);

// The currently active variable for this block is now the PHI.

IncomingVals[AllocaNo] = APN;

for (DbgInfoIntrinsic *DII : AllocaDbgDeclares[AllocaNo])
ConvertDebugDeclareToDebugValue (DII, APN, DIB);

// Get the next phi node.
+4+PNT;

APN = dyn_cast<PHINode> (PNI) ;
if (!APN)

break;

// Verify that it is missing entries. If not, it 1is not being inserted
// by this mem2reg invocation so we want to ignore 1it.

} while (APN->getNumOperands () == NewPHINumOperands) ;

// Don't revisit blocks.

if (!Visited.insert (BB) .second)

return;
for (BasicBlock::iterator II = BB->begin(); !isa<TerminatorInst>(II);) {
Instruction *I = &*II++; // get the instruction, increment Iiterator

if (LoadInst *LI = dyn_cast<LoadInst>(I)) {
AllocalInst *Src = dyn_cast<Allocalnst> (LI->getPointerOperand());
if (!Src)

continue;

(continues on next page)
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DenseMap<Allocalnst *, unsigned>::iterator AI = AllocaLookup.find(Src);
if (AI == AllocalLookup.end())

continue;

Value *V = IncomingVals[AI->second];

// If the load was marked as nonnull we don't want to lose
// that information when we erase this Load. So we preserve
// it with an assume.
if (AC && LI->getMetadata (LLVMContext::MD_nonnull) &é&
!isKnownNonZero (V, SQ.DL, 0, AC, LI, &DT))
addAssumeNonNull (AC, LI);

// Anything using the load now uses the current value.
LI->replaceAllUsesWith (V) ;
BB->getInstList () .erase (LI);
} else if (StoreInst *SI = dyn_cast<StoreInst>(I)) {
// Delete this instruction and mark the name as the current holder of the
// value
AllocaInst *Dest = dyn_cast<Allocalnst>(SI->getPointerOperand());
if (!Dest)

continue;

DenseMap<Allocalnst *, unsigned>::iterator ai = AllocalLookup.find(Dest);
if (ai == AllocalLookup.end())

continue;

// what value were we writing?
unsigned AllocaNo = ai->second;

IncomingVals[AllocaNo] = SI->getOperand(0);

// Record debuginfo for the store before removing it.

IncomingLocs[AllocaNo] = SI->getDebugLoc();

for (DbgInfoIntrinsic *DII : AllocaDbgDeclares[ai->second])
ConvertDebugDeclareToDebugValue (DII, SI, DIB);

BB->getInstList () .erase(SI);

// 'Recurse' to our successors.
succ_iterator I = succ_begin(BB), E = succ_end(BB);

if (I == E)

(continues on next page)
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return;

// Keep track of the successors so we don't visit the same successor twice

SmallPtrSet<BasicBlock *, 8> VisitedSuccs;

// Handle the first successor without using the worklist.
VisitedSuccs.insert (*I);

Pred = BB;

BB = *I;
++I;
for (; I != E; ++I)

if (VisitedSuccs.insert (*I) .second)

Worklist.emplace_back (*I, Pred, IncomingVals, IncomingLocs);

goto NextIteration;

PR EO AU BT, mem2reg VAR TR 7, AFEGR.
While (worklist != NULL)

1. Remove block B from worklist and mark B as visited.

2. For each instruction in B:

1. If instruction is a load instruction from location L (where L is a promotable candidate) to value V, delete load

instruction, replace all uses of V with most recent value of L i.e, IncomingVals[L].

2. If instruction is a store instruction to location L (where L is a promotable candidate) with value V, delete store

instruction, set most recent name of L i.e, IncomingVals[L] = V.

3. For each PHI-node corresponding to a alloca —L , in each successor of B, fill the corresponding PHI-node

argument with most recent name for that location i.e, IncomingVals[L].

3. Add each unvisited successor of B to worklist.

3.2.4 SEEE

https://www.zhihu.com/question/41999500/answer/93243408

* genindex
¢ modindex

e search
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CHAPTER

FOUR

ANALYSIS

4.1 Alias Analysis

4.1.1 Alias Analysis Basic

Introduction

WAt (XFRIEET) BT —25R, B E A2 S HR A B — 5. 5
TR hEY:, WERLZRA R flow-sensitive( UK vs. flow-insensitive( 3 AR, context-
sensitive( _ T SCHIURK) vs. context-insensitive( R SCUAREIURK), field-sensitive ( 38 f5EX) vs. field-insensitive( 38 AL

J&X), unification-based vs. subset-based, etc.
LLVM sl TR Z 514 20 dak -
* basicaa - Basic Alias Analysis (stateless AA impl)
¢ cfl-anders-aa - Inclusion-Based CFL Alias Analysis
¢ cfl-steens-aa - Unification-Based CFL Alias Analysis
* external-aa - External Alias Analysis
* globals-aa - Globals Alias Analysis
e scev-aa - ScalarEvolution-based Alias Analysis
* scoped-noalias - Scoped NoAlias Alias Analysis

e tbaa - Type-Based Alias Analysis

WAV 4 $ opt —cfl-anders-aa -aa-eval foo.bc -disable-output -stats F3Efh
LLVM & 2523 1 3144 45 M8y B iR « 5117538 cfl-anders—aa £/pREH Inclusion-Based
CFL Alias Analysis By, @247 2% aa—eval Y aa—eval pass I T —E 555, %
pass [SEIL AT 11vm-5.0.1. src/lnclude/llvm/Analy51s/AllasAnaly51sEvaluator h 1
1lvm-5.0.1.src/lib/Analysis/AliasAnalysisEvaluator.cpp, XS iTE 8 M T 514 4T
FERREE (2% 7 TR B, i LD 948 1115 5L T may alias JiT (&7 1 FE B8] )«
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i

i B — A R B

~ opt -cfl-anders-aa -aa-eval ./test.bc -disable-output -stats
=== Alias Analysis Evaluator Report =====
210 Total Alias Queries Performed
161 no alias responses (76.6%)
31 may alias responses (14.7%)
0 partial alias responses (0.0%)
18 must alias responses (8.5%)
Alias Analysis Evaluator Pointer Alias Summary: 76%/14%/0%/8%
69 Total ModRef Queries Performed
25 no mod/ref responses (36.2%)
0 mod responses (0.0%)
0 ref responses (0.0%)
44 mod & ref responses (63.7%)

Alias Analysis Evaluator Mod/Ref Summary: 36%/0%/0%/63%

Must, May, Partial and No Alias Responses

1E

N ke R BIET R, FE LLVM w323 20 M i 584 DU A

* NoAlias, F-MEERZ HEAT B X R HE NoAlias o FEAN: PHAFREFE 0] JEEH & /Y A A XL
IR AR TN TE (7)) A —BINAFEN, AP T R BONAT, BN A7 23]
Wi free (RFER), SRJGHL realloc (FLHMEL), 90— TUIMZBNAFZS ], XIS Z 18] N
NoAlias,

* MayAlias, PMEEFATRESG Al SXF4e, MayAlias Ee AKGH (PRSF) BTSSR

* PartialAlias, PINAE RS EAEERNTT, EE: NEWD WX SE IRk 2 AR
HECHERNE, B2 PartialAlias

* MustAlias, P4~ NAEXTSRE N 5124

AliasAtirs

%

AliasAttrs iRl IA—MEFHE T BA BRSNS B4 A FRR R R, a4
 AttrNone, represent whether the said pointer comes from an unknown source
¢ AttrUnknown, represent whether the said pointer comes from a source not known to alias analyses

* AttrCaller, represent whether the said pointer comes from a source not known to the current function but known

to the caller. Values pointed to by the arguments of the current function have this attribute set

 AttrEscaped, represent whether the said pointer comes from a known source but escapes to the unknown world
(e.g. casted to an integer, or passed as an argument to opaque function). Unlike non-escaped pointers, escaped

ones may alias pointers coming from unknown sources

58
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 AttrGlobal, represent whether the said pointer is a global value
* AttrArg, represent whether the said pointer is an argument, and if so, what index the argument has

¢ ExternallyVisibleAttrs, return a new AliasAttrs that only contains attributes meaningful to the caller. This func-
tion is primarily used for interprocedural analysis Currently, externally visible AliasAttrs include AttrUnknown,

AttrGlobal, and AttrEscaped

Alias Analysis Precision Evaluator (aa-eval)

aa—eval LI AAEvalLegacyPass 25, HATHI RN :

class AAEvallegacyPass : public FunctionPass {

std: :unique_ptr<AAEvaluator> P;

public:
static char ID; // Pass identification, replacement for typeid
AAEvallegacyPass () : FunctionPass (ID) {
initializeAAEvallegacyPassPass (*PassRegistry::getPassRegistry());

void getAnalysisUsage (AnalysisUsage &AU) const override {
AU.addRequired<AAResultsWrapperPass> () ;
AU.setPreservesAll ();

bool doInitialization (Module &M) override {
P.reset (new AAEvaluator());

return false;

bool runOnFunction (Function &F) override {
P->runInternal (F, getAnalysis<AAResultsWrapperPass> ().getAAResults());
return false;

}

bool doFinalization (Module &M) override {
P.reset ();

return false;

i

B getAnalysisUsage BREUAMIINZ, R AAEvallegacyPass ki T- AAResultsWrapperPass
W4T, T AAEvallLegacyPass JF doInitialization | T —/ AAEvaluator W E, RIGLE
runOnFunction KA T AAEvaluator i) runInternal K%L, f)o7F doFinalization ¥f45H
ZHIBEM AAEvaluator SR, P L aa—eval WEERISEIIZ AT AAEvaluator X4,
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R AAResultsWrapperPass X~ pass B4, 15 % pass T 4E AliasAnalysis f45 % . %3] AARe-
sultsWrapperPass {2 :

/// A wrapper pass to provide the legacy pass manager access to a suitably
/// prepared AAResults object.
class AAResultsWrapperPass : public FunctionPass {

std::unique_ptr<AAResults> AAR;

public:

static char ID;

AAResultsWrapperPass () ;

AAResults &getAAResults () { return *AAR; }
const AAResults &getAAResults () const { return *AAR; }

bool runOnFunction (Function &F) override;

void getAnalysisUsage (AnalysisUsage &AU) const override;

bi

RN A EIE T AT, AAResultsWrapperPass i fefft— 4 1l pass manager 515 514 73
P 2R

N EH—F AAResultsWrapperPass: : runOnFunction BJSEH, SFIRLELTUT H BRI

if (auto *WrapperPass = getAnalysisIfAvailable<CFLAndersAAWrapperPass>())
AAR->addAAResult (WrapperPass—>getResult ());

K Fnla AriE (AR TR Available | BIREHREIAT) MIEERIMAT] AAResults Hi.

FA1EF] AAEvalLegacyPass: : runOnFunction [sLH:

bool runOnFunction (Function &F) override {
P->runInternal (F, getAnalysis<AAResultsWrapperPass> () .getAAResults());

return false;

getAnalysis<AAResultsWrapperPass> () .getAAResults () Wik | 45O o 2 AARe-
sultsWrapperPass % F 72 & AAR fr#81h AAResults, 2 F3€, FAI1H AF void AAEvalu-
ator::runlnternal (Function &F, AAResults &AA) FRESEHR, EiZEE T 2E T EH
AAResults::alias R HILELBN . &F AAResults: :alias LIS :

AliasResult AAResults::alias(const MemoryLocation &LocA,
const MemoryLocation &LocB) {

for (const auto &AA : AAs) |

(continues on next page)
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auto Result = AA->alias(LocA, LocB);
if (Result != MayAlias)
return Result;
}

return MayAlias;

HITEFES], AAResults o RIEZFPHIZ TR (WIRIZ 34 73 T3 Available) (454, %P4 Mem-
oryLocation FHFH 4 % Rl BN AU Fh: NoAlias, MayAlias, PartialAlias, MustAlias; J A May-
Alias J2 i AKEHIIISE R, 76 AAResults: :alias WSCHL, TEil Py R0 54 o A Bk 45 R 45 1 i
A~ MemoryLocation Z IR KA, IR GH K F AR MayAlias , ik [H[Z 504 0 Hrés R . AARe-
sults::alias XFEMSEIITE, W ATERR & B2 AT AT, A2 Fils s iriad, FREOR B i oA
gk,

XA 52 S AT SR AR S I, FREE L — A 4k7K | ARResultBase [ Result 28, JfH5 AliasRe-

sult alias(const MemoryLocation &, const MemoryLocation &); PR%.

4.1.2 CFL Anderson Alias Analysis

IE LLVMS.0.1 Hs2 3l TR £ fh Alias Analysis, FH.Af35 T CFL-Anderson-AliasAnalysis, % Alias Analysis [ 5|
M LR T “Demand-driven alias analysis for C” (http://www.cs.cornell.edu/~xinz/papers/alias-popl08.pdf) X f&i

3, T —LEE R

Demand-Driven Alias Analysis for C

ZIECHEH T — 7 a demand-driven, flow-insensitive analysis algorithm for answering may-alias queries.

Program Representation

TEZE SO, R B AR —7Fh C-like program:
L AR A (AR 155
2. FEFP P R R (T )

3. B AT ( Alias analysis) EFRBURAY, 7 DMK SRS 12 [T LR irrelevant , 2T,
(B T DA BT R AT A7 2

WICH ] — %K% Program Expression Graph ( PEG ) HRUIRZEH R Fn A2y v Hh BLRY BIrA 14 28k ORI
R, BRSSO PR FGA, SR IR

« Pointer dereference edges (D), FTFERFGEHES | HER

 Assignment edges (A), JT-ZRIREHER

4.1. Alias Analysis 61



http://www.cs.cornell.edu/~xinz/papers/alias-popl08.pdf

LLVM-Study-Notes Documentation, Release 0.1

XHFAE—2 A D 31, #A AR RST8] (reverse) IS Z X%, IAE A B EXIZk, #£D Bk
RILEARZR

ARD
—>PEG BB, I FEPs:
*X z *S t
Program: A A A A
s = &t; - : | |
’ X =%y &z > r > g < &t
r = &z; A A A )
S : : : :
; &x ye &r &s
X = *y, A
.. = %X,
W = el

. 3 &ly

Fig. 1: Figure.1-PEG

ZE AN B TR RS R RELER , ZEWA LR FET ) PEG . KT-RY5EZ 7R Assignment
edges ( A- edges), TEH ML FER~ Pointer dereference edges ( D-edges).

Alias Analysis via CFL-Reachabiliry

WS E TP 4 K AR
* Memory (or location) alias: IR NFEA R NN BEAIE, IRAEANTHEIZE memory alias
* Value alias: QIR P FIRXTETTA (evaluate) J515EIHH [ F5EHH, IR MfT8t/2 value alias

B30 0% & M 3EH A memory alias: M C Expr x Expr, ] —J03% & V 3kHiiA value alias: V € Expr x Expr.
B RXAEATAENE PEG R —43, AR M ALV i RE 0 — 15 PEG _EAY context-free
language (CFL) reachability problem (i, “Program Analysis via Graph Reachability” http://research.cs.wisc.edu/wpis/
papers/tr1386.pdf F1 “The Set Constraint/CFL Reachability Connection in Practice” https://theory.stanford.edu/~aiken/
publications/papers/pldi04.pdf), CFL-Reachability ) KEUEAEE, AE—TE, B LAHESEAEwIC, WEH
A R Z R R X AR R T Al AR 77 B4kl CFL-Reachability FIREAZEATHINT: #43E — 430k
G, Zigin5n ZENHE XA R Y HACYE P HZ G n 2o’ ZEE ERARCHH R 7 E T 30k G e
& XiEE LG).
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Memory aliases: M == D V D

M? F

fol

Value aliases: v =

Flows of values: F == (A M?)"

F o= (M A)

Fig. 2: Figure.2-Grammarl

T BRI SCH AR BT FIRE, HE PEG & AR BRSO 3GA GO:

SCE Y RN S RATIER, SCEPTR) “*” J2 Kleene star operator, £75 D Fll A 24454, HARMW
TR IE A 4547, D Bl PEG & H Y Pointer dereference edges, A RJJ PEG & ") Assignment edges. 7] DA %
Figure.2 7R 304 GO HPi R4 454 F S8 0% G, 41T K Figure.3 fiR -

M = D VD
1% (M? A)* M? (A M?)*

Fig. 3: Figure.3-Grammar2

NI LA Figure.1 Frys i) PEG S, wiBHaa#IWT = Fl *s Z [A)/@15 4 memory alias. 5%, ikl sr fily
fEvaluealias, V(s&r, y), BUAGFE Y = sr XHE—FKIER, BIFEXE—&A (s, v), fFELEGH
JEAGEFF V Al BRI e fy (S | AR BIMRB 2 B 562 memory alias, Bl M(r, *y), Eik
3 r Ml *y Z[H]4 memory alias; SR)5, FAAEER] *y BERM T x, r BMEGRIN T s, ZIJCKRFR X 8) fFA
G FARALERF VAR, BrRA x Bl s Z[A)2 value alias, V(x,s). JFPA *x il *s Z [A]J& memory alias,
M( *x, *s)., M CFL-reachability {Jff)¥%FH, 1€ PEG FfEfE—4h *x B *s KR [ *x, x, *y, v,
&r, r, s, *s 1, XNT PEG HiipyF4:

DADADAD

PGSO G i MR, FPA *x Fll *s Z [A]J2 memory alias, M( *x, *s).
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Hierarchical State Machine Representation

fif i Hierarchical State Machine 337~ Figure.3 fi7nf_ BN 0230 G, F— 7 FF Y alias analysis algorithm
W2 3T 1% Hierarchical State Machine Model S #4##), Hierarchical State Machine 2—#f1 HzhHl, BHILE N2
state B 42 box, state FLAIH WA BLIRAS B IHLH Y state —FF, T box 7R} 73 4h—> state machine 1]
Y, I H box H—RFIRYE AR, 5P state machine R ARARESFNZE ARSI Y. o

AR Figure.3 Frn i R30I 2 30k G )i A9 hierarchical, recursive state machine 41 & iR -

)L 23543 72 memory alias M 7%} W [ hierarchical state machine, 2234342 value alias V X W [% hierar-

chical state machine.,

Alias Analysis Algorithm

16 SCHR Y Alias Analysis Algorithm #7168 SIS0 B IREELLA typo, FIEIFFR I RIS IR
HYSEE, AR, YOTSIE)

Sk worklist Y ICE 2 —I04 <s, n, o>, FIn PEG HLE A s B3k T4 8 n, I HILE B SRS
e FER IR B LT

o addr(n) FERNTEE S n BGBIEEE G S2 2S5, XTRT PEG H1 ) reverse dereference edge;

o deref(n) FRXT4E i n WURRS | FHEAESS B A9 45 55, KT PEG WY dereference edge;

o assignTo(n) Frm X BT A 1I9E n IRIERIHARLESS 5, BIFE PEG DAY i n kit f (IR 4E assignment edges 1)
LR X T PEG 11 assignment edges;

* assignFrom(n) F7R A HIAE S n (ARLEES 5, BITE PEG HRAZS i n 28 fi YR LE assignment edges [
FELE KR T PEG il reverse assignment edges;
* reach(n) ;2 —JC4l <s, c> WA, Fn PEG ML s BIAT 455 n, FF HICH HAWUIRES R ¢
o aliasMem(n) ZTRLE L HI 2 FIATSE 15 n B memory alias {4515 ;
N RS2 A Figure. 1 7Ry PEG B, SERAGIAT G2 EFIWT <= F *s Z ) /2 454 memory alias.
* H5E, worklist BRI { <x, x, S1> };

o HEASE—RRIEER, BUH worklist HIICE <x, x, S1>, A assignFrom(x) H { *y } (347
“propagate reachability through value flows” #HIf0H%) 3 H addr (x) !'= null && c == s1 (Ff7”

propagate information downward” 43 FIACHD ), FrPASE—4 53R )5 worklist 5 { <x, *y, S1>, <&x,
&x, S1> };

o PEASE TARIRER, WU worklist HIYITR: <x, *y, s1>, BN assignTo(*y) A { x } (47
“propagate reachability through value flows” #7#If0F%) 3 H addr (*y) !'= null && c == S1 (3K
77 propagate information downward” #t5#)AURS ), BIrPASE SR A3R )5 worklist  { <x, x, S3>, <y,
y, S1> , <&x, &x, S1>}, reach(*y) H{ <x, S1> };

o HEASE ZHREER, B worklist FIICE: <y, vy, S1>, FA assignFrom(y) A { &r } (47
“propagate reachability through value flows” #73rHfAS) 9 H addr (y) !'= null && c == s1 ($f7”
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Hierarchical state machine M:

D

D e
O

Hierarchical state machine V:

Fig. 4: Figure.4-Hierarchical-State-Machine
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MAYALIAS(e1 : Expr, e2 : Expr)
1 /*initialize worklist */
2w« { {addr(e1), addr(e1), S1) }
3

4 while (w is not empty)

5 remove {s, n,c) from w
6 5"« deref(s)

7 n' «— deref(n)

8
9

/* check if the destination has been reached */

10 if (s’ =e1 A n' =ed)

11 then return true

12

13 /* propagate information upward */

14 if (n' # null A n' & aliasMem(s'))

15 then aliasMem(s") = aliasMem(s") U {n'}
16 for each (s”, ¢’} in reach(s") :

17 switch (¢)

18 case S1 : PROPAGATE(w, n', s, S2)
19 case S3 : PROPAGATE(w, n', s”, S4)
20

21 /* propagate reachability through value flows */
22 switch (c)

23 case S :

24 for each m in assignFrom(n) :

25 PROPAGATE(w, m, s, S1)

26 for each m in aliasMem(n) :

27 PROPAGATE(w, m, s, Sa)

28 for each m in assignTo(n) :

29 PROPAGATE(w, m, s, S3)

30

31 case Sy :

32 for cach m in assignFrom(n) :

33 PROPAGATE(w, m, S, S1)

34 for each m in assignTo(n) :

35 PROPAGATE(w, m, s, S3)

36

37 case S3 :

38 for each m in assignTo(n) :

39 PROPAGATE(w, m, s, S3)

40 for each m in aliasMem(n) :

41 PROPAGATE(w, m, 8, S4)

42

43 case Sy :

44 for each m in assignTo(n) :

45 PROPAGATE(w, m, s, S3)

46

47 /* propagate information downward */

48 if (addr(n) # null A (¢ =81 V ¢=53))
49 then PROPAGATE (w, addr(n), addr(n), S1)
50

51 return false

PROPAGATE(w, n, 8, c)

1 if ({(s, ¢) & reach(n))

2 then reach(n) — reach(n) U{ (s, c) }
3 w—wU{ (s,n,c)}

66

Fig. 5: Figure.5-Alias-Analysis-Algorithm
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propagate information downward” FRAFEIACHE ), FrPASE =818 )5 worklist 28 { <y, &r, S1>, <&y,
&y, Sl1>, <x, x, S3>, <&x, &x, S1> };

o SEASEPURTEES, BUH worklist PHgICE: <y, &r, S1>, s' A *y, n' A r, aliasMem (*y) NZ,
reach(*y) N { <x, 81> }, AR r != null && r ABT aliasMem(*y) ($WfT “propagate
information upward” #R/MAACHS), FTDASE UGN )G worklist 2 { <x, r, S2>, <&y, &y, Si1>,

<x, X, 83>, <&x, &x, Sl1> };

o JEASEHEIEES, BUH worklist PRJICE: <x, r, S$2>, AN assignTo(r) N { s }, assign-
From(r) # { &z } (T “propagate reachability through value flows” #5440 ), BT DASE LA RIS
worklist & { <x, s, 83>, <x, &z, S1>, <&y, &y, S1>, <x, x, S3>, <&x, &x, S1> };

o EASNRIEES, HUE worklist HEYILER: <x, s, S3>, s' H*x, n' A *s, A s’ == el ss
n' == e2, ArA *x fll *s Z[i]°h memory alias, FIELEH,

Implementation of CFL Anderson Alias Analysis

CFL-Anderson-AliasAnalysis [ ft 1% 22 ¥ {7 F 11lvm-5.0.1.src/include/llvm/Analysis/
CFLAndersAliasAnalysis.h Al 1lvm-5.0.1.src/lib/Analysis/CFLAndersAliasAnalysis.
cpp. TEHITHRYEATHEEN S, X T LLVM HrOR[E 0 544 40 Mriaivk, e SE B ER 28 L— N 4kK | ARRe-
sultBase [ Result 25, FEEHKE AliasResult alias(const MemoryLocation &, const
MemoryLocation &), XfF CFL-Anderson-AliasAnalysis 3f /& CFLAndersAAResult::alias R
CFLAndersAAResult::alias BREUELMIT :

AliasResult CFLAndersAAResult::alias (const MemoryLocation &LocA,
const MemoryLocation &LocB) {
if (LocA.Ptr == LocB.Ptr)

return LocA.Size == LocB.Size ? MustAlias : PartialAlias;

// Comparisons between global variables and other constants should be

// handled by BasicAA.

// CFLAndersAA may report NoAlias when comparing a GlobalValue and

// ConstantExpr, but every query needs to have at least one Value tied to a
// Function, and neither GlobalValues nor ConstantExprs are.

if (isa<Constant> (LocA.Ptr) && isa<Constant> (LocB.Ptr))

return AAResultBase::alias (LocA, LocB);
AliasResult QueryResult = query (LocA, LocB);
if (QueryResult == MayAlias)

return AAResultBase::alias (LocA, LocB);

return QueryResult;

CFLAndersAAResult::alias RIS ECHP T MemoryLocation KA AF &, MemoryLocation 25
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HI3INWAAEE: const Value *Ptr,uint64_t Size, AAMDNodes AATags., MemoryLocation T
TR MR ERNNAELE . const Value *Ptr HTidREMHHIE; uint6d_t Size H LR NAENL
BN, RN E ] UnknownSize ( ¥F MemoryLocation H15E X) 33 /~; AAMDNodes AATags
H TR AL B A X 5144 15 B Y metadata {5 B .

W BRI S — TR AURD -

if (LocA.Ptr == LocB.Ptr)

return LocA.Size == LocB.Size ? MustAlias : PartialAlias;

HIWTH 1~ MemoryLocation RS HEE G2 G, WRRGHEEAER, B R/MUARE, A4
i8] MustAlias, K/NAS[E, Wi [A] PartialAlias (A B4~ MemoryLocat ion 8RR R EH HEH
4 ).

5 ERa IS, XFT CFLAndersAA RNEEACBEAYIE DL, JEH T ARResultBase::alias #EFTARFE (HRE:
GlobalValue &2 Constant 7).

=S, CFLAndersAA FRZ.CRASEYA O, i/l CFLAndersAA 3.5 & H| W4~ MemoryLocation
RAPIRT G BIZ KR

CFLAndersAAResult::query [SCHANT

AliasResult CFLAndersAAResult::query (const MemoryLocation &LocA,
const MemoryLocation &LocB) {
auto *ValA = LocA.Ptr;
auto *ValB = LocB.Ptr;

if (!ValA->getType () ->isPointerTy () || !ValB->getType()->isPointerTy())

return NoAlias;

auto *Fn = parentFunctionOfValue (ValA);
if (!Fn) A
Fn = parentFunctionOfValue (ValB) ;
if (!Fn) |
// The only times this is known to happen are when globals + InlineAsm are
// involved
DEBUG (dbgs ()
<< "CFLAndersAA: could not extract parent function information.\n");
return MayAlias;
}
} else {

assert (!parentFunctionOfValue (ValB) || parentFunctionOfValue (ValB) == Fn);

assert (Fn != nullptr);

auto &¢FunInfo = ensureCached (*Fn);

(continues on next page)
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// AliasMap lookup
if (FunInfo->mayAlias(ValA, LocA.Size, ValB, LocB.Size))
return MayAlias;

return NoAlias;

HEEF, assert (Fn != nullptr); ZEIHYTERER RS —LERT EACFA RN 4L BE, 7E  CFLAnder-
sAAResult::query B AW MemoryLocation KAWL T ZE Nil4 KRN, RiZLEHE
/] FunInfo->mayAlias (ValaA, LocA.Size, ValB, LocB.Size), HIX}R%{ CFLAndersAARe-
sult::FunctionInfo::mayAlias HJIEH .

FunctionInfo EWEXUT:

class CFLAndersAAResult: :FunctionInfo {
/// Map a value to other values that may alias it
/// Since the alias relation is symmetric, to save some space we assume values
/// are properly ordered: if a and b alias each other, and a < b, then b is in
/// AliasMap[a] but not vice versa.

DenseMap<const Value *, std::vector<OffsetValue>> AliasMap;

/// Map a value to its corresponding AliasAttrs
DenseMap<const Value *, AliasAttrs> AttrMap;

/// Summary of externally visible effects.

AliasSummary Summary;

Optional<AliasAttrs> getAttrs (const Value *) const;

public:
FunctionInfo (const Function &, const SmallVectorImpl<Value *> &,

const ReachabilitySet &, const AliasAttrMap &);

bool mayAlias (const Value *, uint64_t, const Value *, uint64_t) const;
const AliasSummary &getAliasSummary () const { return Summary; }
bi

FunctionInfo MM RINE X HITERE WG, BER AliasMap I T3R8 value 5H e E K
5145 B HAth value PR, A5 7E B AttrMap I T3RR value 53 AliasAttrs J@ %, 5148 & Summary T
FIRIZRE S EAR B [ 5148 % 2R 5505 B2, 00RE 4 AL OGS R 5 TR FH e, mT DA b i3l
T BB S AR BUME 2 (8] 314 X R EH B

K% CFLAndersAAResult: :FunctionInfo: :mayAlias fYE XU :
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bool CFLAndersAAResult::FunctionInfo::mayAlias (const Value *LHS,
uint64_t LHSSize,
const Value *RHS,
uint64_t RHSSize) const {
assert (LHS && RHS);

// Check if we've seen LHS and RHS before. Sometimes LHS or RHS can be created
// after the analysis gets executed, and we want to be conservative in those
// cases.

auto MaybeAttrsA = getAttrs (LHS);

auto MaybeAttrsB = getAttrs (RHS);

if (!MaybeAttrsA || !MaybeAttrsB)

return true;

// Check AliasAttrs before AliasMap lookup since it's cheaper

auto AttrsA = *MaybeAttrsA;

auto AttrsB = *MaybeAttrsB;

if (hasUnknownOrCallerAttr (AttrsA))
return AttrsB.any();

if (hasUnknownOrCallerAttr (AttrsB))
return AttrsA.any();

if (isGlobalOrArgAttr (AttrsA))
return isGlobalOrArgAttr (AttrsB);

if (isGlobalOrArgAttr (AttrsB))
return isGlobalOrArgAttr (AttrsA);

// At this point both LHS and RHS should point to locally allocated objects

auto Itr = AliasMap.find(LHS);

if (Itr != AliasMap.end()) {
// Find out all (X, Offset) where X == RHS
auto Comparator = [] (OffsetValue LHS, OffsetValue RHS) {

return std::less<const Value *>() (LHS.Val, RHS.Val);
bi
#ifdef EXPENSIVE_CHECKS

assert (std::is_sorted(Itr->second.begin(), Itr->second.end(), Comparator));
#endif
auto RangePair = std::equal_range (Itr->second.begin(), Itr->second.end(),

OffsetValue{RHS, 0}, Comparator);

if (RangePair.first != RangePair.second) {
// Be conservative about UnknownSize

if (LHSSize == MemoryLocation::UnknownSize ||

(continues on next page)
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RHSSize == MemoryLocation::UnknownSize)

return true;

for (const auto &OVal : make_range (RangePair)) {
// Be conservative about UnknownOffset
if (Oval.Offset == UnknownOffset)

return true;

// We know that LHS aliases (RHS + OVal.Offset) 1if the control flow
// reaches here. The may-alias query essentially becomes integer

// range-overlap queries over two ranges [OVal.Offset, OVal.Offset +
// LHSSize) and [0, RHSSize).

// Try to be conservative on super large offsets
if (LLVM_UNLIKELY (LHSSize > INT64_MAX || RHSSize > INT64_MAX))

return true;

auto LHSStart = OVal.Offset;

// FIXME: Do we need to guard against integer overflow?
auto LHSEnd = OVal.Offset + static_cast<int64_t> (LHSSize);
auto RHSStart = 0;

auto RHSEnd = static_cast<int64_t> (RHSSize);

if (LHSEnd > RHSStart && LHSStart < RHSEnNd)

return true;

return false;

% CFLAndersAAResult: :FunctionInfo: ::mayAlias FIERBSIARTELN, AEHEGR,

JE CFLAndersAAResult::query PRECH HIW 4 MemoryLocation A 2 H N H4L K< &
B, A% 2 1EA FunInfo->mayAlias (Vala, LocA.Size, ValB, LocB.Size), M Fun-
Info M2 K% CFLAndersAAResult: :ensureCached iR BI{E, I UEEHFERK % CFLAndersAARe~
sult: :ensureCached H2 {fa[#43E Funlnfo [1).

CFLAndersAAResult: :ensureCached [WALILUIT ¢

const Optional<CFLAndersAAResult::FunctionInfo> &
CFLAndersAAResult: :ensureCached (const Function &Fn) {
auto Iter = Cache.find(&Fn);
if (Iter == Cache.end()) {

(continues on next page)
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scan (Fn) ;

Iter = Cache.find(&Fn);

assert (Iter != Cache.end());

assert (Iter—->second.hasValue());
}

return Iter->second;

JE CFLAndersAAResult P ZEME, 75K % Fn i) CFLAndersAAResult : :FunctionInfo {§ 8. £
R scan FiE AV buildInfoFrom FRECKEIE K%L Fn [ CFLAndersAAResult: :FunctionInfo

FAL, HIMARIZAT Cache 1.

buildInfoFrom pRELHE AR

CFLAndersAAResult: :FunctionInfo
CFLAndersAAResult::buildInfoFrom(const Function &Fn) {
CFLGraphBuilder<CFLAndersAAResult> GraphBuilder (
*this, TLI,
// Cast away the constness here due to GraphBuilder's API requirement
const_cast<Function &> (Fn));

auto &Graph = GraphBuilder.getCFLGraph();

ReachabilitySet ReachSet;
AliasMemSet MemSet;

std: :vector<WorkListItem> WorkList, NextList;
initializeWorkList (WorkList, ReachSet, Graph);
// TODO: make sure we don't stop before the fix point is reached
while (!WorkList.empty()) A
for (const auto &Item : WorkList)
processWorkListItem(Item, Graph, ReachSet, MemSet, NextList);

NextList.swap (WorkList);

NextList.clear () ;

// Now that we have all the reachability info, propagate AliasAttrs according

// to it
auto IValueAttrMap = buildAttrMap (Graph, ReachSet);

return FunctionInfo (Fn, GraphBuilder.getReturnValues (), ReachSet,

std: :move (IValueAttrMap));

buildInfoFrom pREURAEE— P CHY, K%L Fn 757 CFLGraph (5830 iy Program Expression Graph

72 Chapter 4. Analysis



LLVM-Study-Notes Documentation, Release 0.1

FIXFRE, T —2EE8) .

CFLAndersAAResult: :FunctionInfo
CFLAndersAAResult::buildInfoFrom(const Function &Fn) {
CFLGraphBuilder<CFLAndersAAResult> GraphBuilder (
*this, TLI,
// Cast away the constness here due to GraphBuilder's API requirement
const_cast<Function &> (Fn));
auto &Graph = GraphBuilder.getCFLGraph();
...... /) H

1 CFLGraph 77, %55 454 Node (typedef InstantiatedValue Node) ¥Fin, ZEIRGMHE
Wi RAS B value *Val fl unsigned DereflLevel . 58 3CH ¥ PEG K[EfY)2, CFLGraph A1)
edge FE/n M) H 2 assignment edges, [ pointer dereference edges N2 Ba R F/FAE CFLGraph W, Bfi: XfF-&—
gk 5 (Val, DerefLevel ) #§ —2%3% 1] ( Val, DerefLevel+1) ] dereference edge F1—4%%|n] ( Val, DerefLevel-1
) K reference edge . CFLGraph Hf] edge (struct Edge ${#i 454G WMl 28 5. Node Other fl int64_t
Offset, Other i @I%45 MMM Ab—DG R, offset 2 M THIIAFREH 817 S IG5 AN 1 0L, L
WM—AFREHa B P I HEATTR ) BAER—A Node 1@kt 3Ly, RIXS 74— Node, BEHMRE
I HABZE 3 JEiHh, AliasAttrs WA 54> Node 11 @24 H 2.

struct NodeInfo {

EdgeList Edges, ReverseEdges; // %% 5 il &

AliasAttrs Attr; // %% BT EA X R 4008 K8 — BB HATIE
bi

IF CFLGraphBuilder H#J## CFLGraph B}ifiis vsitor pattern S23, EX T — 144K H InstVisitor [
GetEdgesVisitor 2K, EE visitxXX (xxx fLF A Instruction, ] visitGetElementPtrInst,
visitLoadInst,visitStorelInst,etc) KL, XTAE Y Instruction PATAS [6] i $4E PASE PR ) CFLGraph H
TRnNgh S (AC PR R R A %17 Instruction B3] ] T FunctionInfo (7] A 571 4% & AliasSummary Summary ) .

"FTAILA LoadInst iy, a4 CFLGraph, 4e%—/Mij$Lf LoadInst [ f5il-§~, LoadInst F M ANAF 132
BN

$ptr = alloca i32 ; yields i32*:ptr
store i32 3, i32* Sptr ; yvields void
3val = load i32, i32* %ptr ; yields 1i32:val = 132 3

AR, WU pte Fg 1 32 KNI INAE, IENAFIIERCE A 3, 285 Loadlnst SEHGZ NAFHIMEICHE
val, visitLoadInst pREAYE LU :

void visitLoadInst (LoadInst &Inst) |
auto *From = Inst.getPointerOperand();
auto *To = &Inst;
addLoadEdge (From, To);

(continues on next page)
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From jij2 LLVM IR H1) ptr, To 32 LLVM IR W1 val, SR JGLAEAT NS addLoadEdge, addLoad-
Edge BREANEMRFEE, 32X addDerefEdge (From, To, true) WM. addDerefEdge BRE{A
s

void addDerefEdge (Value *From, Value *To, bool IsRead) {

assert (From != nullptr && To != nullptr);
if (!From->getType()->isPointerTy () || !To->getType()->isPointerTy())
return;

addNode (From) ;
addNode (To) ;
if (IsRead) {
Graph.addNode (Instantiatedvalue{From, 1});
Graph.addEdge (InstantiatedvValue{From, 1}, InstantiatedvValue{To, 0});
} else {
Graph.addNode (InstantiatedvValue{To, 1});
Graph.addEdge (Instantiatedvalue{From, 0}, InstantiatedvValue{To, 1});

HE F| addDerefEdge FRELHISE =S4 M bool IsRead, #f H. addLoadEdge FREIEIH addDerefEdge
PREHT, RFEE = AS RO E N true,

B 5eX) From #1 To # ] addNode %k, HpREUARLIT :

void addNode (Value *Val, AliasAttrs Attr = AliasAttrs()) {
assert (Val != nullptr && Val->getType () -—>isPointerTy());
if (auto GVal = dyn_cast<GlobalValue>(Val)) {
if (Graph.addNode (Instantiatedvalue{Gval, 0},
getGlobalOrArgAttrFromValue (*GVal)))
Graph.addNode (InstantiatedValue{GVal, 1}, getAttrUnknown());
} else if (auto CExpr = dyn_cast<ConstantExpr> (Val)) |
if (hasUsefulEdges (CExpr)) {
if (Graph.addNode (InstantiatedValue{CExpr, 0}))
visitConstantExpr (CExpr) ;
}
} else
Graph.addNode (Instantiatedvalue{val, 0}, Attr);

R Val & Globalvalue, F H Graph.addNode (Instantiatedvalue{Gval, 0}, getGlobalO-
rArgAttrFromValue (*GVal)) &9 true, ¥ Instantiatedvalue{Gval, 1} JIAZ| CFLGraph 1,
MM Instantiatedvalue{Gval, 1} WiZ N T &4i9P CFLGraph i i ( Val, DerefLevel ) % [7]
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( Val, DerefLevel+1) [ dereference edge . HI13 Val 2Ff]1x.0) ConstantExpr (F5AFEEAAFE Cmp f54
i ConstantExpr, 3&F ConstantExpr, https://llvm.org/docs/LangRef.html#constant-expressions) , JfH. Graph.
addNode (InstantiatedvValue{CExpr, 0}) i&[f true, f§Jf] visitConstantExpr (CExpr) ,¥E vis-—
itConstantExpr (CExpr) H, #R#f§ ConstantExpr HJA[E, AT addNode , addAssignEdge ZE#:4F.
R Val BEA & Globalvalue R/ ConstantExpr, BIZEY Instantiatedvalue{Vval, 0} JIA
CFLGraph 1,

K NTE addLoadEdge AT E ] addDerefEdge BREN, B85 =1Z% IsRead IXE N true , FFPAXT
From fil To ¥l addNode K#t)5, #EA IsRead 2k true B4 :

Graph.addNode (InstantiatedValue{From, 1});
Graph.addEdge (InstantiatedValue{From, 1}, InstantiatedvValue{To, 0});

B Graph.addNode ¥4k 5 {From, 1} /il A¥| CFLGraph #, #RJ58 ] Graph.addEdge ¥FPAZE &
{From, 1} N2 A, PA%E A {To, 0} N &S A %] CFLGraph /1, $val = load i32, i32* $ptr A
PABAERRIXFE— 2% Clike 154 val = *ptr, Ff45x0 {From, 1} i AF] CFLGraph g T sl n 7 —
%t {From, 0} 7] {From, 1} By, XfRE3CH PEG Wil ptr —> *ptr i RFLAGS AL {From, 1} S s,
PAZE i {To, 0} A% i1 i A B CFLGraph tf, XFRiE3CH PEG I *ptr —> val.

WE, giid Y addNode 5 Graph . addNode A, addNode J& CFLGraphBuilder ¥ 7 K%L, Graph
& CFLGraphBuilder fJ—4> CFLGraph KA A5 H, Graph.addNode Bl CFLGraph: :addNode

CFLGraph: :addNode fUHaNT :

bool addNode (Node N, AliasAttrs Attr = AliasAttrs()) {
assert (N.Val != nullptr);
auto &ValInfo = ValueImpls[N.Val];
auto Changed = ValInfo.addNodeToLevel (N.DereflLevel);
ValInfo.getNodeInfoAtLevel (N.Dereflevel) .Attr |= Attr;

return Changed;

CFLGraph: :addEdge fUA%40F :

void addEdge (Node From, Node To, int64_t Offset = 0) {
auto *FromInfo = getNode (From);
assert (FromInfo != nullptr);
auto *ToInfo = getNode (To);
assert (ToInfo != nullptr);

FromInfo->Edges.push_back (Edge{To, Offset});
ToInfo->ReverseEdges.push_back (Edge{From, Offset});

buildInfoFrom REUARIEE —EB4, W13 worklist 2531754 ReachSet F1 MemSet .
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CFLAndersAAResult: :FunctionInfo
CFLAndersAAResult::buildInfoFrom(const Function &Fn) {
...... /) Bk
ReachabilitySet ReachSet;
AliasMemSet MemSet;

std: :vector<WorkListItem> WorkList, NextList;
initializeWorkList (WorkList, ReachSet, Graph);
// TODO: make sure we don't stop before the fix point is reached
while (!WorkList.empty()) {
for (const auto &Item : WorkList)
processWorkListItem(Item, Graph, ReachSet, MemSet, NextList);

NextList.swap (WorkList);

NextList.clear () ;

ReachabilitySet K TSLHIE X Y MAYALIAS B3t reach(n) . AliasMemSet ST 52
MAYALIAS %31 aliasMem(n) .

WorkListItem JJE XU

struct WorkListItem {
InstantiatedValue From;
Instantiatedvalue Toj;

MatchState State;
bi

WorkListItem 5 MAYALIAS &% 91 worklist element FH%} 5, &2—> <From, To, State> =JG4.

MatchState 27~ H PR S :

enum class MatchState : uint8_t {
// The following state represents S1 in the paper.
FlowFromReadOnly = O,
// The following two states together represent S2 in the paper.
FlowFromMemAliasNoReadWrite,
FlowFromMemAliasReadOnly,
// The following two states together represent S3 in the paper.
FlowToWriteOnly,
FlowToReadWrite,
// The following two states together represent S4 in the paper.

FlowToMemAliasWriteOnly,

(continues on next page)
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FlowToMemAliasReadWrite,
bi

* state FlowFromReadOnly T3/~ Figure.4 7N [H) hierarchical state machine W11 state S1;

e state FlowFromMemAliasNoReadWrite Il FlowFromMemAliasReadOnly ffl 3%/~ hierarchical
state machine H7f1] state S2;

o state FlowToWriteOnly fll FlowToReadWrite T 378 hierarchical state machine H1[{ state S3;

e state FlowToMemAliasWriteOnly Ml FlowToMemAliasReadWrite ] F /R hierarchical state ma-
chine 111 state S4;

o HH 5% ReadOnly FIRTELE— 4 U E reverse assignment edges F HI 4 42, |52 WriteOnly /R
TEAE— 45 R A14; assignment edges ¥ 4% 642, J5%% ReadWrite TRIEIELAAE—S R AL E assignment
F reverse assignment edges 17344 645, JG%% WriteOnly FoRfEAE—45 R AL assignment edges [ 51|44
WA, JG2% NoReadWrite FINfFLE—S5 AL assignment F1 reverse assignment edges ) 51|44 42

initializeWorkList RENE LU :

static void initializeWorkList (std::vector<WorkListItem> &WorkList,
ReachabilitySet &ReachSet,
const CFLGraph &Graph) {
for (const auto &Mapping : Graph.value_mappings()) {
auto Val = Mapping.first;
auto &ValuelInfo = Mapping.second;

assert (ValueInfo.getNumLevels () > 0);

// Insert all immediate assignment neighbors to the worklist
for (unsigned I = 0, E = ValueInfo.getNumlLevels(); I < E; ++I) {
auto Src = InstantiatedValue{Val, I};
// If there's an assignment edge from X to Y, it means Y is reachable from
// X at S3 and X is reachable from Y at S1
for (auto &Edge : ValueInfo.getNodeInfoAtLevel (I).Edges) {
propagate (Edge.Other, Src, MatchState::FlowFromReadOnly, ReachSet,
WorkList) ;
propagate (Src, Edge.Other, MatchState::FlowToWriteOnly, ReachSet,
WorkList) ;

fF initializeWorkList pRE{H, ALFE CFLGraph AP assignment edges, HHIRFFE{E— 2% assignment edge X
> Y(RIFFEIER y =x), BWE X BB EIA Y, FF HIbm 8 3WUIRESRE S35 Y feig 3k X, I HILN ) H
LRSS ST, X BLE A #H propagate AR ik —=JtH <y, X, S1>, <X, Y, S3> ILAZ| worklist
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H1, H HEEH Reachset
propagate MEHIZIE I MAYALIAS 53 1f) PROPAGATE BRI LI .

static void propagate (InstantiatedvValue From, InstantiatedValue To,
MatchState State, ReachabilitySet &ReachSet,
std: :vector<WorkListItem> &WorkList) {
if (From == To)
return;
if (ReachSet.insert (From, To, State))

WorkList.push_back (WorkListItem{From, To, State});

[ 2] buildInfoFrom pREH, FEXT worklist #EATHIUGRALIG , NIBTEE BT worklist B 2 A ANE i, KA R &R

J& processWorkListItem,

processWorkListItem 55—/ CIBANTR, XN T8 33X H MAYALIAS S Hf) “propagate information
upward” #i5):

static void processWorkListItem(const WorkListItem &Item, const CFLGraph &Graph,
ReachabilitySet &ReachSet, AliasMemSet &MemSet,
std: :vector<WorkListItem> &WorkList) {
auto FromNode = Item.From;

auto ToNode = Item.To;

auto NodeInfo = Graph.getNode (ToNode) ;
assert (NodeInfo != nullptr);

// The newly added value alias pair may pontentially generate more memory
// alias pairs. Check for them here.
auto FromNodeBelow = getNodeBelow (Graph, FromNode) ;
auto ToNodeBelow = getNodeBelow (Graph, ToNode);
if (FromNodeBelow && ToNodeBelow &&
MemSet.insert (*FromNodeBelow, *ToNodeBelow)) {
propagate (*FromNodeBelow, *ToNodeBelow,
MatchState: :FlowFromMemAliasNoReadWrite, ReachSet, WorkList);
for (const auto &Mapping : ReachSet.reachableValueAliases (*FromNodeBelow)) {
auto Src = Mapping.first;
auto MemAliasPropagate = [&] (MatchState FromState, MatchState ToState) {
if (Mapping.second.test (static_cast<size_t> (FromState)))

propagate (Src, *ToNodeBelow, ToState, ReachSet, WorkList);
bi

MemAliasPropagate (MatchState: :FlowFromReadOnly,
MatchState: :FlowFromMemAliasReadOnly) ;
MemAliasPropagate (MatchState: :FlowToWriteOnly,

(continues on next page)
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MatchState::FlowToMemAliasWriteOnly) ;
MemAliasPropagate (MatchState::FlowToReadWrite,
MatchState::FlowToMemAliasReadWrite) ;

PR getNodeBelow ek A—1 CFLGraph fil—~> Node { Val, DerefLevel }, i&[a]%} Node ffi#5| ., B
{Val, DerefeLevel+1} ., %724 HiH WorkList item, #1378 ff] getNodeBelow, #f5 FromNode # ToNode /) f#
2| F X W 1) 45 5 FromNodeBelow {1 ToNodeBelow, 15 FromNodeBelow Fil ToNodeBelow A~ 7E aliasMemSet £
A, BN AR aliasMemSet W, 2R J5 R 1 FromNodeBelow 1 ReachSet HH 176 & 11500 , I8 1 propagate pR%X
T #r WorkList A1 ReachSet . ¥4 7 2| AL 32 B 5 MayAlias 3535F —AL A6 - propagate (*FromNodeBelow,
*ToNodeBelow, MatchState::FlowFromMemAliasNoReadWrite, ReachSet, WorkList), %%k
15 ¥ <FromNodeBelow, ToNodeBelow, MatchState::FlowFromMemAliasNoReadWrite> fll A
F| 7 worklist 1, 5 hierarchical state machine V tP[1) s1 -> M -> S2 X%, [AH¥ T ReachSet,

processWorkListItem Y58 i ACAS U0, XM T8 3¢ MayAlias Sy F ) “propagate reachability
through value flows” #43:

static void processWorkListItem(const WorkListItem &Item, const CFLGraph &Graph,
ReachabilitySet &ReachSet, AliasMemSet &MemSet,
std: :vector<WorkListItem> &WorkList) {

// This 1s the core of the state machine walking algorithm. We expand ReachSet
// based on which state we are at (which in turn dictates what edges we
// should examine)
// From a high-level point of view, the state machine here guarantees two
// properties:
// — If *X and *Y are memory aliases, then X and Y are value aliases
// — If Y is an alias of X, then reverse assignment edges (if there is any)
// should precede any assignment edges on the path from X to Y.
auto NextAssignState = [&] (MatchState State) |
for (const auto &¢AssignEdge : NodeInfo->Edges)
propagate (FromNode, AssignEdge.Other, State, ReachSet, WorkList);
}i
auto NextRevAssignState = [&] (MatchState State) {
for (const auto &RevAssignEdge : NodeInfo->ReverseEdges)
propagate (FromNode, RevAssignEdge.Other, State, ReachSet, WorkList);
bi
auto NextMemState = [&] (MatchState State) {
if (auto AliasSet = MemSet.getMemoryAliases (ToNode)) {

(continues on next page)
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for (const auto &MemAlias : *AliasSet)

propagate (FromNode, MemAlias, State, ReachSet, WorkList);

bi

switch (Item.State) {

case S : A
NextRevAssignState (MatchState: :FlowFromReadOnly) ;
NextAssignState (MatchState: :FlowToReadWrite);
NextMemState (MatchState: :FlowFromMemAliasReadOnly) ;
break;

}

case S I
NextRevAssignState (MatchState: :FlowFromReadOnly) ;
NextAssignState (MatchState: :FlowToWriteOnly) ;
break;

}

case S : A
NextRevAssignState (MatchState: :FlowFromReadOnly) ;
NextAssignState (MatchState: :FlowToReadWrite);
break;

}

case S R
NextAssignState (MatchState: :FlowToWriteOnly) ;
NextMemState (MatchState: :FlowToMemAliasWriteOnly) ;
break;

}

case H Y
NextAssignState (MatchState: :FlowToReadWrite);
NextMemState (MatchState: :FlowToMemAliasReadWrite) ;
break;

}

case HS HEt
NextAssignState (MatchState: :FlowToWriteOnly) ;
break;

}

case S R
NextAssignState (MatchState: :FlowToReadWrite) ;

break;

ZER SIS Y B2 B 536 30 MayAlias 2311 “propagate reachability through value flows” F543r——% .,

buildInfoFrom FEREUARIEE =%, #1758 AliasAttrs 33 [8] FunctionInfo
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CFLAndersAAResult: :FunctionInfo
CFLAndersAAResult::buildInfoFrom(const Function &Fn) {
...... /) B

// Now that we have all the reachability info, propagate AliasAttrs according
// to it
auto IValueAttrMap = buildAttrMap (Graph, ReachSet);

return FunctionInfo (Fn, GraphBuilder.getReturnValues (), ReachSet,

std: :move (IValueAttrMap));

buildAttrMap EREHTE XU :

static AliasAttrMap buildAttrMap (const CFLGraph &Graph,
const ReachabilitySet &ReachSet) {
AliasAttrMap AttrMap;

std::vector<InstantiatedValue> WorkList, NextList;

// Initialize each node with its original AliasAttrs in CFLGraph
for (const auto &Mapping : Graph.value_mappings()) {
auto Val = Mapping.first;
auto &ValuelInfo = Mapping.second;
for (unsigned I = 0, E = ValueInfo.getNumlLevels(); I < E; ++I) {
auto Node = Instantiatedvalue{Vval, I};
AttrMap.add (Node, ValueInfo.getNodeInfoAtLevel (I).Attr);
WorkList.push_back (Node) ;

while (!WorkList.empty()) A
for (const auto &Dst : WorkList) {
auto DstAttr = AttrMap.getAttrs(Dst);
if (DstAttr.none())

continue;

// Propagate attr on the same level
for (const auto &Mapping : ReachSet.reachableValueAliases (Dst)) {
auto Src = Mapping.first;
if (AttrMap.add(Src, DstAttr))
NextList.push_back (Src);

// Propagate attr to the levels below

(continues on next page)
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auto DstBelow = getNodeBelow (Graph, Dst);
while (DstBelow) {
if (AttrMap.add(*DstBelow, DstAttr)) |
NextList.push_back (*DstBelow) ;
break;

}
DstBelow = getNodeBelow (Graph, *DstBelow);

;
WorkList.swap (NextList);

NextList.clear () ;

return AttrMap;

AT E) i, %F4E—4> Node #fi—> Nodelnfo A7fif 5% Node #l K {5 -

struct NodeInfo {

Edgelist Edges, ReverseEdges; // %% &M%

AliasAttrs Attr; // B4 GFrEA N H & 00 A RN —LEERID
bi

AliasAttrMap & T H T Node F1-5 HXF W) AliasAttrs ) Map 2544, buildAttrMap REAY

B AR EW, Wle R 45 ReachSet fYN%, Jdid worklist S9A 6 HARAYRH K25 AL R AliasAttrs {5 5.

£ buildInfoFrom MEMR/G, PN FunctionInfo M4, 12 FunctionInfo H—3Lfl,
FunctionInfo WK% :

CFLAndersAAResult: :FunctionInfo: :FunctionInfo (
const Function &Fn, const SmallVectorImpl<Value *> &RetVals,
const ReachabilitySet &ReachSet, const AliasAttrMap &AMap) A
populateAttrMap (AttrMap, AMap);
populateExternalAttributes (Summary.RetParamAttributes, Fn, RetVals, AMap);
populateAliasMap (AliasMap, ReachSet);

populateExternalRelations (Summary.RetParamRelations, Fn, RetVals, ReachSet);

populateAttrMap R E LUIF:

static void populateAttrMap (DenseMap<const Value *, AliasAttrs> &AttrMap,
const AliasAttrMap &AMap) {
for (const auto &Mapping : AMap.mappings()) {
auto IVal = Mapping.first;

(continues on next page)
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// Insert IVal into the map

auto &Attr = AttrMap[IVal.Val];

// AttrMap only cares about top-level values
if (IVal.DerefLevel == 0)

Attr |= Mapping.second;

populateAttrMap REHLE R AMap # DereflLevel iy 0 %5 5 AliasAttrs {5 5. #5 FunctionInfo 3§
% AR & AttrMap W,

populateExternalAttributes AT E LR :

static void populateExternalAttributes (
SmallVectorImpl<ExternalAttribute> &ExtAttributes, const Function &Fn,
const SmallVectorImpl<Value *> &RetVals, const AliasAttrMap &AMap) |
for (const auto &¢Mapping : AMap.mappings()) {

if (auto IVal = getlInterfaceValue (Mapping.first, RetVals)) {

auto Attr = getExternallyVisibleAttrs (Mapping.second);

if (Attr.any())

ExtAttributes.push_back (ExternalAttribute{*IVal, Attr});

populateExternalAttributes X HIHH T HEl getInterfacevValue, InterfacevValue &
—NEERIDN R B LS ER: struct InterfaceValue { unsigned Index; unsigned
Dereflevel; };, InterfaceValue | TR — RS E AR EIE, Index H 0 FwiR[H1HE,
Index HIEEBEM FARE Index PMERESE. KE getInterfacevalue R AN static Op-
tional<InterfaceValue> getlInterfaceValue (InstantiatedValue IValue, const Smal-
1VectorImpl<Value *> &RetVals), WIEZSE Ivalue ESHONF R EMEMGE, IREIXTVH Inter-
facevValue, HMERM 23384t J}Dﬂéﬁﬂé, populateExternalAttributes REHIEEEMRIFHRMR, K
AMAP T 2 iR S5 eli % [ R 45 15 1Y) Externally VisibleAttrs ( 5¢F ExternallyVisibleAttrs ljl, AliasAnalysis-Basic
—7) [EEIEEZE FunctionInfo B RAS & Summary.RetParamAttributes A1,

populateAliasMap PREHIESLANT :

static void
populateAliasMap (DenseMap<const Value *, std::vector<OffsetValue>> &AliasMap,
const ReachabilitySet &ReachSet) |
for (const auto &OuterMapping : ReachSet.value_mappings()) A
// AliasMap only cares about top-level values

if (OuterMapping.first.Dereflevel > 0)

(continues on next page)
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continue;

auto Val = OuterMapping.first.Val;
auto &AliaslList = AliasMapl[Vall;
for (const auto &InnerMapping : OuterMapping.second) {
// Again, AliasMap only cares about top-level values
if (InnerMapping.first.Dereflevel == 0)
AliasList.push_back (OffsetValue{InnerMapping.first.Val, UnknownOffset});

// Sort AliasList for faster lookup
std::sort (AliasList.begin(), AliasList.end());

populateAliasMap REGLEMTIE ReachSet HINZ, B AMap H DereflLevel 5 0 BG5S N 5HE N
M4 H DerefLevel N 0 45 S M AZ| AliasMap H1,

populateExternalRelations pRELH)E XN :

static void populateExternalRelations (
SmallVectorImpl<ExternalRelation> &ExtRelations, const Function &Fn,
const SmallVectorImpl<Value *> &RetVals, const ReachabilitySet &ReachSet) {
// If a function only returns one of its argument X, then X will be both an
// argument and a return value at the same time. This is an edge case that
// needs special handling here.
for (const auto &Arg : Fn.args()) {
if (is_contained(RetVals, &Arg)) A
auto ArgVal = InterfaceValue{Arg.getArgNo() + 1, O0};
auto RetVal = InterfacevValue{0, 0};
ExtRelations.push_back (ExternalRelation{ArgVal, RetVal, 0});

// Below is the core summary construction logic.

// A naive solution of adding only the value aliases that are parameters or

// return values in ReachSet to the summary won't work: It is possible that a

// parameter P is written into an intermediate value I, and the function

// subsequently returns *I. In that case, *I is does not value alias anything

// in ReachSet, and the naive solution will miss a summary edge from (P, 1) to
// (I, 1).

// To account for the aforementioned case, we need to check each non-parameter
// and non-return value for the possibility of acting as an intermediate.

// 'ValueMap' here records, for each value, which InterfaceValues read from or

(continues on next page)
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// write into it. If both the read list and the write list of a given value
// are non-empty, we know that a particular value is an intermidate and we
// need to add summary edges from the writes to the reads.
DenseMap<Value *, ValueSummary> ValueMap;
for (const auto &OuterMapping : ReachSet.value_mappings()) A
if (auto Dst = getlInterfaceValue (OuterMapping.first, RetVals)) {
for (const auto &InnerMapping : OuterMapping.second) {
// If Src is a param/return value, we get a same-level assignment.
if (auto Src = getlInterfaceValue (InnerMapping.first, RetVals)) {
// This may happen 1f both Dst and Src are return values
if (*Dst == *Src)

continue;

if (hasReadOnlyState (InnerMapping.second))
ExtRelations.push_back (ExternalRelation{*Dst, *Src, UnknownOffset});
// No need to check for WriteOnly state, since ReachSet is symmetric
} else {
// If Src is not a param/return, add it to ValueMap
auto SrcIVal = InnerMapping.first;
if (hasReadOnlyState (InnerMapping.second))
ValueMap([SrcIVal.Val].FromRecords.push_back (
ValueSummary: :Record{*Dst, SrcIVal.Dereflevel});
if (hasWriteOnlyState (InnerMapping.second))
ValueMap([SrcIVal.Val].ToRecords.push_back (

ValueSummary: :Record{*Dst, SrcIVal.Dereflevel});

for (const auto &Mapping : ValueMap) A
for (const auto &FromRecord : Mapping.second.FromRecords) {
for (const auto &ToRecord : Mapping.second.ToRecords) {
auto TolLevel = ToRecord.Dereflevel;
auto FromLevel = FromRecord.Dereflevel;
// Same-level assignments should have already been processed by now
if (ToLevel == FromLevel)

continue;

auto SrcIndex = FromRecord.IValue.Index;
auto SrcLevel = FromRecord.IValue.Dereflevel;
auto DstIndex = ToRecord.IValue.Index;

auto DstLevel = ToRecord.IValue.Dereflevel;

(continues on next page)
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if (ToLevel > FromLevel)

SrcLevel += ToLevel - FromLevel;
else
DstLevel += FromLevel - Tolevel;

ExtRelations.push_back (ExternalRelation{
InterfaceValue{SrcIndex, SrclLevel},

InterfaceValue{DstIndex, DstLevel}, UnknownOffset});

// Remove duplicates in ExtRelations
std::sort (ExtRelations.begin (), ExtRelations.end());
ExtRelations.erase (std::unique (ExtRelations.begin (), ExtRelations.end()),

ExtRelations.end());

ExternalRelation &—/NEE =M A A RIEEM AR struct ExternalRelation { Interface-
Value From, To; int64_t Offset; };, HTFR—AEEWSEARIEEZ IR KR, HAE
AR R B R T R BERE 1R B S 2 SR B [ [ 1) 44 K &R« populateExternalRelations 4b3H
T AR JURME L -

EREOR MELE DSBS, populateExternalRelations BRENIIEE —ER T T X PG

o MBS EREEZ [BAFAERZ KR . H HAFESAERRIR TG OL: RIS P RS — & T,
PR IR XS TRIARE I *T , SEhi b *p 5 *1 Wigiaxg (WP, 1} 5 {L 1} B AH4A),
{H 24E ReachSet 1 *I Hi%H S5HA M4 X ZW{E. populateExternalRelations FRERIEE B
PR TR A
Z ., FunctionInfo 755,

¢ genindex
* modindex

e search

* genindex
¢ modindex

e search
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5.1 Aggressive Dead Code Elimination

5.1.1 Aggressive Dead Code Elimination

Aggressive Dead Code Elimination (DA N faj#% ADCE) /&—> LLVM transform pass, 4% T4 . % ADCE
A ) | S liveness analysis [ ], &— backward dataflow analysis. Aggressive [ 2% TR —4454, %
pass R 1%$5 % 72 dead [RAEZIE UL &2 live 1), FEMTEEH G A IIBEIA M2 dead [F38 S BEHER -

% pass IACIBSE B F 11vm-8.0.1.src/include/11lvm/Transforms/Scalar/ADCE.h fl 11vm-8§.
0.1.src/lib/Transforms/Scalar/ADCE.cpp »

Implementation of ADCE

FAIM ADCEPass fJ A HIFFR4HT

PreservedAnalyses ADCEPass::run(Function &F, FunctionAnalysisManager &FAM) {
// ADCE does not need DominatorTree, but require DominatorTree here
// to update analysis 1f it is already available.
auto *DT = FAM.getCachedResult<DominatorTreeAnalysis> (F);
auto &PDT = FAM.getResult<PostDominatorTreeAnalysis> (F);
if (!AggressiveDeadCodeElimination (F, DT, PDT) .performDeadCodeElimination())

return PreservedAnalyses::all();

PreservedAnalyses PA;
PA.preserveSet<CFGAnalyses> () ;
PA.preserve<GlobalsAA> () ;
PA.preserve<DominatorTreeAnalysis>();
PA.preserve<PostDominatorTreeAnalysis> () ;

return PA;
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EI[)/{%@J ADCE LR fE2: AggressiveDeadCodeElimination WHEZEIEY, T2 RECE =1
SR RO II R A, AT R B XM DominatorTree MG X BCH PostDominatorTree, HJ, X
?_/\ SRR UL, $T ADCE 430733 DominatorTree fl PostDominatorTree (A NiZth

22—~ backward 734, SEPR EAE TN SR EEAY 2 PostDominatorTree, MAF % DominatorTree , {H
&K RyiZ pass MR T —4el AR, FTPA DominatorTree fEASHEHENRZ N T A DominatorTree #HAT
).

% AggressiveDeadCodeElimination: :performbeadCodeElimination () fYE AR fjEA:

bool AggressiveDeadCodeElimination: :performDeadCodeElimination () {
initialize();
markLiveInstructions () ;

return removeDeadInstructions();

MRIEIZ R BN SE L, 7T DA ]i% ADCE pass B FEAR AT BLIE T : 14 202 Wik TAE (GREUIREEHE A1 b
BIEAS) , SRJEARIC live FUFE4, G THRARLE dead 454,

SRR AT X = AR S B FERXZ R, JoF MR =B S 31— 2L i 28 BRI R R 5E

1. AggressiveDeadCodeElimination [ 28 & MapVector<BasicBlock *, BlockInfo-
Type> BlockInfo

Y EA Y BasicBlock Wit B RS 1Z LA YA 215 B BlockInfoType, BlockInfoType HE X
R

struct BlockInfoType {
/// True when this block contains a live instructions.
bool Live = false;
/// True when this block ends in an unconditional branch.
bool UnconditionaUnlBranch = false;
/// True when this block is known to have live PHI nodes.
bool HasLivePhiNodes = false;
/// Control dependence sources need to be live for this block.
bool CFLive = false;
/// Quick access to the LiveInfo for the terminator,
/// holds the value &InstInfo[Terminator]
InstInfoType *TerminatorLiveInfo = nullptr;
/// Corresponding BasicBlock.
BasicBlock *BB = nullptr;
/// Cache of BB->getTerminator ().
Instruction *Terminator = nullptr;
/// Post-order numbering of reverse control flow graph.
unsigned PostOrder;
bool terminatorIsLive () const { return TerminatorLivelInfo->Live; }

bi
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WRARIEMT : Live F T L% AN B i B 1EAE live 119354 (instructions) ; UnconditionaUnlBranch
FH T Ui Z A B 28 DA—A TE 5443 31354 (unconditional branch instruction) 45 ; HasLivePhiN-—
odes i T U MIZEEA Y2 B AFTE live 1) PHINode; CFLive M TR IREA 4 di MO i) LA ey
%42 live fY; TerminatorLiveInfo f8[AiZEAIA Terminator §4HIFH #{E)8 InstInfoType
(WA 75 B DenseMap<Instruction *, InstInfoType> InstInfo); BBEiE1% BlockInfo-
Type AR EAL; Terminator BEIZE A Terminator 384, #EfE BlockInfoType
FE 2] —A cache IVE/; PostOrder J2iZ i ANHLTE reverse control flow graph H1[) post-order 455 .

2. AggressiveDeadCodeElimination i 5 AR DenseMap<Instruction *, InstInfo-

Type> InstInfo

Y384 Instruction ML R EME1ZT8 240 K 5 Bl Inst InfoType, InstInfoType HE XU

struct InstInfoType {
/// True if the associated instruction is live.
bool Live = false;
/// Quick access to information for block containing associated Instruction.
struct BlockInfoType *Block = nullptr;
bi

B GAE  Live I TAH InstInfoType XN IWFEL 210N live; J 01748 & Block 8RN 2 %154
FEAER AP XT ) BlockInfoType .

3. AggressiveDeadCodeElimination B RZAS & SmallPtrSet<BasicBlock *, 16> Block-

sWithDeadTerminators

AL AT IR LE B AT terminator 4542 live IYEEAIR

=

4. AggressiveDeadCodeElimination Wi 5148 B SmallPtrSet<BasicBlock *, 16>

NewLiveBlocks

2N B AR B R The set of blocks which we have determined whose control dependence sources must be live

and which have not had those dependences analyzed.

AR, AN A AR B i O AR S LAY A2 live 1, (HZ X TR A 0T, %
HAH T8 E NewLiveBlocks Hi1,

5. AggressiveDeadCodeElimination [ fi A& SmallVector<Instruction *, 128> Work-
list

Z R A E}ﬂ?ﬁﬁ%‘ﬁ'%ﬂm live #y Instruction, FEEFEHEIEHRE initialize (), markLiveIn—
structions () $WfT58)E, ZAR NS K% removeDeadInstructions () P& T %K Fi4As

E 170 T8 S W 1Y dead instructions

K4 static bool isUnconditionalBranch (Instruction *Term);

ZPREAR I, FLEFIMIZE E /) Instruction @@ —MNEAMHD LH845, EHWT:

wgm
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static bool isUnconditionalBranch (Instruction *Term) {
auto *BR = dyn_cast<BranchInst> (Term);

return BR && BR->isUnconditional ();

BHESH Instruction *Term 275 N BranchInst K8, IR ZSHL 22— BranchInst,
H HJiZ Unconditional ff) BranchInst, NZEREGERE] true .

7. 25 AggressiveDeadCodeElimination R R KA isAlwaysLive (Instruction &I)

R4 WL RE TR H % BB TR AR G, ROAZ R R S 1T H 2 RR 9 22 always live 1.

bool AggressiveDeadCodeElimination::isAlwaysLive (Instruction &I) |
// TODO —- use llvm::isInstructionTriviallyDead
if (I.isEHPad() || I.mayHaveSideEffects()) {
// Skip any value profile instrumentation calls if they are
// instrumenting constants.
if (isInstrumentsConstant (I))
return false;
return true;
}
if (!I.isTerminator())
return false;
if (RemoveControlFlowFlag && (isa<BranchInst>(I) || isa<SwitchInst>(I)))
return false;

return true;

T PAE B A A RIVE 54 (W StoreInst ) 42 always live [1Y) . 8 RemoveControlFlowFlag
true (BRIA N true) B}, & T BranchInst l SwitchInst PASMY terminator 5448 always live [ ; 45
RemoveControlFlowFlag A false (1%, BRA AR terminator 5440 always live [ .

. 22 AggressiveDeadCodeElimination W F1 R4 void markLive (Instruction *I),void

markLive (BasicBlock *BB) fllvoid markLive (BlockInfoType &BBInfo),

X LRI = AN E R R — [l 1

*|void AggressiveDeadCodeElimination::markLive (Instruction *I) {
auto &¢Info = InstInfol[I];
if (Info.Live)

return;

LLVM_DEBUG (dbgs () << "mark live: "; I->dump());
Info.Live = true;

Worklist.push_back (I);

(continues on next page)
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// Collect the live debug info scopes attached to this instruction.
if (const DILocation *DL = I->getDebugLoc())

collectLiveScopes (*DL) ;

// Mark the containing block live
auto &¢BBInfo = *Info.Block;
if (BBInfo.Terminator == I) {
BlocksWithDeadTerminators.erase (BBInfo.BB);
// For live terminators, mark destination blocks
// live to preserve this control flow edges.
if (!BBInfo.UnconditionalBranch)
for (auto *BB : successors (I->getParent()))
markLive (BB) ;

}
markLive (BBInfo) ;

HEMER InstInfo[I].Live WA true, RJGRFIZIE M AAS F Wworklist Hr, At
ZIFUL o ARG B TR 2 5 A H T E B AU terminator $5%-, Q1AL Z 1)1, MU HT Block-
sWithDeadTerminators (HZFEATE “BlocksWithDeadTerminators™ 1, st M IR 1Z 82 -
WIRIZHE 2 H e E AP terminator $54~, H Hog— N JC4c 4 H) BranchInst, LM void
markLive (BasicBlock *BB) W FryE AN i) 5 4k AR Rk B4 live, g void
markLive (BlockInfoType &BBInfo) JFiZIgS FrtEn) B A% B K live,

e void markLive (BasicBlock *BB) HJSLHI L E X void markLive (BlockInfoType
&BBInfo) f—2EH %,

void markLive (BasicBlock *BB) { markLive (BlockInfo[BB]); }

* void markLive (BlockInfoType &BBInfo) HJSEIIUNT :

void AggressiveDeadCodeElimination::markLive (BlockInfoType &BBInfo) {
if (BBInfo.Live)
return;
LLVM_DEBUG (dbgs () << "mark block live: " << BBInfo.BB->getName () << '\n');
BBInfo.Live = true;
if (!BBInfo.CFLive) {
BBInfo.CFLive = true;
NewLiveBlocks.insert (BBInfo.BB) ;

// Mark unconditional branches at the end of live

// blocks as live since there 1is no work to do for them later

if (BBInfo.UnconditionalBranch)

(continues on next page)
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markLive (BBInfo.Terminator) ;

BeH BBInfo.Live I E 4 true . U BBInfo.CFLive 24 false, SR HE% B K true, 7 H Y4
HIEAYI i VE NewLiveBlocks W, BIUNSCR: Y AT E N live 1, A% ELAS B ffr 2 il i
T EEASHAT R % 2 live 1) o f50 5 AR LA ALY terminator 4542 — T4 BranchInst,
PUHZ B AT terminator FEJH I BB%L void markLive (Instruction *I) .

initialize()

PR initialize () M A E eI LESE VR AT AL Ao PRl BRI R BUARR G, FRATZ T3
SR AR

void AggressiveDeadCodeElimination::initialize() |

auto NumBlocks = F.size();

// We will have an entry in the map for each block so we grow the
// structure to twice that size to keep the load factor low in the hash table.
BlockInfo.reserve (NumBlocks) ;

size_t NumInsts = 0;

// Iterate over blocks and initialize BlockInfoVec entries, count
// instructions to size the InstInfo hash table.
for (auto &BB : F) {

NumInsts += BB.size();

auto &¢Info = BlockInfo[&BB];

Info.BB = &BB;

Info.Terminator = BB.getTerminator();

Info.UnconditionalBranch = isUnconditionalBranch (Info.Terminator);

// Initialize instruction map and set pointers to block info.
InstInfo.reserve (NumlInsts) ;
for (auto &¢BBInfo : BlockInfo)

for (Instruction &I : *BBInfo.second.BB)

InstInfo[&I].Block = &BBInfo.second;

// Since BlockInfoVec holds pointers into InstInfo and vice-versa, we may not
// add any more elements to either after this point.
for (auto &BBInfo : BlockInfo)

BBInfo.second.TerminatorLiveInfo = &InstInfo[BBInfo.second.Terminator];

(continues on next page)
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// Collect the set of "root" instructions that are known live.
for (Instruction &I : instructions(F))
if (isAlwaysLive (I))

markLive (&I);

X — AR X AggressiveDeadCodeElimination i 28 & BlockInfo l InstInfo [
wItRtL.

HAETEWH Y ETEEX=1EE I Info.UnconditionalBranch = 1isUnconditional-
Branch (Info.Terminator);, isAlwaysLive (I) fll markLive (&I) . X =R EIE LALEH]T

)
VL T, H e B S ARG, AR B RIS s B 1 -

5 R AR AT

if (!RemoveControlFlowFlag)

return;

if (!RemoveLoops) A
// This stores state for the depth-first iterator. In addition
// to recording which nodes have been visited we also record whether
// a node is currently on the "stack'" of active ancestors of the current
// node.

using StatusMap = DenseMap<BasicBlock *, bool>;

class DFState : public StatusMap {
public:
std: :pair<StatusMap::iterator, bool> insert (BasicBlock *BB) {

return StatusMap::insert (std::make_pair (BB, true));

// Invoked after we have visited all children of a node.

void completed (BasicBlock *BB) { (*this) [BB] = false; }

// Return true if \p BB is currently on the active stack
// of ancestors.
bool onStack (BasicBlock *BB) {
auto Iter = find(BB);
return Iter != end() && Iter—->second;
}
} State;

State.reserve(F.size());

(continues on next page)
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// Iterate over blocks in depth-first pre-order and
// treat all edges to a block already seen as loop back edges
// and mark the branch live it if there is a back edge.
for (auto *BB: depth_first_ext (&¢F.getEntryBlock (), State)) {
Instruction *Term = BB->getTerminator();
if (isLive(Term))

continue;

for (auto *Succ : successors (BB))
if (State.onStack (Succ)) {
// back edge. ..
markLive (Term) ;

break;

IR ARF RemoveControlFlowFlag A false (BRIAH true), N HHE return; R RemoveLoops A false (2k
N false) 135, ARAMBREL F A LA BTIT 4G depth-first pre-order ik [Ty B &L FEA TR, ASRAFAEFEAS
i) terminator $5 A live, I HiZBEARR GAREARC Egam Jid 7, AT KRR —4& i,
XK FAR B terminator $54 U8 B4 void markLive (Instruction *I).

S =A B AT

// Mark blocks live if there is no path from the block to a
// return of the function.
// We do this by seeing which of the postdomtree root children exit the
// program, and for all others, mark the subtree live.
for (auto &PDTChild : children<DomTreeNode *> (PDT.getRootNode()))
auto *BB = PDTChild->getBlock();
auto &¢Info = BlockInfo[BRB];

// Real function return

if (isa<ReturnInst> (Info.Terminator)) {
LLVM_DEBUG (dbgs () << "post-dom root child is a return: " << BB->getName ()
<< '"\n';);
continue;

// This child is something else, like an infinite loop.
for (auto DFNode : depth_first (PDTChild))
markLive (BlockInfo [DFNode->getBlock ()] .Terminator);

WA H A B, XS RAR A AR 2R R Y return 354, IR 20RFIX LEBEA R E A live o BAK
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SEPERIXAER, HCE T SO AR R, ARAR Y AU Y RUEAHLY terminator $54-/2 ReturnInst
Mgkt (53R b ReturnInst FrfE A IA 5N S E BEF|iA1% ReturnInst FREMEATY, Xf
THAT R 7T A, AR terminator #5492 ReturnTInst, WPAMEAT A & depth-first ki 7,
ST R AR X H: terminator 35478 BRA%X void markLive (Instruction *I),

LRGN R

// Treat the entry block as always live
auto *BB = &F.getEntryBlock();

auto &EntryInfo = BlockInfo[BB];
EntryInfo.Live = true;

if (EntryInfo.UnconditionalBranch)

markLive (EntryInfo.Terminator);

// Build initial collection of blocks with dead terminators
for (auto &BBInfo : BlockInfo)
if (!BBInfo.second.terminatorIsLive())

BlocksWithDeadTerminators.insert (BBInfo.second.BB);

PREL initialize () WiRSE—8B NS, FFREBIA D EAEE B A live, QAR A MTELAHLE terminator $5
LSBT BranchInst, WXTt BranchInst K% void markLive (Instruction *I), #x)5
HHR G5B BlocksWithDeadTerminators ,

markLivelnstructions()

markLiveInstructions () ¥EFRICHEE live [y instructions .

void AggressiveDeadCodeElimination::markLiveInstructions () A
// Propagate liveness backwards to operands.
do {
// Worklist holds newly discovered live instructions
// where we need to mark the inputs as live.
while (!Worklist.empty()) A
Instruction *LiveInst = Worklist.pop_back_val();

LLVM_DEBUG (dbgs () << "work live: "; LiveInst->dump(););
for (Use &0I : LiveInst->operands())
if (Instruction *Inst = dyn_cast<Instruction> (0I))

markLive (Inst);

if (auto *PN = dyn_cast<PHINode> (LivelInst))

(continues on next page)
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markPhiLive (PN) ;

// After data flow liveness has been identified, examine which branch
// decisions are required to determine live instructions are executed.

markLiveBranchesFromControlDependences () ;

} while (!Worklist.empty());

FERE initialize () $UMT)5, Worklist FFEfiE T HikRic A live [1) instructions (45 VKR FH BB 4k void mark-
Live (Instruction *I) B, ZRECKHIES I 17k worklist)., FER M markLiveInstructions ()
i i worklist YA RN WIARIC BTG live instructions, V77 use-def Jy[n], AR —ANF529itRicH live, HFA
Sof ELPEVESL def 119 instruction HEFRIC A live, UM Worlist i385 42 PHINode, WIEHHEE void
markPhiLive (PHINode *PN) #EfT4ikALHE,

void AggressiveDeadCodeElimination: :markPhilLive (PHINode *PN) {
auto &Info = BlockInfo[PN->getParent()];
// Only need to check this once per block.
if (Info.HasLivePhiNodes)
return;

Info.HasLivePhiNodes = true;

// If a predecessor block is not live, mark it as control-flow live
// which will trigger marking live branches upon which
// that block is control dependent.
for (auto *PredBB : predecessors (Info.BB)) {
auto &Info = BlockInfo[PredBR];
if (!Info.CFLive) {
Info.CFLive = true;

NewLiveBlocks.insert (PredBB) ;

BSek PHINode FTAESE AT/ Y BlockInfoType [ HasLivePhiNodes ik B A true, W15 1% PHIN-
ode FFTEHAYT I HIYREEA PO WY BlockInfoType [ CFLive I A false, WIHFiZEK E A true, FF
PRI IREE A BRI NewLiveBlocks HY, RIZ YK BEAS e 42 il Mg i EL A L W %02 live 1. mark-
LiveBranchesFromControlDependences () PERECHE T live F A B B das il MO i AR Bt ARic
live J¥J, markLiveBranchesFromControlDependences () BREUHIZZILUNT ¢

void AggressiveDeadCodeElimination: :markLiveBranchesFromControlDependences () {

if (BlocksWithDeadTerminators.empty())

(continues on next page)
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return;

// The dominance frontier of a live block X in the reverse

// control graph is the set of blocks upon which X is control
// dependent. The following sequence computes the set of blocks
// which currently have dead terminators that are control

// dependence sources of a block which is in NewLiveBlocks.

SmallVector<BasicBlock *, 32> IDFBlocks;
ReverseIDFCalculator IDFs (PDT);
IDFs.setDefiningBlocks (NewLiveBlocks) ;
IDFs.setLiveInBlocks (BlocksWithDeadTerminators);
IDFs.calculate (IDFBlocks);

NewLiveBlocks.clear();

// Dead terminators which control live blocks are now marked live.
for (auto *BB : IDFBlocks) {
LLVM_DEBUG (dbgs () << "live control in: " << BB->getName () << '\n');

markLive (BB->getTerminator());

B5EITE NewLiveBlocks H Post Iterated Dominance Frontier (R} NewLiveBlocks H1 AN B B g4 i MR
HOE AT, BRI NHS-3) Y A< B fY) terminator 35418 I Bi#L void markLive (Instruction *I),

removeDeadlnstructions()

removeDeadInstructions () ERECKH A A WFRIC A live 1 instructions 4[4 .

bool AggressiveDeadCodeElimination::removeDeadInstructions () {
// Updates control and dataflow around dead blocks
updateDeadRegions () ;

// The inverse of the live set 1is the dead set. These are those instructions
// that have no side effects and do not influence the control flow or return
// value of the function, and may therefore be deleted safely.
// NOTE: We reuse the Worklist vector here for memory efficiency.
for (Instruction &I : instructions(F)) {

// Check if the instruction is alive.

if (isLive (&I))

continue;

(continues on next page)
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if (auto *DII = dyn_cast<DbgInfoIntrinsic> (&I)) A
// Check if the scope of this variable location is alive.
if (AliveScopes.count (DII->getDebuglLoc ()->getScope()))

continue;

// Fallthrough and drop the intrinsic.

// Prepare to delete.

Worklist.push_back (&I);
I.dropAllReferences();

for (Instruction *&I : Worklist) {
++NumRemoved;

I->eraseFromParent () ;

return !Worklist.empty();

XHEEH TR Worklist, FRHUTRIZREET, Worklist DDA RZM T, XHE TR T
BEHBRHE S . ZRBUTEA TR ZX] updateDeadRegions () BREGWIA, FEAFRATMIER T Lk A
B, FrPARREX) DominatorTree #THHT, Xl EFE updateDeadRegions () HECELY, X BN FEL
ST

Summary

K& ERUL, ZA TR T
1. ZEENE S ETE terminator 354 ( U1 ReturnInst ), may side effecting 354 ( iUl StorelInst ),
XAy 2 live 11

2. S5, M SSA JEIH use-def {55, M BB 2B, LA B use-def SER|IK M H5SHAR

10 H live
3. fela, BAREIRICH live 4825t dead, T —IKITE 82, EEAARICH live i9F5 Mk, DCE
T T

AT AEVER—AMEH T HA 2 NJuE R lattice (bottom 42 live, top ;& dead ) %) backward #(dia it 4347 -

¢ genindex
¢ modindex

e search
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5.2 Called Value Propagation

5.2.1 SparsePropagation

Introduction

BARTL MR —F A TAET BN RIS (BdERE) AR, EFEIER I mal 6] +f
HWERAR. FAEES

R R KAEHFH R (WS 4E2), A SSA XX TG F LLVM IR, JIfPATE LLVM H#ER X} SSA Value
FECHE I 0 Bl 2 ) sparse D7 U AW, N BAZSE IR ABAEEACH DT 63 4548 2 2B 1755 B B B 25K [A]

(FBEEERE, £ LLVMIR F “memory” KNI SSA value, FTPAXT “memory” 4GS, #EICH: ] sparse [
HRT; {HE LLVM A —4 memory SSA ()% H , F&X} memory SSA Y45 T, J51HA IR B £S5 2T .

* dense 7} EHANAEAHE N AL BNFERRBER A 1S, IIEREZRESA RO RRE SR
OiFUES
* sparse ST AR RN(E B EEETE def 5 use Z [AMERE, PRI T3 B0 B AR AH 115 4

16 LLVM 448 T —AN T 5230 sparse analysis 1) infrastructure, {/F 11vm—7.0.0.src/include/11vm/

Analysis/SparsePropagation.h,

TERRERIER TR AT HESE A% A0 A 2 RAR 7
* D: Buiii iy 1), forward b2 backward, R Al ) RS 070 A 22 i i B 50 3L 70 A
o VoA BIEHR R EARILE T . (V, ) 2RI E L, B (V, ) 2R A%
* F: VE| VL8R Eok..

HT SparsePropagation SEf54L—AN 0 Bt 55 ZL4E ML LatticeKey, LatticeVal A1 LatticeFunction, JH LatticeVal X
MR E, LatticeKey F T4 LLVM Value WLi}# LatticeVal, [fij LatticeFunction %f W A% 3 iR 4. 175 ET
SparsePropagation B4 —AN ATy, 347 1) L BE R i 1] 1Y

AbstractLatticeFunction

BE, FEYER AbstractLatticeFunction 283k SZF—~ LatticeFunction.

template <class LatticeKey, class LatticeVal> class AbstractLatticeFunction {
private:

LatticeVal UndefVal, OverdefinedVal, Untrackedval;

public:
AbstractLatticeFunction (LatticeVal undefval, LatticeVal overdefinedval,
LatticeVal untrackedval) {
UndefVal = undefVal;

Overdefinedval = overdefinedval;

(continues on next page)
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UntrackedvVal = untrackedval;

virtual ~AbstractLatticeFunction() = default;

LatticeVal getUndefVval () const { return UndefVal; }
LatticeVal getOverdefinedVal () const { return Overdefinedval; }
LatticeVal getUntrackedval () const { return Untrackedval; }

/// IsUntrackedValue - If the specified LatticeKey is obviously uninteresting
/// to the analysis (i.e., it would always return UntrackedVal), this
/// function can return true to avoid pointless work.

virtual bool IsUntrackedValue (LatticeKey Key) { return false; }

/// ComputeLatticeVal - Compute and return a LatticeVal corresponding to the
/// given LatticeKey.
virtual LatticeVal ComputelLatticeVal (LatticeKey Key) {

return getOverdefinedval();

/// IsSpecialCasedPHI - Given a PHI node, determine whether this PHI node is
/// one that the we want to handle through ComputelnstructionState.
virtual bool IsSpecialCasedPHI (PHINode *PN) { return false; }

/// MergeValues - Compute and return the merge of the two specified lattice
/// values. Merging should only move one direction down the lattice to

/// guarantee convergence (toward overdefined).

virtual LatticeVal MergeValues (LatticeVal X, Latticeval Y) {

return getOverdefinedval(); // always safe, never useful.

/// ComputeInstructionState - Compute the LatticeKeys that change as a result
/// of executing instruction \p I. Their associated LatticeVals are store 1in
/// \p ChangedValues.
virtual wvoid
ComputelInstructionState (Instruction &I,
DenseMap<LatticeKey, LatticeVal> &ChangedValues,
SparseSolver<LatticeKey, Latticeval> &SS) = 0;

/// PrintLatticeVal - Render the given LatticeVal to the specified stream.

virtual void PrintLatticeVal (LatticeVal LV, raw_ostream &O0OS);

/// PrintLatticeKey - Render the given LatticeKey to the specified stream.

(continues on next page)
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virtual void PrintLatticeKey (LatticeKey Key, raw_ostream &O0S3);

/// GetValueFromLatticeVal - If the given LatticeVal is representable as an
/// LLVM value, return it; otherwise, return nullptr. If a type is given, the
/// returned value must have the same type. This function is used by the

/// generic solver in attempting to resolve branch and switch conditions.
virtual Value *GetValueFromLatticeVal (LatticeVal LV, Type *Ty = nullptr) {

return nullptr;

bi

1Z O ERE R ComputeInstructionState fll MergeValues, ComputeInstructionState %W IR
SFT AR R R, M IAToE— 4% Instruction JiF, BOZ/EAFEE B AR NE. MergeValues Xf WA i/
B psilss, BEARAIEBIRRER “GH.

SparseSolver

% T STk AbstractLatticeFunction 253k 82— LatticeFunction, iA%L41ZE—> SparseSolver X4 3k #4773
fi#

template <class LatticeKey, class LatticeVal, class KeyInfo>

class SparseSolver ({
/// LatticeFunc - This is the object that knows the lattice and how to
/// compute transfer functions.

AbstractLatticeFunction<LatticeKey, LatticeVal> *LatticeFunc;

/// ValueState - Holds the LatticeVals associated with LatticeKeys.

DenseMap<LatticeKey, LatticeVal> ValueState;

/// BBExecutable - Holds the basic blocks that are executable.
SmallPtrSet<BasicBlock *, 16> BBExecutable;

/// ValueWorkList — Holds values that should be processed.
SmallVector<Value *, 64> ValueWorkList;

/// BBWorkList — Holds basic blocks that should be processed.
SmallVector<BasicBlock *, 64> BBWorkList;

using Edge = std::pair<BasicBlock *, BasicBlock *>;

/// KnownFeasibleEdges - Entries in this set are edges which have already had

/// PHI nodes retriggered.

(continues on next page)
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std: :set<Edge> KnownFeasibleEdges;

public:
explicit SparseSolver (
AbstractLatticeFunction<LatticeKey, LatticeVal> *Lattice)

LatticeFunc (Lattice) {}

SparseSolver (const SparseSolver &) = delete;
SparseSolver &operator=(const SparseSolver &) = delete;
/// Solve — Solve for constants and executable blocks.

void Solve();

void Print (raw_ostream &0S) const;

/// getExistingValueState - Return the LatticeVal object corresponding to the
/// given value from the ValueState map. If the value is not in the map,
/// UntrackedVal is returned, unlike the getValueState method.
LatticeVal getExistingValueState (LatticeKey Key) const {
auto I = ValueState.find (Key);

return I != ValueState.end() ? I->second : LatticeFunc->getUntrackedval () ;

/// getValueState — Return the LatticeVal object corresponding to the given
/// value from the ValueState map. If the value is not in the map, its state
/// 1s initialized.

LatticeVal getValueState (LatticeKey Key);

/// isEdgeFeasible - Return true if the control flow edge from the 'From'
/// basic block to the 'To' basic block is currently feasible. If

/// AggressiveUndef is true, then this treats values with unknown lattice
/// values as undefined. This is generally only useful when solving the

/// lattice, not when querying it.

bool isEdgeFeasible (BasicBlock *From, BasicBlock *To,

bool AggressiveUndef = false);

/// isBlockExecutable - Return true if there are any known feasible
/// edges into the basic block. This is generally only useful when
/// querying the lattice.

bool isBlockExecutable (BasicBlock *BB) const {

return BBExecutable.count (BB) ;

/// MarkBlockExecutable - This method can be used by clients to mark all of

(continues on next page)
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/// the blocks that are known to be intrinsically live in the processed unit.

void MarkBlockExecutable (BasicBlock *BB);

private:
/// UpdateState - When the state of some LatticeKey is potentially updated to
/// the given LatticeVal, this function notices and adds the LLVM value
/// corresponding the key to the work list, if needed.
void UpdateState (LatticeKey Key, LatticevVal LV);

/// markEdgeExecutable - Mark a basic block as executable, adding it to the BB
/// work list if it is not already executable.

void markEdgeExecutable (BasicBlock *Source, BasicBlock *Dest);

/// getFeasibleSuccessors — Return a vector of booleans to indicate which
/// successors are reachable from a given terminator instruction.
void getFeasibleSuccessors (TerminatorInst &TI, SmallVectorImpl<bool> &Succs,

bool AggressiveUndef);

void visitInst (Instruction &I);
void visitPHINode (PHINode &1I);

void visitTerminatorInst (TerminatorInst &TI);

bi

SparseSolver jijd Solve () ERECRMAEHRET T, Solve () BRBELIL T worklist 2k

template <class LatticeKey, class LatticeVal, class KeyInfo>
void SparseSolver<LatticeKey, LatticeVal, KeyInfo>::Solve() {
// Process the work lists until they are empty!
while (!BBWorkList.empty () || !ValueWorkList.empty()) {
// Process the value work list.
while (!ValueWorkList.empty()) {
Value *V = ValueWorkList.back();
ValueWorkList.pop_back () ;

LLVM_DEBUG (dbgs () << "\nPopped off V-WL: " << *V << "\n");

// "V" got into the work list because it made a transition. See if any
// users are both live and in need of updating.
for (User *U : V->users())
if (Instruction *Inst = dyn_cast<Instruction> (U))
if (BBExecutable.count (Inst->getParent())) // Inst is executable?

visitInst (*Inst);

(continues on next page)
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// Process the basic block work list.

while (!BBWorkList.empty()) A
BasicBlock *BB = BBWorkList.back();
BBWorkList.pop_back () ;

LLVM_DEBUG (dbgs () << "\nPopped off BBWL: " << *BB);

// Notify all instructions in this basic block that they are newly
// executable.
for (Instruction &I : *BB)

visitInst (I);

TEJEF Solve () PR HiiliT MarkBlockExecutable () i E BBWorkList fil BBExecutable, X 4] 4& Mk
Z&F ValueWorkList “h%s, BBWorkList NR%S . SR )52 H4T8] while (!BBWorkList.empty ()) XMEH
H1, %F BBWorkList F1f{j%F—> BasicBlock HJE—4% Instruction i/ visitInst () BR%L,

template <class LatticeKey, class LatticeVal, class KeyInfo>
void SparseSolver<LatticeKey, LatticeVal, KeyInfo>::visitInst (Instruction &I) |
// PHIs are handled by the propagation logic, they are never passed into the
// transfer functions.
if (PHINode *PN = dyn_cast<PHINode> (&I))
return visitPHINode (*PN) ;

// Otherwise, ask the transfer function what the result is. If this is
// something that we care about, remember it.

DenseMap<LatticeKey, LatticeVal> ChangedValues;
LatticeFunc->ComputeInstructionState (I, ChangedValues, *this);

for (auto &ChangedValue : ChangedValues)
if (ChangedValue.second != LatticeFunc->getUntrackedval())
UpdateState (ChangedValue.first, ChangedValue.second) ;

if (TerminatorInst *TI = dyn_cast<TerminatorInst> (&I))

visitTerminatorInst (*TI);,

HAEERE, IEX TerminatorInst AR HH] visitTerminatorInst () BREL, ZERECH Ter-
minatorInst FRAEELASIR W A )G 4k R A B fin A 2] BBWorkList 1 BBExecutable A7,

SparseSolver jfiid UpdateState () BRECHHEC A AE AT 98 :
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template <class LatticeKey, class LatticeVal, class KeyInfo>
void SparseSolver<LatticeKey, LatticeVal, KeyInfo>::UpdateState (LatticeKey Key,
Latticeval LV) {
auto I = ValueState.find (Key);
if (I != ValueState.end() && I->second == LV)

return; // No change.

// Update the state of the given LatticeKey and add its corresponding LLVM
// value to the work list.
ValueState[Key] = std::move(LV);
if (Value *V = KeyInfo::getValueFromLatticeKey (Key))
ValueWorkList .push_back (V) ;

AR EHRRAEGE ST T, IB AR Z B L B ¥ LLVM Value Jil A #| ValueWorkList 11, ffPATE Solve ()
A while (!BBWorkList.empty() || !ValueWorkList.empty ()) fEHMF—EH, &3
AZF|while (!ValueWorkList.empty ()) X MEFFHFXTE— Value (& —U A G HIEH visitInst ()
PRI T AL 3L

Solve () PREHIXAEA B HFEF 125 A B 2R BB S

Example

CalledValuePropagation &—{ transform pass, T SparsePropagation SZ B, T % [a] 4221 F] &5 (indirect call sites) ]
HEE R E ] REUE A T 0BT

Reference

https://www.zhihu.com/question/41959902/answer/93087273

5.2.2 CalledValuePropagation

Introduction

CalledValuePropagation J&—-~ transform pass, X} F—2&[a]41# & (indirect call sites), FEVHF SALRIN T 4
“}y!callee /) metadata 33575 9% BRI AT (callees) [4) W] REHUHE..

CalledValuePropagation 7£ LLVM 6.x A i #% 5| A, Differential Revision: https://reviews.llvm.org/D37355

AL HXTZ pass FYACAS M AT LLVM 7.0.0 fieA, AU 2T 11vm-7.0.0.src/include/
llvm/Transforms/IPO/CalledValuePropagation.h #l 1lvm-7.0.0.src/lib/Transforms/
IPO/CalledValuePropagation.cpp (IPO JZ Inter-Procedural Optimization & 5 ) . Called ValuePropagation
HEF SparsePropagation S£¥l, (11vm-7.0.0.src/include/l1lvm/Analysis/SparsePropagation.h

)

5.2. Called Value Propagation 105



https://www.zhihu.com/question/41959902/answer/93087273
https://reviews.llvm.org/D37355

LLVM-Study-Notes Documentation, Release 0.1

A PAIE L opt iy AT 1% pass AR HURIER Y A e e KR m] REIUEL. il

[Fopt -S -called-value-propagation simple-arguments.ll -o simple-arguments.opt.ll

UNSRATIF AR LLVM IR SCF simple-arguments.opt.ll £ 24 4R 1 — & 54

$tmp3 = call il %$cmp(i64* S$tmpl, 164* %$tmp2), !callees !0

Icallees 10 1t /2 ] T2 /R PR pR £ AT BRI 1) metadata, 7ESC{4 simple-arguments.opt.Il {15 5 2 & B4R
A

10 = !{i1 (ied4*, 1i64*)* @Qugt, i1 (i64*, 1i64*)* Qule}

Bl tmp3 = call il S$cmp (i64* Stmpl, i64* Stmp2) PAJEEMIHERELE ugt flule .

CalledValuePropagationPass

CalledvValuePropagationPass ZEIE XU :

class CalledValuePropagationPass : public PassInfoMixin<CalledValuePropagationPass>

{
public:
PreservedAnalyses run (Module &M, ModuleAnalysisManager &);

bi

PreservedAnalyses CalledValuePropagationPass::run(Module &M, ModuleAnalysisManager &)

{
runCVP (M) ;

return PreservedAnalyses::all();

LA B DI RETE R L runc Ve () HSCEL:

static bool runCVP (Module &M)

{
// Our custom lattice function and generic sparse propagation solver.
CVPLatticeFunc Lattice;
SparseSolver<CVPLatticeKey, CVPLatticeVal> Solver (&Lattice);

// For each function in the module, if we can't track its arguments, let the
// generic solver assume it 1s executable.
for (Function &F : M)

if (!F.isDeclaration() && !canTrackArgumentsInterprocedurally (&F))

Solver.MarkBlockExecutable (&F.front ());

(continues on next page)
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// Solver our custom lattice. In doing so, we will also build a set of
// indirect call sites.

Solver.Solve () ;

// Attach metadata to the indirect call sites that were collected indicating
// the set of functions they can possibly target.
bool Changed = false;
MDBuilder MDB (M.getContext ());
for (Instruction *C : Lattice.getIndirectCalls())
{
CallSite CS(C);

auto Regl = CVPLatticeKey (CS.getCalledValue (), IPOGrouping::Register);
CVPLatticeVal LV = Solver.getExistingValueState (RegI);
if (!LV.isFunctionSet () || LV.getFunctions () .empty())

continue;

MDNode *Callees = MDB.createCallees (LV.getFunctions());
C->setMetadata (LLVMContext::MD_callees, Callees);

Changed = true;

return Changed;

X B ) B AR BT, B 568 T LatticeFunction F1 SparseSolver, 41 B EUA &~ RS W1 HiZ Rk
PISECA eI AR HIAE B, B4R PR A A 1 B LS I 22 4 & BBExecutable il BBWorkList H1. 45245
H solver.Solve (); #EAT3RAE, R ARRR A A1 EEVE A A B R eR 450 T REIRUELHEA T TR, B a i
T HERI R B A DA call sites [ metadata [ FE RS A LLVM IR,

BTPA CVPLatticeKey, CVPLatticevVal, CVPLatticeFunc Hi2/EAE XH?

CVPLatticeKey

CVPLatticeKey s& LatticeFunction ] key type.

enum class IPOGrouping { Register, Return, Memory };

using CVPLatticeKey = PointerIntPair<Value *, 2, IPOGrouping>;

h T BB AT AR 00T, $ LLVM Values 43 i T =2&: Register, Return f{l Memory., Register Jf| -3¢/~ SSA
registers, Return TR EEUIR BI{E, Memory T3/~ in-memory values ( StoreInst f LoadInst [
PointerOperand J& GlobalVariable i}, £ffi% PointerOperand 1% & & Memory Z58I[{] CVPLatticeKey ).

CVPLatticeKey & LLVM Value* #ll IPOGrouping ZHf[) PointerIntPair,
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CVPLatticeVal

CVPLatticeKey # LatticeFunction ] value type.

class CVPLatticeVal
{
public:
enum CVPLatticeStateTy
{
Undefined,
FunctionSet,
Overdefined,
Untracked
i
// &WT CVPLatticeVal W &%
private:
CVPLatticeStateTy LatticeState;

std: :vector<Function *> Functions;

bi

CVPLatticeval AW FiAr & LatticeState, Functions, fi 57”83 Functions f S fE4i call sites F)#E 1 PR
BOXETBEBUE, i A5 & LatticeState 45 PUFhA] fEEN{E : Undefined, FunctionSet, Overdefined, Untracked, 24
LatticeState ;& FunctionSet PAZMFH At =FlfR 750}, Functions 2545, (Undefined X[ 2ptg gt , HRIEL
MR E L, X TAREEIRRME x, TUTE Ax=x, WTOTR S x WALiaA 4538042 x; Overdefined X j 2
HHRIRTTE, MR E S, WAL RS x, TR A x=IKTH)

CVPLatticeFunc

CVPLatticeFunc 4k H AbstractLatticeFunction: class CVPLatticeFunc : public Ab-
stractLatticeFunction<CVPLatticeKey, CVPLatticeVal>

BEHEHE—F CVPLatticeFunc R/EAEEN Mergevalues () AL WM EHER T RS IEH) .

CVPLatticeVal MergeValues (CVPLatticeVal X, CVPLatticeVal Y) override {
if (X == getOverdefinedval() || Y == getOverdefinedval())
return getOverdefinedval();
if (X == getUndefVal() && Y == getUndefVval())
return getUndefVval () ;
std: :vector<Function *> Union;
std::set_union (X.getFunctions () .begin(), X.getFunctions().end(),
Y.getFunctions () .begin(), Y.getFunctions() .end(),
std: :back_inserter (Union), CVPLatticeVal::Compare{});
if (Union.size() > MaxFunctionsPerValue)

return getOverdefinedval();

(continues on next page)

108 Chapter 5. Transform




LLVM-Study-Notes Documentation, Release 0.1

(continued from previous page)

return CVPLatticeVal (std::move (Union));

H e T BT R P BT HIN, e b — D RIET R, IAIEH NS R et
R, HERE getOverdef inedval ( 'il[l%f%/\?ﬁwﬁaﬂlﬁﬁ%mm? AL TG R TOTER ,
&[] getUndefval () 5 HABIE IR A A ER BRI T A0 B . (PR B B H S e 5
ZE B NFEAT T ﬂﬂ%i’jﬁ MaxFunctionsPerValue (BRiAK 4), BLIRFRICE getOverdefinedval (),

RS R T i R RS2 © We likely can’ t do anything useful for call sites with a large number of possible targets,
anyway. )

SRJGH— K CVPLatticeFunc 2/EAEEN ComputeInstructionState () AL (NN EIRR O &
) 328 PRI

void ComputeInstructionState (
Instruction &I, DenseMap<CVPLatticeKey, CVPLatticeVal> &ChangedvValues,
SparseSolver<CVPLatticeKey, CVPLatticeVal> &SS) override {
switch (I.getOpcode()) {
case

return visitCallSite (cast<CalllInst>(&I), ChangedValues, SS);

case
return visitCallSite (cast<InvokeInst>(&I), ChangedValues, SS);
case
return visitLoad (*cast<LoadInst>(&I), ChangedValues, SS);
case

return visitReturn (*cast<ReturnInst>(&I), ChangedValues, SS3);
case

return visitSelect (*cast<SelectInst>(&I), ChangedValues, SS3);
case

return visitStore (*cast<StorelInst>(&I), ChangedValues, SS3);
default:

return visitInst (I, ChangedValues, SS);

SFFRIFIEY Tnst ruct ion SS9 £ 5 56 KU 2 46
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visitSelect

N KT Select Inst L IEEREl visitSelect () #4700, SelectInst ¥ T LI BT AMAMIMEN
P, SelectInst AFFE LLVM IR R0 189S5 . HEWNT:

<result> = select selty <cond>, <ty> <vall>, <ty> <val2> ; yields ty

selty is either il or {<N x il>}

—A~ selectInst WHITUIF:

$X = select il true, i8 17, 18 42 ; yields i8:17

FEiX 4k SelectInst 1, <cond> K true, <vall>F 17, B <ty> HFi8, <val2> K42, B <ty>H
i8. visitSelect () EREUWE XU :

void visitSelect (SelectInst &I,

DenseMap<CVPLatticeKey, CVPLatticeVal> &ChangedValues,
SparseSolver<CVPLatticeKey, CVPLatticeVal> &SS) {

auto Regl = CVPLatticeKey (&I, IPOGrouping::Register);

auto RegT = CVPLatticeKey (I.getTrueValue (), IPOGrouping::Register);

auto RegF = CVPLatticeKey(I.getFalseValue (), IPOGrouping::Register);

ChangedValues [Regl] =

MergeValues (SS.getValueState (RegT), SS.getValueState (RegF));

B NIX 4k SelectInst fg T—/N2A1) IPOGrouping::Register [1) CVPLatticeKey Regl, 9X)5 2l Se-
lectInst [#) TrueValue Fl FalseValue 4} 7|6 % T 255 5 IPOGrouping::Register [} CVPLatticeKey RegT
il RegF. Regl Xf . 14l CvPLatticeval j2H RegT A E M RegF B (T 285
MergeValues () JG58AY. ReeT MIEHEFEA RegF RS R 2@ i SparseSolver Hi il 51 K%Y getval-
ueState () BF|f, getvValueState () BE XU :

template <class LatticeKey, class LatticeVal, class KeyInfo>

LatticeVal

SparseSolver<LatticeKey, LatticeVal, KeyInfo>::getValueState (LatticeKey Key) {
auto I = ValueState.find(Key);
if (I != ValueState.end())

return I->second; // Common case, in the map

if (LatticeFunc->IsUntrackedvValue (Key))
return LatticeFunc->getUntrackedval () ;

LatticeVal LV = LatticeFunc->ComputelatticeVal (Key) ;

// If this value is untracked, don't add it to the map.
if (LV == LatticeFunc->getUntrackedval())

(continues on next page)
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return LV;

return ValueState[Key] = std::move(LV);

R 2wt A KA LatticeKey X W MY R WM Latticeval, JF 4 & B TE
DenseMap<LatticeKey, Latticeval> ValueState 1, MR B — KA )X LatticeKey X}V
HIE R E Latticeval, IPLASPEH K LatticeFunc->ComputeLatticeval (), XIF CalledValue-
PropagationPass 3£/}, LatticeFunc 3f/& CVPLatticeFunc, CVPLatticeFunc [ ComputeLatticeVal ()

PRI S AT

CVPLatticeVal ComputelLatticeVal (CVPLatticeKey Key) override ({

switch (Key.getInt()) {
case
if (isa<Instruction> (Key.getPointer())) |

return getUndefVval ();
} else if (auto *A = dyn_cast<Argument> (Key.getPointer())) {
if (canTrackArgumentsInterprocedurally (A->getParent()))
return getUndefVval();
} else if (auto *C = dyn_cast<Constant> (Key.getPointer())) {
return computeConstant (C);
}
return getOverdefinedval();
case
case
if (auto *GV = dyn_cast<GlobalVariable> (Key.getPointer())) {
if (canTrackGlobalVariableInterprocedurally (GV))
return computeConstant (GV->getInitializer());
} else if (auto *F = cast<Function> (Key.getPointer()))
if (canTrackReturnsInterprocedurally (F))
return getUndefVval();
}

return getOverdefinedval () ;

HATE R 4kE: visitSelect R B HE R IR, £ visitSelect HE Y, Wil Sparse-
Solver<LatticeKey, LatticevVal, KeyInfo>::getValueState (LatticeKey Key) $H{ RegT
(R ESCHE (A RegF IR AR, QA2 56— KA e A T B AL , i< CVPLatticeFunc [ Com-
putelLatticeval () K%L, M RegT F1 RegF #i/2 IPOGrouping::Register flf PA&x#E A case IPOGroup-—
ing: :Register: ji/l\éj\fi, T PAFE F]2Y4 Selectlnst [1) TrueValue(RegT) 5 FalseValue(RegF) /& Constant
B, £E M computeConstant () AL,

CVPLatticeVal computeConstant (Constant *C) {

if (isa<ConstantPointerNull> (C))

(continues on next page)
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return CVPLatticeVal (CVPLatticeVal: :FunctionSet);
if (auto *F = dyn_cast<Function> (C->stripPointerCasts()))
return CVPLatticeVal ({F})

return getOverdefinedval () ;

JE computeConstant () EBE, UIR Constant *C 2 Function, %R [H]iX AR %L

B, WS HEEM, FATA X2 Selectlnst :

%func = select il %cond, il (i64, 1i64)* @ugt, 11 (164, 164)* Qule

%cond & X5, TrueValue 23X~ CalledValuePropagationPass HJ 43 %1% LLVM IR A f{) pK % ugt, False-
Value 52 5L ugt. SXJEFATA BT BAE AT 585X 55402 G BRI B, R Rik /2 —A> SelectInst, JIT AR T
B KB AT R 2 visitSelect AL, RIGIEHATEEE — KA 1H)1% Selectlnst {1 TrueValue Fi False-
Value %W i) CVPLatticeval, FrPASE %L ComputeLatticeval () , Hx ARl E CVPLattice-
Val{@ugt} Ml CVPLatticeVal{Rule}, Eﬂ%ﬁ@%ﬂﬁﬂ@%ﬁnm)ﬁﬁlm]CVPLattlceValgkngMergeVal—
ues (CVPLatticevVal{@ugt}, CVPLatticeVal{Qule}) Bl CVPLatticeVal{Rugt, Gule}.

visitLoad

LoadInst %] W /& #E R EE visitLoad () ¢

void visitLoad (LoadInst &I,
DenseMap<CVPLatticeKey, CVPLatticeVal> &ChangedValues,
SparseSolver<CVPLatticeKey, CVPLatticeVal> &SS) {
auto Regl = CVPLatticeKey (&I, IPOGrouping::Register);
if (auto *GV = dyn_cast<GlobalVariable> (I.getPointerOperand())) {
auto MemGV = CVPLatticeKey (GV, IPOGrouping::Memory) ;
ChangedValues[Regl] =
MergeValues (SS.getValueState (Regl), SS.getValueState (MemGV)) ;
} else {

ChangedValues[Regl] = getOverdefinedval ();

" PAK I, HF Y Loadlnst Y PointerOperand & GlobalVariable it A #4434, 7] ILi% CalledValuePropagation-
Pass i 2 AR T B0 U2 UAR AT Y o 1AL 1 R AR T PR, Regl X . B B &It {H CVPLatticeval 2
H Regl 19 F R AE R MemGV [ R(EIE T3z Mergevalues () 153,
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visitStore

Storelnst Xif B [ &3 PR EE visitStore ()

void visitStore (StoreInst &I,
DenseMap<CVPLatticeKey, CVPLatticeVal> &ChangedvValues,

SparseSolver<CVPLatticeKey, CVPLatticeVal> &SS) {
auto *GV = dyn_cast<GlobalVariable> (I.getPointerOperand());
if (!'GV)
return;
auto Regl = CVPLatticeKey (I.getValueOperand(), IPOGrouping::Register);
auto MemGV = CVPLatticeKey (GV, IPOGrouping::Memory) ;
ChangedvValues [MemGV] =
MergeValues (SS.getValueState (RegI), SS.getValueState (MemGV));

visitReturn

Returnlnst Xf b [R &3 R EGE visitReturn () ¢

void visitReturn (ReturnInst &I,

DenseMap<CVPLatticeKey, CVPLatticeVal> &ChangedValues,
SparseSolver<CVPLatticeKey, CVPLatticeVal> &SS) {

Function *F = I.getParent ()->getParent ();

if (F->getReturnType () ->isVoidTy())

return;

auto Regl = CVPLatticeKey (I.getReturnValue (), IPOGrouping::Register);

auto RetF = CVPLatticeKey (F, IPOGrouping::Return);

ChangedValues [RetF] =

MergeValues (SS.getValueState (RegI), SS.getValueState (RetF));

A b B BRI — nUREFK, 1424 CalledValuePropagationPass Ji RE[H) M4 . BFLAXS T Returninst, £x%fi%
PR %1 i TPOGrouping::Register 25 %l CVPLatticeval BHATE T, XAEAYIG, 244 callsite 1% K
Bt LRETTEE % callsite FYaR [ () B LA -
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visitCallSite

CallInst F/1 Invokelnst X} Y (1433 BREHS & visitCallSite () :

void visitCallSite(CallSite CS,
DenseMap<CVPLatticeKey, CVPLatticeVal> &ChangedValues,
SparseSolver<CVPLatticeKey, CVPLatticeVal> &SS) {
Function *F = CS.getCalledFunction();
Instruction *I = CS.getInstruction();

auto RegIl = CVPLatticeKey (I, IPOGrouping::Register);

// If this is an indirect call, save it so we can quickly revisit it when
// attaching metadata.
if (!F)

IndirectCalls.insert (I);

// If we can't track the function's return values, there's nothing to do.
if (!F || !canTrackReturnsInterprocedurally (F)) {
// Void return, No need to create and update CVPLattice state as no one
// can use 1it.
if (I->getType()->1isVoidTy())
return;
ChangedValues[Regl] = getOverdefinedval () ;

return;

// Inform the solver that the called function is executable, and perform
// the merges for the arguments and return value.
SS.MarkBlockExecutable (&¢F->front ());
auto RetF = CVPLatticeKey (F, IPOGrouping::Return);
for (Argument &A : F->args()) A
auto RegFormal = CVPLatticeKey (&A, IPOGrouping::Register);
auto RegActual =
CVPLatticeKey (CS.getArgument (A.getArgNo()), IPOGrouping::Register);
ChangedValues [RegFormal] =
MergeValues (SS.getValueState (RegFormal), SS.getValueState (RegActual));

// Void return, No need to create and update CVPLattice state as no one can
// use it.
if (I->getType()->1sVoidTy())

return;

ChangedvValues[RegI] =

MergeValues (SS.getValueState (RegI), SS.getValueState (RetF));

(continues on next page)
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XoF R 500 B SRR IR AL B, TSR AR 0T SEORIE, SRR BT S0 v BERUE 2
X% R B T T A SE S 4, BIE visitCallsite W24 call site 55 S R M ABE
TR ETES MBI A s % call site (1% [FE 2 BT A AT RERLE B AU IR [BE R FF 5, FTPA visit-
Callsite Bi@HE 24 call site [P IE R AR BIME M BPGRE (F VistieReturn FHEE ) I A 4] call site
V38R [ ) S T AL

{82 SS.MarkBlockExecutable (sF—>front ());, FHHREI A O RAEIN S Sparse-
Solver i) BBWorkList £l BBExecutable 247+, [F hjiX EE%ET%EZ&] PRELTE Z: B, BT AT BE RN
WU eR P A B TR AL T IR AU .

visitReturn F visitCallSite {4 3Z P #15:i% Called ValuePropagationPass 2 i #%2 [&] i 24T

visitinst

PRECE NS I T a5 2 SN HAbAE 4 O 2 2 RR R, IR TR PR BB N B R E B getOverdefined-

Val()

void visitInst (Instruction &I,
DenseMap<CVPLatticeKey, CVPLatticeVal> &ChangedValues,
SparseSolver<CVPLatticeKey, CVPLatticeVal> &SS) {
auto Regl = CVPLatticeKey (&I, IPOGrouping::Register);
ChangedValues[Regl] = getOverdefinedval();

How to call CalledValuePropagationPass in your code

B T RTLAEE opt Ar 4 e pass S HIRIAHE R 0% B W AR, 76 PT LA PassManager 7
RIS HRE ] CalledValuePropagationPass .

" PAZZ : https://github.com/Ennal/LLVM-Clang-Examples/tree/master/use-calledvaluepropagation-in-your-tool

¢ genindex
* modindex

e search
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5.3 Correlated Value Propagation

5.3.1 CorrelatedValuePropagation

Introduction

CorrelatedValuePropagation J&—-> transform pass, 7£ LLVM 9.0.1 Hi% pass HJSE AL T 11vm—9.0.
1.src\include\llvm\Transforms\Scalar\CorrelatedvValuePropagation.h#111lvm-9.0.1.
src\lib\Transforms\Scalar\CorrelatedvaluePropagation.cpp .

1% pass i propagate CFG-derived info XS HEATAL o

Implementation

% pass FYE SCHNE

class CorrelatedValuePropagation : public FunctionPass

{
public:

static char ID;

CorrelatedvValuePropagation() : FunctionPass (ID)

{

initializeCorrelatedValuePropagationPass (

*PassRegistry::getPassRegistry());

bool runOnFunction (Function &F) override;

void getAnalysisUsage (AnalysisUsage &AU) const override
{
AU.addRequired<DominatorTreeWrapperPass> () ;
AU.addRequired<LazyValueInfoWrapperPass> () ;
AU.addPreserved<GlobalsAAWrapperPass> () ;

AU.addPreserved<DominatorTreeWrapperPass> () ;

bi

7] % pass J&—{~ FunctionPass, 7Ei% pass %] DominatorTree fll LazyValueInfo ] analysis pass
BT &5 3, - HAEZ pass 31475 GlobalAA #l DominatorTree X analysis pass F)/ M 45 AR 2 H
LGP

FHFAIFE—TF bool CorrelatedvValuePropagation::runOnFunction () HJSLH:
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bool CorrelatedValuePropagation::runOnFunction (Function &F)

{
if (skipFunction (F))

return false;

LazyValueInfo *LVI = &getAnalysis<LazyValueInfoWrapperPass>().getLVI();

DominatorTree *DT = &getAnalysis<DominatorTreeWrapperPass> ().getDomTree () ;

return runImpl (F, LVI, DT, getBestSimplifyQuery (*this, F));

TJPAEH|, CorrelatedvValuePropagation X pass [ DINEEETE runImpl () R SEINAY :

static bool runImpl (Function &F, LazyValueInfo *LVI, DominatorTree *DT,

const SimplifyQuery &SQ)

bool FnChanged = false;
// Visiting in a pre-order depth-first traversal causes us to simplify early
// blocks before querying later blocks (which require us to analyze early
// blocks). FEagerly simplifying shallow blocks means there is strictly less
// work to do for deep blocks. This also means we don't visit unreachable
// blocks.
for (BasicBlock *BB : depth_first (&F.getEntryBlock()))
{
bool BBChanged = false;
for (BasicBlock::iterator BI = BB->begin(), BE = BB->end(); BI != BE;)
{
Instruction *II = &*BI++;
switch (II->getOpcode())
{

case
BBChanged |= processSelect (cast<SelectInst>(II), LVI);
break;

case
BBChanged |= processPHI (cast<PHINode> (II), LVI, DT, SQ);
break;

case

case
BBChanged |= processCmp (cast<CmpInst>(II), LVI);
break;

case

case
BBChanged |= processMemAccess (II, LVI);
break;

(continues on next page)
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case
case
BBChanged |= processCallSite(CallSite(II), LVI);
break;
case
BBChanged |= processSRem(cast<BinaryOperator>(II), LVI);
break;
case
BBChanged |= processSDiv (cast<BinaryOperator>(II), LVI);
break;
case
case
BBChanged |= processUDivOrURem (cast<BinaryOperator>(II),
break;
case
BBChanged |= processAShr (cast<BinaryOperator>(II), LVI);
break;
case
case
BBChanged |= processBinOp (cast<BinaryOperator>(II), LVI);
break;
}
}
Instruction *Term = BB->getTerminator();
switch (Term->getOpcode())
{
case
BBChanged |= processSwitch(cast<SwitchInst> (Term), LVI, DT);
break;
case
{
auto *RI = cast<ReturnInst> (Term);

// Try to determine the return value if we can.

// to simplify the writing of unit tests, but also helps

// IPO by constant folding the return values of callees.

auto *RetVal RI->getReturnValue () ;

if (!/RetVal)
break; // handle "ret void"
if (isa<Constant> (RetVal))
break; // nothing to do
if (auto *C = getConstantAt (RetVal, RI, LVI))

{

LVI);

This is mainly here

to enable

(continues on next page)
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++NumReturns;

RI->replaceUsesOfWith (RetVal, C);

BBChanged = truej;

FnChanged |= BBChanged;

return FnChanged;

PR U, PATREEDE il P iy 0 2k Dy R B0 B AR B, R AR B AN [R R 2 i -8 1
AN AL PR BRI T HLAE PR E D0 58308 2 T DA S IR Bl (R R (AL A Tk ey S A B b

PHXH, AT for (BasicBlock &BB : F) RimPyHEAHES, HAYZE 207, 75
http://llvm.org/docs/ProgrammersManual.html#the-function-class SCE4FP A 1i.RH -

The list of BasicBlocks is the most commonly used part of Funct i on objects. The list imposes an implicit
ordering of the blocks in the function, which indicate how the code will be laid out by the backend.
Additionally, the first BasicBlock is the implicit entry node for the Function. It is not legal in LLVM to
explicitly branch to this initial block. There are no implicit exit nodes, and in fact there may be multiple
exit nodes from a single Function. If the BasicBlock list is empty, this indicates that the Function is

actually a function declaration: the actual body of the function hasn’ t been linked in yet.

R R FAT 450 53 B R R [R] 45 2 AT AL FRIY) PR 48 processSelect (), processPHI(), process—
Cmp (), processMemAccess (), processCallSite (), processSRem (), processSDiv (), proces—

sUDivOrURem (), processAShr (), processBinOp ()

processSelect()

#7F select Instruction, http://llvm.org/docs/LangRef.html#select-instruction

select 3541 Syntax IR :

<result> = select [fast-math flags] selty <cond>, <ty> <vall>, <ty> <val2> H

—ylelds ty

selty is either i1 or {<N x 11>}

XT selty 42 i1 fF, select F8AMRIE <cond> B KN 1 ik <vall> B <val2> :

%$X = select il true, 18 17, i8 42 ; yields i8:17
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FE runImpl () ERECP, WERWFE| T select Instruction, NJHH processSelect () #fT4bIH:

static bool processSelect (SelectInst *S, LazyValueInfo *LVI)
{
if (S->getType()->isVectorTy())
return false;
if (isa<Constant> (S—->getOperand(0)))

return false;

Constant *C = LVI->getConstant (S->getCondition(), S->getParent(), S);
if (!C)

return false;

ConstantInt *CI = dyn_cast<ConstantInt> (C);
if (!CI)

return false;

Value *ReplaceWith = S->getTrueValue();
Value *Other = S->getFalseValue();
if (!CI->isOne())
std: :swap (ReplaceWith, Other);
if (ReplaceWith == 9)
ReplaceWith = UndefValue::get (S—->getType());

S->replaceAllUsesWith (ReplaceWith) ;

S->eraseFromParent () ;

++NumSelects;

return true;

ZREUOR AL FE select Instruction [1) selty S {<N x 11>} AL, HACPRHESK i1 500, WnsRIRAT6E
il LazyValuelnfo [/ Ar 45 SRHIE <cond> HUE R T HE/Z—1> ConstaintInt , AFAWIR <cond> 2 1,
2R AT <result> M S EERN <vall>, BMELKF <cesult> WEH S EEES N <val2>

o

B 52 X A A Wy o A A R A B if (ReplaceWith == 3) ReplaceWith
= UndefValue: :get (S->getType () ) ; H EFE T /lib/Transforms/Scalar/
CorrelatedValuePropagation.cpp X {4 ) change history J5 & B, XA4TACIE 2 FE htps:
/Ireviews llvm.org/rG35609d97ae89b8e13f40f4e6b9b056954f8baa83 HHE| A [ :

T LLVM IR )3 5 v B — 45 X FEH) select instruction , Bfl <reslt> fll vall> 8 <val2> &
[d]—A™ Value, A0SR EAE XFTE IR FIHACHS, SE W, crash . MMIX&&iEMA] if (ReplaceWith == 9)
ReplaceWith = UndefValue::get (S—>getType ()) FFXFEN) select instruction 1) <result> [

JH A& A undef
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define void @test2() nounwind ssp {
entry:

br label %func_29.exit

sdf .exit.i:
$1_44.1.mux.i = select il %tobool5.not.i, i8 %$1_44.1.mux.i, i8 1

br label S%srf.exit.i

srf.exit.i:
%tobool5.not.i = icmp ne i8 undef, 0

br il S$tobool5.not.i, label %$sdf.exit.i, label %func_29.exit

func_29.exit:

ret void

P.S. {H@iXMi i crash [f) select instruction j& ANl kAR, TTF AT/ A3 VR FE O il [ B A (htps:
/Ireviews llvm.org/rGd10480657527ffb44ea213460fb3676a6b1300aa 5| A) HJ, ANATREVFHIZACHY, FrPAnl PAZ:
WIZIR AW, I T —> patch (https:/reviews.llvm.org/D76753) SEMFLX LT IIER] if  (Re-
placeWith == S) ReplaceWith = UndefValue::get (S->getType()) o

processPHI()

Z#7F phi Instruction, http://llvm.org/docs/LangRef.html#phi-instruction

static bool processPHI (PHINode *P, LazyValueInfo *LVI, DominatorTree *DT,
const SimplifyQuery &SQ)

bool Changed = false;

BasicBlock *BB = P->getParent ();
for (unsigned i = 0, e = P->getNumIncomingValues(); i < e; ++1i)
{

Value *Incoming = P->getIncomingValue (1i);

if (isa<Constant> (Incoming))

continue;

Value *V =

LVI->getConstantOnEdge (Incoming, P->getIncomingBlock (i), BB, P);

// Look if the incoming value is a select with a scalar condition for
// which LVI can tells us the value. In that case replace the incoming

// value with the appropriate value of the select. This often allows us

(continues on next page)
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(continued from previous page)

// to remove the select later.

if ('v)
{
SelectInst *SI = dyn_cast<SelectInst> (Incoming);
if (!SI)
continue;

Value *Condition = SI->getCondition();
if (!Condition->getType ()->isVectorTy())
{
if (Constant *C = LVI->getConstantOnEdge (
Condition, P->getIncomingBlock (i), BB, P))

if (C->isOneValue ())

{

V = SI->getTrueValue();
}
else if (C->isZeroValue())
{

V = SI->getFalseValue();
}

// Once LVI learns to handle vector types, we could also add
// support for vector type constants that are not all zeroes

// or all ones.

// Look 1if the select has a constant but LVI tells us that the

// incoming value can never be that constant. In that case replace
// the incoming value with the other value of the select. This often
// allows us to remove the select later.

if (V)

Constant *C = dyn_cast<Constant> (SI->getFalseValue());
if (!C)

continue;

if (LVI->getPredicateOnEdge (ICmpInst::ICMP_EQ, SI, C,
P->getIncomingBlock (i), BB,
P) != LazyValuelInfo::False)
continue;

V = SI->getTrueValue();

(continues on next page)
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(continued from previous page)

LLVM_DEBUG (dbgs () << "CVP: Threading PHI over " << *SI << '\n');

P->setIncomingValue (i, V);

Changed = true;

if (Value *V = SimplifyInstruction (P, SQ))
{
P->replaceAllUsesWith (V) ;
P->eraseFromParent () ;

Changed = true;

if (!Changed)

Changed = simplifyCommonValuePhi (P, LVI, DT);

if (Changed)

++NumPhis;

return Changed;

processPHI () BN ARERMRE , HELETERCRE Tk L2 LB .

B 4eili 77 phi instruction B4 T4 incoming values, X144 incoming value, 15 {16Ef%1E 13 Lazy Valuelnfo ¥
Ay M4t A 2E incoming value M incoming basic block F| phi instruction FiFfE 1) basic block 3X 4531 _F I HUE H fE 2
— /8 (1833 LazyValuelnfo )/ 7 B4 % Constant *LazyValuelInfo::getConstantOnEdge (Value
*V, BasicBlock *FromBB, BasicBlock *ToBB, Instruction *CxtI) ), ARAHUEF phi instruction
Y% incoming value (B X & ), #%%1% incoming value 275 5—> select instruction, it
LazyValuelnfo X}i%X{~ select instruction [/ #r4h F4 phi instruction [{) incoming value i AiX /> select

instruction 7% B (1

AbFESE 3R phi instruction ¥ T4 incoming values )i , & )5 XT phi instruction ¥ ] SimplifyInstruction ()
R (GZBREIT 1ib\Analysis\InstructionSimplify.cpp, ZRELI TR EMTE 472 (fold)
HHERIRAER, F “and 32 %x, 0”7 > “0”) #AFHRERF phi instruction 75 K B H AT E A

WARZ S T HITE PSP PE, phi instruction 382 B RER AL, AR AN simplifyCommonValuePhi () B
3, XEBAN simplifyCommonValuePhi () RECALSEIL T, iZREFE 2 phi instruction [1) incoming
values & RS2 H 1 42 variable incoming value #1£ ™ constant incoming values 14 i), F HiXZ£ 4> constant
incoming values FEMLI[A]3X ™ variable incoming value, {552, ¥RFATH K phi instruction 1 F B hiX
4~ variable incoming value , 2§31 -:
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/// bb0:

/// %isnull = icmp eq i8* %x, null

/// br i1 %isnull, label %bb2, label %bbil

/// bbl:

/// br label %bb2

/// bb2:

/// %$r = phi 18* [ %x, %bbl 1, [ null, %bb0 ]
/[ ==>

~
~
~
oe
=
Il
o°
X

FEIX™ phi instruction 5 F-] incoming values, —-~J& variable incoming value $x, 5—~4& constant incoming
values null, F Hifiid LazyValuelnfo B3 AT A1 $x fE $bb0 (null %5 f) incoming basic block ) 3| $bb2 Hj
XG0 FRERZ null, BRRARTRAEFEERF phi Y instruction Frifehy $x

processCmp()

*F icmp instruction, http:/llvm.org/docs/LangRef.html#icmp-instruction
J%F fcmp instruction, http://llvm.org/docs/LangRef html#fcmp-instruction

%1F icmp instruction 1 £fcmp intructsion 21 % R 4K processCmp () 23X F8 M4k -

/// See if LazyValueInfo's ability to exploit edge conditions or range
/// information is sufficient to prove this comparison. Even for local
/// conditions, this can sometimes prove conditions instcombine can't by
/// exploiting range information.
static bool processCmp (CmpInst *Cmp, LazyValueInfo *LVI)
{

Value *Op0 = Cmp->getOperand(0);

auto *C = dyn_cast<Constant> (Cmp->getOperand(1l));

if (!C)

return false;

// As a policy choice, we choose not to waste compile time on anything where
// the comparison is testing local values. While LVI can sometimes reason
// about such cases, it's not its primary purpose. We do make sure to do

// the block local query for uses from terminator instructions, but that's
// handled in the code for each terminator.

auto *I = dyn_cast<Instruction> (0p0);

if (I && I->getParent () == Cmp->getParent())

return false;

LazyValueInfo::Tristate Result =
LVI->getPredicateAt (Cmp->getPredicate(), OpO, C, Cmp);

(continues on next page)
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(continued from previous page)

if (Result == LazyValueInfo::Unknown)

return false;

++NumCmps;
Constant *TorF =
ConstantInt::get (Type::getIntlTy (Cmp->getContext ()), Result);
Cmp->replaceAllUsesWith (TorF) ;
Cmp->eraseFromParent () ;

return true;

HCHIW CmpInst B9 A EAESUZ A 2 Constant, WIHRANZ Constant W E R H R E. RIEEES 4
B, AR — MR — 15 CmpInst AT E—PNEARI Instruction Wik, WERH MR i
J5 6 By LazyValuelnfo #5F & 5 REM8 B AT CmpInst PITHA LRI true if )2 false, HIERRE, TE R
CmpInst P8 SERE A true BY false,

NHZEARAR BT, BT

define void Q@testl (i64 S%tmp35)
bb:
$tmp36 = icmp sgt 164 $tmp35, O
br i1 %tmp36, label %$bb_true, label %bb_false

bb_true:
Stmp47 = icmp slt 164 Stmp35, O
tail call void @checkl (il Stmpd7) #0

unreachable

bb_false:
tmp48 = icmp sle 164 %tmp35, O
tail call void @check2 (il %tmp48) #4
unreachable

}

attributes #0 = { noreturn }

ST bb_true EAB ) stmpd7 = icmp slt 164 $tmp35, 03X CmpInst , 5 PHEAEEE Constant
0, B—NEAEHARIX S CpInst FER—PEARAFR) Instruction . R)5F[1i# 1 LazyValuelnfo
AIPARIIE, X545 CmpInst LR false, PUMMEIATRZ CmpInst, HBA—iE @A bb FA B 2
bb_true FEAH, B4 Stmp36 = icmp sgt 164 $tmp35, O Pi—EE true, DA Stmpd7 = icmp
slt i64 $tmp35, 0 Fi—FE 2 false, R)JGFLATPAYF tail call void @checkl (il %tmp47) HIH)
Stmpd 7 Bk false, B tail call void @checkl (il false) .

ST bb_false FARM 1) stmp48 = icmp sle 164 $tmp35, 0 A,
231 processCmp () A5, FARGIF10 SCHBEILE A T AR TR:
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define void Q@testl (i64 S%tmp35) |
bb:
$tmp36 = icmp sgt 164 $tmp35, O
br i1 %tmp36, label %$bb_true, label %bb_false

bb_true: ; preds = %bb
tail call void @checkl (il false) #0
unreachable

bb_false: ; preds = %bb
tail call void @check2 (il true) #0
unreachable

3

attributes #0 = { noreturn }

processMemAccess()

JF load instruction, http://llvm.org/docs/LangRef html#load-instruction

*F store instruction, http://llvm.org/docs/LangRef . html#store-instruction

X1F load instruction /l st ore intructsion 2> FliZ K% processMemAccess () ZiRNH 8tk :

static bool processMemAccess (Instruction *I, LazyValuelInfo *LVI)
{
Value *Pointer = nullptr;
if (LoadInst *L = dyn_cast<LoadInst>(I))
Pointer = L->getPointerOperand();
else

Pointer = cast<StoreInst>(I)->getPointerOperand();

if (isa<Constant> (Pointer))

return false;

Constant *C = LVI->getConstant (Pointer, I->getParent(), I);
if (!C)

return false;

++NumMemAccess;
I->replaceUsesOfWith (Pointer, C);

return true;

H e 1oad instruction B, store instruction [1{] pointer operand, % pointer operand J& Constant JJiE H 2§
B, RGP PATE i LazyValuelnfo 434745 H pointer operand i BUHE H fEJ/&—1> Constant, HFZ 5 load
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instruction B, st ore instruction Hf] i pointer operand 34 4i% Constant .

2 H] -

define 18 Q@test3(i8* %a) {
entry:
%cond = icmp eq i8* %a, Qgv

br il %cond, label %bb2, label %bb

bb:
ret i8 0
bb2:
$should_be_const = load i8, i8* %a

ret 18 %should_be_const

XTF $should_be_const = load i8, 1i8* $%a iX£% load instruction, J: pointer operand 4 $a, A&
—~ Constant, {H/Zif i LazyValuelnfo 4} #71] PARIIE $a M HEEZ @gv X/ Constant, Jir DAGE AT DA EL#HEKF
$should_be_const = load 18, 18* %a H[¥ %a Bk egv :

define 18 Q@test3(i8* %a) {
entry:
$cond = icmp eq 18* %a, Qgv

br il %cond, label %bb2, label %bb

bb: ; preds = S%Sentry
ret 18 0
bb2: ; preds = S%Sentry

%should_be_const = load i8, 18* @gv

ret 18 %should_be_const

processCallSite()

J%F call instruction, http://llvm.org/docs/LangRef html#call-instruction
#7F invoke intructsion, http://llvm.org/docs/LangRef . html#invoke-instruction

X}F call instruction F1 invoke intructsion £ fiZ K4 processCallSite () 22Nk :

/// Infer nonnull attributes for the arguments at the specified callsite.
static bool processCallSite(CallSite CS, LazyValueInfo *LVI)
{

(continues on next page)
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(continued from previous page)

SmallVector<unsigned, 4> ArgNos;

unsigned ArgNo = 0;

if (auto *WO = dyn_cast<WithOverflowInst> (CS.getInstruction()))
{
if (WO->getLHS()->getType () ->isIntegerTy() && willNotOverflow (WO, LVI))
{
processOverflowIntrinsic (WO) ;

return true;

if (auto *SI = dyn_cast<SaturatingInst>(CS.getInstruction()))
{
if (SI->getType()->isIntegerTy () && willNotOverflow(SI, LVI))
{
processSaturatingInst (SI);

return true;

// Deopt bundle operands are intended to capture state with minimal
// perturbance of the code otherwise. If we can find a constant value for
// any such operand and remove a use of the original value, that's
// desireable since it may allow further optimization of that value (e.qg.
// via single use rules in instcombine). Since deopt uses tend to,
// idiomatically, appear along rare conditional paths, it's reasonable
// likely we may have a conditional fact with which LVI can fold.
if (auto DeoptBundle = CS.getOperandBundle (LLVMContext: :0B_deopt))
{
bool Progress = false;
for (const Use &ConstU : DeoptBundle->Inputs)
{
Use &U = const_cast<Use &> (ConstU);
Value *V = U.get();
if (V->getType () ->isVectorTy())
continue;
if (isa<Constant> (V))

continue;

Constant *C =
LVI->getConstant (V, CS.getParent (), CS.getInstruction());
if (!C)

(continues on next page)
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(continued from previous page)

continue;
U.set (C);
Progress = true;
}
if (Progress)

return true;

for (Value *V : CS.args())

PointerType *Type = dyn_cast<PointerType> (V->getType());

// Try to mark pointer typed parameters as non-null. We skip

// relatively expensive analysis for constants which are obviously

// either null or non-null to start with.
if (Type && !CS.paramHasAttr (ArgNo, Attribute::NonNull) &&
lisa<Constant> (V) &&
LVI->getPredicateAt (ICmpInst::ICMP_EQ, V,
ConstantPointerNull: :get (Type),
CS.getInstruction()) == LazyValuelInfo
ArgNos.push_back (ArgNo) ;
ArgNo++;

assert (ArgNo == CS.arg_size () && "sanity check");

if (ArgNos.empty())

return false;

AttributelList AS = CS.getAttributes();
LLVMContext &Ctx = CS.getInstruction()->getContext();
AS = AS.addParamAttribute (Ctx, ArgNos,
Attribute::get (Ctx, Attribute::NonNull)

CS.setAttributes (AS) ;

return true;

the

::False)

)i

ZREE R R 2%, SEFR BT AR s BRI A LA TR 23 SR -

o HWri% instruction 275 Z&— WwithOverflowInst ({1 11vm.sadd.with.overflow.i32), R
2, I BRI B e R B AN (willNotOverflow R#GRIE true) , NIYHA

processOverflowIntrinsic () )i, EBH R FW, 88047,
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WO—->getName () ) ;
// Constant—-folding could have happened.
if (auto *Inst = dyn_cast<Instruction> (NewOp) )
{
if (WO->isSigned())
Inst->setHasNoSignedWrap () ;
else

Inst->setHasNoUnsignedWrap () ;

NewI =

WO->replaceAllUsesWith (NewI) ;
WO->eraseFromParent () ;

++NumOverflows;

static void processOverflowIntrinsic(WithOverflowInst *WO)
{
IRBuilder<> B (WO) ;
Value *NewOp = B.CreateBinOp (WO->getBinaryOp (), WO->getLHS (), WO->getRHS(),

Value *Newl = B.CreatelnsertValue (UndefValue: :get (WO->getType()), NewOp, 0);

B.CreateInsertValue (NewI, ConstantInt::getFalse (WO->getContext()), 1);

processOverflowIntrinsic () FEREGLEH WithoverflowInst F NN BinaryOpera-

tor, FHIHEN nsw 5{ nuw keyword

o H¥iZ instruction 2 &2— SaturatingInst (4 11vm.sadd.sat.132), WHEE, F HEAVELES
ERBBEMEFENS KERD (willNotOverflow REGR M true), WYEH processSaturatin-

gInst () &, IBHEEG B, k8T,

static void processSaturatingInst (SaturatingInst *SI)
{

BinaryOperator *BinOp = BinaryOperator::Create (

BinOp->setDebugLoc (SI->getDebugLoc()) ;

if (SI->isSigned())
BinOp->setHasNoSignedWrap () ;

else

BinOp->setHasNoUnsignedWrap () ;

SI->replaceAllUsesWith (BinOp) ;
SI->eraseFromParent () ;

++NumSaturating;

SI->getBinaryOp (), SI->getLHS(), SI->getRHS(),

SI->getName (), SI);

processSaturatingInst () EREGLER SaturatingInst B NN BinaryOperator, FF
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N nsw B nuw keyword

o AR EAPIRE DL, A8 AL Lazy Valuelnfo 734 I i) “deopt” f&E— P EAERUN BUE R
HAERN—AEEL, WPREE, NIRRT ERL, AFB s B0, 4R80T,

o WER EA RS OUE AN AL , A8 481 Lazy Valuelnfo S04 B i — %S, MTR—1%S,

W EA B nonnull attribute, S¢Z A2 Constaint, FHAEW T LS M BUE—E A

2RSS B nonnull attribute

RS> “deopt” BT

null, HJ

define void @testl (il %c, 11 %c2) {
%$sel = select il %c, i64 -1, i64 1
$sel2 = select il %c2, i64 %sel, 164 O
$cmp = icmp sgt 164 %$sel2, O
br il %cmp, label %taken, label S%untaken
taken:
call void Quse() ["deopt" (164 %$sel2)]
ret void
untaken:

ret void

837 LazyValuelnfo 234 Hy $sel2 BUBUE HAEZ 1, FIRA LLVMIR £ processCallSite () A5 K

WRRTR:

define void Q@testl (il %c, 1l %c2) {

%$sel = select il %c, i64 -1, i64 1
%sel2 = select il %c2, 164 %sel, i64 O
$cmp = icmp sgt 164 %$sel2, O

br i1 %cmp, label %taken, label S%untaken

taken: ; preds

call void Quse() [ "deopt"(i64 1) ]

ret void

untaken: ; preds

ret void

|
o\
o

Il
o\
o

5.3. Correlated Value Propagation

131




LLVM-Study-Notes Documentation, Release 0.1

processUDivOrURem()

J%F udiv instruction, http://llvm.org/docs/LangRef . html#sdiv-instruction
JF urem intructsion, http://llvm.org/docs/LangRef . html#urem-instruction

X1F udiv instruction 1 urem intructsion £ iZ H %L processUDivOrURem () Z=i{ X84k :

/// Try to shrink a udiv/urem's width down to the smallest power of two that's
/// sufficient to contain its operands.
static bool processUDivOrURem (BinaryOperator *Instr, LazyValuelInfo *LVI)
{
assert (Instr->getOpcode () == Instruction::UDiv ||
Instr->getOpcode () == Instruction::URem);
if (Instr->getType()->isVectorTy())

return false;

// Find the smallest power of two bitwidth that's sufficient to hold Instr's
// operands.
auto OrigWidth = Instr->getType () ->getIntegerBitWidth () ;
ConstantRange OperandRange (OrigWidth, /*isFullSet=*/false);
for (Value *Operand : Instr->operands())
{

OperandRange = OperandRange.unionWith (

LVI->getConstantRange (Operand, Instr—->getParent()));

}
// Don't shrink below 8 bits wide.
unsigned NewWidth = std::max<unsigned> (

PowerOf2Ceil (OperandRange.getUnsignedMax () .getActiveBits()), 8);
// NewWidth might be greater than OrigWidth if OrigWidth is not a power of
// two.
if (NewWidth >= OrigWidth)

return false;

++NumUDivs;

IRBuilder<> B{Instr};

auto *TruncTy = Type::getIntNTy (Instr->getContext (), NewWidth);

auto *LHS = B.CreateTruncOrBitCast (Instr->getOperand(0), TruncTy,
Instr—->getName () + ".lhs.trunc");

auto *RHS = B.CreateTruncOrBitCast (Instr->getOperand(l), TruncTy,

Instr->getName () + ".rhs.trunc");
auto *BO = B.CreateBinOp (Instr->getOpcode (), LHS, RHS, Instr->getName());
auto *Zext = B.CreateZExt (BO, Instr->getType (), Instr->getName() + ".zext");

if (auto *BinOp = dyn_cast<BinaryOperator> (BO))
if (BinOp->getOpcode () == Instruction::UDiv)

(continues on next page)
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(continued from previous page)

BinOp->setIsExact (Instr->isExact ());

Instr—>replaceAllUsesWith (Zext) ;
Instr—->eraseFromParent () ;

return true;

GRS BUAR LWL, XFTF udiv instruction B urem intructsion, FHKAEA N HIBAERIK IR/ MLTESE , 24
Je R AR VR RO R i ) 81 5 BE ) BRAE

2 H]

define void @testl (132 3%n) {
entry:

$cmp = icmp ule 132 %n, 65535
br i1 %cmp, label %bb, label %exit

bb:
$div = udiv i32 %n, 100
br label %exit

exit:

ret void

ST %div = udiv 132 %n, 100 %% udiv instruction, HEE—MERVER sn B/NT 65535 1, TEE A4
B 100, 522 P RAM 16 A BORFRRX M RESL, BT ik LLVM IR &3t ik )5, 40 F pr
NG

define void Q@testl (i32 %n) {
entry:
scmp = icmp ule 132 %n, 65535
br i1 %cmp, label %bb, label %exit

bb: ; preds = S%Sentry
%div.lhs.trunc = trunc i32 %n to 116
$divl = udiv il16 %div.lhs.trunc, 100
$div.zext = zext 116 %divl to 132

br label %exit

Il
o

exit: ; preds bb, %entry

ret void
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processSRem()

J%F sreminstruction, http://llvm.org/docs/LangRef html#srem-instruction

XF srem instruction 21F FiZ KA processSRem () 23X F8 M4k -

static bool processSRem (BinaryOperator *SDI, LazyValuelInfo *LVI)
{
if (SDI->getType()->isVectorTy() || 'hasPositiveOperands (SDI, LVI))

return false;

++NumSRems;
auto *BO = BinaryOperator::CreateURem (
SDI->getOperand(0), SDI->getOperand(l), SDI->getName (), SDI);
BO->setDebuglLoc (SDI->getDebugLoc () ) ;
SDI->replaceAllUsesWith (BO) ;

SDI->eraseFromParent () ;

// Try to process our new urem.

processUDivOrURem (BO, LVI);

return true;

N srem instruction FFRVEEIE vector of integer values B{# hasPositiveOperands () PRER[A] false,
2 H R R

hasPositiveOperands () EF$UE T LazyValuelnfo 373 H1 srem PYEEVES, W05 REMA & IF A $RAESU BUE
HEERIEEL, AP2IRIH true, 73R false :

static bool hasPositiveOperands (BinaryOperator *SDI, LazyValuelInfo *LVI)
{
Constant *Zero = ConstantInt::get (SDI->getType(), 0);
for (Value *O : SDI->operands())
{
auto Result = LVI->getPredicateAt (ICmpInst::ICMP_SGE, O, Zero, SDI);
if (Result != LazyValueInfo::True)
return false;
}

return true;

Wi, WARILATREWHHE s rem instruction (1 A BAFRCH H BB IR R, B ATA T — 2 M ) 5
YEH) urem instruction SRF i £ srem instruction . R 5 FFXTHX 45H ) urem instruction ] proces—
sUDivOrURem () pPREGIHEFTALHL.

2B -
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define void @h(i32* nocapture %p, 132 %x){
entry:
cmp = icmp sgt 132 %x, O

br il %cmp, label %if.then, label %if.end

if.then:
Srem2 = srem 132 %$x, 10
store 132 %rem2, 132* %p, align 4

br label %if.end

if.end:

ret void

ST $rem2 = srem i32 $x, 10 X%k srem 8K UL, BB PEAEE 132 sx HERNTEN (HIIE#
B, B A ERER 10 R IEEEL, FTPAZARHE 2 T A X R Y urem B854, FrPA iR LLVM IR £
processSRem () UG, WIHFR:

define void @h(i32* nocapture %p, 132 %$x){
entry:

Scmp = icmp sgt 132 %$x, O

br il %cmp, label %if.then, label %if.end

if.then: ; preds = S%Sentry
$rem21 = urem 132 %x, 10
store 132 %rem2l1, 1i32* %p, align 4

br label %if.end

if.end: ; preds = %if.then, S%entry

ret void

processSDiv()

J%F sdiv instruction, http://llvm.org/docs/LangRef . html#sdiv-instruction

X1 sdiv instruction £ F 1% %L processSDiv () 22X Mk, % processSDiv () WA NAES
processSRem () PREGEA—F, B,

/// See 1if LazyValueInfo's ability to exploit edge conditions or range
/// information is sufficient to prove the both operands of this SDiv are
/// positive. If this is the case, replace the SDiv with a UDiv. Even for local

/// conditions, this can sometimes prove conditions instcombine can't by

(continues on next page)
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(continued from previous page)

/// exploiting range information.
static bool processSDiv (BinaryOperator *SDI, LazyValuelInfo *LVI)
{
if (SDI->getType()->isVectorTy() || 'hasPositiveOperands (SDI, LVI))

return false;

++NumSDivs;
auto *BO = BinaryOperator::CreateUDiv (
SDI->getOperand(0), SDI->getOperand(l), SDI->getName (), SDI);
BO->setDebuglLoc (SDI->getDebuglLoc () ) ;
BO->setIsExact (SDI->isExact ());
SDI->replaceAllUsesWith (BO) ;

SDI->eraseFromParent () ;

// Try to simplify our new udiv.
processUDivOrURem (BO, LVI);

return true;

processAShr()

F#F ashr instruction, http://llvm.org/docs/LangRef.html#ashr-instruction

X1F ashr instruction & FiZ KA processAShr () 23 X84k -

static bool processAShr (BinaryOperator *SDI, LazyValuelInfo *LVI)
{
if (SDI->getType()—->isVectorTy())

return false;

Constant *Zero = ConstantInt::get (SDI->getType(), 0);
if (LVI->getPredicateAt (ICmpInst::ICMP_SGE, SDI->getOperand(0), Zero,
SDI) != LazyValueInfo::True)

return false;

++NumAShrs;
auto *BO = BinaryOperator::CreateLShr(
SDI->getOperand(0), SDI->getOperand(l), SDI->getName (), SDI);
BO->setDebugLoc (SDI->getDebugLoc () ) ;
BO->setIsExact (SDI->isExact ());
SDI->replaceAllUsesWith (BO) ;

SDI->eraseFromParent () ;

(continues on next page)
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(continued from previous page)

return true;

XIF ashr instruction FJ55— A HVERL, QIR LazyValuelnfo nf AHITA B HUE —E 2K TET 08,
23R ashr instruction A FHHH A EA/EEY Lshr Bk,

2B -

define void @testl (132 %n) {
entry:

br label %for.cond

for.cond: ; preds = %$for.body, %entry

)

%a = phi 132 [ %n, %entry ], [ %shr, S%for.body ]

o\

cmp = icmp sgt i32 %a, 1
br il %cmp, label %for.body, label %for.end

for.body: ; preds = %$for.cond

$shr = ashr i32 %a, 5

br label %for.cond

for.end: ; preds = %for.cond

ret void

%3t processAshr () fifb)5, bk LLVMIR A8 40 iR

define void @testl(i32 %n) {
entry:

br label %for.cond

for.cond: ; preds = %$for.body, %entry

%a = phi 132 [ %n, %entry ], [ %shrl, %$for.body ]

o\

cmp = icmp sgt i32 %a, 1
br il %cmp, label %for.body, label %for.end

for.body: ; preds $for.cond
$shrl = 1lshr 132 %a, 5

br label %for.cond

for.end: ; preds = %for.cond

ret void
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processBinOp()

JF add instruction, http:/llvm.org/docs/LangRef.html#add-instruction
ZF sub intructsion, http:/llvm.org/docs/LangRef.html#sub-instruction

X1F add instruction 1 sub intructsion £ f1Z K4 processBinOp () Zi{XTF8 Ak -

static bool processBinOp (BinaryOperator *BinOp, LazyValueInfo *LVI)
{

using OBO = OverflowingBinaryOperator;

if (DontAddNoWrapFlags)

return false;

if (BinOp->getType () ->isVectorTy())

return false;

bool NSW = BinOp->hasNoSignedWrap () ;
bool NUW = BinOp->hasNoUnsignedWrap () ;
if (NSW && NUW)

return false;

BasicBlock *BB = BinOp->getParent ();

Value *LHS = BinOp->getOperand(0);
Value *RHS = BinOp->getOperand(1l);

ConstantRange LRange = LVI->getConstantRange (LHS, BB, BinOp);
ConstantRange RRange = LVI->getConstantRange (RHS, BB, BinOp);

bool Changed = false;
if (!NUW)
{
ConstantRange NUWRange = ConstantRange::makeGuaranteedNoWrapRegion (
BinOp->getOpcode (), RRange, OBO::NoUnsignedWrap) ;
bool NewNUW = NUWRange.contains (LRange) ;
BinOp->setHasNoUnsignedWrap (NewNUW) ;

Changed |= NewNUW;
}
if (!NSW)
{
ConstantRange NSWRange = ConstantRange::makeGuaranteedNoWrapRegion (

BinOp->getOpcode (), RRange, OBO::NoSignedWrap) ;
bool NewNSW = NSWRange.contains (LRange) ;

(continues on next page)
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(continued from previous page)

BinOp->setHasNoSignedWrap (NewNSW) ;
Changed |= NewNSW;

return Changed;

XTF add instruction B{ sub instruction, I FEH nsw keyword ¥ nuw keyword, FF A4 ¥LH
B K. SR )5 L LazyValuelnfo 35 MU/ #: A BOFN A 48 /F £y UM Y8 Hl, LRange Ml RRange
o WIIR instruction ¥ A nuw keyword, B4 kAR i A ME SO BUE JE Bl RRange, i Con-
stantRange: :makeGuaranteedNoWrapRegion() MK —EASH EF S 2B WL R k£
Il B 1) Ze B AR B0 B RBUEYE B, W2R LRange FEX /NG M A9IE, L8 1% instruction #% ¥ nuw
keyword . I instruction ¥4 nSw keyword, HP A WiAR I A #HVEE HUE S Bl RRange, i Con-
stantRange: :makeGuaranteedNoWrapRegion () HREGRE—E NS G4 5128 45 R kA B 5
SRR RIS, IR LRange AEKAEHPITTE, B instruction 1 now keyword .

2R -

define void Q@test0(i32 %a) A
entry:
scmp = icmp slt 132 %a, 100
br i1 %cmp, label %bb, label %exit

bb:
%add = add 132 %a, 1
br label %exit

exit:

ret void

Xt F %add = add i32 Sa, 1 X 4 add instruction, ifi i getConstantRange ()
R, A1 3 LRange = [-2147483648, 100), RRange = (1, 2),
ConstantRange: :makeGuaranteedNoWrapRegion (BinOp->getOpcode (), RRange,
OBO: :NoUnsignedWrap) @K%, F 1115 F NUWRange = [o, -1), BfPA NUWRange.

contains (LRange) i false, A~ & i% add instruction 5 Il nuw keyword, i if Con-
stantRange: :makeGuaranteedNoWrapRegion (BinOp—->getOpcode (), RRange,
OBO: :NoSignedWrap) R, A 1158 NSWRange= [-2147483648, 2147483647), flfPA NSWRange.
containts (LRange) N true, “A1% add instruction ¥/l nsw keyword .

AR LLVM IR &5t processBinOp () 4PRG, 28RN FR:

define void @test0(i32 %a) A

entry:

(continues on next page)
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(continued from previous page)

Scmp = icmp slt i32 %a, 100
br il %cmp, label %bb, label %exit

bb: ; preds = S%Sentry
%add = add nsw 132 %a, 1
br label %exit

o\

exit: ; preds = %bb, %entry

ret void

Summary

CorrelatedValuePropagation X/ pass O SLHLEMEMIN T, i H “Bi7R" T LazyValuelnfo g
I, AR AT

* genindex
* modindex

e search

5.4 SLP Vectorizer

5.4.1 SLP Vectorizer

AW L {Exploiting Superword Level Parallelism with Multimedia Instruction Sets) [ F3E2i0. 3R H—
FhFRVE SLP Ak AR, YE# 2 Samuel Larsen F1 Saman Amarasinghe , % 3$7F PLDI’ 2000,

About SLP (Superword Level Parallelism)

SLP B Superword Level Parallelism, 2 Hzhm & ARK—Fh (5 —Fhi2 Loop vectorizer) . SLP vectorization
1 H Fr 2% 4 independent isomorphic 35420 & il — 45 1a] B4 54 .

Bilhn, 1A AR X A ) B ERCER AT DA pack $I]—/> ) BEAF AT (vector register ) H1 (b, e, s, x B
pack F|—A A AR T, o f, 6y B pack BN EAFAAR T, z[i+0], z[i+1], z[i+2], z[i+3] $¥ pack F|-—4>
AR ), SRS AT DA i SIMD 84 HAT 871 P 451841«
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a b+ c * z[i+0]

d e + £ * z[i+1]

r s + t * z[i+2]

w X +y * z[i+3]
a c z[i+0]
d|  _ N £, zZ[i+1]
r SIMD |4 | "SIMD |, 349]
w y z[i+3]

Figure 1: Isomorphic statements that can be packed and
executed in parallel.

P iE e SIMD 59 HATHATAFEI A R R AE B Ar e H Y, PTDARREE &, d,row i) (Bl) (M550, T
AEILTT2HF a, d, 1, w AT (7R 1 load HiA . X #AERRY unpack.

WERFAT AT B[R] 8 + packing #VEECH (RIS + unpacking #AEEIT R4S /D F AR PAT I B[R] 4,
Tt H] SLP vectorization 45 V£ BEUL 3 o

BZE—F SLP:
* Generally applicable: SLP is not restricted on parallelism of loops
* Find independent isomorphic instructions within basic block
* Goal
1. Gain more speed up via parallelism
2. Minimize the cost of packing and unpacking

* Prefer operating on adjacent memory, whose cost of packing is minimum

Compared To Previous Approach

TEAEERT IR SO, [ fgiiEds (vector compilers) i # AJEFF A H F5>E -4k vector parallelism L2y, A1
IR T X 2 DN EFARPATH IR 821l . ) gidiiid loop transformations “Kf— B AU &% 45 24 W] DA
WA AL IE R (vectorizable form).

BN, W NER:
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for (i=0; 1i<16; i++) {
localdiff = ref[i] - curr[il];

diff += abs(localdiff);

W JH] scalar expansion FiI loop fission J5 5 #5464 T n] DARE ) AL T

for (i=0; 1i<16; 1i++) |
T[i] = ref[i] - curr[i];

}

for (i=0; i<16; i++) {

diff += abs(T[i]);

R W T scalar expansion Al loop fission 540, HA % —MEFHZ W] PAE LT SIMD $§4— IR ATE2 K

AR, S MBI NIAREE.

SLP [AI#EREMS R EARFRDE TR AL, H HZPA— e e AR AL :

LUNNIEZ

for (i=0; 1i<16; i++) |
localdiff = ref[i] - curr[il];
diff += abs(localdiff);

#:33 loop unroll 1 rename J515-3)| :

for (i=0; 1<16; i+=4) {
localdiff0 = ref[i+0] - curr[i+0];

diff += abs(localdiff0);

localdiffl = ref[i+1l] - curr[i+l];

diff += abs(localdiffl);

localdiff2 = ref[i+2] - curr[i+2];

diff += abs(localdiff2);

localdiff3 = ref[i+3] - curr[i+3];

diff += abs(localdiff3);

X FE SLP 5L AEMNS F1 118 localdiff {0, 1,2, 3} f¥3X U 4k independent isomorphic 35441 & % — & 7] 1654 (SIMD-

):
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for (i=0; 1i<16; i+=4) A
localdiff0 = ref[i+0] - curr[i+0];
localdiffl = ref[i+1l] - curr[i+l];
localdiff2 = ref[i+2] - curr[i+2];
localdiff3 = ref[i+3] - curr[i+3];

diff += abs(localdiff0);
diff += abs(localdiffl);
diff += abs(localdiff2);
diff += abs(localdiff3);

X TN RS B, Inl & 4ias (vector compilers) BEAR [r] AL IZIAFR, T3 2EKF do while JEIFFE4 Ay for
T3, PIZIANAE B (induction variable) , Kf I J5 HITEIA K A A T 73X (loop rerolling). i SLP [i] &
R IEERNAEHE 25 ), HERFTI dst[{0, 1, 2, 3}] (193X P04 independent isomorphic 17/4) 20 £ B — 2% i 1)
I A HTE A R AT

do |
dst[0] = (srcl[0] + src2[0]) >> 1;
dst[1] = (srcl[1l] + src2[l]) >> 1;
dst[2] = (srcl[2] + src2[2]) >> 1;
dst[3] = (srcl[3] + src2[3]) >> 1;
dst += 4;

SLP Extraction Algorithm

PRI T — RO, S5 SLP HLA B ABEE SO (571 SIMD 5 & ROBEA T, %7 4K inde-
pendent (JEHCHHI) . isomorphic (FRIHEME) HIFEA-4LE R — ARG S .

YEE WL (observation):

Packed statements that containt adjacent memory references among corresponding operands are particularly

well suited for SLP execution
RN R4 pack AYHE S MERAEEG IR 2 HRR R NAE, A8 2 UREAIE & SLP $hA4T
J#7 A SLP Extraction Algorithm [ {325 &2 MR 31| adjacent memory references FF- 4517
137 5] adjacent memory references 1462 B SEbr_F il A —Be £ TAEZA:

1. Loop unrolling. transform vector parallelism into basic blocks with superword level parallelism, I, Compared

To Previous Approach
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2. Alignment analysis. memory load, store, simd

3. Pre-Optimization. constant propagation, dead code elimination, common subexpression elimination, loop invari-
ant code motion and redundant load/store elimination. % [i] B AL AN LBERAHE (FEARS . TTEHRRE)
SLP Extraction Algorithm [¥A%.E RN

SLP_extract: BasicBlock B — BasicBlock
PackSet P «+ ()
P «+ find_adj_refs( B, P)
P + extend_packlist(B, P)
P < combine_packs(P)
return schedule(B, [ |, P)

EZ AT 428
1. Identifying Adjacent Memory References
2. Extending the PackSet
3. Combination

4. Scheduling

TR R
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Identifying Adjacent Memory References

Identifying Adjacent Memory References B[l find_adj_refs, £hHfCRGAUNITE

find_adj_refs: BasicBlock B x PackSet P — PackSet
foreach Stmt s € B do
foreach Stmt s’ € B where s # s’ do
if has_mem_ref(s) A has_mem_ref(s’) then
if adjacent(s, s') then
Int align <+ get_alignment(s)
if stmts_can_pack(B, P, s, s’, align) then
P+ PU{{(s,s")}

return P

find_adj_refs 1% AJ2 BasicBlock, % h#E £ PackSet,

X} BasicBlock H LB IHAIXS <s, 87 >, WHIEA] s fls” Pi) TAHEBAIPIAE (40, s D5 T array[1], s* f
7 7 array[2]), H Hif4)s fl's” B pack #]—i2 (K%L stmts_can_pack &[] true ), HRABKFIEAIRNT <s, 87 >
A4S PackSet H1,

ERI%Y stmts_can_pack FDHCASENE

stmts_can_pack: BasicBlock B x PackSet P x
Stmt s x Stmt s’ x Int align — Boolean
if isomorphic(s, s') then
if independent(s, s') then
if V(t,t') € P.t # s then
if V(t,t") € P.t' # s' then
Int aligns < get-alignment(s)
Int align, < get_alignment(s’)
if aligns = T V aligns = align then
if align, = T V align,, = align+data_size(s’) then
return true
return false

B, ASRPIARE]) s fls” W2 AR A, IR ATER) s Fl s’ HiAE pack FI|—j:
o s s’ JZAH[F#EAE (isomorphic)
* s’ JoEEH (independent)
o s ZHIBCA N ZEARAFEUT BT PackSet . 7 Z IO 1A #8440 BAE PackSet
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o SIS’ YW EXTFFEER (consistent)

find_adj_refs $AAT45 R IG, FRATEASE] T4 4 PackSet, PackSet HIGE & <s, 87 > IXAEMIEAIXT
Extending the PackSet

7E find_adj_refs F A 1#978 T PackSet £2 6, FEiX— P IATVEE B pack HYiEA]HY defs Fl uses 4" 7t PackSet
4, extent_packlist { % A& & PackSet, i Hi & PackSet,

extent_packlist [ fCABUNR

extend_packlist: BasicBlock B x PackSet P — PackSet

repeat
PackSet Pprey «+ P
foreach Pack p € P do
P + follow_use_defs(B, P, p)
P « follow_def_uses(B, P, p)
until P = P,y
return P

%if Packet F143—AN G Pack, $HATEREL follow_use_defs fil follow_def _uses 3”7t PackSet 24, AP R HE
PackSet A BEFIIAF 1) Pack.,

¢ follow_use_defs:

follow_use_defs: BasicBlock B x PackSet P x Pack p — PackSet
where p = (s,s'), s = [x0 := f(x1, ....%a) |, 8’ =[xy := £(x],....x) ]
Int align <+ get_alignment(s)
for j + 1 to m do
if 3t € Bt = [x5:=...]A3t € B.t' = [x; := ... | then
if stmts_can_pack(B, P, t,t',align)
if est_savings ((¢,t'), P) > 0 then
P« PuU{(t,t")}
set_alignment(s, s, align)
return P

XtF—A~ Pack, BUIEAINH <s,s” >0 8 s fls” MR FFEEAER X M xj”, WSk s fl's” FT7E BasicBlock H
FEAEXT xj Al xj” SEAE (def) A ¢ I €, 184) t fll € I8RE pack 2| —e (R4 stmts_can_pack iR [#] true ), Jf:
HARHE cost model, ¥t <t, t’ > Hl A PackSet AR, ARATE <t, t© > I AEEA PackSet H1,

FF follow_def _uses:
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follow_def _uses: BasicBlock B x PackSet P x Pack p — PackSet
where p = (s,8'), s = [x0 := f(x1,....%n) |, 8" = [x[ := £(x],...,x]) ]
Int align < get.alignment(s)
Int savings +— —1
foreach Stmt t € B where t = [... :=g(...,x0,...)] do
foreach Stmt t' € B where t #t' =[... :=h(...,xg,...) | do
if stmts_can_pack(B, P, t,t', align) then
if est_savings((t,t'), P) > savings then
savings <« est_savings((t,t'), P)
Stmt u + ¢
Stmt u’ + t’
if savings > 0 then
P+ PU{(u,u")}
set_alignment(u, u’)
return P

KT~ Pack, RIEEAIXS <s, 87 >0 58 s fls” 19 HIHAEE X0 Fl x0, st s Fl's’ JFfE BasicBlock Hi7f
TEAS T (use) x0 F1 x0° FIEA] t fl 0, 1E4) ¢ fil ©© IBHE pack F|—d (K%K stmts_can_pack & [9] true ), R4
cost model, FREFRF <t, t” > JiI A PackSet J5 iR Izt fe K (use) X0 AT x07 FIEA) u flu” (FEEEZAME
I x0F1x0° fiEA] tfIt), B <u,u’ > HIALES PackSet T,

extent_packlist T4 5, FRATELY 78 T8 A PackSet, PackSet H1ITEIE <s,s’ > XFEAIEH RN

Combination

7r find_adj_refs I A 148 T PackSet 2545, FF extent_packlist HE AP 70 T PackSet 224, LI PackSet H1oG 2
7 <s, s’ > XFERTHFR

X — 2 FRATTXF PackSet Hr AR T A, combine_packs )% A2 PackSet, it A4E A PackSet. DK
Banr:

combine_packs: PackSet P — PackSet

repeat

PackSet Pprey + P

foreach Pack p = (s1,...,8,) € P do

foreach Pack p’ = (s},...,s. ) € P do
if s,, = 3; then
P+« P—{p,p}Ui{(si,..c;8n,85,...,8 )}

until P = Pp,.cy
return P

T PackSet "L RPN Pack, p=<sl, -~ sn>, p’ =<sl’ , -, sm’ >, Q1R p W5 MERF p’ 1EE
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—EAR R —ANER], T2 p FlpT Bt

X AR %5 7 3f# . combine_packs $WAT45HJ5, PackSet 1ITE & <s, -, sn> XFEIEA) n Jed, n>=2,

Scheduling

B Ja XA S S I TR B, AL SIMD $8 4 AR . X PackSet H#)—> Pack (Pack &
W4 n Je) , Pack RIBEMKI T2 i S, [RIULFRATT 75 43 HR AR A0 ) M A A8 2o NARAFAE T
ST, FRAT] revert SEUFIR Pack AFEXTZ Pack {# ] SIMD $54,

schedule: BasicBlock B x BasicBlock B’ x PackSet P
— BasicBlock
for i + 0 to |B| do
if 3p = (..., s;,...) € P then
if Vs € p. deps_scheduled(s, B") then
foreach Stmt s € p do
B+ B —s
B' «+ B’ -s
return schedule(B, B', P)
else if deps_scheduled(s;, B') then
return schedule(B — s;, B' - 5;, P)
if |B| # 0 then
P < P — {p} where p = first(B, P)
return schedule( B, B', P)
return B’

Scheduling X —# % A J2 AN BasicBlock £ PackSet, #2415 SIMD F54-#) BasicBlock.

Example

X BFCATTH IS SCH A 17 ok BRAR— T AN R YRR TR -
L. #IEIRAS, BasicBlock & AGH84 741 () i o
2. 7 find_adj_refs, FoAT & BLER] (1) AEA] (4) ViR 4552 ali+0] 1 ali+1], Ff H# /& stmts_can_pack,
Jr AR <(1), (4> I A F| PackSet H1., 154 (4) FEA] (7) 5435052 ali+1] A ali+2], 154 (4) FiEH)

(7) 42 independent F/1 isomorphic [, FF HiE4] (4) %A VEHN Pack 1 ZE#EVES HE IRAE Pack H (<(1), (4)>
HER] (4) 2 AFN Pack A HAEEL) , 18] (7) HBH 1ER Pack A HAEECH BUFE Pack 1, HiEH] (4)
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FIEEA] (7) W52 XSTFER, FrPARRRF <), (7)> I AZ] PackSet 1. find_adj_refs $iAT45H, LM PackSet
WA {<(D), @)>, <@), (1)>}

3. ST extent_packlist:

1. follow_use_defs, ¥F BasicBlock 1% % a[i+0], a[i+1], a[i+2] #Ef7 def 1y1EA], BTLAZE—IK fol-
low_use_defs %4 22 PackSet.

2. follow_def_uses, iX—UCKF (3) 1 (6). (6) F1 (9) Jin A% PackSet H1, 4 24k (1) Al (4). (4) 1 (7)
follow_def uses 153 .

3. F— kAT follow_use_defs, iX—UCREXT (3) Al (6) HHE(H ¢ Al f 184 (2) F1 (5) il AF PackSet
e, 5% (6) F1(9) HE A £ F j BEEA (5) F(8) A Z PackSet Hi.

4. FH—RIFT follow_use_defs, & INVEH Fii Pack HEN A F PackSet 11T, extent_packlist FUAT45H .
4. 347 combine_packs:

L. <(1), 4> Fl <@), (N> GFH <(1), @), (7)>

2. <(3), (6)> F1 <(6), (9)> & IH <(3), (6), (9)>

3. <(2), (5)> M <(5), ®)> AH N <), (5), (8)>
5. P47 scheduling, JEE (3) HHL (1) F1 (2), (6) UL (4) 1 (5), (9) UL (7) I (8)
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,,,,,,,,, v N ¢ S
(1) b= apito] | 2) c=s L1 (1) b= agivo] |
'(2) e=5 ! 1(3) d=b+c | | (4 e=a[itl] |
'(3) d=b+c ! ' ) |
' i ! (5) £=6 b (4) e = a[i+l] i
L (4) e = a[i+l] | I(6) g=e+¢ | (1) h=apis2]
(5) £=6 poTTTTTTT I m e ‘
1(6) g=e+f | L8y =1 i

(9) k=h+3 | (k)
(a)

_________ S
' (1) b = a[it0] |
U P ' (4) e = a[i+l] |
1(2) e=5 | L (1) b= a[ito] ! L (4) e = al[itl]
1(5) £=6 1 (4) e =a[i+l] | P 7) b= agiv2)
L8 3=7 1 . ! ! :
[ Lol (4) e = a[itl] | 1 (3) d=b+c
D7) b o= afit2] | [ (6) g=e+f
1(3) d=b+c [(6) g=e+f
L(6) g=e+ £ | P(8) k=h+3 o
[(6) gre+f | 1) c=>s i
1(9) k=h+3 | 1(5) £=6
(¢) 1(5) £=6 !
(8) 3=7 ;

(d)
(1) b= a[it0] | N - '
L (4) e =alisl] ' 2 - :ﬁ:?} :
(7)Y h = a[i+2] | h afi+2] '
'(3) d=b+c | —
1 (6) g=e+ £ | Tl 2
(9 k=h+3 BT ;
1(2) c=5 ! A :
(5) £=6 | | b c 1
(8 j=171 ! Vel = e+ £
,,,,,,,,,,,,,,,,,,, 'k h i o
(e) . '

(f)

Figure 4: Various phases of SLP analysis. U and P represent the current set of unpacked and packed statements, respectively.
(a) Initial sequence of instructions. (b) Statements with adjacent memory references are paired and added to the PackSet.
(c) The PackSet is extended by following def-use chains of existing entries. (d) The PackSet is further extended by following
use-def chains. (e) Combination merges groups containing the same expression. (f) Each group is scheduled and SIMD
operations are emitted in their place.
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Implementation

LLVM 528 T SLP vectorization Y%, 25T “Loop-Aware SLP in GCC” by Ira Rosen, Dorit Nuzman, Ayal Zaks.
X FEIE .

T k22 5E 13 Loop-Aware SLP in GCC X8 30 E— F I, AEF2-> LLVM [JsE8l, 55— 1S
I .
References

1. http://groups.csail.mit.edu/cag/slp/

2. https://www.cs.cornell.edu/courses/cs6120/2020fa/blog/slp/

¢ genindex
* modindex

e search

¢ genindex
* modindex

e search
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CHAPTER

SIX

LINK TIME OPTIMIZATION

6.1 LTO Remove Dead Symbol

Link-time optimization (LTO), Jii43 B X, Faifai e HE X RE P AT —FPREF Ak . X T8 C XFRETS
PR BB IIFERICRIIEN, )G T B AR X S i TR — g, LTO SR 7E R ik S 45 1% FR
BiAE—E AT HY intermodular optimization .,

6.1.1 Remove Dead Symbol

1 LTO By Benl PASE AR 2 S s TCIEMEI R OeAL , s s =y b il A 2 I B FE R 4L
A SLE N} LTO remove dead symbol Y55 S #L P2 2EIC (PR P EEEE T livm 13.0.0 JiUA ) .
Example

B, FA1EEABT, 24— LTO remove dead symbol.,
25 8 DA VRSO

-——— tul.c ——-

int unused(int a);

int probably_inlined(int a);

int main(int argc, const char *argv[]) {

return probably_inlined(argc);

-—— tuz.c ——-
int unused(int a) {
return a + 1;
}
int probably_inlined(int a) {

return a + 2;
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Y% tul.c Fl tu2.c 153 tul.o Fil tu2.0 (GEITEEIR -f1lto kIF)E LTO)

)

% clang —-flto -c tul.c -o tul.o

o

% clang -flto -c tu2.c -o tu2.o0

#4542 a.0 1 main.o B3] A] HAT 304 main GRS LI - fuse-1d=11d 57 {# FJ 1ld linker)

% clang —-flto —-fuse-1ld=11d tul.o tu2.o0 -o main

LN readelf ~sW ./main | awk 'S4 == "FUNC"' FEA/MAATIT IR SR AL
e

% readelf -sW ./main | awk '$4 == "FUNC"'
1: 0000000000000000 0 FUNC GLOBAL DEFAULT UND __ libc_start_main@GLIBC_2.
—2.5 (2)
3: 00000000002015e0 0 FUNC LOCAL DEFAULT 12 deregister_tm_clones
4: 0000000000201610 0 FUNC LOCAL DEFAULT 12 register_tm_clones
5: 0000000000201650 0 FUNC LOCAL DEFAULT 12 __do_global_dtors_aux
8: 0000000000201680 0 FUNC LOCAL DEFAULT 12 frame_dummy
15: 0000000000201740 15 FUNC LOCAL DEFAULT 12 probably_inlined
16: 00000000002015d0 2 FUNC LOCAL HIDDEN 12 _dl_relocate_static_pie
21: 0000000000201700 2 FUNC GLOBAL DEFAULT 12 __libc_csu_fini
22: 00000000002015a0 43 FUNC GLOBAL DEFAULT 12 _start
23: 0000000000201690 101 FUNC GLOBAL DEFAULT 12 __libc_csu_init
24: 0000000000201710 36 FUNC GLOBAL DEFAULT 12 main
27: 0000000000000000 0 FUNC GLOBAL DEFAULT UND __ libc_start_main
30: 0000000000201750 0 FUNC GLOBAL DEFAULT 13 _init
31: 0000000000201768 0 FUNC GLOBAL DEFAULT 14 _fini

T PAFES], A main () BKEL, probably_inlined () BR%L, %A T unused () %, H-HESR unused ()
PRECEE tu2.c g LT, @Sk FIFEAEIFAMIAA, FrolzmEu@ MwEl, FrAfE LTO 29
B

FATTLAFFE T, AJF/E LTO I 4% wl.c Fl tu2.c F55]n] $1473CfF main.nonlto:

)

% clang —-fuse-1d=11d tul.c tu2.c -o main.nonlto

% readelf -sW ./main.nonlto | awk '$4 == "FUNC"'
1: 0000000000000000 0 FUNC GLOBAL DEFAULT UND _ libc_start_main@GLIBC_2.
—2.5 (2)
3: 00000000002015f0 0 FUNC LOCAL DEFAULT 12 deregister_tm_clones
4: 0000000000201620 0 FUNC LOCAL DEFAULT 12 register_tm_clones
5: 0000000000201660 0 FUNC LOCAL DEFAULT 12 __do_global_dtors_aux
8: 0000000000201690 0 FUNC LOCAL DEFAULT 12 frame_dummy
16: 00000000002015e0 2 FUNC LOCAL HIDDEN 12 _dl_relocate_static_pie
21: 0000000000201740 2 FUNC GLOBAL DEFAULT 12 __libc_csu_fini
22: 00000000002015b0 43 FUNC GLOBAL DEFAULT 12 _start

(continues on next page)
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(continued from previous page)

23: 00000000002016d0 101 FUNC GLOBAL DEFAULT 12 __libc_csu_init
24: 00000000002016a0 5 FUNC GLOBAL DEFAULT 12 main

27: 0000000000000000 0 FUNC GLOBAL DEFAULT UND _ libc_start_main
30: 0000000000201744 0 FUNC GLOBAL DEFAULT 13 _init

31: 000000000020175¢c 0 FUNC GLOBAL DEFAULT 14 _fini

34: 00000000002016c0 4 FUNC GLOBAL DEFAULT 12 probably_inlined
35: 00000000002016b0 4 FUNC GLOBAL DEFAULT 12 unused

APAFE] unused () BREHOR FAE T iR A M PATICE
AT, FATEE] T LTO ] DAYESERE T remove dead symbol.,
b b, ARBATIL R LAE L optimization remarks 15375 LTO (AL R ER T WFLE R %5

)

% clang —-flto —-fuse-1d=11d -Wl,--opt-remarks-passes,lto -Wl,--opt-remarks—filename,

—main.lto.yaml tul.c tu2.c —-o main

XA RLEE T 5 lto #H3<HY optimization remarks, ERiA 4 iAY optimization remarks & YAML #&30304:, %
A4 main.lto.yaml [ P25 UNT -

—-—— !Passed
Pass: lto
Name: deadfunction
Function: unused
Args:
— Function: unused
— String: ' not added to the combined module '

M main.Ito.yam SCPFR) AR AT 15K unused () BRELTE Tto (LALKT BOMIR T+ 1.

Inside the source code

THEFATT i —F LTO remove dead symbol [ {CHESZ T .
X BLZA ) 1 /B linker, #4300 20472 remove dead symbol JiIT 2845 1) pR %K :

=> void LinkerDriver::linkerMain (ArrayRef<const char *> argsArr) at 11d\ELF\Driver.
—cpp:475

===> void LinkerDriver::link (opt::InputArgList &args) at 11d\ELF\Driver.cpp:2165
=====> void LinkerDriver::compileBitcodeFiles () at 11d\ELF\Driver.cpp:1979

=======> std::vector<InputFile *> BitcodeCompiler::compile() at 11d\ELF\LTO.cpp:299
=========> Error LTO::run(AddStreamFn AddStream, NativeObjectCache Cache) at 1lvm\lib\
—LTO\LTO.cpp: 995

===========> void llvm::computeDeadSymbolsWithConstProp(...) at llvm\lib\Transforms\

(continues on next page)
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(continued from previous page)

—IPO\FunctionImport.cpp:956
===========> Error LTO::runReqularLTO (AddStreamFn AddStream) at 11lvm\1lib\LTO\LTO.

=============> Error LTO::linkRegularLTO (RegularLTOState::AddedModule Mod, bool.
—LivenessFromIndex) at 11lvm\1ib\LTO\LTO.cpp:853

IR R B WA PAF 1, 115 dead symbol %0 BB Z void 11vm: : computeDeadSymbolsWithConstProp (.
), SRR

llvm-project\1llvm\lib\Transforms\IPO\FunctionImport.cpp:955

955: // Compute dead symbols and propagate constants in combined index.
956: void llvm::computeDeadSymbolsWithConstProp (

957: ModuleSummaryIndex &Index,

958: const DenseSet<GlobalValue::GUID> &GUIDPreservedSymbols,

959: function_ref<PrevailingType (GlobalValue: :GUID)> isPrevailing,
960: bool ImportEnabled) {

961: computeDeadSymbols (Index, GUIDPreservedSymbols, isPrevailing);
962: if (ImportEnabled)

963: Index.propagateAttributes (GUIDPreservedSymbols) ;

964: }

%L computeDeadSymbols () HISLHLUNTR

W ODEYE LR A B BT . ¥ GUIDPreservedSymbols X [ [1 retained symbol #Ric A live, 4>k worklist [
BIAME . SRJSANWTiEE [ worklist H )4 —1> symbol, 3% symbol 5| JI i H Al symbol F7ic > live 1, fIAZ]
worklist 1. —EE, EHEEAFIIYARCH live [ symbol.

TEPREL computeDeadSymbols () SEHLi% worklist FyERF, & IR AL B - REFRig A live (7]
symbol A#E, #RJ5 AW AL EEAR I Y symbol, %1 symbol HiAk, RfiZ symbol 5| H ) HiAt 2 §i & A @it
worklist i symbol Fric 2y live i), IIAZFRT. —EER, HEKRND.

llvm-project\1llvm\lib\Transforms\IPO\FunctionImport.cpp:842

842: void llvm::computeDeadSymbols (

843: ModuleSummaryIndex &Index,

844: const DenseSet<GlobalValue::GUID> &GUIDPreservedSymbols,

845: function_ref<PrevailingType (GlobalValue::GUID)> isPrevailing) {
846: assert (! Index.withGlobalValueDeadStripping());

847: if (!ComputeDead)

848: return;

849: if (GUIDPreservedSymbols.empty())

850: // Don't do anything when nothing is live, this is friendly with tests.
851: return;

852: unsigned LiveSymbols = 0;

853: SmallVector<ValueInfo, 128> Worklist;

(continues on next page)
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(continued from previous page)

854:
855:
856:
857:
858:
859:
860:
861:
862:
863:
864:
865:
866:
867:
868:
869:
870:
871:
872:
873:
874:

875:
876:
877:
878:
879:
880:
881:
882:
883:
884:
885:
886:
887:
888:
889:

% 854 — 873 fTWtEfl worklist

Worklist.reserve (GUIDPreservedSymbols.size () * 2);
for (auto GUID : GUIDPreservedSymbols) {
ValueInfo VI = Index.getValueInfo (GUID);
if (!VI)
continue;
for (auto &S : VI.getSummaryList())

S->setLive (true);

// Add values flagged in the index as live roots to the worklist.
for (const auto &Entry : Index) {

auto VI = Index.getValuelInfo (Entry);

for (auto &S : Entry.second.SummaryList)
if (S—->isLive()) {
LLVM_DEBUG (dbgs () << "Live root: " << VI << "\n");

Worklist.push_back (VI);
++LiveSymbols;

break;

visit HBUWAEH symbol REFACLZHAILA live, W B8 mif worklist FHAEHT.

WREA, WHERIRA live, KFEHWE worklist .

// Make value live and add it to the worklist if it was not live before.
auto visit = [&] (ValueInfo VI, bool IsAliasee) {
// FIXME: If we knew which edges were created for indirect call profiles,
// we could skip them here. Any that are live should be reached via
// other edges, e.g. reference edges. Otherwise, using a profile collected
// on a slightly different binary might provoke preserving, importing
// and ultimately promoting calls to functions not linked into this
// binary, which increases the binary size unnecessarily. Note that
// if this code changes, the importer needs to change so that edges
// to functions marked dead are skipped.
VI = updateValueInfoForIndirectCalls (Index, VI);
if (!VI)

return;

if (llvm::any_of (VI.getSummaryList (),

(continues on next page)

6.1. LTO Remove Dead Symbol 157




LLVM-Study-Notes Documentation, Release 0.1

(continued from previous page)

890: [] (const std::unique_ptr<llvm::GlobalValueSummary> &S) A
891: return S->isLive () ;
892: 1))
893: return;
894:
895: // We only keep live symbols that are known to be non-prevailing if any are
896: // available_externally, linkonceodr, weakodr. Those symbols are discarded
897: // later in the EliminateAvailableExternally pass and setting them to
898: // not-live could break downstreams users of liveness information (PR36483)
899: // or limit optimization opportunities.
900: if (isPrevailing(VI.getGUID()) == PrevailingType::No) {
901: bool KeepAlivelinkage = false;
902: bool Interposable = false;
903: for (auto &S : VI.getSummaryList()) {
904: if (S->linkage() == GlobalValue::AvailableExternallyLinkage ||
905: S->linkage () == GlobalValue::WeakODRLinkage | |
906: S—->1linkage () == GlobalValue::LinkOnceODRLinkage)
907 : KeepAlivelLinkage = true;
908: else if (GlobalValue::isInterposablelinkage (S->linkage()))
909: Interposable = true;
910: }
911:
912: if (!IsAliasee) {
913: if (!KeepAlivelLinkage)
914: return;
915:
916: if (Interposable)
917: report_fatal_error(
918: "Interposable and available_externally/linkonce_odr/weak_odr "
919: "symbol") ;
920: }
921: }
922:
923: for (auto &S : VI.getSummaryList())
924 : S—->setLive (true) ;
925: ++LiveSymbols;
926: Worklist.push_back (VI);
927: Y
928:

#RHEZE worklist AR, HERAHH symboal BWARILHA live, HiE worklist H
929: while (!Worklist.empty()) {
930: auto VI = Worklist.pop_back_val();

(continues on next page)
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(continued from previous page)

931: for (auto &Summary : VI.getSummaryList ()) A

932: if (auto *AS = dyn_cast<AliasSummary> (Summary.get ())) {

933: // If this is an alias, visit the aliasee VI to ensure that all copies
934: // are marked live and it is added to the worklist for further
935: // processing of its references.

936: visit (AS->getAliaseeVI(), true);

937: continue;

938: }

939: for (auto Ref : Summary->refs())

940: visit (Ref, false);

941: if (auto *FS = dyn_cast<FunctionSummary> (Summary.get ()))

942: for (auto Call : FS->calls())

943: visit (Call.first, false);

944 }

945: }

946: Index.setWithGlobalValueDeadStripping() ;

947:

948: unsigned DeadSymbols = Index.size() - LiveSymbols;

949: LLVM_DEBUG (dbgs () << LiveSymbols << " symbols Live, and " << DeadSymbols
950: << " symbols Dead \n");

951: NumDeadSymbols += DeadSymbols;

952: NumLiveSymbols += LiveSymbols;

953: }

X BLELAE Example 157 H 155K 0 HT% PR AL computeDeadSymbols ()

1. %5 854 - 873 47¥)4f1{k Worklist, XJF Example 5 HFAGH >R Ut, Worklist ity A —4I0&K, e

main () ERECH N Valuelnfo

(gdb)

864 for (const auto &Entry : Index) {
(gdb)

927 Y

(gdb) p Worklist.size()

$28 =1

(gdb) p Worklist.begin()->name () .str()

$29 = "main"

2. 55 929 - 945 175 —R kA Sh main () R T probably_inlined () pR%k, FrPASIATES
943 f7: visit (Call.first, false); I} Callfirst 52 probably_inlined () FRETMIT
Valuelnfo

929
(gdb)

while (!Worklist.empty()) {

(continues on next page)
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(continued from previous page)

930 auto VI = Worklist.pop_back_val();

(gdb)

931 for (auto &Summary : VI.getSummaryList ()) A

(gdb)

932 if (auto *AS = dyn_cast<AliasSummary> (Summary.get ())) {
(gdb)

939 for (auto Ref : Summary->refs())

(gdb)

941 if (auto *FS = dyn_cast<FunctionSummary> (Summary.get ()))
(gdb)

942 for (auto Call : FS->calls())

(gdb)

943 visit (Call.first, false);

(gdb) p Call.first.name().str ()

$31 = "probably_inlined"

3. %5 876 - 927 {74t probably_inlined () EREXTN A Valuelnfo , [A°F probably_inlined() pR
BOW ) Valuelnfo g live fY, 345 U8 it Worklist Hrik, BT PATERFHAR ER live, SRJ5 V8 Worklist
H

876 auto visit = [&] (ValueInfo VI, bool IsAliasee) {
(gdb) n

885 VI = updateValueInfoForIndirectCalls (Index, VI);
(gdb)

886 if (!VvI)

(gdb)

889 if (llvm::any_of (VI.getSummaryList (),

(gdb)

900 if (isPrevailing(VI.getGUID()) == PrevailingType::No) {
(gdb)

923 for (auto &S : VI.getSummaryList())

(gdb)

924 S—->setLive (true) ;

(gdb)

923 for (auto &S : VI.getSummaryList())

(gdb)

925 ++LiveSymbols;

(gdb)

926 Worklist.push_back (VI);

(gdb)

927 }i

4. 55929 - 945 1755 4 AR, LAY Worklist H1if 2 HAA—ANJ0%K, /& probably_inlined () BRECHY
fY Valuelnfo, [fj probably_inlined () EEEXA 5| ALK symbol, B PAYEIRA FNINALAA] symbol
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Worklist /1, £ 929 - 945 755 =5 164C, Worklist 75, A ABh A, HEMRLEHR.

929 while (!Worklist.empty()) {

(gdb) n

930 auto VI = Worklist.pop_back_val();

(gdb)

931 for (auto &Summary : VI.getSummaryList ())

(gdb)

932 if (auto *AS = dyn_cast<AliasSummary> (Summary.get ())) {
(gdb)

939 for (auto Ref : Summary->refs())

(gdb)

941 if (auto *FS = dyn_cast<FunctionSummary> (Summary.get ()))
(gdb)

942 for (auto Call : FS—->calls())

(gdb)

931 for (auto &Summary : VI.getSummaryList())

(gdb)

929 while (!Worklist.empty()) {

(gdb)

946 Index.setWithGlobalValueDeadStripping() ;

5. BRi% computeDeadSymbols () %5, tul I w2 H—I7 3 4~ symbol, HH main () Fl proba-
bly_inlined () & live ¥, i unused () & dead, DA EEEERT, &M% unused () EREL.

946 Index.setWithGlobalValueDeadStripping() ;

(gdb)

948 unsigned DeadSymbols = Index.size() - LiveSymbols;
(gdb)

949 LLVM_DEBUG (dbgs () << LiveSymbols << " symbols Live,
(gdb)

951 NumDeadSymbols += DeadSymbols;

(gdb)

952 NumLiveSymbols += LiveSymbols;

(gdb)

853 SmallVector<ValueInfo, 128> Worklist;

(gdb)

953 }

(gdb) p DeadSymbols

$32 =1

(gdb) p LiveSymbols

$33 = 2

and " << DeadSymbols
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6.1.2 References

1. https://en.wikipedia.org/wiki/Interprocedural_optimization
2. http://llvm.org/docs/Link TimeOptimization.html

3. http://llvm.org/docs/GoldPlugin.html

 genindex
* modindex

e search
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CHAPTER

SEVEN

SANITIZER

7.1 How To Write a Sanitizer

7.1.1 How To Write A Dumb Sanitizer

R SEF ) DumbSanitizer )52 25 )1, DumbSanitizer.patch - GitHub, HE:F llvm 14.0.4,

Introduction —What is a sanitizer?

Sanitizers J&H Google FFER NS0T TH, BfE:
¢ AddressSanitizer (ASan)
¢ LeakSanitizer (LSan)
¢ ThreadSanitizer (TSan)
¢ UndefinedBehaviorSanitizer (UBSsan)

¢ MemorySanitizer (MSan)

JIrA 1) Sanitizer # 2 PR FEAR FIIZ A T 2E B/ 21 15, Sanitizer H Clang 3.1 Fl1 GCC 4.8 FF 459 52 i 7E Clang
F1 GCC Hr,

il 4n ASan 2 T4l Use-after-free, heap-buffer-overflow, stack-buffer-overflow 25 N TEEE 1R . ST U0 FACHS

// clang -00 —-g —-fsanitize=address test.cpp && ./a.out
int main(int argc, char **argv) {

int *array = new int[100];

delete [] array;

return arraylargcl; // BOOM

ffifl 4 clang -00 -g —-fsanitize=address test.cpp BRI PAEEH S ASan 4% G 10774, ARG
BATHIE ) aout FEATFENUFRKMEA, VEHHTEIZT a.out B L EL T —4> UAF:

163
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==6254== ERROR: AddressSanitizer: heap-use-after—-free on address 0x603e0001fc64 at pc.
—0x417f6a bp 0x7f£f£626b3250 sp 0x7ff£62603248
READ of size 4 at 0x603e0001fc64 thread TO
#0 0x417f69 in main test.cpp:5
#1 Ox7fae62b5076c (/1ib/x86_64-1inux—gnu/libc.so.6+0x2176c)
#2 0x417e54 (a.out+0x417e54)
0x603e0001fc64 is located 4 bytes inside of 400-byte region [0x603e0001fc60,
—~0x603e0001£d£0)
freed by thread TO here:
#0 0x40d4d2 in operator delete[] (void*) llvm/projects/compiler-rt/lib/asan/asan_
—new_delete.cc:61
#1 0x417f2e in main test.cpp:4
previously allocated by thread TO here:
#0 0x40d312 in operator new[] (unsigned long) llvm/projects/compiler-rt/lib/asan/
—asan_new_delete.cc:46
#1 0x417fle in main test.cpp:3
Shadow bytes around the buggy address:
0x1c07c0003£30: fa fa fa fa fa fa fa fa fa fa fa fa fa fa fa fa
0x1c07c0003£40: fa fa fa fa fa fa fa fa fa fa fa fa fa fa fa fa
0x1c07c0003£f50: fa fa fa fa fa fa fa fa fa fa fa fa fa fa fa fa
0x1c07c0003£60: fa fa fa fa fa fa fa fa fa fa fa fa fa fa fa fa
0x1c07c0003£70: fa fa fa fa fa fa fa fa fa fa fa fa fa fa fa fa
=>0x1c07c0003£80: fa fa fa fa fa fa fa fa fa fa fa fal[fd]fd fd fd
0x1c07c0003£90: fd fd fd fd fd fd fd fd fd fd fd fd fd fd fd fd
0x1c07c0003fa0: fd fd fd fd fd fd fd fd fd fd fd fd fd fd fd fd
0x1c07c0003fb0: fd fd fd fd fd fd fd fd fd fd fd fd fd fd fa fa
0x1c07c0003fc0: fa fa fa fa fa fa fa fa fa fa fa fa fa fa fa fa
0x1c07c0003fd0: fa fa fa fa fa fa fa fa fa fa fa fa fa fa fa fa
Shadow byte legend (one shadow byte represents 8 application bytes):
Addressable: 00
Partially addressable: 01 02 03 04 05 06 07

Heap left redzone: fa
Heap righ redzone: fb
Freed Heap region: fd
Stack left redzone: f1
Stack mid redzone: £2
Stack right redzone: £3

Stack partial redzone: f4
Stack after return: f5

Stack use after scope: £f8

Global redzone: £9
Global init order: f6
Poisoned by user: £7

(continues on next page)
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ASan internal: fe

==6254== ABORTING

Quick Start —Writing dumb sanitizer
FFORIE— A FATHOR IR T 8 AP —A ] 5219 Sanitizer (4% 3CFRZ 2y DumbSanitizer & DbSan) . FRATH#Y

DumbSanitizer ¢ FAIIRE: W TREF PR — DM, FATMGITHEZL B PSR m T2 /00,
Ft HAERE AR T B i 5 i 2 AL B

Compile llvm project with compiler-rt

AT g% livm ®] PAZ: 2% Building LLVM with CMake, FF3EHZAYE N 7@ f Sanitizer 1T Z K com-
piler-rt fil A%] LLVM_ENABLE_PROJECTS iX-{~ CMake varibale H ,

$ git clone -b llvmorg-14.0.4 https://github.com/llvm/llvm-project.git —--depth 1

$ cd llvm-project

$ cmake —-DCMAKE_INSTALL_PREFIX=S5{HOME }/llvm-bin —-DCMAKE_BUILD_TYPE=Release -DLLVM_
—ENABLE_PROJECTS="clang; compiler-rt" -DLLVM_TARGETS_TO_BUILD="X86" -DLLVM_ENABLE_
—DUMP=ON ../llvm-project/llvm

$ make -j12

$ make install

Implementing the instrumentation pass

TN TEA SCRIT RS - BT HY Sanitizer Rl G i HEMEALZ TS PR 4U8, H HILF-FTA 1Y Sanitizer
FRAEE B 40 02 i 40 LLVM pass (7 RS2 8000 . FAi119 DumbSanitizer R G4h. (56T LLVM pass (45,
Iil, Writing an LLVM Pass)

AT R UL ] DumbSanitizer FFEAET i QT 52 LAY o
XL H S — S e g S T AR, SE¥E S L DumbSanitizer.patch - GitHub A7
¢ llvm-project/llvm/include/llvm/Transforms/Instrumentation/DumbSanitizer.h

¢ llvm-project/llvm/lib/Transforms/Instrumentation/DumbSanitizer.cpp.
HAEY T, AL XTEF PGSR, SiTZEEERFaiT P 720K, I By
IR AT BV U7 R B 2 28 5 %D RE Y R -
o JRRmHEAE: X4 —IR memory access (load, store), FKATHBSHE IR acccess 22 Fid A —> ek B0 B
(__dbsan_read, __dbsan_write), 1% REE AL B T EE TSI .

o BATHFE : dE3—A4x 5 map , % map 5% 74> address #1757 [R5 . B4 __dbsan_read,
A SE PR E 25 1% map W key SHASYR R AE 501 address BTV Y value FH .

db_write

7.1. How To Write a Sanitizer 165



https://llvm.org/docs/CMake.html#quick-start
https://llvm.org/docs/WritingAnLLVMPass.html
https://gist.github.com/Enna1/f8696072bd9dc36ac236ba63839b7c16

LLVM-Study-Notes Documentation, Release 0.1

B, F2 ] DumbSanitizer %1% )5, #—R3A & x BE/E Z Hif< 48 __dbsan_read/__dbsan_write,
AR E x [k f£ iS4, _ dbsan_read/_dbsan_write 26 access_count_map[&x]|++. FEFE/TIE H R SE ac-
cess_count_map [ N 2 FRREZE D5 [ R Bl 22 1 A8 /bl T

A2 GnAaT S IRAESRF— YK memory access (load, store) Z Fi#REH A — & %E ] (__dbsan_read, __dbsan_write) Mg ?
oA L S 1 B -

SmallVector<Instruction *, 16> LoadsAndStores;
for (auto &BB : F) {
for (auto &Inst : BB) {
if (isa<LoadInst> (Inst) || isa<StorelInst> (Inst))

LoadsAndStores.push_back (&Inst);

for (auto *Inst : LoadsAndStores) {
IRBuilder<> IRB(Inst);
bool IsWrite;
Value *Addr = nullptr;
if (LoadInst *LI = dyn_cast<LoadInst>(I)) {
IsWrite = false;
Addr = LI->getPointerOperand();
} else if (StoreInst *SI = dyn_cast<StoreInst>(I)) {
IsWrite = true;
Addr = SI->getPointerOperand();
}
if (IsWrite) |
IRB.CreateCall (DbsanWriteFunc, IRB.CreatePointerCast (Addr, IRB.getInt8PtrTy()));
} else {
IRB.CreateCall (DbsanReadFunc, IRB.CreatePointerCast (Addr, IRB.getInt8PtrTy()));

fRf L RE— T o H 92wk /23 7 Function F i i 484, WBEH i Loadlnst Al Storelnst, 4K f5xf 14—
1R AR S 1) Loadlnst Y, Storelnst, 3ifiid IRBuilder fF H 2 Hi#B4H A —2% Calllnst, #E R EC 2 _ dbsan_read
By _ dbsan_write, pR%T _ dbsan_read Y _ dbsan_write H G —1Z5, %S E0 2 Loadlnst B Storelnst [1)
PointerOperand, R[l{25 ] address.
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Implementing the runtime library

I SEGIEI IR B AT, RN N IBA TN R AZ DS B
DumbSanitizer iz 47} EF /A% 032 B I, DumbSanitizer.patch - GitHub Hif)
¢ llvm-project/compiler-rt/lib/dbsan/dbsan_interface.h
¢ llvm-project/compiler-rt/lib/dbsan/dbsan_interface.cpp
¢ llvm-project/compiler-rt/lib/dbsan/dbsan_rtl.h
¢ llvm-project/compiler-rt/lib/dbsan/dbsan_rtl.cpp

dbsan_interface.h f1 dbsan_interface.cpp H &%} 2 Ex 25 MPRT R %Y __dbsan_read F1 __dbsan_write F{SZF] :

void __ dbsan_read(void *addr) { MemoryAccess ((uptr)addr, kAccessRead); }

void __dbsan_write (void *addr) { MemoryAccess ((uptr)addr, kAccessWrite); }

T PAE F| __dbsan_read Fl1 __dbsan_write ¥ S P52 % BRI %X MemoryAccess %5, MemoryAccess 13X 30 T
dbsan_rtl.h F1 dbsan_rtl.cpp.

void MemoryAccess (uptr addr, AccessType typ) {
ctx—>access_count_mapl[addr]++;
uptr access_count = ctx—->access_count_mapladdr];
if (access_count > ctx->most_frequently_accessed_count) {
ctx->most_frequently_accessed_count = access_count;

ctx->most_frequently_accessed_addr = addr;

MemoryAccess [ SE IIAR i L, w42 BT access_count_map H1 key A addr [¥) value {E[, & )5 581 M)k Eii
Z 1) address .

XHL ctx 2 AT P ESF ) —4> Context 28U 4R AL

struct Context {
bool initialized;
uptr most_frequently_accessed_addr;
uptr most_frequently_accessed_count;
__sanitizer::DenseMap<uptr, uptr> access_count_map;
bi

* most_frequently_accessed_addr | T-iC 5% 15 ) Y BUR £ i Mk
* most_frequently_accessed_count | T-ic sk 2 M AR ELE £ /0
* access_count_map NS3¢ TR/ — bk g5 T2 /0K

7.1. How To Write a Sanitizer 167



https://gist.github.com/Enna1/f8696072bd9dc36ac236ba63839b7c16

LLVM-Study-Notes Documentation, Release 0.1

B F— N BATR AT R AR 0B T BT R R R 2 A R . HSC AR B, il i atexit SRR
TR PR ISR T R pR R, AE % R KR B AT R ATTAE Context FRAF ) most_frequently_accessed_addr il

most_frequently_accessed_count HI 7],

static void dbsan_atexit () {
_ _sanitizer::Printf(
"#Most frequently accessed address: %p, access count: %zd\n",
(void *)ctx->most_frequently_accessed_addr,

ctx->most_frequently_accessed_count);

Integrating the sanitizer

SEP5E DumbSanitizer (1) 4 B A AIZ T TH X AR08 4, B8R AR R FRAT1 7Y DumbSanitizer £ i 7E
clang/llvm FZRIFRFET, 15680818 13 4 15% T -fsanitize=dumb 3k jZ f§ DumbSanitizer .

BB 2 HIs, BT AT Zs B I a3k L 45 T g Z8 W0y SO, 1300 DumbSani-
tizer.patch - GitHub

« llvm-project/clang/include/clang/Basic/Sanitizers.def , ¥5jll DumbSanitizer ff) & X
* llvm-project/clang/include/clang/Driver/SanitizerArgs.h , 7H1245 5 #9 DumbSanitizer f33]
o f&uk llvm-project/clang/lib/CodeGen/BackendUtil.cpp, R DumbSanitizer [1¥J## pass #5 Il & pass manager

* &P llvm-project/clang/lib/Driver/ToolChains/CommonArgs.cpp, {15 = ] T DumbSanitizer, %%+ Dumb-
Sanitizer iz 470} &

* & llvm-project/clang/lib/Driver/ToolChains/Linux.cpp, 5 X DumbSanitizer ff Sz Fr 284, faj Bk L3
{17 DumbSanitizer H 3 X86_64

Running the dumb sanitizer

AATRATH A6 H F DumbSanitizer , HHZCR

// clang++ —fsanitize=dumb test.cpp —o test
// DBSAN_OPTIONS='print_frequent_access=1' ./test

#include <stdio.h>
int main(int argc, char **argv) {
int r = 0;
int 1 = 1;
printf ("address of ‘r° is %p\n", &r);
printf ("address of i’ is %p\n", &i);

for (; 1 < 2; ++1i) |

(continues on next page)
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r++;
}

return i + r;

X HEAHEMALSFHR O0 HYFHL R, IF)H DumbSanitizer (7£: DumbSanitizer 27EFr A fLL pass 475,
A PATHEHE pass, Ell DumbSanitizer iR 2 C LML RIAH, WTPAZRBUE SR AR LBl T RFRY
).

LE BT RS 0~ JE I, %95 % T 355745 & DBSAN_OPTIONS, jfi it DBSAN_OPTIONS {5 %1
print_frequent_access A 1 ifg O SRAZHIAERE IR i @ BT BN R Bl 2 (10722 B2 A4 .

RGBTSR AT R

address of "r’ is O0x7ff£5817396c
address of i’ is O0x7ff£58173968
#Most frequently accessed address: 0x7fff58173968, access count: 6

AR W BRI AR R 1, BT TR 6 UK.
JESGER A LA i LLVM IR SR ATt i ft2, XHEHABBGR T .

define dso_local noundef i32 (main(i32 noundef %0, i8** noundef %1) #0 {

$3 = alloca i32, align 4

$4 = alloca i32, align 4
%5 = alloca i8**, align 8
%6 = alloca i32, align 4 ; address of r

= alloca i32, align 4 ; address of 1

%8 = bitcast i32* %3 to i8*

call void (@ dbsan_writed (i8* %8)

store i32 0, i32* %3, align 4

%9 = bitcast i32* %4 to i8*

call void (@ dbsan_writed (i8* %9)

store i32 %0, i32* %4, align 4

$10 = bitcast i8*** %5 to i8*

call void (@ dbsan_write8 (i8* %$10)

store i8** %1, i8*** %5, align 8

%11 = bitcast i32* %6 to i8%*

call void @_ dbsan_writed (i8* %11) ,; r = 0

store i32 0, i32* %6, align 4

$12 = bitcast i32* %7 to i8*

call void @_ dbsan_writed (1i8* %12) ,; 1 = 1

store i32 1, i32* %7, align 4

$13 = call i32 (i8*, ...) (@printf (i8* noundef getelementptr inbounds ([22 x i8],.
—~[22 x i8]* @.str, 164 0, i64 0), i32* noundef %06)

(continues on next page)
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%14 = call i32 (i8*, ...) (@printf(i8* noundef getelementptr inbounds ([22 x i8], .
—~[22 x i8]* @.str.1, i64 0, i64 0), i32* noundef %7)
br label %15

15: ; preds = %24, %2
%16 = bitcast i32* %7 to i8*
call void (@ dbsan_read4 (i8* %$16), 1 < 2
%17 = load 132, i32* %7, align 4
%18 = icmp slt i32 217, 2
br il %18, label %19, label %29

oo
=~
O,

19: ; preds =
%20 = bitcast i32* %6 to i8*
call void (@ dbsan_read4 (i8* %20) , r'
%21 = load i32, i32* %6, align 4
%22 = add nsw i32 %21, 1
%23 bitcast i32* %6 to i8*

call void @_ dbsan_writed (i8* %23) ; r = r' + 1 (part2 of r++)

I
N

(partl of r++)

store i32 %22, i32* %6, align 4
br label %24

24: ; preds = %19
%25 = bitcast i32* %7 to i8*
call void @ dbsan_read4 (i8* %25) ; i' = i (partl of ++1i)

%26 = load i32, i32* %7, align 4

%27 = add nsw 132 %26, 1

%28 = bitcast i32* %7 to i8%*

call void @__ dbsan_writed (18* %$28) ,; i = i' + 1 (part2 of ++1i)
store i32 %27, i32* %7, align 4

br label %15, !llvm.loop !4

oo
~
(€]

29: ; preds =
%30 = bitcast i32* %7 to i8%*
call void @__ dbsan_read4 (18* %$30) ,; 1i' = i (partl of i + r)
%31 = load i32, i32* %7, align 4
%32 bitcast i32* %6 to i8*
call void @__ dbsan_read4 (18* %$32) ; r' = r (part2 of i + r)
%33 = load i32, i32* %6, align 4
%34 = add nsw i32 %31, %33 ; i' + r' (part 3 of 1 + r)

ret i32 %34
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References

1. GitHub - google/sanitizers: AddressSanitizer, ThreadSanitizer, MemorySanitizer

2. GitHub - trailofbits/llvm-sanitizer-tutorial: An LLVM sanitizer tutorial

¢ genindex
* modindex

e search

7.2 How Sanitizer Runtime Initialized

7.2.1 How Sanitizer Runtime Initialized

ARSI T sanitizer runtime S UMM EBEIFERE Y IS 30 2 BT A TRI AR AL -

What is a sanitizer?

Sanitizers J2 i Google JTHEH NSNS T TR, wfF:
¢ AddressSanitizer (ASan)
¢ LeakSanitizer (LSan)
¢ ThreadSanitizer (TSan)
¢ UndefinedBehaviorSanitizer (UBSsan)

¢ MemorySanitizer (MSan)

T 45 1) Sanitizer # 1 4 PR EHE AR AZ A7 TR 4 4%, Sanitizer H Clang 3.1 A1 GCC 4.8 FFf # 5 i #F Clang
1 GCC 1,

Sanitizer runtime

FAI5ELA ASan S, fHEEFE R ASan runtime library i T HFLE S

ASan runtime fifl f) 5 3 2RO S 2 i 7 malloc/free, new/delete S PR o X RN FH AR P ) N A7 4 Bl &R i ASan
SEIA allocator S, sEEEAINE heap-use-after-free, double-free X FEFHEG IR T o

FEPAER H ASan J5, virtual address space 2443 i, main application memory £/ shadow memory W[4 :
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// Typical shadow mapping on Linux/x86_64 with SHADOW_OFFSET == 0x00007fff£8000:
// || " [0x10007fff8000, Ox7fffffffffff]" || HighMem /]
// || " [0x02008fff7000, 0x10007fff7fff]" || HighShadow /|
// || " [0x00008fff7000, 0x02008fff6fff]" || ShadowGap ||
// || " [0x00007fff8000, 0x00008fff6fff]" || LowShadow ||
// || " [0x000000000000, 0x00007fff7fff]" || LowMem [/

H8 2, ASan shadow memory 2 ft-2 MHERIIAILAY? #: FERRIF H2hZ 1l sanitizer runtime 45 (LI -
5341, AEfE ASan i, FRATAT DA FAEEAS Bt ASAN_OPTIONS i & — 2zt it 24k, 4n:

* log_path, 57 sanitizer F4f2 154 Hh 7 B

* detect_stack_use_after_return, 275 stack-use-after-return Z5&4 ] bug

* alloc_dealloc_mismatch, 27545 alloc-dealloc-mismatch Z8ZI 1) bug

AP 23X 45 1k ASAN_OPTIONS % & iz A THS SHUOURTEA A BB gt AR e ? & WEERTFEaiZ
ﬁlﬁ'jé sanitizer runtime ] U5 1L B

ASan runtime FJRILHA I BREUR __asan_init (EOGEAYTE, ATPAFAFYEE RS, ASSORBUL AR
M T . BoX HAH TS runtime flags FiI shadow memory FI#GHAH 51 R %) -

// compiler-rt/lib/asan/asan_rtl.cpp

void __ _asan_init () {
AsanActivate () ;

AsanInitInternal () ;

static void AsanInitInternal () |

// Initialize flags. This must be done early, because most of the

// initialization steps look at flags().

InitializeFlags();

// Set up the shadow memory.

InitializeShadowMemory () ;

HK sanitizer runtime Jg (8 2 MEFERR 7 JH 3 Z BT PAT R AR AL AR SIS IE? —F Az : - init_array. T
AT T 28 AL .
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Instrumentation

56 T ASan % fUfY 5 sanitizer runtime FIARALHH KA SEHL

ASan JH3E T B9 IS SEFAL T lvm/lib/ Transforms/Instrumentation/AddressSanitizer.cpp. A 11 NS H B ()
PRI IR AD ) -

// 1lvm/1lib/Transforms/Instrumentation/AddressSanitizer.cpp

const char kAsanInitName[] = "_ _asan_init";

const char kAsanModuleCtorName[] = "asan.module_ctor";

bool ModuleAddressSanitizer::instrumentModule (Module &M) {
/S
// Create a module constructor.
std::string AsanVersion = std::to_string(GetAsanVersion (M));
std::string VersionCheckName =
ClInsertVersionCheck ? (kAsanVersionCheckNamePrefix + AsanVersion) : "";
std::tie(AsanCtorFunction, std::ignore) =
createSanitizerCtorAndInitFunctions (M, kAsanModuleCtorName,
kAsanInitName, /*InitArgTypes=*/{},
/*InitArgs=+*/{}, VersionCheckName) ;
/S
const uint64_t Priority = GetCtorAndDtorPriority (TargetTriple);
appendToGlobalCtors (M, AsanCtorFunction, Priority);

return true;

ModuleAddressSanitizer: :instrumentModule (Module &M) [SCZHLAR faj B

1. ¢ createSanitizerCtorAndInitFunctions A —144 5 kAsanModuleCtorName HJ
PR, R BRI AT B, U@ AT kAsanInitName B#{fil VersionCheckName RERAIIA A,
H1[A N kAsanInitName FREVEEEMISE, FTPA InitArgTypes fll InitArgs HRE%S

2. X)L appendToGlobalCtors ¥l createSanitizerCtorAndInitFunctions Al
RIBREL, #ZE GlobalCtors H1,

AT RE_ EIRTARS R AR, RGBTk
273 UM EE

int main(int argc, char **argv) {
int *array = new int([100];
delete [] array;

return arraylargc]; // BOOM
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i@ 1 Compiler Explorer GEfR 77 (& 25 ASan J5 (-fsanitize=address) 4= () LLVM IR 21124kt (GXH H#
TR X LLVM IR ) -

@llvm.global ctors = appending global [1 x { i32, void ()*, i8* }] [{ i32, void ()*,_

—~i8* } { i32 1, wvoid ()* (@asan.module_ctor, i8* null }]

declare void (@__ _asan_init ()

declare void (@_ asan_version_mismatch_check_v8 ()

define internal void (dasan.module_ctor () {
call void @__asan_init ()
call void @_ asan_version_mismatch_check_v8 ()

ret void

JF)H ASan J5, BEMI B MW E B £ T — 4 K asan.module_ctor, £ T — PR
A5 B Q@llvm.global_ctors. T 14 % B ASan 4 % K % ModuleAddressSani-
tizer::instrumentModule (Module &M) P8 H createSanitizerCtorAndInitFunctions

Fll appendToGlobalCtors AT .
asan.module_ctor PREUARH PSR E0E H 41 A
e call void @__asan_init ()

e call void @__asan_version_mismatch_check_v8 ()

KB __asan_init J&7F runtime libraray P SZE Y, HMAB LA FEMNH LA E T B
__asan_version_mismatch_check_v8 L /2¥E runtime libaray A SZPLAY, 045 JE SOk 2 H T4
asan instrumentation F/ runtime library [ i 4% 2 75 VT .

SRJG @llvm.global_ctors HALE T REL asan.module_ctor 84T
A4 @llvm.global_ctors 24, E/EALIM?
R https://llvm.org/docs/LangRef html#the-1lvm-global-ctors-global-variable :

The @11vm.global_ctors array contains a list of constructor functions, priorities, and an associated
global or function. The functions referenced by this array will be called in ascending order of priority

(i.e. lowest first) when the module is loaded. The order of functions with the same priority is not defined.

If the third field is non-null, and points to a global variable or function, the initializer function will only run
if the associated data from the current module is not discarded. On ELF the referenced global variable or

function must be in a comdat.

Bl @1lvm.global_ctors 2&—¥4H, 15 T —=L% constructor functions, X £ constructor functions <=3 I8

priority J} /77 module FEAN 2B H -

{HSE Nvm ARG HIE B VL @11vm. global_ctors & UMifi(F] “constructor functions 7F module #1125 i #%
TH “1.
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.init_array

2R LLVM IR H) @11vm.global_ctors FEA IS IEE;, XHNAE . init_array.

FA T e 2o i v P 2 A s 81 AR A A -

int main(int argc, char **argv) {
int *array = new int[100];
delete [] array;

return arraylargcl; // BOOM

il clang++ —-fsanitize=address test.cpp -S AJPAfSZIFF)E ASan 54 AL (FR{Tx B
AT main pRELHIL RS ) -

.section .text.asan.module_ctor, "axR", @progbits

.p2align 4, 0x90 # —— Begin function asan.module_ctor

.type asan.module_ctor, @function
asan.module_ctor: # @asan.module_ctor

pushg Srbp

movqg $rsp, Srbp

callqg __asan_init@PLT

callqg __asan_version_mismatch_check_v8@PLT

popgq Srbp

retqg

.section .init_array.1,"aw",@init_array

.p2align 3

.quad asan.module_ctor

B2 asan.module_ctor WHLAEEL, WATAR S FEPA call $§2, 2 BIXEEL __asan_init Al
__asan_version_mismatch_check_v8 A A

LETHENE .init_array.1 section, f#ff T K% asan.module_ctor BF54f. .init_array.1
i) “1” 1 asan.module_ctor [ priority F 3%, A2 { 132 **1**, void ()* Qasan.module_ctor,
i8* null } R asan.module_ctor [ priority & 1, FrPAXEFIE .init_array.1

XF .init_array, maskray (X SCE SRR TEYH hitps://maskray.me/blog/2021-11-07-init-ctors-init-array .

1F ELF U4k loader izt )5, £ 4Eii4T.init_array section K pREL, FPHFT main pREL. XAEFLAR] THEREY
82 Bi4AAT sanitizer runtime 1) 441k BR B KR
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loader

¢

preinitarrayl..n _start

l

__libe_start_main

LN

__libe_esu_init main exit
_init initarrayl..n at_exitl..n finiarrayl..n destructorl..n

__gmon_start__ framedumm}ogobactorsaux

constructorsl..n

Summary

BT, sanitizer runtime J2 UM LR P R 30 2 BIUEA TR LR, DA ASan Sy

* 144 sanitizer runtime library F7EFE— WAL EREL __asan_init, Bl ASan runtime F#] LG4 TAE,
s WIf1k shadow memory ., FJ iR Ib—LEiB THF 4L

o SRJGTEIFIE ASan | HRiRHEBEX N EL, 2018 — 14 asan.module_ctor WRREL, ZMRELS
H __asan_init, R)5¥ asan.module_ctor WREFEEIMAZF| @11vm.global_ctors H1,

o JEAEBUL RIS, 2% @11lvm.global_ctors HHYEREIREAE . init_array section H1,

o f¢J5AE loader Nz ELF SCRRT, £56HUT - init_array HeREEEEM8 1R BEEL, AEFHIIT main ()
PR, IXFERUCEIAERE 7 8 2 B W) i/ ASan runtime
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P.S.
C/Cq+ THAA 8 WL AL AT SEBAAE main () BREAATZ 1, $AAT—Z&1H40 ¢ hitps:/www.zhihu.com/
question/26031933
o —FME R EHET _ attribute ((constructor)) RMGMF XKLL, LML REAE main () K
BT Z R T -
o A TP SR AN AR S SRS SR main () BBV T Z BIPA TS BLIZACR .
SEfr EIRP AN RAEIL A A B R —FE, #U2E . init_array section RS

Reference

1. http://dbp-consulting.com/tutorials/debugging/linuxProgramStartup.html

2. https://maskray.me/blog/2021-11-07-init-ctors-init-array

¢ genindex
* modindex

e search

7.3 How Sanitizer Interceptor Works

7.3.1 How Sanitizer Interceptor Works

FATAE R A S R B, A Y Sanitizer FH 4R PR BHE AR (compile-time instrumentation) A3z 47 ZE (run-time
library) P3R53 2H 18«

A2, sanitizer Bz 1T B2 HBC T IR LE R I8 7
PA ASan Sy :
* ASan i AL — AL NAF LG 18R] Z Bl A RS AR PEEE— U7 R 1 N A BT R Y 52 1 N A7 (shadow

memory, Hf2 SN NFACTEHE N RPIRE) BRIRESRAG I AR N2 B A s RaTErk
A A A R 7AE E T FRE B A R A 16 DX A T P A o
* ASan JZATHEE R B B e T malloc/free, new/delete Y SEBHL, X BRI FFE T P A7 43 LR R
ASan SCHLH NAE LA (1T . ASan (N7 L 2 75 0 BE A 3 P A B 3l FR S B0 A7 H T 0 3 Y
s, SR PERE R WA SE e BR 25 X (quarantine) [ 46 f% heap-use-after-free, double-free iX
FERHE AR 1R
ASan iz 7HEH L PR _EAS 1R B7 0 T malloc/free, new/delete [ pRELSLEL, B4 T I 22 1 R PR AR S5 88, 1

memcpy, memmove, strcpy, strcat, pthread_create 45,
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HR2, sanitizer J2& QNP3 ¥4 malloc, free, memcepy X 26 R AL P NE? 2552 sanitizer H ) interceptor 1
il o

AL ASan SHfl, ZA7E Linux x86_64 Y15 sanitizer interceptor {932 B 3

Symbol interposition

TEPHi# sanitizer interceptor {YSEPLJF IR 2 B, FRATSEK TH#-— N HIE A1 symbol interposition
TR R AN AR AT T R b 4 libe 1Y malloc SEBHFRAT) B O 5L BRI ARAR?
L — ANy B 7 sUHLRAEFATT B AR vp 7 SC—1> 1) 44 1) malloc pR%L
2. APy 22 R AT Y malloc R ECSEHIAE libmymalloc.so W, SR JSHEIZF THRATHY Y. AR 2 i B
WEEASE LD_PRELOAD=/path/to/libmymalloc.so
A2 At 2 EiR iRy =R RE A %L e ? 2592 symbol interposition.
ELF specfication ¥E4f T1. % Program Loading and Dynamic Linking H42%]:

When resolving symbolic references, the dynamic linker examines the symbol tables with a breadth-first
search. That is, it first looks at the symbol table of the executable program itself, then at the symbol tables
of the DT_NEEDED entries (in order), and then at the second level DT_NEEDED entries, and so on.

NAEEELY (dynamic linker/loader) 7E44-55| Fl 4872 (binding symbol references) B}, PA—Fh)~ B 4538 2200 ¥
KBTS executable, needed0.so, needed].so, needed2.so, needed0_of _needed0.so, needed1_of _needed0.so, -

MR EE T LD_PRELOAD, 4 B4R&F5 )0 445 % executable, preload0.so, preloadl.so needed0.so,

needed1.so, needed2.so, needed0_of needed0.so, needed1_of_needed0.so, ---

WER—AFFSAEZ A 4IF (executable BX shared object) FHRFFAERE S, A BN HEE AR L B PN A 2
—AE X

M TE i —A TR %I AR

$ cat main.c

extern int W(), X();

int main() { return (W() + X()); }

$ cat W.c

extern int b ();

int a() { return (1); }

int W() { return (a() - b()); }

$ cat w.c

int b() { return (2); }

(continues on next page)
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(continued from previous page)

$ cat X.c

extern int b ();

int a() { return (3); }

int X() { return (a() - b()); }

$ cat x.c

int b() { return (4); }

$ gcc -o libw.so -shared w.c

$ gcc -o libW.so -shared W.c -L. -lw -Wl, -rpath=.

$ gcc -o libx.so -shared x.c

$ gcc —o libX.so -shared X.c -L. -1x -Wl, -rpath=.

$ gcc -o test-symbind main.c -L. —-1W -1X -Wl, -rpath=.

B AT RAT SO B 2 1] A % 28 30 PRI B -

test-symbind

libW.so libX.so libc.so

S A )

libw.so libc.so libw.so libc.so

Y5 AR AT BT Bre , AN o s S EEE AR AE A TAT 55 | G0 e i, @45 08 FEIL /e R A9, Bl : test-symbind,
1ibW.so, 1ibX.so, libc.so, libw.so, libx.so [ il 55 75 #8452 2 L

ARG T I8 LD_DEBUG R th — 285 B, FATAT PAE I B PR 5872 & LD_DEBUG=
“symbols:bindings” | test-symbind [ symbol binding [1] 15 & :

$ LD_DEBUG="symbols:bindings" ./test-symbind

1884890: symbol=a; lookup in file=./test-symbind [0]
1884890: symbol=a; lookup in file=./libW.so [0]
1884890: binding file ./libW.so [0] to ./libW.so [0]: normal symbol "a'

(continues on next page)
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1884890: symbol=b; lookup in file=./test-symbind [0]

1884890: symbol=b; lookup in file=./libW.so [0]

1884890: symbol=b; lookup in file=./libX.so [0]

1884890: symbol=b; lookup in file=/1ib/x86_64-linux—-gnu/libc.so.6 [0]
1884890: symbol=b; lookup in file=./libw.so [0]

1884890: binding file ./libW.so [0] to ./libw.so [0]: normal symbol ‘Db’
1884890: symbol=a; lookup in file=./test-symbind [0]

1884890: symbol=a; lookup in file=./libW.so [0]

1884890: binding file ./libX.so [0] to ./libW.so [0]: normal symbol “a'
1884890: symbol=b; lookup in file=./test-symbind [0]

1884890: symbol=b; lookup in file=./libW.so [0]

1884890: symbol=b; lookup in file=./libX.so [0]

1884890: symbol=b; lookup in file=/1ib/x86_64-1linux-gnu/libc.so.6 [0]
1884890: symbol=b; lookup in file=./libw.so [0]

1884890: binding file ./l1ibX.so [0] to ./libw.so [0]: normal symbol “b'

o K% a {E 1ibW.so I libX.so T E#RAE —1 E

X, {HHE N 24 IR test-symbind, libW.so, 1ibX.so, libc.so, libw.so,

libx.so FYIUF AL 4TS E LHT, BT PARRZ AT o s a 195 RSB E ] 1ibW.so R %Y a Y5 HL

* BR%L b 7E libw.so Fll libx.so HERA —17 € X,

HA g2 45

test-symbind, libW.so, libX.so, libc.so, libw.so,

libx.so AP AL HRAT5 2 SO, BT AR Z I A % ek 80 b 1975 | #RSE 2 2] libw.so 1 pR %L b Y SEEE

R ATREREAE N 2 _EaR PR malloc 1) 75 A CREA K T

o i FERMTAIM AT H o SL—NF 44 1) malloc &

PRA. BhASEEEARAE A AT 51 executable [

TE libc.so Z BT, KA % malloc 13| FHERS 4852 3] executable ' malloc [#) 52,

o AT KERAT malloc pRALSEPIAE libmymalloc.so W, SR JGHEBATRRATH N, L 2 Wi B35 4 B
LD_PRELOAD=/path/to/libmymalloc.so. A5 7 A $AF5 i) libmymalloc.so [ )il J7#E libc.so Z Hi
A BT % malloc #95 | F#S 4465 3 libmymalloc.so H malloc FYSEE

SCBr | sanitizer X T malloc/free 8% §

HBIRBAE—TF

B4 1E 2 F)H T symbol interposition j

X—HpE. FHFRATPA ASan

£33 NNV R
// test.cpp
#include <iostream>
int main () {
std::cout << "Hello AddressSanitizer!\n";

RATEIE T GCC HIfTH.
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ffi ] GCC JF)& ASan %1% test.cpp , g++ -fsanitize=address test.cpp -o test-gcc-asan {5
F i = Y) test-gec-asan, [Fh GCC ERIA 2 gh & 5E4E ASan :zf7H £, FrPAFKAMTAI A objdump -p
test—-gcc-asan | grep NEEDED #rF test-gec-asan K f{) 312 J% (shared objects):

$ objdump -p test-gcc-asan | grep NEEDED

NEEDED libasan.so.5
NEEDED libstdc++.s0.6
NEEDED libm.so.6
NEEDED libgcc_s.so.1
NEEDED libc.so.6

T AT FE ) B B HE test-gee-asan A ) 2l 5 H libasan.so [l /7 2 7E libe.so Z Fif Y. SEPR ARz 24
~fsanitize=address £§if5 libasan.so i FE T 15— MK ZE o

R 5 TR 1575 F LD_DEBUG & | test-gcc-asan ) symbol bindding {91 % :

$ LD_DEBUG="bindings" ./test-gcc-asan

3309213: binding file /1lib/x86_64-linux—gnu/libc.so.6 [0] to /usr/lib/x86_
—64-1linux-gnu/libasan.so.5 [0]: normal symbol "malloc' [GLIBC_2.2.5]

3309213: binding file /1ib64/1d-1linux-x86-64.s0.2 [0] to /usr/lib/x86_64-
—linux-gnu/libasan.so.5 [0]: normal symbol "malloc' [GLIBC_2.2.5]

3309213: binding file /usr/lib/x86_64-1linux—gnu/libstdc++.s0.6 [0] to /usr/
—1ib/x86_64-1linux—gnu/libasan.so.5 [0]: normal symbol ‘malloc' [GLIBC_2.2.5]

] PAE 3 31 54562844 libe.so, 1d-linux-x86-64.s0 F1 libstdc++.so F1% malloc 12| R4S £ F) T libasan.so H[1
malloc ZZF

FHFEATET Clang, K4 Clang BRI i &5 ASan 217 E, FrPAFKATEEANE test-clang-asan FT 4611 5l
SET, HEEF symbol binding [ :

$ clang++ -fsanitize=address test.cpp -o test-clang-asan
$ LD_DEBUG="bindings" ./test-clang-asan

3313022: binding file /1ib/x86_64-linux—-gnu/libc.so.6 [0] to ./test-clang-
—~asan [0]: normal symbol "malloc' [GLIBC_2.2.5]

3313022: binding file /1ib64/1d-linux-x86-64.s0.2 [0] to ./test-clang-asan.
—[0]: normal symbol "malloc' [GLIBC_2.2.5]

3313022: binding file /usr/lib/x86_64-1linux—gnu/libstdc++.s0.6 [0] to ./
—test-clang-asan [0]: normal symbol "malloc' [GLIBC_2.2.5]

[FIREE] AR B s S 45845 libe.so, 1d-linux-x86-64.50.2 F1 libstdc++.s0 H1 % malloc ) 5’ | Jiﬂ HRGEE R T test-clang-
asan F ) malloc SEF (A4 ASan i247H}FEFRSEEL T malloc, Ff H. clang ¥ ASan iz4TH} RS 4EEH] test-
clang-asan 1),
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Sanitizer interceptor

TNHEFEATRAETREIE M A, 231 sanitizer interceptor [SZ3 .
152 LLVM. TSI — R A RO 7 SO B B 22 3

Sanitizer interceptor f7-4F—/~i# 3. {4 interception_linux_test.cpp, llvm-project/interception_linux_test.cpp at main
- llvm/llvm-project - GitHub

#include "interception/interception.h"

#include "gtest/gtest.h"

static int InterceptorFunctionCalled;

DECLARE_REAL (int, isdigit, int);

INTERCEPTOR (int, isdigit, int d) {
++InterceptorFunctionCalled;

return d >= '0' && d <= '9"';

namespace interception ({

TEST (Interception, Basic) {
EXPECT_TRUE (INTERCEPT_FUNCTION (isdigit));

// After interception, the counter should be incremented.
InterceptorFunctionCalled = O;

EXPECT_NE (0, isdigit('1'));

EXPECT_EQ (1, InterceptorFunctionCalled);

EXPECT_EQ (0, isdigit('a'));

EXPECT_EQ (2, InterceptorFunctionCalled);

// Calling the REAL function should not affect the counter.
InterceptorFunctionCalled = 0O;

EXPECT_NE (0, REAL(isdigit) ('1"));

EXPECT_EQ (0, REAL(isdigit) ('a'));

EXPECT_EQ (0, InterceptorFunctionCalled);

} // namespace __interception

X B ARG BT sanitizer [ interceptor HLiI 0 T isdigit pREIYSEIL, FEFRATIEIA isdigit pRAL
B, BFIR isdigit ERECHE I ECEAS B InterceptorFunctionCalled H# 1, KRGS KA &
InterceptorFunctionCalled [{E Mz interceptor HL I SE 275 1EH4, 1 REAL (isdigit) i
MEIER isdigit B,
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AR interception_linux_test.cpp FPSLBAE isdigit BB LR AT AU T B

INTERCEPTOR (int, isdigit, int d) {
++InterceptorFunctionCalled;

return d >= '0' && d <= '9";

INTERCEPT_FUNCTION (isdigit);

DECLARE_REAL (int, isdigit, int);
REAL (isdigit) ('"1");

e INTERCEPTOR (int, isdigit, int d) { ... } A T¥EE isdigit WEHEWRN { ) H5E
b3/

e EAE T E A isdigit ZHi, FEESLE A INTERCEPT_FUNCTION (isdigit). 1M INTER-
CEPT_FUNCTION (isdigit) i&[E]H true, NIPEAH I T8 libe H isdigit BREHSEIL .,

* REAL (isdigit) ("1') HTFIHMHRIER isdigit S, ALAER M REAL (1sdigit) (*17) ZHi
255 DECLARE_REAL (int, isdigit, int),

RS R RIT IR I N AU T -

// INTERCEPTOR (int, isdigit, int d) ZJEF

typedef int (*isdigit_type) (int d);

namespace __interception { isdigit_type real_isdigit; }

extern "C" int isdigit (int d) __attribute__ ((weak, alias("__interceptor_isdigit"),.

—visibility ("default")));

extern "C" __attribute__ ((visibility ("default"))) int __interceptor_isdigit (int d) {
++InterceptorFunctionCalled;

return d >= '0' && d <= '9'";

// INTERCEPT_FUNCTION (isdigit) %
::__interception::InterceptFunction (
"isdigit",
(::__interception::uptr *) & __interception::real_isdigit,
(::__interception::uptr) & (isdigit),

(::__interception::uptr) & __interceptor_isdigit);

// DECLARE_REAL (int, isdigit, int) #EJ
typedef int (*isdigit_type) (int);

namespace __interception { extern isdigit_type real_isdigit; };

// REAL (isdigit) ('1') ZEH

__interception::real_isdigit('1");
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» FATHESEH T INTERCEPTOR i T Wh e

- W JofE _interception namespace HiE X T — PR KT real_isdigit, ZpREGEE L Pr EIF SRR
BRI EIER) isdigit Bt

- RJGH isdigit PREEE N weak, FFH¥F isdigit IXE AN _ interceptor_isdigit [ alias
il

- HEBRATE AR isdigit lREEPHESCIAE _ interceptor_isdigit pRELH

Hi4E symbol interposition X —F NS, FRATHIE : TEAEE L libe.so FRIEAS B SE I (ARIHEIZ R
A foo), HEFYLAE sanitizer runtime library H15g X[ 44 foo BREL, #X)5iE dynamic loader YE& k45
i} sanitizer runtime library [¥)Jli 3 4% T libc.so B A] .

R A2 ERFFRATY 1sdigit IREPHESCHIFEREL __interceptor_isdigit W1, JFHFf is-
digit B _ interceptor_isdigit Y alias H|%4 7

FIEWM N R P AR P T isdigit BRERRSEEL, IINT H CRYEHE, I8 &% dynamic
loader 1EFEHZH LIS ) isdigit ISEHEL, TMASSE sanitizer runtime library Hf¥ 1sd1glt FSZ IR
XHERYIE sanitizer FYSHBEREANBEIE S LAE T . (5EP5_L sanitizer runtime library FP 7% 4 2t isdigit
FISEEL, XEHEM isdigit 2601 F T3 ).

{H 2 U R THE sanitizer runtime library Hf isdigit W E _ interceptor_isdigit [ alias 5|

2, MAAEM AU H OB isdigit SCHEEA AR __interceptor_isdigit [. X
FEEASE W P BT e A ek %, AN sanitizer HHRERY IEHiE 1T

extern "C" int __interceptor_isdigit (int d);
extern "C" int isdigit (int d) {
fprintf (stderr, "my_isdigit_interceptor\n");

return __interceptor_isdigit (d);

HBYE sanitizer runtime library H R A2 59 85 e 1) BR B0 BR weak g7

XN A BN weak |, TFER4ESE sanitizer runtime library [} 54 [F > multiple definition [ £%42
R
#3115 T INTERCEPT_FUNCTION Z{i T Wf e =45

INTERCEPT_FUNCTION % & JF J5 3t 2 % __interception::InterceptFunction R % /) & fl. Inter-—
ceptFunction BREHE XA https://github.com/llvm/llvm-project/blob/main/compiler-rt/lib/interception/

interception_linux.cpp:

namespace __interception {
static void *GetFuncAddr (const char *name, uptr wrapper_addr) {
void *addr = dlsym(RTLD_NEXT, name);
if (laddr) {
// If the lookup using RTLD_NEXT failed, the sanitizer runtime library is

// later in the library search order than the DSO that we are trying to

(continues on next page)
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(continued from previous page)

// want the address of the real definition, though, so look it up using
// RTLD_DEFAULT.
addr = dlsym(RTLD_DEFAULT, name);

// We don't want to intercept the wrapper and have it point to itself.
if ((uptr)addr == wrapper_addr)
addr = nullptr;
}

return addr;

bool InterceptFunction (const char *name, uptr *ptr_to_real, uptr func,
uptr wrapper) {
void *addr = GetFuncAddr (name, wrapper);
*ptr_to_real = (uptr)addr;
return addr && (func == wrapper);
}

} // namespace __interception

// intercept, which means that we cannot Iintercept this function. We still

// In case ‘name' is not loaded, dlsym ends up finding the actual wrapper.

HSE InterceptFunction PRELASEINMR AT 0 BREL GetFuncAddr 3RAE AN 24 S name

HIREObIE, RIS RE R84 ptr_to_real FIAHINTE.
PREY GetFuncAddr RIDSLEI AR B, 2Ok disym:

RTLD_DEFAULT
Find the first occurrence of the desired symbol using the
default shared object search order. The search will
include global symbols in the executable and its
dependencies, as well as symbols in shared objects that

were dynamically loaded with the RTLD_GLOBAL flag.

RTLD_NEXT
Find the next occurrence of the desired symbol in the
search order after the current object. This allows one to
provide a wrapper around a function in another shared
object, so that, for example, the definition of a function
in a preloaded shared object (see LD_PRELOAD in 1d.so(8))
can find and invoke the "real" function provided in
another shared object (or for that matter, the "next"
definition of the function in cases where there are

multiple layers of preloading).

X ATER S GetFuncAddr #1, 4] dlsym (RTLD_NEXT, name) K534} intercepted pR%Y
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R ESEHbdl, [F24 sanitizer runtime library 2 45T name B85 IF FT{E R shared object.
* IxJ53A1E T DECLARE_REAL %1 REAL 7t T WFLe i

DECLARE_REAL 5wt 2 A HH T#F __interception namespace " AF-AE —> 48 [n] g B 46 pR 0 5L 1F SE 91
MR ECHE R, REAL 252 il i A~ sl Baa £ 1 ok U8 T 4o Bk ) LR S

mign, ML BI, DECLARE_REAL (int, isdigit, int); Bi27FFH] _ interception names-
pace PAFTE— N IRE real_isdigit, MEHIRFI IR EIER isdigit HbHE, @i
REAL (isdigit) R EIFH isdigit R,

P.S.

__attribute_ ((alias)) fRAEE:

Where a function is defined in the current translation unit, the alias call is replaced by a call to the function,
and the alias is emitted alongside the original name. Where a function is not defined in the current translation
unit, the alias call is replaced by a call to the real function. Where a function is defined as static, the function

name is replaced by the alias name and the function is declared external if the alias name is declared external.
1& ASan runtime library # malloc J& weak 455, 3 H. malloc 1 __interceptor_malloc SZPR#5 [A] [6]— bk .

Wt 2 i extern nen void *malloc (size_t size) __attribute_ ((weak,
alias("__interceptor_malloc"), visibility("default"))); {#if5¥E ASan runtime library
g T — 59475 malloc, SRJ5F5RIAYAI _interceptor_malloc 2 [f]—~Hihl .

$ readelf -sW --dyn-syms $(clang -print-file-name=libclang_rt.asan-x86_64.a) | grep.
—malloc

99: 00000000000011250 606 FUNC GLOBAL DEFAULT 3 __interceptor_malloc

102: 0000000000001150 606 FUNC WEAK DEFAULT 3 malloc
$ readelf -sW --dyn-syms $(clang -print-file-name=libclang_rt.asan-x86_64.s0) | grep.
—malloc

3008: 00000000000£d600 606 FUNC WEAK DEFAULT 12 malloc
4519: 00000000000£d600 606 FUNC GLOBAL DEFAULT 12 __interceptor_malloc

P.S.2
FAEAE Linux | sanitizer interceptor AL FIC)Z R 5, AR 25 W (1] sanitizer M i85 3] i) — L8 i) BT R
fha2 Xt . fian:

* Address Sanitizer fails to intercept function in shared library opened with RTLD_DEEPBIND - Issue #611
google/sanitizers - GitHub
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* ASan runtime does not come first in initial library list; you should either link runtime to your application or manually
preload it with LD_PRELOAD. - Issue #796 - google/sanitizers - GitHub

e address sanitizer - Is it okay if ASAN runtime loaded as second library? - Stack Overflow

References

1. ELF interposition and -Bsymbolic | MaskRay
2. dlsym(3) - Linux manual pagedlsym(3) - Linux manual page

3. asan/tsan: weak interceptors - llvm/llvm-project@7fb7330 - GitHub

* genindex
¢ modindex

¢ search

7.4 How Sanitizer Get Stack Trace

7.4.1 How Sanitizer Get Stack Trace

Sanitizer JEH 47— R R s 1 WA EE TR . B4 ASan £ £l —> heap-use-after-free 25K 1] bug,
TR A S48 L AT T AU I il % T heap-use-after-free, 14225 Y X S N A2 7EMIR FL g FR I 1Y, XL
SETEMR BRI -

40 X > heap-use-after-free [
*  “READ of size 4 at 0x603e¢0001fc64 thread TO” %5 Hi i) 52 fill ) heap-use-after-free [{{] stack trace
» “freed by thread TO here:” %5 H} #9524t NTEWEFEN ) stack trace

» ‘“previously allocated by thread TO here:” 5 H i) 2 3 N 774 FH 45 B stack trace

// clang -00 -g -fsanitize=address test.cpp && ./a.out
int main(int argc, char **argv) {

int *array = new int[100];

delete [] array;

return arraylargc]; // BOOM

==6254== ERROR: AddressSanitizer: heap-use-after-free on address 0x603e0001fc64 at pc.
—0x417f6a bp 0x7fff626b3250 sp 0x7fff6260b3248
READ of size 4 at 0x603e0001fc64 thread TO

(continues on next page)
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#0 0x417f69 in main test.cpp:5

#1 Ox7fae62b5076c (/1ib/x86_64-1inux—gnu/libc.so.6+0x2176c)

#2 0x417e54 (a.out+0x417e54)

0x603e0001fc64 is located 4 bytes inside of 400-byte region

—0x603e0001£d£f0)

freed by thread TO
#0 0x40d4d2 in

—new_delete.cc:61

#1 0x417f2e in

previously allocated by thread TO here:

here:

[0x603e0001£fc60,

operator delete[] (void*) 1llvm/projects/compiler-rt/lib/asan/asan_

main test.cpp:4

#0 0x40d312 in operator new[] (unsigned long) 1llvm/projects/compiler—-rt/lib/asan/

—asan_new_delete.cc:46

#1 0x417fle in main

Shadow bytes around the

0x1c07c0003£30:
0x1c07c0003£40:
0x1c07c0003£50:
0x1c07c0003£60:
0x1c07c0003£70:
=>0x1c07c0003£80:
0x1c07c0003£90:
0x1c07c0003fal:
0x1c07c0003£fb0:
0x1c07c0003£fc0:
0x1c07c0003£d0:
Shadow byte legend
Addressable:

Partially addressable:

Heap left redzon

Heap righ redzon

fa
fa
fa
fa
fa
fa
fd
fd
fd
fa
fa

fa
fa
fa
fa
fa
fa
fd
fd
fd
fa
fa

(one

e

e:

Freed Heap region:

Stack left redzone:

Stack mid redzon

e:

Stack right redzone:

Stack partial redzone:
Stack after return:

Stack use after scope:

Global redzone:
Global init orde
Poisoned by user
ASan internal:

==6254== ABORTING

r:

02 03 04 05 06 07

represents 8 application bytes):

test.cpp:3
buggy address:
fa fa fa fa fa
fa fa fa fa fa
fa fa fa fa fa
fa fa fa fa fa
fa fa fa fa fa
fa fa fa fa fa
fd fd fd fd fd
fd fd fd fd fd
fd fd fd fd fd
fa fa fa fa fa
fa fa fa fa fa
shadow byte

00

01

fa

fb

fd

f1

£2

£3

f4

£5

£8

£9

£6

£7

fe

fa
fa
fa
fa
fa
fa
fd
fd
fd
fa
fa

fa
fa
fa
fa
fa
fa
fd
fd
fd
fa
fa

fa
fa
fa
fa
fa
fa
fd
fd
fd
fa
fa

fa
fa
fa
fa
fa
fa
fd
fd
fd
fa
fa

fa
fa
fa
fa
fa

fa
fa
fa
fa
fa

fa
fa
fa
fa
fa

fal[fd]fd

fd
fd
fd
fa
fa

fd
fd
fd
fa
fa

fd
fd
fd
fa
fa

fa
fa
fa
fa
fa
fd
fd
fd
fa
fa
fa

fa
fa
fa
fa
fa
fd
fd
fd
fa
fa
fa

A8 DA ASan SRl 43 #r sanitizer runtime & YA 3BT stack trace [ .
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Stack unwinding

TE43 M sanitizer runtime 5T stack trace B ELARSEIL Y 7, FA15EFR£ )T stack unwinding

*F stack unwinding, maskray X fa S Stack unwinding | MaskRay 5 BT 1. AT A PN A HR /2 M maskray X
i SO ) R

Stack unwinding 3= T 3R HU stack trace B 5ZF C++ exception,
Stack unwinding 7] DAy R :

« synchronous: AL H Btk i), H & AR EHE AL (FE function body PN, A2 1 BILFE prologue/epilogue
by

» asynchronous: [ garbage collector, signal B{ 4R filt &, X3 stack unwinding 1] DA % 4 {5 BR %R pro-
logue/epilogue 4k

Sanitizer [ stack unwinding 3 /& synchronous stack unwinding, [ sanitizer runtime [ 5t % . {5141l sanitizer runtime
7F malloc/free i £ i3 stack unwinding 3R stack trace.

R A S A R AT H 518 synchronous stack unwinding (1] .0 A T ## asynchronous stack unwinding, DAJ5 A W
[T PAZEST R ) o

Frame pointer

I kb ) stack unwinding iff j& B T frame (base) pointer [%rbp]l K SZPLH. AN R G 3 I A N Tk I
—fno-omit-frame-pointer, HBATERKZEL prologue/epilogue A& U154

pushg %rbp

movqg %rsp, %rbp

popg srbp
ret

ER%X prologue At pushg $rbp ¥ caller {J frame pointer {H 1%, movg %rsp, $rbp KfaFfEss%rbp HI{H T
HMARAT: caller frame pointer R HIAE . XBE, — HIRATIRECT 24 7R % frame pointer [ME, R HAFS| 5
BRI AT caller 1) frame pointer [{E, ANMEHUARS | 5L REZRHE T4 #: i) frame pointer.

FATATVARE stack frame 5 A 41 F S5 {4

struct stack_frame {
stack_frame* nextFrame;
void* returnAddress;

bi

PAITRIC R ARG R I EF T 6« 7E x86_64 T, caller 5FEAAT call F5A I £ 24 il bR AR T — 455 2 Huhk R
B, SRJGBkEE ) callee [ A LIALZKSEINAT, $EHE callee [F)55— 45382 Wi/ pushg %rbp KFAFf7#% %rbp 11
fHERE . X P52 A VERF struct stack_frame [ 25 IHTT 4T
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main: # @main

pushg Srbp

movqg %rsp, %rbp
subqg $16, %rsp
movl $0, -4 (%rbp)
mov1l $2, %edi

callg foo(int) # Pushes address of next instruction onto stack,
# populating 'returnAddress' member of 'stack_frame'.

# Then jumps to 'callee' address(i.e. function foo).

addl $1, %eax
addg $16, %rsp
popg Srbp
retqg
foo: # Q@foo (int)
pushg srbp # Push rbp (stack_frame ptr) onto stack (populates

— 'nextFrame' member)

movqg $rsp, %$rbp # Update rbp to point to new stack_frame

subg $16, %rsp. # Reserve an additional 16 bytes of stack-space
movl %edi, -4 (%rbp)

movl -4 (%rbp), %edi

callg bar (int)

addl $2, %eax

addqg $16, %rsp. # Restore rsp

popg %rbp # Pop rbp from stack

retqg # Pop return address from top of stack and jump to it

HILFATT DA, _builtin_ frame_address (0) 524 HiKELAY frame pointer {5, f#5| /] frame pointer
AN AT 455) nextFrame #l returnAddress, AWrESE , XHERANTELEEFELF stack trace T

—/Maj BAFY) unwinding GRS 7R 5 S FY test_unwind.cpp 1R

1 +#include <stdio.h>

2

3 __attribute_ ((noinline)) void fast_unwind() {

4 unsigned long *frame = (unsigned long *)__ _builtin_frame_address (0);
S for (i) |

6 printf ("frame pointer is: %p\n", frame);

7 unsigned long *pc = (unsigned long*) frame[l];

8 printf ("pc is: %$p\n", pc);

9 unsigned long *new_frame = (unsigned long *) (*frame);
10 if (*new_frame <= *frame) break;

11 frame = new_frame;

12 }

13}

(continues on next page)
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(continued from previous page)

14

15 __attribute_ ((noinline)) int bar (int n) {
16 if (n <= 0)

17 return 0;

18 if (n == 1)

19 return 1;

20 fast_unwind() ;

21 return bar (n-1) + bar(n-2);

22}

23

24 _ _attribute_ ((noinline)) int foo(int n) {
25 return bar (n)+2;

26}

27

28 int main() |

29 return foo(2)+1;

30}

$ clang++ test_unwind.cpp -g -no-pie -fno-omit-frame-pointer &&

frame pointer is: O0x7ffcbde94cl0

pc is:

0x4011lec

frame pointer is: Ox7ffcbde94c30

pc is:

frame

pc is:

0x401233
pointer is: 0x7ffcbde9%94c50
0x401259

$ llvm-symbolizer -iCfe a.out 0x40llec 0x401233 0x401259
bar (int)

test-stack-trace/test_unwind.cpp:21:14

foo (int)

test-stack-trace/test_unwind.cpp:25:16

main

test-stack-trace/test_unwind.cpp:29:16

./a.out

HJ2X Fp 5T frame pointer SE3 stack unwinding (177 XA R KM m AR : gk BN LA TE 00 AL T

ZUI —fno-omit-frame-pointer ik,

W F-asA7-fi# frame pointer AH Hb AT BN TERETT4 o

I BB —A %748 F T 174% frame pointer 5 Rl F —4
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DWARF Call Frame Information

Y —Ff stack unwinding A SZ B 5 2 5k 2 BT DWARF Call Frame Information 2L AY, 1 com-

piler/assembler/linker/libunwind 2 LA R 7 5

A1 2 PABI T AT LR -

$ cat test.cpp

__attribute_ ((noinline))

if (n <= 0)
return 0;
if (n == 1)

return 1;

return bar (n-1) + bar(n-2);

__attribute_ ((noinline))

return bar (n)+2;

int main() {

return foo(2)+1;

# H Rk test_unwind.s

$ clang++ -01 test.cpp -S

int bar (int n)

int foo (int n)

{

{

FATTT PATE test.s & F|.cfi_def_cfa_offset, .cfi_offset X F£[1) CFI directives, assembler/linker <A 73X & CFI
directives 4 if{.eh_frame section, %% T stack unwinding.

BN 4 SO test.s BRI bar X1 (T2 AOAS HHA A0 R 9%

_Z3bari:
.cfi_startproc
# $bb.0:
pushqg Srbp

.cfi_def_cfa_offset 16
pushqg Srbx

.cfi_def cfa_offset 24
pushg srax
.cfi_def_cfa_offset 32
.cfi_offset %rbx, -24
.cfi_offset %rbp, -16
testl %edi, %edi

jle .LBBO_1

# @_Z3bari

# %entry

192
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HAT TR .cfi_offset $rbp, -16 BN .cfi_offset 3rbp, -24, RJFHF test.s Jgice ] AT
SCE, A gdb HIE N aA AR

$ clang test.s
$ gdb ./a.out

(gdb) b bar

(gdb) r

(gdb) ni

(gdb) ni

(gdb) ni

(gdb) disassemble

Dump of assembler code for function _Z3bari:
0x0000000000401110 <+0>: push Srbp
0x0000000000401111 <+1>: push Srbx
0x0000000000401112 <+2>: push Srax

=> 0x0000000000401113 <+3>: test $edi, $edi

(gdb) 1 r rbx rbp

rbx 0x0 0

rbp 0x401170 0x401170 <__libc_csu_init>

(gdb) bt

#0 0x0000000000401110 in bar(int) ()
#1 0x0000000000401156 in foo(int) ()
#2 0x000000000040116b in main ()

(gdb) £ 1

#1 0x0000000000401156 in foo(int) ()
(gdb) i1 r rbx rbp

rbx 0x0 0
rbp 0x0 0x0

BATLEFLFAEAE bar BREL test %edi, sedi Ab, RIGIBITRETY. W PAG BIAEWT S 4b rbp HEZ 0x401170,
rbx FIEZ 0, Bk#% % frame 1 J5, FRRFE rbp FIME, BEEAE R T 00 SATI A 24 Bk 2 frame 1 ALFT rbp H{EAHLLY
Za2 0x401170, 28 5 0 2 RN FRATEL g S test.s P .cfi_offset %rbp, -16MBHMCAT .cfi_offset
Srbp, -24. i cfi_offset -24 ZbFFfif )2 %rbx HIME, %rbx FI{HZ 0, LA gdb 6 frame 1 /) %rbp FHIEIRIE K
T0,

RT3 3 XA — R BRI T R 550 T AR T E T DWAREF Call Frame Information ¥ stack unwinding .,
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Sanitizer stack trace

Sanitizer runtime 7 stack unwinding [}, 5 i Fh%N%: fast unwind £ slow unwind, sanitizer runtime fJ; 52 {# i fast

unwind,

JE sanitizer runtime 1R 2 H 7 EHRE T £E stack trace, {5 UIAE malloc/free ¥ F Il £E stack trace,
Z£ ASan runtime library ' intercptor malloc/free PR % SC P v 3t i i %% GET_STACK_TRACE_MALLOC #
GET_STACK_TRACE_FREE J3kHY stack trace {#1F % BufferedStackTrace ZEHU 1748 & stack H1, SR)5%F stack
VERNSEUG Y RE asan_malloc, asan_free ff1EEE.

// compiler-rt/lib/asan/asan_malloc_linux.cpp

INTERCEPTOR (void*, malloc, uptr size) {
if (DlsymAlloc::Use())
return DlsymAlloc::Allocate(size);
ENSURE_ASAN_INITED () ;
GET_STACK_TRACE_MALLOC;

return asan_malloc(size, &stack);

INTERCEPTOR (void, free, wvoid *ptr) |
if (DlsymAlloc::PointerIsMine (ptr))
return DlsymAlloc: :Free (ptr);
GET_STACK_TRACE_FREE;
asan_free (ptr, &stack, FROM_MALLOC) ;

GET_STACK_TRACE_MALLOC fll GET_STACK_TRACE_FREE B EL T — RSN WA, AT
BufferedStackTrace: :Unwind () :

BufferedStackTrace: :Unwind () BRI NTSEE LT :
e max_depth: %% unwind &k [l IR E .

e pc: the pc will be in the position O of the resulting stack trace. B[] unwind SE 4G 4LRY pe, 2
_ builtin_return_address (0) 5F1.

* bp: the bp may refer to the current frame or to the caller’ s frame. B[l unwind 245 4L 1) frame address, J2i@ ot
__builtin_frame_address (0) 153/,

* context: il 5 A nullptr, ¥ Android lollipop Jiz4~2Z Hi, M signal handler H unwind ZZELT libcorkscrew.so,
EFLH 2| signal handler 2L context Z44(.

« stack_top, stack_bottom: unwind ;{45 4k B e LR HE ) LR AR AR S A ER AR T, 335 ) 1 I W7 R U fast unwind
H} unwind i RRATH 22 0 F o

* request_fast_unwind: /RS2 ] fast unwind RS2 slow unwind., FEFfIEAS & ASAN_OPTIONS HA] AKX B
14T} 244 fast_unwind_on_check, fast_unwind_on_fatal, fast_unwind_on_malloc, sanitizer £xH{ 5% 25544
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(A B DA RGBT ER B A2 A SRR (0T A fast unwind 3£ )& slow unwind.

— fast_unwind_on_check: If available, use the fast frame-pointer-based unwinder on internal CHECK failures.

Defaults to false.

— fast_unwind_on_fatal: If available, use the fast frame-pointer-based unwinder on fatal errors. Defaults to

false.

— fast_unwind_on_malloc: If available, use the fast frame-pointer-based unwinder on malloc/free. Defaults to

true.

// compiler-rt/lib/sanitizer_common/sanitizer_stacktrace_libcdep.cpp

void BufferedStackTrace: :Unwind (u32 max_depth, uptr pc, uptr bp, void *context,
uptr stack_top, uptr stack_bottom,
bool request_fast_unwind) {
// Ensures all call sites get what they requested.
CHECK_EQ (request_fast_unwind, WillUseFastUnwind(request_fast_unwind));
top_frame_bp = (max_depth > 0) ? bp : 0;
// Avoid doing any work for small max_depth.

if (max_depth == 0) {
size = 0;
return;
}
if (max_depth == 1) {
size = 1;
trace_buffer[0] = pc;
return;
}
if (!WillUseFastUnwind (request_fast_unwind)) |

#if SANITIZER_CAN_SLOW_UNWIND
if (context)
UnwindSlow (pc, context, max_depth);
else
UnwindSlow (pc, max_depth);
// If there are too few frames, the program may be built with
// —fno-asynchronous—-unwind-tables. Fall back to fast unwinder below.
if (size > 2 || size >= max_depth)
return;
#else
UNREACHABLE ("slow unwind requested but not available");
#endif
}
UnwindFast (pc, bp, stack_top, stack_bottom, max_depth);
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UnwindFast

UnwindFast H S22 5T frame pointer (1) unwind, BEARSZILUNF :

// llvm-project/compiler-rt/lib/sanitizer_common/sanitizer_stacktrace.cpp
void BufferedStackTrace::UnwindFast (uptr pc, uptr bp, uptr stack_top,
uptr stack_bottom, u32 max_depth) {
// TODO(yln): add arg sanity check for stack_top/stack_bottom
CHECK_GE (max_depth, 2);
const uptr kPageSize = GetPageSizeCached();
trace_buffer([0] = pc;
size = 1;
if (stack_top < 4096) return; // Sanity check for stack top.
uhwptr *frame = GetCanonicFrame (bp, stack_top, stack_bottom);
// Lowest possible address that makes sense as the next frame pointer.
// Goes up as we walk the stack.
uptr bottom = stack_bottom;
// Avoid infinite loop when frame == frame[0] by using frame > prev_frame.
while (IsValidFrame ((uptr)frame, stack_top, bottom) &&
IsAligned( (uptr) frame, sizeof (*frame)) &&
size < max_depth) {
uhwptr pcl = frame[l];
// Let's assume that any pointer in the 0th page (i.e. <0x1000 on 1386 and
// x86_64) is invalid and stop unwinding here. If we're adding support for
// a platform where this isn't true, we need to reconsider this check.
if (pcl < kPageSize)
break;
if (pcl != pc) {
trace_buffer[size++] = (uptr) pcl;
}
bottom = (uptr) frame;

frame = GetCanonicFrame ( (uptr) frame[0], stack_top, bottom);

static inline uhwptr *GetCanonicFrame (uptr bp,
uptr stack_top,
uptr stack_bottom) {
CHECK_GT (stack_top, stack_bottom);
return (uhwptr*)bp;

// Check if given pointer points into allocated stack area.
static inline bool IsValidFrame (uptr frame, uptr stack_top, uptr stack_bottom) {

return frame > stack_bottom && frame < stack_top - 2 * sizeof (uhwptr);

(continues on next page)
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(continued from previous page)

UnwindSlow

UnwindSlow 3t /& £ T libunwind $2 L3201 _Unwind_Backtrace LAY unwind:

// 1llvm-project/compiler-rt/lib/sanitizer_common/sanitizer_unwind_linux_libcdep.cpp
void BufferedStackTrace::UnwindSlow (uptr pc, u32 max_depth) {

CHECK_GE (max_depth, 2);

size = 0;

UnwindTraceArg arg = {this, Min (max_depth + 1, kStackTraceMax) };

_Unwind_Backtrace (Unwind_Trace, &arqg);

// We need to pop a few frames so that pc is on top.

uptr to_pop = LocatePcInTrace (pc);

// trace_buffer[0] belongs to the current function so we always pop it,

// unless there is only 1 frame in the stack trace (1 frame is always better

// than 0!).

// 1-frame stacks don't normally happen, but this depends on the actual

// unwinder implementation (libgcc, libunwind, etc) which is outside of our

// control.

if (to_pop == 0 && size > 1)

to_pop = 1;
PopStackFrames (to_pop) ;
trace_buffer[0] = pc;

struct UnwindTraceArg {
BufferedStackTrace *stack;

u32 max_depth;
bi

_Unwind_Reason_Code Unwind_Trace (struct _Unwind_Context *ctx, wvoid *param) {
UnwindTraceArg *arg = (UnwindTraceArg*)param;
CHECK_LT (arg->stack—->size, arg->max_depth);
uptr pc = Unwind_GetIP (ctx);
const uptr kPageSize = GetPageSizeCached();
// Let's assume that any pointer in the 0th page (i.e. <0x1000 on 1386 and
// x86_64) is invalid and stop unwinding here. If we're adding support for
// a platform where this isn't true, we need to reconsider this check.
if (pc < kPageSize) return UNWIND_STOP;
arg->stack->trace_buffer[arg->stack->sizet+t+] = pc;

if (arg->stack->size == arg->max_depth) return UNWIND_STOP;

(continues on next page)
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(continued from previous page)

return UNWIND_CONTINUE;

_Unwind_Backtrace WREERATT .

// _Unwind_Backtrace () is a gcc extension that walks the stack and calls the
// _Unwind_Trace_Fn once per frame until it reaches the bottom of the stack
// or the _Unwind_Trace_Fn function returns something other than _URC_NO_REASON.
typedef _Unwind_Reason_Code (*_Unwind_Trace_Fn) (struct _Unwind_ Context *,
void *);

extern _Unwind_Reason_Code _Unwind_Backtrace (_Unwind_Trace_Fn, wvoid *);

_Unwind_Backtrace JF stack unwinding B}, XfF4&F— frame #E< 8 MK $L Unwind_Trace }f it
frame [1) PC/IP $54-Hulik{%4% % BufferedStackTrace [1) )% 71 28 & trace_buffer ],

StackDepot

A FAIHEFE T sanitizer runtime 2 {A{R1E stack trace [,

FATHEAR CHiE 2 F intercetpr malloc 7 asan_malloc R#HFTWIEDHEL, 1M asan_malloc Fii& X7t
__asan::Allocator::Allocate PRI — B3,

// compiler-rt/lib/asan/asan_allocator.cpp
void *asan_malloc (uptr size, BufferedStackTrace *stack) {

return SetErrnoOnNull (instance.Allocate(size, 8, stack, FROM_MALLOC, true));

void *Allocate (uptr size, uptr alignment, BufferedStackTrace *stack,

AllocType alloc_type, bool can_fill) {

m->alloc_context_id = StackDepotPut (*stack);

WE%| _ _asan::Allocator::Allocate RECEH KL StackDepotPut Ff stack unwinding FRHL
I¥) stack trace fR-1EAE . StackDepotPut £ iR [i]—> context_id, #i3 context_id 5 stack trace FRLE % & |
J5 42 n DA T context_id $% F %} 3/ [ stack trace,

Ti4i# stack trace (A% D EIE LS F4) 52 StackDepot, LB T :
 compiler-rt/lib/sanitizer_common/sanitizer_stackdepotbase.h
 compiler-rt/lib/sanitizer_common/sanitizer_stackdepot.h

e compiler-rt/lib/sanitizer_common/sanitizer_stackdepot.cpp
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// FIXME (dvyukov): this single reserved bit is used in TSan.

typedef StackDepotBase<StackDepotNode, 1, StackDepotNode::kTabSizeLog>
StackDepot;

static StackDepot theDepot;

u32 StackDepotPut (StackTrace stack) {
StackDepotHandle h = theDepot.Put (stack);
return h.valid() ? h.id() : 0;

StackTrace StackDepotGet (u32 id) {
return theDepot.Get (id);

e StackDepotPut %L, ZEZEAIE StackTrace (BufferedStackTrace 42 StackTrace [ T72%), iR u[{EK
A u32, fEfif stack trace, Rk[A]—A~id, id 5 stack trace 2——XINW FEFR

e StackDepotGet %, SHEAE u32, REMEIEHZ StackTrace, R id 1% [0 % IV 1) stack trace.
StackDepotNode #l StackDepotBase/StackDepot 1) il 7 AS B 40K 7~ .

« StackDepotNode . i{ i A% & StackDepotNode *link; 77 #5 [1] T —-{~ StackDepotNode [ 541, Bl £~ Stack-
DepotNode 2H ili— % . A& id T Ar1R1Z StackDepotNode/Stack Trace . i 51 A8 5 tag ) 7] GEHR
(i 2 TAG_UNKNOWN(0), TAG_ALLOC(1), TAG_DEALLOC(2), TAG_CUSTOM(100) 3775 stack trace 1]
K. MU size B T #0R stack trace [VREE, BUGIEE stack @M, BEHBATTER T
fi# stack trace £F—MiAY pc.

« StackDepot/StackDepotBase ., StackDepot 17 hash table 3 77fif StackDepotNode, hash table 4E§/ T 1<<20
/™ tab, 1<<12 4> tab NAH N T — part. &34 tab 770112351 StackDepotNode 55— N ICE M
a5t

struct StackDepotNode {
StackDepotNode *1link;
u32 id;
atomic_uint32_t hash_and_use_count; // hash bits : 12; use_count : 20;
u32 size;
u32 tag;
uptr stack[1]; // [size]

bi

template <class Node, int kReservedBits, int kTabSizeLog>
class StackDepotBase {
atomic_uintptr_t tab[kTabSize]; // Hash table of Node's.

atomic_uint32_t seqglkPartCount]; // Unique id generators.

(continues on next page)
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(continued from previous page)

bi

StackDepot hash table 7~ & U0 :

A A
tab[0] » StackDepotNode » StackDepotNode
tab[1] » StackDepotNode
Part-0
kPartSize tab[2] » StackDepotNode StackDepotNode » StackDepotNode
=4096(1<<12)
tab[4095]
\ A
KTabSize
= 1048576(1<<20)
N
tab[1044480]
tab[1044481]
Part-255
kPartSize | tab[1044482]
=4096(1<<12)
tab[1048575]
FU. S, Yoo

o XFT— Y E ) stack trace, 1 FEiTE % stack trace 11 hash {Hic/E h, K531 h ¢ kTabSize &
B A70i#1% stack trace [ tab. HIBr 24 B4 E 1Y stack trace 2 HCLAFE tab[h $ kTabSize] XMV [k
Frpo WURATE, SEH—NAE, FEXHNTE FARYEZE 1 stack trace #4)3 StackDepotNode, #X 5
% StackDepotNode i A %] tab[h % kTabSize] XMW IEEFRIT L. FF4 StackDepotNode [ id /8
ZLITEHIE? 4F 1<<12 /> tab AL T —4> part, %04 seq[kPartCount] A2 R part 4 HIE
Z A7 T 2 /04 StackDepotNode, i[5 h % kTabSize / kPartSize FRFNFEffi% stack trace
ff) tab FFAERY part. XTT—#1 10 StackDepotNode Xf W) id 52 (seqlpart] + 1) | (part <<
kPartShift),

o XT—AER i, Bl uptr part = id >> kPartshift; FF|% id XAy StackDepotN-
ode £ FHFA> part. 3 Jjji% part I 1 <<12 4> tab, FEEFAS tab HERH FHEHAAAE G E id MR
StackDepotNode,

*7F sanitizer runtime ;2 UITLRAF stack trace f), W LAFFEIEE T StackDepot HYAASSEBL, X E /AT IEH(E
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5], A MR T

References

1. Stack unwinding | MaskRay

2. https://developers.facebook.com/blog/post/2021/09/23/async-stack-traces-folly-synchronous-asynchronous-stack-traces/

¢ genindex
* modindex

e search

7.5 ThreadSanitizer

7.5.1 Prologue

PR, H A H SCH M _E /44 ThreadSanitizr(AKA TSan) JFE ) SCEEAR D, HA ThreadSanitizer —— [ data
race Pl L F R .

{H 2 52 P X s 07 S & 2 KL T ThreadSanitizer V1 1138 3 ThreadSanitizer: data race detection in practice
(WBIA > 09) & #F#f. ThreadSanitzer V1 25T Valgrind SEFLH), KT happen-before Fl lockset 2% .

i H B4 AL GCC/Clang ) ThreadSanitizer S2f5 B 42 V2 AT, IREFEMS VI AFE, MR Ad-
dressSanitizer, ThreadSanitizer, and MemorySanitizer: Dynamic Testing Tools for C++ (GTAC’ 2013), TSan V2 {i

JTI#] fast happens-before 2%, JR{LlT FastTrack(PLDI’ 09) H# H ik
JIr PAASY 6 TSan [1)27 2] 20605 W s SCFE

1. F—ERENT FastTrack: efficient and precise dynamic race detection (PLDI’ 09) iX it SCH) 2% 3 &1L

2. BB e A TSan (G SEELAY A B, AR TSan 5 /5 A A4
P.S.1 TSan runtime H¢#i2 V3 A, Bl A RS LLVMI14 8 %A %17, NiZM LLVMI14 14 TSan BN
{#iff| V3 runtime ,
P.S.2 Fouf TSan (1 IEJZFVATT#0 T TSan 43 Dmitry Vyukov, 753 [m%2/&: TSan V2/V3 fii ] (1) FHEHR 2 2
TAEEW ) 5h—> data race # il T2 Relacy’ 08 , {HZiZ THEHIRSC, HAJEMN,

P.S.3 Konstantin Serebryany A #F, TSan V2 fiff f] F %8 529 P FastTrack(PLDI’ 09) 5 ¥k, 2%>] Fast-
Track(PLDI’ 09) %} T-#fi# TSan V2 )5S )2 B kA5 A 5B .
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7.5.2 Dissecting ThreadSanitizer Algorithm

AR A M ThreadSanitizer(V2) #5: Data Race 15 Ji5 [543 5

Introduction

ThreadSanitizer(AKA TSan) J2&— 4 B AE GCC il Clang I &&0 M T H, GRBAEN C++ (LI H K
Z R FE S 4 (data race) o B FH g 13 B AR B R GZ AT B E R A A, A g R R B R VS N S 2K

—

—fsanitize=thread, FLA]DAYEIZATHTHE data race .

Data Race

TSan 2451 data race NS Hr LH . F-ATHEFE T data race F510 247

Data Race: Pj{~£;f% concurrently /5[] T[] —A~ A7 (memory location), I HPj AR UTAF#HAF £
B AR A

Y 9&F race condition Fi1 data race [¥J[IX 5], N, Race Condition vs. Data Race ~Embedded in Academia

Bl IR WA AT A R 2 42 Ry B Global £77E data race. PIPNERAEIATE G, &RAR
Global (B fEZ 1 WATRER 2. W ZAEELS STL 48R A#7E data race, NWIWTREFECEERJ5R, N
WK . TR it .

int Global;

void Threadl () {

Global = 1;

void Thread2 () {
Global = 2;

HHE data race [y S, FIBIATY TR A AFTE data race TR [ 3 44
L AN EAR DT A2 45 4 [ —4> memory location
2. WALREIUTAARIE T B A B HRE
3. WMANSAEif7 #1275 concurrent

FErPHTTAS 2 EAR A 2 T, B ARSI data race ASEARRURLAY 5 B D REDO 2 (6 2 FIBT P DT A7 #8412 15 con-

current !
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Happen-Before & Concurrent

FEA S WAL W P ) #A1 )2 1572 concurrent Z i, FRATRE 24551 A happen-before )& 3L

Happen-before [ & i ITIf721E Lamport, L., 1978. Time, clocks, and the ordering of events in a distributed system
g, AR R G hFEZ R — MR T X R .

— MR G 2 RS processes LAY, B4 process L — R FIFA AL, AR process Z ] & i
W & B TS Y

Happen-before 3 % (iCffE —) M@ X:
1 AR o A b RAER—> process TG, FFH. o BT b %&E, Baa—b
2. WEREFHT a FEE b 2 ANIA] process I, H b & a ZIERHRRENCE, L a—b
3. Happen-before 5 2 /& —Fj 4R 7= 5¢ 2 (strict partial order) , BIif /£ transitive, irreflexive and antisymmetric
L. Transitive, XfFAEEFF a,b.c, WRa—>bHb—c, arFa—c
2. Irreflexive, X TAEEF M a, #fH a—»a
3. Antisymmetric, Xf TALEF a,b, Wk a = b, WLHD»a
RT3 X happen-before FEA T :

7.5. ThreadSanitizer 203


https://lamport.azurewebsites.net/pubs/time-clocks.pdf

LLVM-Study-Notes Documentation, Release 0.1

Process P Process Q Process R
p1  C
p2
pd O
p4 C
\4 \4 \/

FEEX— ARG R IR trace:
o 3 AR H BN 3 4> process: P,Q, R

s MEL LW RFRSE, AL R E L YRR/ N S B A IS ] LT PR AR R o 5 A
Bl BIANEEE po B30 po K

o JEF% process Z [A] 4k Fn process 2[R A & 1 BEATIEAE, p1 — g2 /8 process P T2 py [7]
process Q KIiATHE, XTHEBE process Q T2 ¢o FEULE

23X T EE RS trace:

* tR# happen-before [V):E LHEGH: p1 — ra, XEBFE N p1 — @2, @2 = qu. qu — 13,73 = 14, FTLA
p1 — e B pl —ERIETHFM rd KA, NE LR R G FH Fizi782 DIk

o RUEIRIEAK trace & RAEMIB] EFF g3 R R TS0 ps AR, H2 g3 » ps Hps » g3, BIFH{F g5
I py Z [A] 2 B4 happen-before XA FrUARBERIER—UGETT, FHF g3 AR T ps KL
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B, WA AT REAEHE—IK trace F M ps B R T M g5 KA

JHf# T happen-before [ F X5 , T 145 H concurrent ) 5E X @1 a » b H b - a, AF-AFK a F1 b 12 concurrent
H o

EFEFRATTIR BEAE 1 W IR Ui AR E Z A& A5 concurrent 354k k T HIWr IR DA 45V E 2 [A] & A5 A£4E happen-
before X % .

B2 Aa] W R 5 AR E 2 18] 2 75 77AE happen-before 3¢ £ 87 &2 2 Vector Clock. ¥£/1+4 Vector Clock 22
HI, FATFEESE TN Lamport Logical Clock,

Lamport Logical Clock

Lamport logical clock %%y Leslie Lamport ¥£ Lamport, L., 1978. Time, clocks, and the ordering of events in a
distributed system F H I — R R EL I I RIE . TR AL AR G R R KR

BYEIR:
1. #> Process P; #{¥iA —NE B8P Clock;, process Py FERFRAM S/ A2 11, #RF Clock; B3 1
2. Process P; [a] HiAth Process &k TH B, S8R 1, RIGHF Clock, MEESEE B —IH £k &

3. Process P; |t Process P; Jik KA, SRBUGHE 7Y Clock; M{H, 5 H B/ Clock; Bk
KAE, RSN NIENH R Z IR Clock; B 1

HR4f lamport logical clock 552 Al happen-before & X 515 : X TAERE A, WK F4 o happen-before
Hb, A4 Clock(a) < Clock(b),

"N Bl k3 lamport logical clock Sk :
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Process P
p1 O [1]
p2 (

[3]

[6]

[7]

Process Q

[1]¢

2]

[4]

[7]
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* WIHA, Process P #ll Process Q K2R BHAY(EHAR N O

* Process P K AEAHEAT py, BEEIEH Clock, MfEH O BEHA 1. Process Q KAARHIAT q1, PRI
B Clock, HfEH 0 FEHA 1

* Process P T-F{f: po [n] Process Q ALV E., JEHIGEZEEEN Clock, WME, 0 1 HEH R 2. RIERFILES
Clock, W (BRI 2) &M E P —IF Akl 2

* Process Q #2H{F| Process P AERITE , REOHE HHEFAZ I (B12), w o2 igmoh
Clock, B ST R R #5712 4R I Bh e B B B BRI Bh Clock, MEREIME (B Clock,
SRR 2 M 2 BERORAE, 3802 2), SRIETRRE Clocky EHE 1 (B Clock, ME I 2 B34 3)

{H 2 lamport logical clock & 774E R FRPE A :
o HEELRIE: W a — b, B4 Clock(a) < Clock(b)

e {HZ Clock(a) < Clock(b) NEWEH a — b, BIFRMIAGEET Clock(a) < Clock(b) KA EFMH a
happen-before {4} b

B4 $Clock_p(pl)=1 <2 =Clock_q(q2) $, {H;25F5 | p1 happen-before po AL AR YL, FHF p1 Al
HAF po Z [AIERS AT RE LT 73 Ah— " A

FATHITERF data race il i) @6 R T FIWT IR Ui FE#RAE 2 0] /2 75 A77E happen-before ¢ ) ). {HZ T
lamport logical lock [R5 fEME, FoATARE B34 lamport logic clock [ Jf] T+ data race FAIAG I .

Vector Clock

Colin Fidge F11 Friedemann Mattern 42 H Y] vector clock fi## 7 lamport logic clock {8 _iR JFFR

vector clock BYEUNTF

* fg—> process P; HEX] W —> vector clock VIC;, VO 2 n PMICRAM A5, n 25 1= RS H process
. B process Py ) VC; #RERIIRIE A O

o Bj24 process Py ZAARMIEAFZ Hi, FHT vector clock: VCi[i] = VCi[i] + 1

¢ Process P; [m] HAth Process K158 BN, JEHHT vector clock: VCi[i] = VCi[i| + 1, SRG¥ VC; WEEE
TEHE

e process P; $ZUH process P; % %K) message, B HT vector clock: VC;[j] = VO[] + 1,VCj[k] =
max(V C;[k], VC;[k]) for all process k

R 1T A vector clock fIFEHERR:
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Process P Process Q Process R
1 [0,1,0
1001 p1 O ¢ at 10 O [001]
[2,0,0] p2 O\)(
2,2,0
) a2 | ] ) r2  [0,0,2]
[3,0,00 p3 O
C
[4,0,0] p4 C 93 [23.2]
Q13 10,03
O g4 [24,2]
) 95 [4,5,2]
Y Y Y

« WG VO, = VCy = VO3 = [0,0,0]
« Process P A Uil p1, T vector clock: VCy = [0+ 1,0,0] = [1,0,0]
« Process Q KA B po, BT vector clock: VCy = [0,0+ 1,0] = [0,1,0]
« Process R KA NEFE: ps, BT vector clock: VCs = [0,0,0 + 1] = [0,0, 1]
* process Q T} go H2UCHh process P FHf: po KR, HEHT vector clock:
- VO] =141=2,VC = [2,0,0]
- V2 =1+1=2,VC,y =[0,2,0]
- VCy = maz(VCy,VCy) = [max(2,0), maz(0,2), maz(0,0)] = [2,2,0]
Vector clock fif#ke T lamport logical clock [ JaBR: , 3 20~ o4 -
o QN a happen-before F5i14: b, A4 VC(a) < VC(b)
* R VC(a) < VC(b), AB2ZFF o happen-before {4 b
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i po = g iff VCy(a) < VCy(b)
Vector clock [ {)7 & R A°F -
« VC,=VC, iff Yk, VC,[k] = VC,[k|
« VC, £VC, iff k, VC,[k] £ VC,[K]
c VO, <VC, iff Yk, VC,[k] < VC,[k]
- VO, <VC, iff (VC,<VC, and VC, £ VC,)

R pa = qp iff VCpa) < VC,(b) XAMERT, FATHEREHH vector clock S HIWi bk A7 A E 2 0] /2 547
£ happen-before X %, RIEEASEL T vector clock ARk 22 ZAEAE) 7 H Y data race.

Data Race Detection
FATHTHIAEN 4 lamport logic clock FI vector clock B #R& AT RGN Z BT X R AT SHHITNH
S8

b F 2 B LA R — R G AN Bk vector clock FEYEFRS NG, wRT DA F T4
% LR AT T data race:

R L
_VCy CVC iff Vi VCk(t) < VCx(t)
- VCr UVCr = M. max(V(C“z (t),VC)t (t))

o BN t HRXF W — vector clock VCy, FIHAE N 0o X TAEE—NEFE u, VCi(u) iCRHEZ 54
T2 t B4 T ERAE T /2 happen-before ¢ R WZFE u ) E—IRERAERY clock. UNARAELRE w 1) F—REAEL
N O, Bt FYEIERIEIC N O, 824 O, happen-before O,

o BE—ANET m FLRT . —A> vector clock L,

o B BRI vector clock: Wy, Fll Ry o XFFAT R —ANEEE ¢, Wo[t] Fl R, [t] T3 T 4AE ¢ %t
e o WG — IR/ 51 clock

— LAt XA o RN, 208 R [t] ME SRR VC,[t] MfH
- BT ¢ X o I, 28 WL [t) IESERTA VC, [t 1E
FEFF AT [ 2D AR BRI, SR S EHTAH Y AY vector clock :
- rel(t,m). SR u BT Bim, S Ly, WEEHN VC, E, - VC,[u] + +
— acq(t,m). LAt KT B m, B VC, IEEHH VC, ULy, 19E
- fork(t,u). Je¥ VC, WEHEHH VC, UVC,, FHF VCi[t] + +
- join(t,u). 5eF VC; EHHiH VC, UVC,, 4 VC,[u] + +

HI W2 AFAE data race:
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— RIS HTLAE v B o, WERIGE WA C VCx, MBAYHIZAE u X8 i« Fi S 2 B HA L&A
XHAE & x )5 AN{FHE data race

— BECYRTLRE w AR o, WHR W CVCy H RA C VCx A YHTLRE u X2 & « INE 520
HABLAEXS AL &« S HIEEAFETE data race

TR A A TR BB ] i vector clock A5l 22 L FEFR P Y data race:
« BELABEETITERNILBEAMB, F—Mim, #F MR

o AR A XS vector clock iC/E VC 4, ZAE B XFRZ[Y vector clock it/ VCp, 4 m XfJW [ vector clock
iCfE Ly, Z5& x XI5/ vector clock it W, 1 R,

o R E AR N2 B TRES T E R

VC, VCs Lm W, Rx
-4 [ 1 2 | 8+ 2 |1 3|0 0
A B A B A B A B A B

Thread A's local time

happen before
current step of Thread A

o BT A BETIEA x = 0 HA R @, RAIFHERA LA R « 005 52 AR RS R o
Y RIBEZ IR A (e data race, BRI W C VCx Al R~ C VCx EAWAL.

BIR (3,00 C [4,1] A1 [0,1] C [4, 1] AP 2, HIARZERE A PUT1EA] x = 0 548 g o 52 g HAW LR
Ap v S ANEZ B AFEAE data race
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VCA VCB Lm Wx RX
4 1 2 |8 2 |1 3|0 0|1

Write-Write Race Check: Wy C VC, ?

3 /0 C |4 | 1| Yes

Read-Write Race Check: R, C VC, ?

0|1 4 |1 Yes

I

o PURZRE A PATIER) x = 0 BT A o, AOTEER W, (9(E, £ W, [A] AR VCa[A] RIMH:

VC, VG Lm W, R,
4 |1 2 | 8 2 |1 3|10 0|1
x=0
Y > A
4 |1 2 | 8 2 |1 4 |0 0|1

o BEIPARZEIAT, BUIRT SRR A AT rel (m) BERLGE m, JXF Loy BYE TN VCA BIMEL, 15 VCA[A]+
_|_
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VCA VCB Lm Wx Rx

4 |1 2|8 2 (1 3|0 0|1
x=0

\ 4

4 |1 2 |8 2 (1 4 | 0 0|1
rel (m)

Y Y

511 2 |8 4 |1 4 | 0 0|1
lll )I\

®§ VCA[A]++ @ Lm = VCa

VCA VCB Lm Wx RX
4 1 2 | 8 2 |1 3|0 0|1
x=0
Y
4 1 2 | 8 2 |1 4 (0 0|1
rel (m)
Y Y
5 1 2 | 8 4 |1 4 | 0 0|1
racq(m)
4 | 8
A

_________________________________________

rel (m) happens-before

o &AL B PUTIER x = 1 HAE v, ROTFEMELHILEN LR » (552 Ai AKX Z & o 1Y
ENEELZ 6] /275774 data race, B W € VCx MR E VCx BHHE -

BIR [4,0] T [4,8] F1[0,1] C [4, 8] ARl /&, BIARLRE B PATIEA] x = 1 4G o« 52 fiHALZEREXT
A BB B ANTEAE data race,

PINERE B TR x = 1 HA0G o, ATZHEH W, 0{E, K W, [B] BEEH N VCp[B] #E:
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VCA VCB Lm Wx RX
| I | | I | | I
411 2 | 8 Write-Write Race Check: Wy C VCp ?
y =0 4|0 |c|a|8| ves
4 |1 2 | 8
rel (m) Read-Write Race Check: R, C VCp ?
Y
5 | 1 o | 8 01| |48 Yes
acq(m)
Y
5|1 4 | 8 4 |1 4 | 0 0|1
X =1\
Y A
5|1 4 | 8 4 |1 4 8 0|1

o AR APITIHEN y = x PR o, RATFERA Y HI AL R ¢ 1935 Z A LA E R 2 15
2 [l 2 ETEAE data race, BIH|K W C VCx 24T 2 -
B [4,8] T [5,1] e, RIAKREAR B Pt x = A o HZ i HABLREN A B o 13 6]
{#1F data race.
RIFRATR I BN AR A PATIER) v = x B7E & o 52 AiHAM AN A& o (S AL B 4E1E data race.
EHARH UL @R A PUTIEN] vy = = B/ & » 5Z AR B #UTHEM) x = 1 B8 HE « fE/E data race.
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VCA VCB Lm wx RX
4 |1 2 | 8 2 1 3(0 0|1
x=0
Y
4 |1 2 | 8 2 1 4 10 01
rel (m) Write-Read Race Check: Wy < VC, ?
Y
v acq(m) Read-Read No Race, No Need To Check
: L S I I T I T T I T
x=1
Y N Y
5 1 4 | 8 4 1 4 | 8 0|1
y=x

ThreadSanitizer Internals

ThreadSanitizer #;il| data race [ AR H S5 2 E T vector clock Eyk1Y, HORNHFESC IR T —20H . tean
Xt F4A—~48 5 ©, ThreadSanitizer A2 iC kT KA — IR A AE & « BYBESE, ThreadSanitizer H £ 5
T4 AR o RS .
ThreadSanitizer FH &2 FRAE RIS AT 2R 70 2L o
o YRR IE AR X T 4F—IK memory access (load, store), HSLxHE I YR acccess 2 Hifd A —1 K $0H
(__tsan_read, __tsan_write), ZREIHHEFEEI TR SEBT .
s IBfTHE: #£ __tsan_read, __tsan_write H15CIE data race £ N LR, FIBI AR G A2
TEAE data race. Hi5 TR Z BRBSL PN libe Fil pthread, FEH 581, Bk, fork/join £} 5T vector

clock ,

BN, ASCERIT U T R ) 42 Jry 28 T Rn 5o 4 9 AU A Be Bl 1] ThreadSanitizer $8AE 5 1 ACRSAE R 07T B /s -

int global;

void Threadl () {
__tsan_func_entry(__builtin_return_address (0));
__tsan_writed (&global);
global = 1;

(continues on next page)
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(continued from previous page)

_ _tsan_func_exit ();

void Thread2 () |
__tsan_func_entry(__builtin_return_address (0));
__tsan_write4d (&global);
global = 2;

__tsan_func_exit();

HWEH: JE global = 1 flglobal = 2 ZHIEHA TN __tsan_writed BYRECE M .

Jet F ThreadSanitizer 5, HERFiE TEfE Y, B DR SIRAE— vector clock, F: 8-bytes 13 FH AR /T N
TEARRT N A 4 4~ 8-bytes 1Y) shadow word., 4§~} shadow word #H FiCsf— R P I EEME, 0% TID (2642 id) .
Epoch (VifFHRAE & I EAE TID B local time) . Pos:Size (FRiRASR iFE7 IH) 2 24 1 8-bytes 1HF L4
bytes). IsWrite (ARiHAR I EIER RS ).

KRG o I, TR 7 9 ThreadSanitizer ffifik , Fr ATEPATIEE G BAEZ AT, # ST % __tsan_read
ﬁ __tsan_write, fFf __tsan_read fl __tsan_write IR F, BHIERBIAE R v FT7EN) 8-bytes
WA K. SR 54 EIX 8-bytes INAFFIrXT Y 4 A4 shadow word , #5858 X4 FHijiX — KX A8 & o )25 5 shadow
word HIL TR 4 LS @ A7 AE data race. /55T shadow word INZS, IESRAUON AL & = LS, &
JIE shadow word it SR 2 it 4 PO AR & © S .

@ 4 shadow words per 8 application bytes @ First access: Thread T1 write 2 bytes at offset 0 bytes @ Second access: Thread T2 read 4 bytes at offset 4 bytes
— TID TID TID TID ™ ™ T2
Write in Read in
|, |Epoch| |Epoch| [Epoch| |Epoch _Thread T1 | Eq _Thread T2 | Eq E2

| Pos : Pos : Pos : Pos : . . .
Size size Size Size 0:2 0:2 4:4

IsWrite IsWrite IsWrite IsWrite: w w R

Write-Read race check:

@ Write-Read race check: memory accesses do no intersect @ Third access: Thread T3 read 4 bytes at offset 0 bytes < memory accesses intersect

« race if E1 not happens-before VCi(t1) Text
- T T2 T T2 T3 — T T2 T3
Read in
Ll 5| E E2 _Thread T3 | Eq E2 E3 S| E E2 E3
0:2 4:4 0:2 4:4 0:4 0:2 4:4 0:4
w R w R R w R R

5E#& 1Y ThreadSanitizer 3235 B PHACHS 4 F iR :

def HandleMemoryAccess (thread_state, tid, pc, addr, size, is_write, is_atomic):

shadow_mem = MemToShadow (addr) # the type of shadow_mem is uinto64_t*

(continues on next page)
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(continued from previous page)

IncrementThreadClock (tid)
LogEvent (tid, pc)
new_shadow_word = ShadowWord (tid, CurrentClock(tid), addr, size, is_write, 1is_
—atomic)
stored = false
for 1 in range (0, 4):
raced = UpdateOneShadowState (thread_state, shadow_mem, i, new_shadow_word, stored)
if raced:
return
if not stored:
# Evict a random Shadow Word

shadow_mem[Random (4)] = store_word # Atomic

def UpdateOneShadowState (shadow_mem, idx, new_shadow_word, stored):
0ld_shadow_word = shadow_mem[idx] # Atomic
# The old state is empty
if old_shadow_word == 0:
if not stored:
StoreIfNotYetStored (shadow_mem[idx], store_word)
stored = true
return false
# Is the memory access equal to the previous?
if AccessedSameRegion (old_shadow_word, new_shadow_word) :
if SameThreads (old_shadow_word, new_shadow_word): # same thread
if IsRWWeakerOrEqual (old_shadow_word, new_shadow_word) :
StoreIfNotYetStored (shadow_mem[idx], store_word)
stored = true
return false
if HappensBefore (old_shadow_word, thread_state):
return false
if IsBothReadsOrAtomic (old_shadow_word, new_shadow_word) :
return false
# race!
ReportRace (old_shadow_word, new_shadow_word)
return true
# Do the memory access intersect?
if AccessedIntersectingRegions (old_shadow_word, new_shadow_word) :
if SameThreads (old_shadow_word, new_shadow_word) :
return false
if IsBothReadsOrAtomic (old_shadow_word, new_shadow_word) :
return false
if HappensBefore (old_shadow_word, thread_state):

return false

(continues on next page)

216 Chapter 7. Sanitizer




LLVM-Study-Notes Documentation, Release 0.1

(continued from previous page)

# race!
ReportRace (0ld_shadow_word, new_shadow_word)
return true

# The accesses do not intersect, do nothing

return false

def StoreIfNotYetStored (shadow_mem, store_word) :
*shadow_mem = store_word # Atomic

store_word = 0

def IsRWWeakerOrEqual (old_shadow_word, new_shadow_word) :
return (old_shadow_word.is_atomic > new_shadow_word.is_atomic) ||
(0ld_shadow_word.is_atomic == new_shadow_word.is_atomic &&

'old_shadow_word.is_write >= !new_shadow_word.is_write)

def HappensBefore (old_shadow_word, thread_state):

return thread_state.vector_clock.get (0ld_shadow_word.tid) >= old_shadow_word.epoch

References
1. Lamport, L., 1978. Time, clocks, and the ordering of events in a distributed system.Communications of the
ACM,21(7), pp-558-565.

2. Cormac Flanagan and Stephen N. Freund. 2009. FastTrack: efficient and precise dynamic race detection. (PLDI
7 09)

3. Finding races and memory errors with GCC instrumentation. (GNU Tools Cauldron 2012)

4. AddressSanitizer, ThreadSanitizer and MemorySanitizer -Dynamic Testing Tools for C++. (Google Test Automa-

tion Conference)
5. https://en.wikipedia.org/wiki/Lamport_timestamp

6. https://en.wikipedia.org/wiki/Vector_clock

7.5.3 DataRace #£Ml|8 £ 2 FastTrack

& AddressSanitizer, ThreadSanitizer, and MemorySanitizer: Dynamic Testing Tools for C++ (GTAC’ 2013), TSan
V2 {ifi Jf] %] fast happens-before B3, JR{LlT FastTrack(PLDI’ 09) th#$ i i & k.

AT FastTrack: efficient and precise dynamic race detection (PLDI’ 09) X it X2 il
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Preliminaries

Data Race

TE FastTrack(PLDI’ 09) &3, 4 SCHR 942 race condition, A4k Race Condition vs. Data Race. EMBEDDED
IN ACADEMIA %5 H 1% 26 T race condition F1 data race [ 7€ X, ZiE X % SLbr 5 1% V1% i2 data race,
ACAHEME ] “data race”,

¥ 4:% data race [ 5E X

¢ A race condition occurs when a program’ s execution contains two accesses to the same memory location that

from FastTrack:

are not ordered by the happens-before relation, where at least one of the accesses is a write.

efficient and precise dynamic race detection (PLDI’ 09)

* A data race is a situation when two threads concurrently access a shared memory location and at least one of the

accesses is a write. from ThreadSanitizer: data race detection in practice (WBIA ’ 09)

R, RPN AR DT ) [F]— AN A (memory location), 2/ -—MIREEHEAE, H HMNEKETTN
LB T R T A, WIBLBHAEAE data race.

26—~ JEH R BARY data race )] F:

#include <pthread.h>

#include <stdio.h>

int Global;

void *Threadl (void *x) {
Global=1;
return NULL;

void *Thread2 (void *x) {
Global=2;
return NULL;

int main () {
pthread_t t[2];
pthread_create (&t [0], NULL, Threadl, NULL);
pthread_create(&t[1], NULL, Thread2, NULL);
pthread_join(t[0], NULL);
pthread_join(t[1], NULL);
printf ("%d", Global);
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Concepts

—REFFARZALR, B LR t € Tid 3R, RBLABRBEGHA RN v € Var 3R, Bl m € Lock
IR

SR t BEA TR R (0
o rd(t,x) Mlowr(t,o) HFPFRER e, SRS
* acq(t,m) Fl rel(t,m) 53 HIFRARHIB m, BB m
o fork(t,u) F/RERE t fork —AFIILAE u
o join(t,u) FIRERE t FHIEH BLAE v ZIEPUT
happen-before [ S (2 H T SCFA BEAHA AR R, B B SR 30) -

A trace « captures an execution of a multithreaded program by listing the sequence of operations performed by the various

threads.

The happens-before relation <, for a trace « is the smallest transitively-closed relation over the operations in « such

that the relation a <, b holds whenever a occurs before b in « and one of the following holds:

¢ Program order: The two operations are performed by the same thread.

* Locking: The two operations acquire or release the same lock.

* Fork-join: One operation is fork(t,u) or join(t,u) and the other operation is by thread w.
A a happens before b, HB4 b happens after a

WA LA VT 17 7] — D N AALE (memory location), /D —A5RESHEAE, H HaX W5 b 4/EZ 1)
%A happen-before &, AR VLB U5 A781F Z [RIFFAE data race.

Vector Clock and DJIT* Algorithm

Vector Clock

BSAR T A n DNEFE, BEDERFEERRT . —A> n PNITEM vector, FRA vector clock.,
Vector clock Z [H] @ FFAEMm T % 5 C .
U FRHEAS vector clock 2 8] A2 (join) A
Lo FRa/ M vector clock o
inc, FnihI vector clock ) FRREHE t AR ICE .
AR AT
cCLC Gy ff VE CL(E) < Caolt)

hd Cl (] CQ = At maa:(C’l (t), Og(t))
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el = XM.O

e inc(C) = Au.ifu=1tthen C(u)+ 1 else C(u)

ZEABI ST BRAR vector clock .

BT TA 2 MR ¢ Fl ta , R 1 1 vector clock Cy fy < 4,0 >, ¢y [ vector clock Cy Hy < 5,8 >,
s HH4<5, 0<8ACI ECy
e C1UCy =< maz(4,5),max(0,8) >=<5,8>
o P A 2 ALRRFA Lo = < 0,0 >

o incy(C1) =<4+ 1,0>=<50>, inc2(C1) =<4,0+1>=<4,1>, incy(Cy) =<5+1,8>
=<6,8>, incp(Cy) =<5,84+1>=<59>

DJITT Algorithm

DJIT* Algorithm 542 5T vector clock 451l data race H:

o TEALAE t ZRXF . —A vector clock Cy, X TAERE— A u, Ci(u) il T SLEE ¢ 4 HIHAEW 2
happen-before 3¢ Z I ZAE u Iy b —IREEVERY clock (ANRABLAR u i E—RKIAEICH O, LA t 124
HIEEEC N O, 247 O, happen-before O; )

o FF—NH m WX —A vector clock L,

o B AR © XS vector clock W, Il Ry o X FATE—AFEt, W, IR, 03 T4 ¢ W4 &
() B Je— B/ F 1) clock

- SRRt XA o BT, 2 Ru[t] ISR Co(t) MIMH
- T ¢ XA o BT, 28 WL [t] IESERTA C(t) E
o FEFP AT IR I AARARAEIT, A S BRI B vector clock:
- KR u B TYIm, DIITH 2506 L MEEHTN Co fH, TR Cu MIEEHTA incu(Cu)
- KA RKIT B m, DJIITH 24F Cp WEEHA C UL, 1{H.
- fork(t,u), DJIT* &5 C, BEEHH Cu UC,, FHHF Co TR inc,(Cy)
— join(t,u), DJITH L5568 Cp BEEFA Co U Cy, PRI Co RN inc. (Cu)
o WA R A A7AE data race:
- BRECYHI R w B o, QR W, C C, IBAYHILRE u XS « 19305 2w HAB LA X8
o IEATFAE data race
- BIYEILRE u AR ¢, R W, EC, HR, C C, IP24EILAE u k2R » (95052 #i
MBEAER AL T x )G HIBEAFFAE data race
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FATHAT BT RPE DIIT ZANTHL I data race [ :

Co Cy Ly, &
4,0,...) €0.8,...) 0,0,...) €0,0,...)
wr(0,x)
4,0,...) (0,8,...) 0,0,...; <4,0,...;
ref([},m)\
(5,0,...) x‘x‘ (0,8,...) (4,0,..) (4,0,.
acq(1,m)
(5,0,...7 4.8,...) 4,0,..., (4,0,...)
wr(1,x)
(5,0,...) 4.8,...) 4,0,...;, {4,8,...)

W EETR, BTFPEWALR, LR 0 LR 1. 2R 0 XFM.AY vector clock ly Co, ZRFE 1 XFM.[Y vector
clock Jy Cq, 4fi m XFR[ vector clock 2Ky L., , F HFk A1 vector clock W, Hidsfui—R 3248 & © B S HAE.

1.

2.

WIRIRAEIS, Co 2y <4,0>, Ci H<0,8>, Ly, H<0,0> (B L), W, 24 <0,0> (B Lc)

4o 0 5748t @, vector clock W, [0] F{ELE BTy Col0) 9L, FFRA W, HOffLHT <0. 0> Sy <4, 0>, 3
4% vector clock F{{HAAE

ZRAE O BE m, vector clock L, FIETEHA Co HI{H <4, 0>, #RJ5 vector clock Co [IH A inco(Co)
Bl <5, 0>, H4x vector clock F{EHANAS

L8 1 FRHU m, vector clock C B HHE#8 Cy UL, B <0, 8> L <4, 0> = <4, 8>, H. 4t vector clock [
HAE

gj%i% 1 g/ﬁﬁ z, EE:J: Cl ﬂﬂ <47 8>7 WI y‘j <47 0>7 ij[/y\ WZE E Cla ﬁl?jt%i%
SN, ) happen-before S\, ), TPAZAE 1 BAAE ¢ 5L 0 AR « Z[[){% A data race. fiy
JER B W[1] S Ci[1], Bl W, i{EH <4, 0> 75k <4, 8>, H4x vector clock FI{EAZE
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FastTrack Algorithm

iR ETF vector clock #) DJITT Algorithm 5 St 2 e BT 4H . WERAEF PA n MR, IRA%F—4 vector
clock HFRFFEE O(n) WyZS[a), I HXT vector clock ) #EAE (copying, comparing, joining, etc) HREAEH: O(n) FHTE,

key observation: {3 iE T KB Java F2/7(5 AL : TEIrA 7529k data race detector Ml (i #1E (rd,

wr, acq, rel, fork, join, --) T, [A# (synchronization) #:/E (lock acquires and releases, forks, joins, waits, notifies,

ete) H BB ERAAI LB MXFACALR G5 B a5 W G 7 B 51 96%

key insight: it 99% WG HAE, FATHAT LM vector clock HK#RH: happen-before S &, HFF M
Fh e 422 happen-before Frn 2RI, HYEMZERT fallback A vector clock .

B SE H BT AN 2R AT, X IR FRATTASEEE A vector clock SRic sk M ERFEXT AR & = S #E, Hidsk
RS TR«

CU C.-’ Lm WI

(4,0,...) 0,8,...) 0,0,.) Lo
wr(0,x)

4,0,...) {0,8,..) (0.,0,...) 4@0
rel(0,m)

A
A

(5,0,...) ~ 0.8....) (4,0,.) 4@0

A

4
acq(1,m)

5,0,...) 4,8,...7 4,0,..., 4@0
wr(1,x)

(5,0,...) (4,8,...) (4.0....) 8@1

FRATHE clock c FiI thread ¢ 4 81 %F2H (pair) HYAE epoch, iCAE c@t, epoch 5 vector clock fEEMI R X c@t <
C it c<C(t).

T LT AT, X T Wo FATHGE I epoch LR E—URRMA LS TR o -
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1. FIEIRASHES, Co A <4,0>, C; hy<0,8>, L, <0,0> (E Lo), W, K L,
2. 4FE 0 GAFE x, Ff epoch W, [EHTE BN 4@0, FIRLAE 0 £ clock 24 4 IE TA & «

3. ZAR O RGN m, vector clock L, F{E A Co HIMH <4, 0>, K5 vector clock Co FIE A inco(Co)
Bl <5, 0>, H4x vector clock F{EANAS

4. Z6FE 1 FREU m, vector clock Cy A{ETE T~ C1 UL, B <0, 8> LI <4, 0> =<4, 8>, H.4x vector clock [
{HAAS

5. & 1 54F 2, AT Ch<4,8>, W, h4@0, FiAF W, =4@0 < < 4,8 > = Cy, tHELZi
IN(#¥, ) happen-before S\ (W, ), FrPAZARE | BANE « 5472 0 548§ © Z A data race. )5
BT W, oh 8@1, FIRLAFE 1 7E clock 2y 8 W5 748 & x, HA vector clock H{EAAE

TEXAGIF 1, FATTH epoch AL vector clock W, J5, FEHIWT wr(1,z) @5 wr(0,z) Z [B]FF1E data race
B, ¥ O(n) Y vector clock 2 [a] Y L #4E C B fetlitb A T O(1) B epoch 5 vector clock 2 [A] i) FLEZ #AE < .

TR G HA: 2] —F FastTrack Algorithm 2 41{af 45l data race 1.

Type of Data Race

data race R] DARRFEULIN 2 1 52 5 A E B9 58 5 07 /T DA R PAR =2

e write-write data race.,

KT+ write-write $X il data race, FRATEA LB SEHEA vector clock (USRI A LAEXT AL & « B #AE,
Hidsg E—UO MM E T4 & o JUEB 7. RIETFHITER 2], WS v MG EERK
A it data race, A2 BT XS R @ 5 BAEESZHE happen-before X ZHEFUFAT, BrLAK T A
LA v G5 Z AL R v (5 Z &R AE write-write data race, FRATTH EACR A M EAL
FEE I — A AE B 5 TEMR— clock HiWf— thread SEACAY . WIHTHNA, FKATHE clock ¢ F thread ¢
AT (pair) WA epoch, iCAE c@t., epoch 5 vector clock FEfEII R £ &R : c@t < C iff ¢ < C(t)
o FTLAG I 215 F7AE write-write data race, FAT]HFFAL O(1) BUEITT44 ELER epoch 5 vector clock 2
[ A =< KRR,

¢ write-read data race

— HILATTH epoch SRid sk E—WR WA & o 15, ki@ A A77E write-read data race A8 9EH A1 8. Rk
A t PR @ B vector clock J& Cp, FATHTHFIED O(1) BIRTRIFF4H LR W, < C 256 2, 5 RA
JIWr b — kKA B o (5 #RE TS happen-before X — R X488 o Y EEEAE, PAK I 275 /77E write-read
data race .

¢ read-write data race

5 write-write data race FII write-read data race [1J4#& M AH H., read-write data race F¥AG I WU AH Xt 5 4+ —
Lo, NTEIRA data race FYARRJFHY, XAE R @ B2 EHREM AT B concurrent 1. fRIAR P AT
BRAEZ, AR o WA EEERLE rd(0,2) Al rd(1,x) 42 concurrent [¥), RIA R EE 7d(0,x) el
1, WATRE rd(1, ) Jethdr, MBABEIKAIFIE wr(_, =) happen-before rd(0,x) , FATHLICYE I
wr(_, z) happen-before rd(1,x) B L, FoATFZEAE 525 vector clock R, Hid i AS &
IR .
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FastTrack {1 7 5 & V1) (adaptive) 5 2 RICSRXT AR 5« B93E: Q1A M Bixf 48 5 o 134 /E happen-
after Ty Z HiAAS & o EEERAE, IR ATRATHTFZME epoch i iX — R HT XL & o BRI AT .
WX B o A EEERE 2 [A] 2 concurrent [, FRATELT4 ] vector clock it 728 & o A LHRAE .

Analysis Detail

FastTrack & —> online algorithm, XT?%&{D‘J?&F , FastTrack 24— NEPIRES o, 4T HIT— MRAE
a I}, FastTrack &NV HFEIIRS: 0 =% 0

= (C,L,R,W) &— Ayl
o Cy TR FTLAR t 1) vector clock
¢ L R E—UREHE m XY vector clock
o R, FR E—AAS B o BTV Y epoch B, vector clock
o W, Fn bE—RF A& x EX VA epoch
R o WBIEGIER -
o0 = (\esincs (Ly ), Am. Ly, Az Lo, A L)
E(t) FEREFE t 192457 epoch c@t, Hidt ¢ = Cp(t) BPLFE t 192457 clock .
R 22—, R, & R(x) WHE, Rlr:=V]IRH R(x) BECHV, HRHIAZL.

TR TR R G4, FastTrack 2 WM BH AR IRES o (FERFMRVER A LRI 45 T Ve A
benchmarks I EZ S| A Rl BRER L PE S HE) |
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Reads: I | 82.3% of all Operations

[FT READ SAME EPOCH]

R. = E(t) 63.4% of reads

(C,L,R,W) =" (C L R W)

[FT READ SHARED] | I—
R, € VC 20.8% of reads
1’1/7“ j Ct

R = Rlz = R.[t = Cy(t)]]
(C,L,R,W) ="t} (C L, R, W)

[FT READ EXCLUSIVE]

Epoch

Cy

Ct

Rlz == E(t)]
(C,L,R,W) =" (C, L, R\, W)

=yl
§
TATA M

[FT READ SHARE]

R, = cQu 0.1% of reads
Wm j Ot

V = Lyt :=Ce(t),u:= (]

R = R[.Z‘:— V]

(C,L, R, W) ="t (¢ L, R, W)

Writes: Il | 14.5% of all Operations

[FT WRITE SAME EPOCH]

W, = E(t) 71.0% of writes

(C,L,R,W) ="""=) (C, L, R,W)

[FT WRITE EXCLUSIVE] —
R, € Epoch 28.9% of writes
R, = Cy
WT ﬁ Ct
W= Wia = E(0)

(C,L,R,W) =" (C, L, R,W')

[FT WRITE SHARED] S — |
R, € VC 0.1% of writes
Rx E Ct
Wa: j Ct
W' = Wz := E(t)]
R = R[z:= L]

(C,L,R,W) =9 (C, L, R, W')

Read Operations

Read Operations X 204>k 4 2380 :
¢ [FT READ SAME EPOCH]
WA P AT A2 rd(t, @), RIZAE ¢ 3

AR w3, R NERFRTER]— clock B ZIXAR & @ 3,

e [FT READ SHARED]

| — |
15.7% of reads

S ﬁH%R = B(1),

Other: [ 13.3% of all Operations

[FT ACQUIRE]
= C[t :=(Cy U L)
(C,L,R,W) ="1m) (¢ L R, W)

[FT RELEASE]
L' = Lim:=C4]
C' = Cft = inci(Cy)]
(C,L,R,W) =™ (¢ I/, R, W)

[FT FORK]
C' = Clu:=Cyu UCt,t:=inc:(Cy)]
(C,L,R,W) =l (¢ L R W)

[FT JOIN]
C' = Cft:=CyUCy,u:=incy,(Cy)]
(C,L, R, VV) :>]am,(t,ﬂ.) (C./7 L,R, VV)

BRI — YO AL B @ 5 X — YO
AR FIRE o

W F AT AR Z rd(t, z), BIZRE ¢ 548 5 oo QR R, BE42 ] vector clock FRK (R, €
VC), FHAT—K4 A& o )5 happen-before MEINFEEFE ¢ XFAF & o (UEE (W, < Cp), IBATRATHFE
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vector clock R, HEFE t AUARER B8k Cy(t) BT, bR R = Rz == Ry (t .= Cy(t))]
[FT READ EXCLUSIVE]

W AR E PAT IR rd(t,z), HEIERRRE ¢ 3258 oo WSRIEA R, 21 epoch FHIRHY (R, € Epoch),
H HET— KX 45 B o 193 happen-before IUINZEAE ¢ AR R © (932 SR, <X Cy), Hl—IRAAZR « (05
happen-before ILIFEEFE ¢ XAS & @ (K13 (W, = Cy), IRAFRATIFEHHr epoch R, 4 E(t) Bin], E(t) %
TNERAR t BU24HT epoch c@t, Hir ¢ = Cy(t) HIZAR t 12417 clock

[FT READ SHARE]

IR P AT E R rd(t, o), BIZAR ¢ 378 & oo QIERILET R, J2 ] epoch TR (R, = c@u), H H.
HI—U A8 & @ 15 happen-before HHFFE ¢ XASE 2 (W, = Cy), HEH—IRAAE & « i 51t
IFEAE ¢ XS B x 1912 happen-before & & (SR, < Cp), APAFKATE epoch R, ¥4 >hy vector clock
R, ., ZF2 w iy clock /2 ¢, kA2 t Ay clock J& Cy(t) . BN TRV = Lyt := C(t),u:=¢],R' = Rz := V]

Write Operations

e [FT WRITE SAME EPOCH]

IR AT 2 wr(t, ), BIZAE t AR o, ﬁﬂ% W, = E(t), BIE—KXEE 2 55Xk
XA © 5, 2Rl R R]— clock B ZIXAS i « 5, IRAANHEHRFRS 0.
[FT WRITE EXCLUSIVE]

WP HATIERAE R wr(t, o), BIZ%AE ¢t BASE o, WUERILHT R, 2 epoch F/Ri (R, € Epoch),
I H I — K A48 & « f)3E happen-before IYHFZEAR ¢ XA & © S (R, <X Cp), HI—MWAR = N5

happen-before WAL AE t XA & = 5 (W, = Cp), HAFATHTFEIE epoch W, H15H8 £, (t) RIW],
B FzR W =Wz = E(1)]

[FT WRITE SHARED]
BB e SAT B R wr(t, x), HIZRAR ¢ BASE o, (RILE R, B4 vector clock /Rl (R, €
V), I ELHiTH A X AS & o 1YL happen-before ILIZRAE ¢ X248 & = (5 (R, T Cy), Hi—IKXZE&E ©

)5 happen-before JUIFTZRFE t XIAER = (W5 (W, = Cy), AFAFKATI epoch W, HEEHHN E(t) , FF HAE
Ry BHH Le o

B Ry BN Lo RPUNEEA AR o MHERIEATTRES I Ry il RN R o MEHIRIEA data
race T, FRAFRMTEHF ALK Z AN LR 2 EFT .

XA FTR W =Wz := E(t)], R = Rz := L]
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Other Operations

Other operations £} acquire, release, fork I join, FastTrack algorithm XX L5 4/E 4TS5 DJIT algorithm 25
il
e [FT ACQUIRE]
PEIRR P AT 2 acq(t, m), SRR ¢ 3R TBim o 5 O MIESEHT N Cp U Ly, 19{E
« [FT RELEASE]

LSRR P A TR EAE S rel(t,m), SRR BT B m o X5 L, WESEHN C 09E, B Cr i9E S Hr
N incy(Cy)

« [FT FORK]

BEIAR P AT R fork(t, u) o SEXF Cu MIESTEN Cu U Cy, FHRF Cy IIESEDHTN inc,(Cy)
* [FT JOIN]

BEIAR P AT Join(t, u) « Jeff Cr MIERDHTN Cr U Cu, PR Cu BIEEEHNN incu(Cu)

Algorithm Pseudo Code

FastTrack Algorithm [ CASSEELANT , S2%F F—7 Analysis Detail f5CE1, BUARARNFEFA
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class

class

}

class

}

void

}

void

ThreadState {
tid;
cll;

epoch;

int
int

int // invariant: epoch == C[tid]

VarState {
W, R;
Rvc[]; // used iff R == READ_SHARED

int
int

LockState {
int L[];

read(VarState x, ThreadState t)
if (x.R == t.epoch) return;

/!
if

write-read race?
(x.W > t.C[TID(x.W)]) error;

/!
if

update read state
(x.R == READ_SHARED) {
x.Rvc[t.tid] = t.epoch;
} else {
if (x.R <= t.C[TID(x.R)]) {
x.R = t.epoch;
} else {
if (x.Rvc == null)
x.Rvc = newClockVector();
x.Rve[TID(x.R)] = x.R;
x.Rvc[t.tid] = t.epoch;
x.R = READ_SHARED;
}
}

write(VarState x, ThreadState t)
if (x.W == t.epoch) return;
write-write race?

(x.W > t.C[TID(x.W)]) error;

//
if

/7
if

read-write race?

(x.R !'= READ_SHARED) {
if (x.R > t.C[TID(x.R)]) error;
T else {

if (x.Rvc[u] > t.C[u] for any u) error;
}
x.W = t.epoch; // update write state

// Same Epoch 63.47

// Shared 20.8%

// Exclusive 15.7%

// Share 0.1%

// (SLOW PATH)

// Same Epoch 71.0%

// Shared 28.9%

// Exclusive 0.1%
// (SLOW PATH)
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Example

B, AT — AT R B FastTrack J2 A4 1] data race f):
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Co Cy

X X
(7,0,..) 0,1,...) 1, 1.
wr(0,x)
\j
(7,0,...) 0,1,..) 7@0 1.
Jork(0,1)
\
(8,0,...) N (7.1,... 7@0 1.
rd(l,x}l
(8,0,...) (7,1,... 7@0 @1
lrd([},x)
(8,0,... (7,1,... 7@0 (8,1,...
rd(l,x)l
(8,0,...) 5 (1.1,... 7@0 (8,1,...)
ljﬂ.in([}, 1)
(8,1,...; (7,2,... 7@0 (8,1,...
wr(0,x)
\j
(8,1,..) (1.2,... 8@0 1.
rd(0,x)
\/
(8,1,... (7,2,... 8@0 8@0
230 Chapter 7. Sanitizer



LLVM-Study-Notes Documentation, Release 0.1

VIR IS, Wo F1 Ry #J2 Le , FORACH o B BABCE ML
1. ZfE 0 5454 o, epoch W, MY HUHT AR O (192471 epoch c@t, Bl 7@0
2. fork(0,1) . SE¥F C1 IIMEHHT A C1 U Co B <7.1>, F5 Co BYMEHHE BN inco(Co) Bl <8, 0>

3. GAE 1 EE R o, MBI —IRAEE & 2 BY5 happen-before JEIFZEFE 1 XHAS & » f3E (W, = 7T@0 < <
7,1>=C1), Frfi¥A write-read datarace. N2l Ry & Lo, FrPARTEEH epoch kKR R, BITT,
¥ R, BYEE LR 1 12411 epoch c@t, EJ 1@1

4. AR 0 AR o, OARI—IW AL & 195 happen-before LIFZRAE O XiAZ B = 13 (W, = 7@0 =< <
8,0 > = Cy), FTAH write-read data race. [HJ2H]—YCW AL & @ (15 AR 0 X248 & o« HE0A
happen-before & & (R, = 1@1 £ < 8,0 > = Cy) » rLATREH vector clock 1L epoch Sk F/R R, ,
Ry ({HE A <8, 1>

5. 4R 1 B E o, RONEI—YONAE B ¢ 15 happen-before I kAR 1 X A8 o (Y3 (W, = 7@0 < <
7,1 >=C"), LA A write-read data race, [K°h R, T.4 2= vector clock 78 T, LA HEEHHE vector
clock R, TR 1 A4 B8k Co(1) BIRT. R Rp(1) &2 1, C1(1) 2 1, vector clock R, HHiH]
JEHk 2 <8, 1>

6. join(0,1), Jeff Co MEHE A Co U Cr B <8,1>, FfF C WMEHEHTA inci (C1) Bl <7, 2>

7. 4R 0 HAZE v, B R, B4 M vector clock KR, I HATH AT A28 & @ (115 happen-before It
IR FE O XA o 15, %A read-write datarace (R, = < 8,1 > C < 8,1 > = Cy), FI—K¥MAH 1
‘5 happen-before I FE ¢ XSS B » i5, & write-write data race (W, = 7@0 <X < 8,1 >= Cp),
138 W BT ZAR O 124 Hi epoch Bl 8@0 , FF HAE R, HHh L. .

8. SAR 0 LA x, [NNHI— AL @ 1)’ happen-before LI 2R 0 XA & « 1y (W, = 8@0 = <
8,1 >=Co), FrPABA write-read datarace. [HZHI Ry J& Le, FrPARFEEM epoch KR R, BN,
R, MIESEHNEAE 0 B4 1] epoch c@t, [l 8@0

2 FastTrack & PAE 7 %A data race .

Conclusions

AR SCRXT I 1 data race #3535 FastTrack 27> 2£i0.
FastTrack By 2%t DJITY BER—Aitb, A5 F#EE T vector clock &l data tace [, FastTrack jfid
(TERLEAFIL T ) i epoch A vector clock kA5 BE 4 (1% 4[] B2 ¢ FE AN ) 52 A i

BJadt— T, HTF LIE data race detector £l 1 k1) data race J& A& R E IEF FMERT, FrPAXTT data
race RGN, F& A4 data race detector 5 H 2K Y data race # 2 EH M, MA R IR, FESLEF, FATEFE S
H BN AT KA data race FORZIN, PRAUEBEA B4, LN TSan 52 data race B85 TH..

PR T FastTrack B¥E)G, P[5 TSan J5AY, Hf# TSan WG BEEMSAH/ES ., T CFEilE
ThreadSanitizer Ji¢ /285 1) AN I
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7.5.4 A Tree Clock Data Structure for Causal Orderings in Concurrent Executions

AN A Tree Clock Data Structure for Causal Orderings in Concurrent Executions (ASPLOS’ 22) iX 18 S 2
AT

A NS i CEE AR A LS, 2T tree clock XA 4544 B A8 H 7l Data Race #5503 Hr 32 (8 F A 4K
HRLER vector clock, & KRRt T 1144 happen-before ¢ 2R I 1) I [E] 55 2% % .

Contribution

B F tree clock UL 2 AT4 a8 :

BT A k ANEAE, A4 vector clock R/ K, A4, vector clock ZE join F1 copy #AERT, #i/E ©(k)
MIBTTE S 2. I, 24 k MR, join il copy #l42 bottleneck. Tfij tree clock B] A4k 1% linear (11N} 8] &5 4%
J& - sublinear ,

Key Insight

vector clock fir A EEAERE 2 join #:4E, Bl Cy, U Cy, = At max(Cy, (£), Cy, (2))
Z T

Ct, = [27,5,9, 45,17, 26]

2= C; =[11,6,5,32,14,20]

X%

Ce, = [28,6,9,45,17, 26]

o YHIRF 3 6 AR, vector clock FIR/NE 6, ZiAE to MIZAR t1 T e2 (T e BATIH
(synchronization) . ] VAFRME N1t eo BEL T8 m, SRJEHMF es PICT Bim, WL BOREI L. FrA
B C,, K Cy, UC,,, BIC,, =Cy, UC,, = [27,5,9,45,17,26] L [11,6, 5, 32, 14, 20]
= [max(27,11), max(5, 6), max(9,5), max(45, 32), max(17,14), max(26, 20)]
=[28,6,9,45,17, 26

o IAEFRATMRBELAR t2 1) vector clock Cy, H1 3,14, ts, t6 FIEHNE Cr, ZHIF Cy, M join #AERT A t3 AL5R
WA R Cy, H ez ME (BRI Cy, (83) =9) W Cy, ez fH (B Cp, =5) K, XEWE ZRIEHR
—HZILHE to 5 ts ZBSCHATRZE, to Mt SREREN T t3,ty,t5,t6 WUH, BRE—HIAIZAE 60 Hts 2
[ FFHATIRIE . MR, E eo XABMELRE t2 1 Co, 1 t3, 14, b5, 16 MIE B e3 BHEAE t1 1Y
Cy, HHEA t3,ta, ts, te FEEHT . FILATESE R Cr, Ry Cp, UCy, B, T t3, 14, t5, te FIEZTUA TR !
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o HT vector clock HHEAPRIT “ZAE to 1) vector clock Cy, W t3,ta, t5, te HIEARZ Cr, Z HIFN Cy, L join
BEVERIN t5 ATRIEN) XAME R, FrARRERES Cy, U Cy, BFAr BITTER ts, ta, s, te FUBCRAELX PP IT 4%
B, M tree clock 5218 1T 13X — 15 g I AE— R it £ 4 vh St e s P e AT B0

Tree Clock Data Structure

Tree clock & —~7 SN, vector clock H—A> entry, &/~ T7 5 u ZH = J0 R4 (td, clk, aclk), &A4~7
JL 5 A5 Chld(u) #5235 IR aclk (RN P HEF Y

FATEEBAR VLAY S — TR IR R E XL

sync(l) FoREEAE, WK 2(a) HEFE t1 FIZAE to T eq Fl eo AbFEATIRIZE, HIZRER 1 7E eq RERCT 9
L, GHE to 7 e SREUT Bl 11, T e FIFEAF: eo /& happen-before 7 .

151 iy I3 7] 5] 1] 13 7]
1| sync(#) \?@ 1| sync(f) %}
2 sync(t’l)\% 2 sync(#1)
3 sync(#1) 3 sync(fz)\??
4 sync(fz)%’ 4 sync(lg)\f&
5 sync(#£;) 5 sync(fp)
6 sync(t’g)\\ﬁ& 6 SynC({’g)\\%
7 ‘sync(#3) 7 ‘sync(£3)

(a) Direct monotonicity.

(b) Indirect monotonicity.

Figure 2: Illustration of the two insights behind tree clocks. An event sync(f) represents two events acq(?), rel(f).

t4:- 2:! 1L t4, 2, 1
£3,2,2 12,2,1 £3,3,2

PN

t1,1,1 21,2 11,11

Figure 3: The tree clock of #4 after processing the event e; in
the traces of Figure 2a (left) and Figure 2b (right).

3 2 AR Y I 2(a) HHERRE ta FEFE: er JEHY tree clock:
o [FN/E ta W tree clock, FrPAMRAT S (4,2, L) B9 tid 562 ¢4 , RIS ck (H2 2, X2E NFEF er
JE AR ta 1 local time BA 2, HRAT A aclk (H—E 2 L
o WM ALEMTTAE R, BLR ta FEA Y ts 0915 BRI 2 BRI ts M join BEAVESRAFN, ta T ¢
H5 BB 2 BN to M join BRAESASHY, W ta FFEE W ¢ (R B NRE LT to £ 380 R RAFH .

7.5. ThreadSanitizer 233



LLVM-Study-Notes Documentation, Release 0.1

o WAL TSR (65,2,2) o (£3,2,2) 1 aclk FE R 2 FREME ¢ WA ts 015 827 local
time > 2 B 5 Z6AE t3 01 join FRILHY, clk H R 2 IR MBFLAR t3 1) local time J& 2

o MATEIA TSR (12,2,1) o ZRFE ta WUHIRFA Y to 0915 E27E local time Shy 1 B 5ZFE to U1 join
PASHY, I H Y4B FE to BY local time & 2

o W (t2,2,1) HE—ATH8E (t1,1,1) . XFFERFE t4 K00, A0 ¢ 0905 B2 o Bsiian. &
& to /27 local time 4 1 By 5 AR ¢1 i join, I H24HIZAE ¢1 19 local time Hi/2 1 .

3 A7 IR Y ] 2(b) HRERRE ¢y FEERFE er JERY tree clock:

o PN ta 1Y tree clock, FrPAMRAT A (ta, 2, L) 09 tid g2 ta , MR clk (2 2, X2 TEHLT e
JEAE ta 1) local time e 2, HRY Y aclk FIfE—ER L

o WIS T AR R, BURE ta FER I ¢, b2, ts MR RARIZ I 2 BT £ 0 join SRAEZRATHY, 1M ¢4
FEAR t, 02 BRE BRI t5 B R .

o MR ERE DT (63,3,2) o FRERE ta ILNFERG W) t5 1915 E2FE local time Sk 2 BF 54 FE 5 1)
) join FRELY, 4BLEAE t3 1Y local time 42 3 .

o AT (t3,3,2) AT (12,1,2) o ZFE ts BUHTRFA I 2 WIS ELZFE local time iy 2 B 5 28FE o i
) join , F HHF£EFE to 1Y local time 2 1 .

A (t,3,2) HUL TAARIE (0, 1,1). Z0BE £ S local time 4 1 I SRR 6 A0 join, I FL 420
t1 [ local time Fi42 1

Algorithm

Tree clock 40 H AR &5 #) S SEE U B FTs
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Algorithm 2: The tree clock data structure.

// Initialize a tree clock for thread ¢
1 function Init(t)
2 | Letu « (t,0,1)
3 | Make u the root of T
4 | Let ThrMap(t) « u

// Get the clock for thread ¢

5 function Get(t)

6 | if TC.ThrMap(t) # L then
7 Let u « ThrMap(t)

8 return u. clk

9 | return 0

// Increment the clock of the root thread
10 function Increment (i)

11 | Let z « T.root

12 | z.clk « z.clk+i

// True iff CTC'

13 function LessThan(TC")

14 | Let z « T.root

15 | return z.clk < TC’ .Get(z.tid)

// Update with UTC

16 function Join(TC")

17 | Let 2/ « TC’.T.root

18 | if z’.clk < Get(z’.tid) then
19 ‘ return

20 | Let S « an empty stack

21 | getUpdatedNodesJoin (S, z’)
22 | detachNodes (8)

23 | attachNodes (S)

// Place the updated subtree under the root of T
24 | Let w «— ThrMap(z’. tid)

25 | Let z «— T.root

26 | Assign w.aclk « z. clk

27 | pushChild (w, z)

// Monotone copy, assumes that this C TC’

28 function MonotoneCopy (TC’)

29 | Letz’ « TC’.T.root

30 | Let z < T.root

31 | Let S « an empty stack

32 | getUpdatedNodesCopy (S, 2/, z)

33 | detachNodes (S)

34 | attachNodes (8)

// New root has the same tid as the root of TC'.T
35 | Assign T.root « ThrMap(z'. tid)

36

37

38

39

40

41
42
43
44
a5
46

a7

49

50

51

52

53

54

55

56

57

58

59

60

61

62
63

65

66

67

638

69

70
71

72

// Populate S with a pre-order traversal of the subtree rooted at w’
with nodes whose clock has progressed

routine getUpdatedNodesJoin(S, u’)

foreach v’ in Chld(u’) do
if Get(v’.tid) < v’. clk then getUpdatedNodesJoin (S,v’);
else if v’. aclk < Get(u’.tid) then break;

Push#’in S

// Detach from T the nodes with tid that appears in &
routine detachNodes(S)
foreach v’ in S do
if ThrMap(o’. tid) # L then
Let v «— ThrMap(v’. tid)
if v # T .root then
Let x < Prnt(v)
Remove v from Chld(x)

// Re-attach the nodes of T with tid that appears in & to obtain the
shape corresponding to TC'.T

routine attachNodes(S)

while S is not empty do

Letu’ + pop S

if ThrMap(»’. tid) # L then

| Let u « ThrMap(u’. tid)

else

Let u « (u’.tid,0, L)

Let ThrMap(u. tid) <« u
Assign u. clk « u’. clk
Lety” « Prnt(u’)
ify’ # L then

Assign u.aclk « u’. aclk

Let y < ThrMap(y’. tid)

pushChild (u, y)

// Similar to getUpdatedNodesJoin
routine getUpdatedNodesCopy (S, u’, z)
foreach v’ in Chld(u’) do
if Get(v’.tid) < v’. clk then
| getUpdatedNodesCopy (S, v’, 2)
else
if z # 1L andv’.tid = z. tid then Pusho’in S ;
if o’  aclk < Get(u’.tid) then break;
Pushu’in S

// Push u in the front of head of Chld(v)
routine pushChild(u, v)

Assign Prnt(u) « v

Push u to the front of Chld(v)

FAT 1B 224 B 16 tree clock $44T Join £l MonotoneCopy % 1~ ¢ B #/E I B vE LR «

7.5. ThreadSanitizer

235



LLVM-Study-Notes Documentation, Release 0.1

Join

FATH TCo.Join(TCh) 7w joins the tree clock TC1 to TC2,

PAEL 4 351, TCy.Join(T'Cy) iR

TCy TCsa TC%
1,16, L t12,25, L t12,25, 1L
t,20,9 t3,17,7 ts, 8,20 t7,24,16 11,16,25 ts, 8,20 t7,24,16
14, 23,18 15,4, 14 t, 15,8 t7,11,2 t3,10,8 (1,44 14,31,20 t#11,15,7 t,20,9 t3,17,7 #3,10,8 14,31,20 #3,15,7
tg,2|, 19 to, ll(), 4 to, |2, 15 to, 1|6, 5 13, IIO, 4 ta, 1I4, 9 t, 15,8 t9, 16,5
11,87 12,24 t1o, |6, 12 ts, 1|5, 8 to, |6, 12

Figure 4: Illustration of TC; .Join(TC;). Light gray marks the nodes of TC; whose time is compared to the time of the respective
thread in TC; (i.e., the total iterations in Line 37). Dark gray marks the nodes that are updating/being updated (i.e., the size of
8). TC;, is the result of the join, where dark gray marks the sub-tree updated by Join.

e Let z' = TC'.T.root
z’ Eﬂ TCI E‘J*Ejﬁ;@; (t17 167J~)
e if z'.clk <= Get(z'.tid) then return

2 Ak N 16, 20 . tid Nt 3 Get(z' . tid) B TCy v tid g 1 (975 Sl oIk {5, TCy rh tid 2k £y B
ﬁ<t174a4)7 ;H‘:Clk’fﬁﬁﬂél-

7z’ . ck=16<=Get(z’ . tid) =4 R~ 7, FrPAFEAELEAT Join TS mfE. (XH 27 . clk <= Get(z’ .
tid) HEHIWr TCo TREAA KT ¢ MEE G TC, %)

e Let S = an empty stack; getUpdatedNodesJoin(S, z')
PAT5E getUpdatedNodesJoin (S, z') )5, SHINAEUITF:
[(th 16; J—)a (t37 177 7)7 (t27 207 9)] ) :\/I%E: S 7»%*%

e detachNodes (S) FiE¥ TCy 5 S Hy 5 td MHFEMAT S TCy /i “PRE” T, HPRF TCo H111y
(t174a 4)‘ (t37 1074) %n (tQa 14a 9) “*ﬁfﬂ]” Fﬂé

e attachNodes (S) Hi/2¥# detachNodes (S) 17 HFEI” FARAMTT ST “FIN” BHAYA0NLE :

— B S HRAT SR (8,16, 1), iefEuw’, XA TCy AT SR (t1,4,4), icffu. &
Frufck o Bk, FHu iy ack o {1 ackk, B (t1,4,4) 4K (¢1,16, 1), T 2 TC
PIRREE S, FRATEI B SEHE w SEhle—e, S5 R “FHm” 2] TC H 5 4107 %

- SBAEHRR) S YRR (t3,17,7), iCAE 0, X TCy Ay itz (t3,10,4), icfFu. 3
Brufyck o 1 ek, FEu iy aclk o’ 1 aclk, B (t3,10,4) 488 (t3,17,7), ¥ TCy H u’
(t3,17,7) ST A2 (1,16, L), FrAFRATHRF uw “Hm” 2 TCo v tid 2 ¢ i b, YEREE—
AFAT

- B S T AU (12,20,9), WAES (6,17, 7) RUAFHE, FEEBKZ, RIME
SPREDT A PRI I JEUAR Y S A 2 B A R — R .
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e Let w = ThrMap(z'.tid); Let z = T.root; Assign w.aclk = z.clk; pushChild(w,

z)

G RIATIFE attachNodes (S) HUgt B NORIV (61,16, L) #ETACRE, B 5cHF aclk i{E i E R TCy 1)
FRATE clk {8, BP (41,16, L) 25K (¢1,16,25), #RJG “HN” BIREE5 b, RS SME — T

Mo

MonotoneCopy

FATH TCo.MonotoneCopy(TC1) 3 copy TCI to TC2 when we know that TC2 £ TC1 ,

TC TC, TC)
1,28, 1L t3, 14, L 11,28, L
£,13,9 #3,14,7 14,12,5 6, 8,9 t7,8,4 13,82 £,13,9 t3,14,7 £4,12,5
—
t5,8|, 11 .89 ;.84 15,82 t1,®2,2 i11,|7,5 t5,L,4 1s, 8|,11 t,8,9 17,8,4 15,8,2
t1(;,|2, 2 t11,|7, 5 ty, 1|2, 5 by, |9, 6 12, |15, 2 b, |6, 2 tw,'Z, 2 t11,7,5
19,|9,6 tlz,IIS,Z iy, |9,6 tlz,!lS,Z

Figure 5: Illustration of TC; MonotoneCopy(TC1). Light gray marks the nodes of TC{ whose time is compared to the time of the
respective thread in TC; (i.e., the total iterations in Line 63). Dark gray marks the nodes that are updating/being updated (i.e.,
the size of S). TC} is the result of the copy, where dark gray marks the sub-tree updated by MonotoneCopy. Node (3,14, 1) (i.e.,
the root) of TC; is updated although t3 has not progressed in TCy, as it is placed under the new root (1,28, L) in TC;.

T'Cy.MonotoneCopy(T'Ch) HIRALMA LA MRE T, XHLAK 5 Bl AT -
e et z' = TC'.T.root; Let z = T.root
2’ BITCy MAREE A (£1,28, 1), z Bl TCy IMRTT AL (5,14, 1)
* getUpdatedNodesCopy (S, z', z)

W AT 58 getUpdatedNodesCopy (S, z', z) JG., S W N A N
[(t1,28, 1), (t3,14,7), (t2, 13,9, (t5, 8, 11)]

* detachNodes (S) #l attachNodes (S) e 5 Join B2 —#FEM, /)5 Assign T.root =
ThrMap (z'.tid) ¥ (¢1,28, L) IXE NHH TC WIFRTT 5

Conclusion

ASCHREH T tree clock X FEIEEEA, —Fp I TAEH A PAT 432 5 i B) i B 4544 . 5 vector clock
He, A0 ARG tree clock ZAMEAE T “24Hi tree clock 14— thread [ clock [ {EL A2 fu] Bf A A b ZR L H]
i {55, A7 5 tree clock H] PATE sublinear I [i] N HAAT join HI copy #4F, MM/l RERES: T
T I AR 1S 0 B 1) R4

JEAS PR R 2 ER S B B — 5 B FiE ], iAW T

P.S. XS k% ASPLOS 2022 () Best Paper Awards 5 51524 2> Toli .
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* genindex
* modindex

e search

7.6 GWP-ASan

7.6.1 GWP-ASan [RIEZ#7
FE
GWP-ASan 2 — MR RS R I T H, J& DANAFEBLas 9 7 =S8 30 o MRS 8 AL AR o 6 3 4y

Be, FEPEREAIHAR NAFHE IR Z A —> tradeoff .

Address sanitizer, thread sanitizer 2%y 4 R BB AT E P 4R, SR VRIS B 9 iR . 1l GWP-
ASan WIATZEM RIS EFigmis, A GWP-ASan & ANFEA LA ) 5 s SE B

GWP-ASan 95 _F AT £ AL BLA
* TCMalloc
— https://google.github.io/tcmalloc/gwp-asan.html
— https://github.com/google/tcmalloc/blob/master/tcmalloc/guarded_page_allocator.h
e Chromium
— https://chromium.googlesource.com/chromium/src/+/1kgr/docs/gwp_asan.md
— https://chromium.googlesource.com/chromium/src/+/refs/heads/main/components/gwp_asan/
* Android
— https://developer.android.com/ndk/guides/gwp-asan
e llvm-project
— https://github.com/llvm/llvm-project/tree/main/compiler-rt/lib/gwp_asan

A GWP-ASan  JE ¥ H M 2 B T % llvm-project "1 ) GWP-ASan, llvm-project it 4~ =2
cef07169ec9f46£d25291a3218cf12bef324ealc

T GWP-ASan FH A IIEE T https://sites.google.com/a/chromium.org/dev/Home/chromium-security/articles/
gwp-asan H —PEEAH) T
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struct AllocationMetadata{ | = -~ — . __
( G ( uintptr_t Addr = 0; ( 4
uard Page size_t RequestedSize = 0;
Metadata ' ! .
for Slot 0 CaIIS!teInfo Allocatlhorace,
Slot 0 CallSitelnfo DeallocationTrace;
bool IsDeallocated = false;
Guard Page R
Metadata o
for Slot 1 FreeSlotsLength
Slot 1
Guard Page
Metadata
for Slot 2
Slot 2
GuardedPoolMemory — Metadata — FreeSlots —
_______ A A
Guard Page
Slot 14
Metadata
for Slot 14
Guard Page
Slot 15
Metadata
for Slot 15
Guard Page
- - -

GWP-ASan {#Z O EE 45+t 2 _F B W ) GuardedPoolMemory, Metadata, FreeSlots
* GuardedPoolMemory

- {345 16 4> Slot A1 16+1 4~ GuardPage. Slot #il GuardPage HJ K /NifSE PageSize. Slot F%E 1] A
rh 2% MaxSimultaneousAllocations (Number of simultaneously-guarded allocations available in the pool.
Defaults to 16) i i3 A28 #4750

— fG—H GWP-ASan 43fC B &0 AT, #R247 THE GuardedPoolMemory Slot H [ A
* H—IRA] BRI NFER/D, Kl PageSize

* ff—A~ Slot T —IRNAER LG, 1% Slot A& T 5 /MY NS, B 22X chunk #iFF
Wio AR WAL INAEAE T Slot O 1, I LML) INAER I G DRk, st Slot 0 ik Ay
JERZH RN AT — R AL, X IR BC A I AE D 2 2 K H AR Slot Hr 43

e Metadata
— £F— GuardedPoolMemory Slot %/ Metadata H1f¢j—-> AllocationMetadata
— Metadata Hif5% T Addr, RequestedSize, AllocationTrace, DeallocationTrace, IsDeallocated HJ {5 &,

¢ FreeSlots

— FreeSlot Hic R /2 2 B4 E H 25 19 HL 24 1T 2 8RB T 19 GuardedPoolMemory Slot Index., 115
GuardedPoolMemory H1ffJ 16 4~ Slot #i &4 fit it 254t 7 (Y, X 16 4> Slot 24147 W] BE T &4
. WA TRERCAREL) , METTRE N AERT, ZRELE FreeSlots #4—> FreeSlot X V. [
GuardedPoolMemory Slot #4743t . {15 FreeSlots 1% FreeSlot, |43 2k Mg

— FreesSlotsLength it 5% 2 24 Fif FreeSlots {4 3K &
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o K F] A7 =7 Bl Crash

— 34~ GuardedPoolMemory 2 i mmap FHiF5, #IMEA#E PROT_NONE AR . H AT Slot 1Y)
— BRIV B, A% Slot BYAY 3 15k mprotect 1% E ) PROT_READ | PROT_WRITE, 4
FIREBOX BN AERT, SORF Slot AR 1% 4 PROT_NONE

— XF#E— H heap buffer overflow, heap buffer underflow Y # use after free IXFEAE IR, e WEE
FRR5 AT crash

& heap buffer overflow

BIF

#include <cstdlib>

int main () {
char *Ptr = reinterpret_cast<char *>(malloc (4000));
volatile char x = *(Ptr + 4016);
volatile char y = * (Ptr + 4096);

return 0;

$ clang++ -fsanitize=scudo heap_buffer_overflow.cpp -o heap_buffer_overflow

$ GWP_ASAN_OPTIONS='SampleRate=1' ./heap_buffer_overflow

VEREF| Bk B 1 heap buffer overflow [, HHIERAEBIME] ~ (Prr + 4016) EXYHATTH], HHf
A IAE] « (Ptr + 4016) XYGBHRYIH (UWET ~(Prr + 4096) WM IIH) . 2z
17 ./heap_buffer_overflow 275 3| Ffi i 25 -

* Casel, Buffer Overflow at 4096 bytes to the right of a 4000-byte allocation

***% GWP-ASan detected a memory error ***
Buffer Overflow at 0x7bfff7a41000 (4096 bytes to the right of a 4000-byte.
—allocation at 0x7bfff7a40000) by thread 235485 here:
#0 heap_buffer overflow (+0x290b9) [0x55555557d0b9]
#1 heap_buffer _overflow (+0x293a5) [0x55555557d3a5]
#2 heap_buffer_overflow (+0x295e9) [0x55555557d5e9]
#3 /1ib/x86_64-1inux-gnu/libpthread.so.0(+0x12730) [0x7ffff7ca0730]
#4 heap_buffer overflow (main+0x2e) [0x5555555all5e]
#5 /1ib/x86_64-1inux—gnu/libc.so.6(__libc_start_main+0xeb) [0x7ffff7aac09b]
#6 heap_buffer_overflow(_start+0x2a) [0x55555555a53a]

Ox7bfff7a41000 was allocated by thread 235485 here:
#0 heap_buffer_overflow (+0x290c9) [0x55555557d0c9]

(continues on next page)
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#1 heap_buffer overflow (+0x26d25) [0x55555557ad25]

#2 heap_buffer_overflow (+0x27edb) [0x55555557bedb]

#3 heap_buffer overflow (+0x41f82) [0x555555595£82]

#4 heap_buffer_overflow(main+0x19) [0x5555555a1149]

#5 /1ib/x86_64-1inux—gnu/libc.so.6(__libc_start_main+0xeb) [0x7ffff7aac09b]
#6 heap_buffer_overflow(_start+0x2a) [0x55555555a53a]

**% End GWP-ASan report ***

Case2, Buffer Overflow at 4016 bytes to the right of a 4000-byte allocation

**% GWP-ASan detected a memory error ***
Buffer Overflow at Ox7bfff7a41010 (4016 bytes to the right of a 4000-byte.
—allocation at O0x7bfff7a40060) by thread 235483 here:
#0 heap_buffer_overflow (+0x290b9) [0x55555557d0b9]
#1 heap_buffer_overflow (+0x293a5) [0x55555557d3a5]
#2 heap_buffer_overflow (+0x295e9) [0x55555557d5e9]
#3 /1ib/x86_64-1inux—-gnu/libpthread.so.0 (+0x12730) [0x7ffff7ca0730]
#4 heap_buffer_overflow(main+0x21) [0x5555555a1151]
#5 /1ib/x86_64-1inux—-gnu/libc.so.6(__libc_start_main+0xeb) [0x7ffff7aac09b]
#6 heap_buffer_overflow(_start+0x2a) [0x55555555a53a]

0x7bfff7a41010 was allocated by thread 235483 here:
#0 heap_buffer_overflow (+0x290c9) [0x55555557d0c9]
#1 heap_buffer overflow (+0x26d25) [0x55555557ad25]
#2 heap_buffer_overflow (+0x27edb) [0x55555557bedb]
#3 heap_buffer_overflow (+0x41£82) [0x555555595£82]
#4 heap_buffer_overflow(main+0x19) [0x5555555a1149]
#5 /1ib/x86_64—-1inux—gnu/libc.so.6(__libc_start_main+0xeb) [0x7ffff7aac09b]
#6 heap_buffer_overflow(_start+0x2a) [0x55555555a53a]

**% End GWP—-ASan report ***

iR

WAL B EIAI S, JEH R
* GWP-ASan J2 %] T4 —¥X allocate FS 2t 53 left-align or right-align A9

o XIF casel Kiji, R[S Y P Hihbsk2 Slot pUe ahtihl, FrPA24 30 * (Ptr + 4016) i}, Ptr+
4016 i 2 7E % Slot H1, Wt R A BRI, WALy crash, FrPAMEIIAE] * (Ptr + 4016) ALK
Hs

o X case2 i, IR [HZ5H P Pr #lidik gt iE SlotEnd - Size, FTPA2435A * (Ptr + 4016) Hf, Ptr+
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4016 /2 F1% GuardPage HfY, FARIRVIF, SAERIIL ~ (Ptr + 4016) BLARUEH .

o X1 casel I case2 i, HREEREM * (Ptr + 4096) FXWhid, X2 A casel fll case2 H1, Ptr+
4096 # /T Guard Page Hr,  [A EAR REAG I 215 B s i o

Case1l

Guard Page Slot (4096B) Guard Page

««— Ptr (4000B) —»

Case2

Guard Page Slot (4096B) Guard Page

~— Ptr (4000B) —»

&l use after free

BIF

#include <cstdlib>

int main() {

char *Ptr = reinterpret_cast<char *>(malloc(10));

for (unsigned i = 0; 1 < 10; ++1i) {

*(Ptr + 1) = 0x0;

free (Ptr);

(continues on next page)
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volatile char x

return 0O;

= *Ptr;

$ clang++ -fsanit
$ GWP_ASAN_OPTION
*** GWP-ASan dete
Use After Free at
—0x7b287e319000)

#0 ./use_after_
#1 ./use_after_
#2 ./use_after_

#3 /1ib/x86_64-

#4 ./use_after_

#5 /1ib/x86_64-

#6 ./use_after_

0x7b287e319000 wa

#0 ./use_after_
#1 ./use_after_
#2 ./use_after_
#3 ./use_after_
#4 ./use_after_

#5 /1ib/x86_64-

#6 ./use_after_

0x7b287e319000 wa

#0 ./use_after_
#1 ./use_after_
#2 ./use_after_
#3 ./use_after_
#4 ./use_after_

#5 /1ib/x86_64-

#6 ./use_after_

*** End GWP-ASan

ize=scudo use_after_free.cpp -0 use_after_free
S='SampleRate=1"' ./use_after_free
cted a memory error ***

0x7b287e319000 (0 bytes into a 10-byte allocation at.
by thread 307939 here:
free (+0x290b9) [0x5603b0fed40b9]
free (+0x293a5) [0x5603b0fed43a5]
free (+0x295e9) [0x5603b0fed5e9]
linux—-gnu/libpthread.so.0 (+0x12730) [0x7£287e579730]
free (main+0x54) [0x5603b1008184]
linux—gnu/libc.so.6(__libc_start_main+Oxeb) [0x7£287e38509b]
free(_start+0x2a) [0x5603b0fcl53a]

s deallocated by thread 307939 here:

free (+0x290c9) [0x5603b0fed40c9]

free (+0x26d25) [0x5603b0feld25]

free (+0x280eb) [0x5603b0fe30eb]

free (+0x44dcd4) [0x5603b0fffdc4]

free (main+0x50) [0x5603b1008180]
linux—-gnu/libc.so.6(__libc_start_main+Oxeb) [0x7£287e38509b]
free(_start+0x2a) [0x5603b0fcl53a]

s allocated by thread 307939 here:

free (+0x290c9) [0x5603b0£fe40c9]

free (+0x26d25) [0x5603b0feld25]

free (+0x27edb) [0x5603b0fe2edb]

free (+0x41£82) [0x5603b0ffcf82]

free (main+0x19) [0x5603b1008149]
linux—gnu/libc.so.6(__libc_start_main+Oxeb) [0x7f287e38509b]
free(_start+0x2a) [0x5603b0fcl53a]

report ***
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R

FAHARERG IS AL use after free, JFHHL T A :

o GWP-ASan 7E43 R NAERT, 2653t - 214 chunk FFfERY Slot AR FR i 5 mprotect % & & PROT_READ
IPROT_WRITE, “5FBEHOX N FERS, OFF Slot AL PR & 5 PROT_NONE. %2417 ] & 2R N
T2/ crash

malloc:

Guard Page Slot (4096B) Guard Page
access:NONE| | access: READ | WRITE | access:NONE

< Ptr (10B) »

free:
Guard Page Slot (4096B) Guard Page
access:NONE access: NONE access:NONE

< Ptr (10B) »:

use after free:

volatile char x = *Ptr;, —>» .

WA EE T, GWP-ASan £l use-after-free J&f R FRYEN, & & T AR :
* 55 27 171 use-after-free BN 24k 44 2% , [H°A underlying slot X4 F T/ Bl T

o 28 33 #7H) use-after-free B IR SHAG I Hi Sk, {HZ allocation/deallocation stack traces SZPR_FFHANPCHED, ik
i B2 Prl7 | allocation/deallocation stack traces

#include <cstdlib>

int main () {

(continues on next page)
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// fill GuardedPoolMemory 16 slots
char *Ptrl = reinterpret_cast<char *>(malloc(10));
char *Ptr2 = reinterpret_cast<char *>(malloc(10));
char *Ptr3 = reinterpret_cast<char *>(malloc(10));
char *Ptr4 = reinterpret_cast<char *>(malloc(10));
char *Ptr5 = reinterpret_cast<char *>(malloc(10));
char *Ptr6 = reinterpret_cast<char *>(malloc(10));
char *Ptr7 = reinterpret_cast<char *>(malloc(10));
char *Ptr8 = reinterpret_cast<char *>(malloc(10));
char *Ptr9 = reinterpret_cast<char *>(malloc(10));
char *Ptrl0 = reinterpret_cast<char *>(malloc(10));
char *Ptrll = reinterpret_cast<char *>(malloc (10));
char *Ptrl2 = reinterpret_cast<char *>(malloc(10));
char *Ptrl3 = reinterpret_cast<char *>(malloc (10));
char *Ptrl4 = reinterpret_cast<char *>(malloc(10));
char *Ptrl5 = reinterpret_cast<char *>(malloc(10));
char *Ptrl6 = reinterpret_cast<char *>(malloc (10));
// use and free Ptrl
for (unsigned i = 0; 1 < 10; ++1i) {

*(Ptrl + i) = 0x0;
}
free (Ptrl);
// reuse Ptrl's underlying GuardedPoolMemory slot
char *Ptrl7 = reinterpret_cast<char *>(malloc(10));
// use after free, false negative
volatile char x = *Ptril;
// free Ptrl7
free (Ptrl7);
// use after free, wrong allocation/deallocation stack traces.
volatile char y = *Ptrl;

return 0;

*** GWP-ASan detected a memory error ***

Use After Free at 0x7b7f2fad5ff0 (0 bytes into a 10-byte allocation at.

—0x7b7£f2fad5ff0) by thread 1005136 here:
#0 ./use_after free dumb (+0x30c26) [0x55cc332dac26]
#1 ./use_after free dumb (+0x31107) [0x55cc332dbl107]
#2 ./use_after free dumb (+0x30e37) [0x55cc332dae37]

#3 /1ib/x86_64-1inux—gnu/libpthread.so.0 (+0x12730) [0x7f7f2fd1a730]

#4 ./use_after_ free_dumb (main+0x168) use_after_ free_dumb.cpp:33:21

[0x55cc332ef3c8]

#5 /1ib/x86_64-1inux—-gnu/libc.so.6(__libc_start_main+0xeb) [0x7f7f2fb4009b]

#6 ./use_after free dumb (_start+0x2a) [0x55cc332c68da]

(continues on next page)
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Ox7b7f2fad5ff0 was deallocated by thread 1005136 here:
#0 ./use_after free dumb (+0x30c26) [0x55cc332dac26]
#1 ./use_after free dumb (+0x2fbb4) [0x55cc332d9bb4]
#2 ./use_after free dumb (+0x306d2) [0x55cc332da6d2]
#3 ./use_after_free_dumb (main+0x162) use_after_ free_dumb.cpp:31:3 [0x55cc332ef3c2]
#4 /1ib/x86_64-1inux—gnu/libc.so.6(__libc_start_main+0xeb) [0x7f7f2fb4009b]
#5 ./use_after free dumb (_start+0x2a) [0x55cc332c68da]

Ox7b7f£2fadb5ff0 was allocated by thread 1005136 here:
#0 ./use_after free dumb (+0x30c26) [0x55cc332dac26]
#1 ./use_after free dumb (+0x2fbb4) [0x55cc332d9bb4]
#2 ./use_after free dumb (+0x30547) [0x55cc332da547]
#3 ./use_after free_ dumb (+0x3ee02) [0x55cc332e8e02]
#4 ./use_after free dumb (+0x3e935) [0x55cc332e8935]
#5 ./use_after_ free_dumb (main+0x143) use_after_free_dumb.cpp:27:9 [0x55cc332ef3a3]
#6 /1ib/x86_64-1inux—gnu/libc.so.6(__libc_start_main+0xeb) [0x7f7f2fb4009b]
#7 ./use_after free dumb (_start+0x2a) [0x55cc332c68da]

*** End GWP-ASan report ***

GWP-ASan 5 ASan gLt

1. ASan BERIIES . HE. &R/ BRI NTERER, 1 GWP-ASan HEERIME 1 N AEER, I H GWP-ASan
(1 A A A TN B 7 @A M1 (probabilistic)

2. ASan [ AE FFA P £ FF RS T GWP-ASan, ASan 7 &HI 2-3 (ML RERI N GETF4Y, T
GWP-ASan YRS FFR LA AT DL ZIE A . SRk RE GWP-ASan AT LAYE A SREU/RA i, Hodn
GWP-ASan 7 Chrome 11548 % 3 T 11 2 P £ it

3. GWP-ASan &8 IR K24 90% Hi 52 use-after-frees, ) A MIE out-of-bounds reads and writes

Bk

SZfr b GWP-ASan PR R 78R, AR DARTEAE ElectricFence or PageHeap WA BTN F o 1 3 i i %
SRFERY Iy 22 A3 ) S SR AR A R, BARRAER D etk — e R SR )y, (B2%—Jr
T AT ATE AR S M N B3R 5T R 25 KRB AN 1E & GWP-ASan, AutoFDO 12 il 13 BEHL R AR A & A
JRARNER 2, TEASEIA R AR P AERE R BN, IR P it THHME B4 S R B i Ak o

¢ genindex
* modindex

e search
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* modindex

e search
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CHAPTER

EIGHT

MISC

8.1 Exploring C++ Undefined Behavior Using Constexpr

A2 AF Exploring Undefined Behavior Using Constexpr 33 fag S & 1 T B BR324

S2BR A SCHY A 25 LLVM/Clang A28 4 FAH 5% .

1t C++ A 1RZ undefined behavior (RIRE AT 0y, HHE 4 UB), —BokiF, FATRZRATREREES: UB.
UL UB 445 overflow (Ji5 1), out-of-bounds memory access (NIEH A &%, AR L THEA A

K UB, AIRAEGR 2 T HAM R 3 BT ES M (Fiieae i, clang-tidy %) FIETF IS T
LLVM/Clang [#}] UndefinedBehaviorSanitizer I AddressSanitizer 4§).

PR FHRIF B, TR T UB, MASEAEAIEIESE UB, £ code review INf S5 UB. 4415
A, FRATTRE ARSI 2 UB, FrAFRATAE google S (5] W Rl R F ik i /- UL 2] I 2 A& UB, fH
T IRADEARHTE X F UB XM IIARTE R4, sERATRE] T —mAH T, (HCE A R FRATIE
TEAL BRI X A UB (4R E 1 I

XS T — R Y, i C++ HHY constant expressions Bl A godbolt S iGH IR Y FBIS BTSN
UB.,

8.1.1 Constant Expressions

C++ HfJ constant expressions R 2 FE W EAIFRE], HA—4 52 —4> constant expression F1A 4 H FL

UB (undefined behavior is not allowed in a constant expression),
C++ WUETE [expr.const]p4 il [expr.const]p4.6 X constant expressions and undefined behavior 75 U1 HJ U6 HH -

An expression e is a core constant expression unless the evaluation of e, following the rules of the abstract

machine (6.8.1), would evaluate one of the following expressions:

* an operation that would have undefined behavior as specified in [intro] through [cpp] of this docu-
ment [ Note: including, for example, signed integer overflow ([expr.prop]), certain pointer arithmetic

([expr.add]), division by zero, or certain shift operations — end note |;
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PR AUISRFRATA — A 484E, XA A2 UB, ARAFRATHIARETE constant expression f) R SCHSEBLX M RAE,
*ETE C+ ARifE, SIS AR B B RS XA T, 58 b, H ATg a2 AR 1 TR Ok A
AT XFERATE RS L A A © &R AT, fH42 UB, A,

godbolt j2—APAM UL SRR 55 12 FL A i, FATRT LA godbolt Al il — LB fi PRI ALY A B

i It godbolt + undefined behavior is not allowed in a constant expression IR THEMAL T —Fh 22 H 2P IR 5T
fHakER RS2 UB, AR A ZE UB ¥4, (B2 IFAEE A constant expression 55 2 2 R 2 FR 1 ,
BT DA — 28 UB ANGELAX R gl . Ban, HEPNAFE2BoAN reinterpret_cast #FA 58 H LA constant expression
R FRATEAS BELAX R T TR ST use after free #1l strict aliasing violations X2 UB.,

LR Cret ﬁjﬁfﬁgﬁ%ﬁﬂiéﬁﬁﬂﬁl\%%’ I X AR G R G R —E R IEH, AR 2 BB F5R
BRI

8.1.2 An Example with Arithmetic Overflow

HIELAEARG MBI T, P R A

#include <limits>

void f1 ()
{

unsigned int x1 =

std::numeric_limits<unsigned int>::max () + 1; // Overflow one over the max
unsigned int x2 = Ou - 1lu; // Wrap one below the min
int y1 = std::numeric_limits<int>::max() + 1; // Overflow one over the max
int y2 = std::numeric_limits<int>::min() - 1; // Underflow one below the min

RS R Be A unsigned int 1) overflow (_F35), “H unsigned int )R %5 (underflow), 45 signed int 4 F355, B
signed int /) Nl . F¢3aMpLE 2 UB HfLL A2 UB?

AT F—F constexpr, C++ Frif pEK [del.constexpr]p9: ¥ constexpr 1 BHAT T 75 BH B9 25 T A2
literal types, WAZHERIAAML, I HAZM ] constant expressions #] 41K .

A constexpr specifier used in an object declaration declares the object as const. Such an object shall have lit-

eral type and shall be initialized. In any constexpr variable declaration, the full-expression of the initialization

shall be a constant expression (7.7). -+
AT R o AR R Ben b constexpr BEWIAF, X AR T T W0 46 A0 Bl RS B G AR R 2 8 20N 46 2
& constant expressions, 32 Ui std::numeric_limits<unsigned int>::max()+1, Ou-1u,
std::numeric_limits<int>::max()+1, std::numeric_limits<int>::min () -1 MJi+2 constant
expressions. UIREA]HAAAE UB, IEAENTHIAE constant expressions, Hiifdeal Al HATRF LA UL E
12 godbolt F#tAT4R1F, A F HiFesii iy 45 hitps://godbolt.org/z/0vx_j6

x86-64 clang (trunk) Fy% H AR :
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<source>:7:19: error: constexpr variable 'y1' must be initialized by a constant.
—expression

constexpr int yl=std::numeric_limits<int>::max()+1;
<source>:7:53: note: value 2147483648 is outside the range of representable values of.
—type 'int'

constexpr int yl=std::numeric_limits<int>::max()+1;

A

<source>:8:19: error: constexpr variable 'y2' must be initialized by a constant.
—expression

constexpr int y2=std::numeric_limits<int>::min()-1;
<source>:8:53: note: value -2147483649 is outside the range of representable values.
—of type 'int'

constexpr int y2=std::numeric_limits<int>::min()-1;

2 errors generated.

Compiler returned: 1

x86-64 gce (trunk) f4 %y AN

<source>: In function 'void f£()':

v

<source>:7:53: warning: integer overflow in expression of type 'int' results in '-—

—2147483648" [-Woverflow]

7 constexpr int yl=std::numeric_limits<int>::max()+1;

‘ NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN AN~
<source>:7:54: error: overflow in constant expression [-fpermissive]
7 constexpr int yl=std::numeric_limits<int>::max()+1;
| ~
<source>:7:54: error: overflow in constant expression [-fpermissive]

<source>:8:53: warning: integer overflow in expression of type 'int' results in

—'2147483647"'" [-Woverflow]

8 constexpr int y2=std::numeric_limits<int>::min()-1;

‘ NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN N~
<source>:8:54: error: overflow in constant expression [-fpermissive]

8 | constexpr int y2=std::numeric_limits<int>::min()-1;

| ~
<source>:8:54: error: overflow in constant expression [-fpermissive]

Compiler returned: 1

HRIB SRy AT 4l . signed int (Y] overflow fil underflow #l/: UB, unsigned int [¥}] overflow f1 underflow
A UB,

C++ FriER) [expr]p4 I [basic.fundamental|p2 H 78 AH B B 1. B -

If during the evaluation of an expression, the result is not mathematically defined or not in the range of
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representable values for its type, the behavior is undefined. [ Note: Treatment of division by zero, forming
a remainder using a zero divisor, and all floating-point exceptions vary among machines, and is sometimes

adjustable by a library function. — end note ]

---The range of representable values for the unsigned type is 0 to 2*(N—1) (inclusive); arithmetic for the
unsigned type is performed modulo 2*N. [ Note: Unsigned arithmetic does not overflow. Overflow for signed

arithmetic yields undefined behavior ([expr.pre]). — end note |

Arithmetic Overflow [ 5 —FhAa 815 i 2

constexpr int x = std::numeric_limits<int>::min() / -1;

TR AR FaR AL E)] godbolt H https://godbolt.org/z/Ecp88m, FKA1ex & FidCigt 2 UB, {KiX% int 2
64 bit, HR4 int EF R R(EE 2147483647, 1M std: :numeric_limits<int>::min() / -1 fH55R
22147483648, #MH T int FrEEFonmaR M, BTPAXE— UB.

WX FF AT PAFEE| undefined behavior is not allowed in a constant expression

RFATFRAE T PRI IERFFTIH RG] UB A B AR R IE A REALBEFTA 1Y) UB ).
N RFATR AR A RE X AT 2R3 UB.

8.1.3 Conversions and values that can not be represented

THHFEAIE—T, — integral or floating-point type 75 & 554 55—~ smaller sized type &/ /& UB.

constexpr unsigned int u = std::numeric_limits<unsigned int>::max(); // 1
constexpr int 1 = u; // Line 6
constexpr double d = static_cast<double> (std::numeric_limits<int>::max()) + 1; // 2

constexpr int x = d; // Line 10

constexpr double d2 = std::numeric_limits<double>::max(); // 3

constexpr float f = d2; // Line 13

¥ _FiR iS5 E] godbolt 1 https://godbolt.org/z/2ZfPKt, & HiiFEiH

x86-64 clang (trunk) % H U0 :

<source>:10:16: error: constexpr variable 'x' must be initialized by a constant.
—expression
constexpr int x = d;

S

<source>:10:20: note: value 2147483648 is outside the range of representable values.
—of type 'const int'

constexpr int x = d;

A

(continues on next page)
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<source>:13:18: error: constexpr variable 'f' must be initialized by a constant._

—expression

constexpr float f = d2;

A

<source>:13:22: note: value 1.797693134862316E+308 is outside the range of._
—representable values of type 'const float'

constexpr float £ = d2;

N

2 errors generated.

Compiler returned: 1

R
B =]

R x86-64 clang (trunk) ZR i3Sy AT : casel J2 well-defined, case2 Fl case3 42 well-defined.. {H15-3 =
)2 x86-64 gee (trunk) H X%t case2 4% -
Fi4E C++ FRifEf) Integral conversions #B4) [conv.integral]p3 (this changes in C++20 it modulo 2”N), case 1 &
impelmentation defined.
If the destination type is signed, the value is unchanged if it can be represented in the destination type;
otherwise, the value is implementation-defined.
WA C++ #RUERY Floating-point conversions #B43 [conv.dobule]pl #1 Floating-integral conversions 4
[conv.fpint]pl, case2 Fll case3 52 UB.
A prvalue of floating-point type can be converted to a prvalue of another floating-point type. If the source
value can be exactly represented in the destination type, the result of the conversion is that exact represen-

tation. If the source value is between two adjacent destination values, the result of the conversion is an

implementation-defined choice of either of those values. Otherwise, the behavior is undefined.

A prvalue of a floating-point type can be converted to a prvalue of an integer type. The conversion truncates;
that is, the fractional part is discarded. The behavior is undefined if the truncated value cannot be represented

in the destination type. [ Note: If the destination type is bool, see [conv.bool]. — end note ]

8.1.4 Division by zero

R NERAIE B A B R AE R UB, (HR@X7 M A SR AT R 752 UB AN E . K T A AU i
goldbot %1 https://godbolt.org/z/tRM60F

constexpr int x = 1/0; // Line 2
constexpr double d = 1.0/0.0; // Line 3

x86-64 clang (trunk) % H U0 :

<source>:2:18: error: constexpr variable 'x' must be initialized by a constant.

—expression

constexpr int x = 1/0;

(continues on next page)
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(continued from previous page)

A

<source>:2:23: note: division by zero
constexpr int x = 1/0;
<source>:3:21: error: constexpr variable 'd' must be initialized by a constant.
—expression
constexpr double d = 1.0/0.0;
<source>:3:28: note: floating point arithmetic produces an infinity
constexpr double d = 1.0/0.0;
<source>:2:23: warning: division by zero is undefined [-Wdivision-by-zero]

constexpr int x = 1/0;

A

AR, BMARERAE., AR ERAFALZ UB.

8.1.5 Shifty characters

KTBALBI, FATATREAAE T 1 X 2L AR HFLE 2 UB:
1. Shifting greater than the bit-width of the type?
2. Shifting by a negative shift?
3. Shifting a negative number?
4. Shifting into the sign bit?

2 50 ML I A RS T

void foo ()

{
static_assert (sizeof (int) == 4 && CHAR_BIT == ) ;
constexpr int yl = 1 << 32; // Shifting greater than the bit-width
constexpr int y2 = 1 >> 32; // Shifting greater than the bit-width
constexpr int y3 = 1 << -1; // Shifting by a negative amount
constexpr int y4 = -1 << 12; // Shifting a negative number

constexpr int y5 = 1 << 31; // Shifting into the sign bit

TEE Y4 https:/godbolt.org/z/pTonyC % ¥ : [T Shifting into the sign bit 2 &), HABREAEESE UB.

HT WA RS (5 R AE 1% 00 (Shifting greater than the bit-width of the type, Shifting by a negative shift) 7& C++ Frifi
[expr.shiftlpl A L

The shift operators << and >> group left-to-right.
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shift-expression:
additive—expression
shift-expression << additive-expression

shift-expression >> additive-expression

The operands shall be of integral or unscoped enumeration type and integral promotions are performed. The
type of the result is that of the promoted left operand. The behavior is undefined if the right operand is

negative, or greater than or equal to the width of the promoted left operand.
55 =R AL ERVERY IS (Shifting a negative number) ¥E C++20 2 Hi+2 UB [expr.shift]p2:

The value of E1 << E2 is El left-shifted E2 bit positions; vacated bits are zero-filled. If E1 has an unsigned
type, the value of the result is E1x(2"E2), reduced modulo one more than the maximum value representable
in the result type. Otherwise, if E1 has a signed type and non-negative value, and E1x(2"E2) is repre-
sentable in the corresponding unsigned type of the result type, then that value, converted to the result type,

is the resulting value; otherwise, the behavior is undefined.

IE p0907r4 Hig IR 22 M well-defined.

8.1.6 Everyones favorite pointer, nullptr

KT nullptr, —28 ARTREAR ] BAH0A R+ B9 23] nullptr (Y#EEHRZE UB.
MR B R R R B

constexpr int bar()

{
constexpr int* p = nullptr;

return *p; // Unconditional UB

constexpr void foo ()

{

constexpr int x = bar();

AR S 34 i https://godbolt.org/z/cyiVqd HEMATHHURM—, #i9e UB.

<source>:1:15: error: constexpr function never produces a constant expression [—
—Winvalid-constexpr]

constexpr int bar() {

<source>:3:12: note: read of dereferenced null pointer is not allowed in a constant..
—expression

return *p; // Unconditional UB

(continues on next page)
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(continued from previous page)

A

<source>:7:19: error: constexpr variable 'x' must be initialized by a constant.
—expression

constexpr int x = bar();
<source>:3:12: note: read of dereferenced null pointer is not allowed in a constant..
—expression

return *p; // Unconditional UB
<source>:7:23: note: in call to 'bar()'

constexpr int x = bar();

T, FATE LRI IR TR UL .

i3 nullper 375 A ARSI, @i nullptr KU HRIEESM R, A2 UB?

struct A
{
constexpr int g () { return 0;}

constexpr static int f(){ return 1;}

bi

static constexpr A* a=nullptr;

void foo ()
{
constexpr int x = a->f(); // casel

constexpr int y = a->g(); // caseZ

casel ;2 izt nullptr {77 ) A FFAS LI, case2 ;2 id i nullptr 17 i) R A AEFFAS LA . 25 F) godbolt 4iF )5, KB
x86-64 clang(trunk) Fl x86-64 gec(trunk) 11 2 1355y H 285 A —3FX https://godbolt.org/z/TNrcFD ., x86-64 clang(trunk)
i\ case2 42 UB, [fi gcc %t casel Fil case2 #RI% A ik .

FHL b, ER casel 2 well-defined, {H.Z CWG defect report 315: Is call of static member function through null
pointer undefined? 45 iFF&AT, 4 nullptr {77 [ AR, %G Ivalue-to-rvalue FY5415
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8.1.7 More pointer fun

Incrementing pointer out of bounds

WER—AEEHBA T, HRBATAEZAEE . AXFZIEE T H, A2 UB IE?

static const int arrs[10]{};

void foo ()

{

constexpr const int* y = arrs + 11;

A https://godbolt.org/z/-E06pt, x86-64 clang(trunk) R 45 T %45 1R, (H1E x86-64 gec(trunk) F 1A i Fk 2% 45
o AIDABRBAER— MR T, NG G20 &N T HMEET, #2 UB, H2, JFEFEENE—
AL, AR AR B T AR, BN Z UB, 4 std:end g2 48 1B 5 — N IC R MG —A T
FTEE TR A E B4R, https://en.cppreference.com/w/cppliterator/end .

Incrementing out of bounds but coming back in

constexpr int foo (const int *p)

{
return *((p + 12) - 5); // ?

constexpr void bar ()
{
constexpr int arr[10]{};

constexpr int x = fool(arr);

BRI RIRA p+ 12 A, (p+12) -5 A, H2iXd 2 UB. 5 E—FfEii (L x86-64 gee(trunk)
[RIREREE T B %517 https://godbolt.org/z/D4vayd

C+ B [expradd]pd HEIFEA T ARERIRT R W21 .

When an expression J that has integral type is added to or subtracted from an expression P of pointer type, the
result has the type of P. - If P evaluates to a null pointer value and J evaluates to 0, the result is a null pointer
value. - Otherwise, if P points to an array element i of an array object X with n elements, the expressions P
+ J and J + P (where J has the value j) point to the (possibly-hypothetical) array element i + j of x if 0 <i+
j < n and the expression P - J points to the (possibly-hypothetical) array elementi- jof xif 0 <i—j<n. -

Otherwise, the behavior is undefined.

Footnote 80:
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-+« A pointer past the last element of an array x of n elements is considered to be equivalent to a pointer to a

hypothetical element x[n] for this purpose; see [basic.compound].
_FiRFRIER S T incrementing out of bounds £l incrementing out of bounds during an intermediate step X F fl{# i «

1E [basic.compound]p3 $iM T 48 R J5G— P ICR MG ICRAYFEH2 1LY (one past the end is a valid pointer)

---Bvery value of pointer type is one of the following:
* a pointer to an object or function (the pointer is said to point to the object or function), or

* a pointer past the end of an object ([expr.add]), or

Out of bounds access

BTG, AR 2 UB.

constexpr int foo(const int *p)

{

return *(p + 12);

constexpr void bar ()

{
constexpr int arr[10]{};

constexpr int x = foo(arr);

https://godbolt.org/z/02GqaX, clang 1 gec HRIREFE T Z4E 1%

8.1.8 End of life

AR AR A ooy o NS5 A5 DT i — R ARMER AR I Y UB. [A] constant expressions HHAN Fe i N AE 7ML, {H
e SRVFREIS N, FrPATR I T A e GR B R R AL 5 | 61

constexpr int& foo ()

{

int x = 0;

return x; // x will soon be out of scope
// but we return it by reference

} // bye bye x

(continues on next page)
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(continued from previous page)

constexpr int bar ()
{
constexpr int x = foo();

return x;

https://godbolt.org/z/hM607D gee Fl clang F 4R 45 T 1% UB, clang {48 1% 4R 45 A 35244 B - (read of variable whose

lifetime has ended) .

8.1.9 Flowing off the end of a value returning function

constexpr int foo (int x)
{
if (x)
return 1;

// Oppps we forgot the return 0;

void bar ()

{

constexpr int x = foo(0);

TERREY foo A WA T RERIATIER AR, (U — 258848 A return i547), 2R x == 0 xR A2 R AT .
https://godbolt.org/z/ AALpj5 gee Fl clang #4517 1% UB,
Co++ FRUfE [stmt.return]p2 XX R BL AT T 5L -

---Flowing off the end of a constructor, a destructor, or a non-coroutine function with a cv void return type
is equivalent to a return with no operand. Otherwise, flowing off the end of a function other than main or a

coroutine ([dcl.fct.def.coroutine]) results in undefined behavior.

8.1.10 Modifying a constant object

2B M —> constant X4 2 UB, T ACISIE 1 const_cast 254 T A8 B HY const J@ 14, SR G XA E#4T T1&
[

struct B
{
int i;
double d;
bi

(continues on next page)

8.1. Exploring C++ Undefined Behavior Using Constexpr 259



https://godbolt.org/z/hM607D
https://godbolt.org/z/AALpj5
http://eel.is/c++draft/stmt.return#2.sentence-8

LLVM-Study-Notes Documentation, Release 0.1

(continued from previous page)

constexpr B bar ()

{
constexpr B b = { 10, 10.10 };

B *p = const_cast<B *>(&b);

p—>i = 11;
p->d = 11.11;

return *p;

void foo ()

{

constexpr B y = bar();

PRRR I 45 https://godbolt.org/z/AYulwO , clang $#3KE] 7% UB, gec NI&A
Co+ ARUEFE [del.type.cvip4 HEAT T Ui M :

Except that any class member declared mutable ([dcl.stc]) can be modified, any attempt to modify ([expr.ass],
[expr.post.incr], [expr.pre.incr]) a const object ([basic.type.qualifier]) during its lifetime ([basic.life]) results

in undefined behavior ---

{EAREERZ , WPRIATE L const_case Z[ 1A E I const J& 1, (Hig H ABH AT, iXFhFT 72 well-defined
B4 AR -

struct B
{
int i;
double d;
bi

constexpr B bar ()

{
constexpr B b = { 10, 10.10 };
B *p = const_cast<B *>(&b);

int x = p—>i;

return *p;

void foo ()

(continues on next page)
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(continued from previous page)

constexpr B y = bar();

https://godbolt.org/z/PaADef clang il gec #RIEA R4

8.1.11 Accessing a non-active union member

union Y { float f; int k; };
void g() {
constexpr Y yv = { 1.0f }; // OK, y.x is active union member (10.3)

constexpr int n = y.k; // Line 4

https://godbolt.org/ clang FI gcc ##R4E T % UB.
Co++ Hpifi -5 AR & A UERH [class.union]pl :

---a non-static data member is active if its name refers to an object whose lifetime has begun and has not
ended ([basic.life]). At most one of the non-static data members of an object of union type can be active at

any time, that is, the value of at most one of the non-static data members can be stored in a union at any time

8.1.12 Casting int to enum outside its range

Co+ BRIE AR R -
[dcl.enum]p8:

For an enumeration whose underlying type is fixed, the values of the enumeration are the values of the
underlying type. Otherwise, the values of the enumeration are the values representable by a hypothetical
integer type with minimal width M such that all enumerators can be represented. The width of the smallest
bit-field large enough to hold all the values of the enumeration type is M. It is possible to define an enumeration

that has values not defined by any of its enumerators. ---
[expr.static.cast]p10:

A value of integral or enumeration type can be explicitly converted to a complete enumeration type. If the
enumeration type has a fixed underlying type, the value is first converted to that type by integral conversion,
if necessary, and then to the enumeration type. If the enumeration type does not have a fixed underlying
type, the value is unchanged if the original value is within the range of the enumeration values ([dcl.enum]),

and otherwise, the behavior is undefined -

defect report 2338 %42 24 HiI AR 1 2 80 1A SR
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TE R BFH, enum A F52E 1 bit RFIRHPA BIM2AE R, [ enum A 4 fixed underlying type, FTPA
FHETE R 25l 1 bit KFTRAYEL cast 2y enum A #2 UB.

enum A

{

bi

constexpr int foo ()

{
constexpr A al = static_cast<A>(4); // 4 requires 2 bit

return al;

constexpr int bar ()

{
constexpr int x = foo();

return x;

int main ()

{

return bar();

& godbolt B %5 https://godbolt.org/z/ZWI12xb , & B gce, clang, msve #RIR A 1R &gt i, il 2 g migks
iZ UB. clang i@ UBSan, GEAGINE]S _EBIZSRIH—FPE O hitps://wandbox.org/permlink/s6judERNBK YIgspG,
B2 oA refa i 2] By UB.,

8.1.13 Multiple unsequenced modifications

Stack Overflow I f{)—]> infamous [{{][[]51 Why are these constructs using pre and post-increment undefined behavior?
P SR 1) B0bE >0 8t A Bl ) R
RS A% 0 ) TS, Ho x BB IO, T INE IS AT A SRR SRABZ O 1

constexpr int f (int x)

{

return x++ + x++;

int main ()

(continues on next page)
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(continued from previous page)

constexpr int x = 2;

constexpr int y = f(x);

WL https:/godbolt.org/z/Uai2P9, FA1%& L clang, gec, msve HREEA R4S . ML Fi%fT M52 UB,

8.1.14 One More Inconsistency, Guaranteed Copy Elision

TODO IJ_LIJJEjC ......

[class.copy.elision]pl HF5H :

---Copy elision is not permitted where an expression is evaluated in a context requiring a constant expression
([expr.const]) and in constant initialization ([basic.start.static]). [ Note: Copy elision might be performed if

the same expression is evaluated in another context.— end note ]

JESCHI2E T A Richard Smith 43224 1 F A0 :

struct B {B* self=this;};

extern const B b;

constexpr B f () {
B b; // Line 4
if(¢b == &::b) return B(); // Line 5
else return b; // Line

s
constexpr B b=f(); // is b.self == b // Line 8

8.1.15 An Example, A Strong Integer Type

TER SO B, VEE2E T — BT UL BIAS SCRE LR T A JERE BN o A BIEUR T AR a4 i — 1> ] BRLAY 58 int
KA, Mi%AAE constexpr ENSCHBM IS, ERHHARFRA TR int T REB E A FTA H LK) UB,

struct Integer {
constexpr Integer (int v) {value = v;}
constexpr Integer (double d) {value = d;}

constexpr Integer (const Integer&) = default;

int Value () const {return value;}

constexpr Integer operator+ (Integer y) const {

return {value + y.value};

(continues on next page)
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constexpr Integer operator- (Integer y) const {

return {value - y.value};

constexpr Integer operator* (Integer y) const {

return {value*y.value};

constexpr Integer operator/ (Integer y) const {

return {value/y.value};

constexpr Integer operator<<(Integer shift) const {

return {value << shift.value};

constexpr Integer operator>>(Integer shift) const {

return {value >> shift.value};

int value{};

bi

— AR E B UB p#AE:

constexpr Integer i_int_max{INT_MAX};

constexpr Integer i_int_max_plus_one{i_int_max+1}; // Overflow

constexpr Integer i_one{l};

constexpr Integer i_zero{0};

constexpr Integer i_divide_by_zero = i_one/i_zero; // Divide by zero
constexpr Integer i_double_max{DBL_MAX}; // double value outside of range.
—representable by int

constexpr Integer i_int_min{INT_MIN};

constexpr Integer i_minus_one{-1};

constexpr Integer i_overflow_division = i_int_min/i_minus_one; // Overflow
constexpr Integer i_shift_ubl = i_one << 32;

constexpr Integer i_shift_ub2 = i_minus_one << 1;

constexpr Integer i_shift_ub3 = i_one << -1;

https://godbolt.org/z/ScpyN1 0] & UB ¥ 8HRE T .
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8.1.16 Conclusion

AICHEATT TR ERIEA, I HAE S B TR R TN SO R AR IR ST . AT AR
constexpr RAFRAIRITARE LHIATH, AICHE LRI T R ATEHR & FR TR SR RRITFE R E R 7 AR s X
14

s SRR AR B AR g R M A PR € AT H, (R g4 e A bug 19, L LA RO &R/
B TSGR AR AR —BO O, PRI IRATRAT RE R 2 A Gt R AT I, DA S i A &1 o

H—AHREH BN Z Guaranteed Copy Elision, TODO,

8.1.17 P.S.

Integral Promotions

The implicit conversions that preserve values are commonly referred to as promotions. Before an arithmetic
operation is performed, integral promotion is used to create int s out of shorter integer types. Similarly,
floating-point promotion is used to create double s out of float s. Note that these promotions will not promote
to long (unless the operand is a char16_t, char32_t, wchar_t, or a plain enumeration that is already larger
than an int ) or long double. This reflects the original purpose of these promotions in C: to bring operands

tothe ¢ ‘natural’’ size for arithmetic operations. The integral promotions are:

* A char, signed char, unsigned char, short int, or unsigned short int is converted to an int if int can

represent all the values of the source type; otherwise, it is converted to an unsigned int.

e A charl6_t, char32_t, wchar_t, or a plain enumeration type is converted to the first of the following
types that can represent all the values of its underlying type: int, unsigned int, long, unsigned long, or

unsigned long long.

* A bit-field is converted to an int if int can represent all the values of the bit-field; otherwise, it is
converted to unsigned int if unsigned int can represent all the values of the bit-field. Otherwise, no

integral promotion applies to it.

* A bool is converted to an int ; false becomes 0 and true becomes 1. Promotions are used as part of the

usual arithmetic conversions.

Usual Arithmetic Conversions

These conversions are performed on the operands of a binary operator to bring them to a common type, which
is then used as the type of the result: 1. If either operand is of type long double, the other is converted to
long double. - Otherwise, if either operand is double, the other is converted to double. - Otherwise, if either
operand is float, the other is converted to float. - Otherwise, integral promotions (§10.5.1) are performed
on both operands. 2. Otherwise, if either operand is unsigned long long, the other is converted to unsigned
long long. - Otherwise, if one operand is a long long int and the other is an unsigned long int, then if a

long long int can represent all the values of an unsigned long int, the unsigned long int is converted to a long
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long int ; otherwise, both operands are converted to unsigned long long int. Otherwise, if either operand is
unsigned long long, the other is converted to unsigned long long. - Otherwise, if one operand is a long int
and the other is an unsigned int, then if a long int can represent all the values of an unsigned int, the unsigned
int is converted to a long int ; otherwise, both operands are converted to unsigned long int. - Otherwise, if
either operand is long, the other is converted to long. - Otherwise, if either operand is unsigned, the other
is converted to unsigned. - Otherwise, both operands are int. These rules make the result of converting an
unsigned integer to a signed one of possibly larger size implementation-defined. That is yet another reason

to avoid mixing unsigned and signed integers.
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¢ search
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