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Motivation

• Algorithm: Live variable analysis in Dragon Book

Input: A flow graph with def and use
Output: out[B]

for each block B do in[B] = /0
while changes to any of the in’s occur do

for each block B do begin
out[B] = ∪S a successor of Bin[S]
in[B] = use[B]∪ (out[B]−def[B])

end



Motivation: AG vs. Phoenix C++

Input: A flow graph with def and use
Output: out[B]

for each block B do in[B] = /0
while changes to any of the in’s occur do

for each block B do begin
out[B] = ∪S a successor of Bin[S]
in[B] = use[B]∪ (out[B]-def[B])

end

Phase Liveness(Func func){

extend class Opnd{

Set<Alias> Def;

Set<Alias> Use;

void Init(){

Opnd opnd = this;

if(opnd->IsDef){//defs

foreach_must_total_alias_of_tag(alias_tag, opnd->AliasTag,AliasInfo)

opnd->Def += alias_tag;

}

else{//uses

foreach_may_partial_alias_of_tag(alias_tag,opnd->AliasTag,AliasInfo)

opnd->Use += alias_tag;

}

}

}

extend class Instr {

Set<Alias> Def; //set will be translate to sparse bit vector on opnd->ID

Set<Alias> Use;

void Init() {

Instr instr = this;

foreach(Opnd opnd in instr where (dataflow && src)){

instr->Use += opnd->Use;

}

foreach(Opnd opnd in instr where (dataflow && dst)){

instr->Def += opnd->Def;

}

}

}

extend class Block{

Set<Alias> Def;

Set<Alias> Use;

void Init(){

Block block = this;

foreach(Instr instr in block) {

block->Use = (block->Use + instr->Use) - block->Def;

block->Def = (block->Def + instr->Def) - block->Use;

}

}

}

Set<Alias> TransFunc(Backward,Iterative,Block){

Compose(N){

In = (Out - N->Def) + N->Use;

}

Meet(N){

Out += N->In;

}

Closure(N){

}

Result(N){

Print(In);

Print(Out);

}

}

}

8 : 55 : 519

#include "rbag-spec.h"

namespace Phx

{

namespace RbagGenTest

{

namespace MyGen

{

InstrExtensionObject *InstrExtensionObject::New(Phx::Lifetime *lifetime)

{

InstrExtensionObject *ret = PHX_NEW(lifetime) InstrExtensionObject;

return ret;

}

void InstrExtensionObject::Register()

{

InstrExtensionObject::id = Phx::ExtensionObject::Register(

L"Phx::RbagGenTest::MyGen::InstrExtensionObject");

}

InstrExtensionObject *InstrExtensionObject::GetExtensionObject(Phx::IR::Instr *instr)

{

Phx::IR::InstrExtensionObject *ret =

instr->FindExtensionObject(InstrExtensionObject::id);

return PTR_CAST(InstrExtensionObject *, ret);

}

void InstrExtensionObject::NewMembers(Phx::Lifetime *lifetime)

{

this->Def = Phx::BitVector::Sparse::New(lifetime);

this->Use = Phx::BitVector::Sparse::New(lifetime);

}

void InstrExtensionObject::Delete()

{

this->Def->Delete();

this->Use->Delete();

}

Phx::BitVector::Sparse * InstrExtensionObject::get_Def()

{

return this->_local_Def;

}

void InstrExtensionObject::set_Def(Phx::BitVector::Sparse * value)

{

this->_local_Def = value;

}

Phx::BitVector::Sparse * InstrExtensionObject::get_Use()

{

return this->_local_Use;

}

void InstrExtensionObject::set_Use(Phx::BitVector::Sparse * value)

{

this->_local_Use = value;

}

void InstrExtensionObject::Init(Phx::FuncUnit *func_unit)

{

Phx::IR::Instr *instr = _this;

foreach_dataflow_src_opnd(opnd,instr){

if (opnd->IsExprTmp)

continue;

foreach_may_partial_alias_of_tag(alias_tag,opnd->AliasTag,func_unit->AliasInfo){

this->Use->SetBit(alias_tag);

}

next_may_partial_alias_of_tag;

}

next_dataflow_src_opnd;

foreach_dataflow_dst_opnd(opnd,instr){

if (opnd->IsExprTmp)

continue;

foreach_must_total_alias_of_tag(alias_tag,opnd->AliasTag,func_unit->AliasInfo){

this->Def->SetBit(alias_tag);

}

next_must_total_alias_of_tag;

}

next_dataflow_dst_opnd;

}

BlockExtensionObject *BlockExtensionObject::New(Phx::Lifetime *lifetime)

{

BlockExtensionObject *ret = PHX_NEW(lifetime) BlockExtensionObject;

return ret;

}

void BlockExtensionObject::Register()

{

BlockExtensionObject::id = Phx::ExtensionObject::Register(

L"Phx::RbagGenTest::MyGen::BlockExtensionObject");

}

BlockExtensionObject *BlockExtensionObject::GetExtensionObject(Phx::Graphs::BasicBlock *block)

{

Phx::Graphs::NodeExtensionObject *ret =

block->FindExtensionObject(BlockExtensionObject::id);

return PTR_CAST(BlockExtensionObject *, ret);

}

void BlockExtensionObject::NewMembers(Phx::Lifetime *lifetime)

{

this->Def = Phx::BitVector::Sparse::New(lifetime);

this->Use = Phx::BitVector::Sparse::New(lifetime);

}

void BlockExtensionObject::Delete()

{

this->Def->Delete();

this->Use->Delete();

}

Phx::BitVector::Sparse * BlockExtensionObject::get_Def()

{

return this->_local_Def;

}

void BlockExtensionObject::set_Def(Phx::BitVector::Sparse * value)

{

this->_local_Def = value;

}

Phx::BitVector::Sparse * BlockExtensionObject::get_Use()

{

return this->_local_Use;

}

void BlockExtensionObject::set_Use(Phx::BitVector::Sparse * value)

{

this->_local_Use = value;

}

void BlockExtensionObject::Init(Phx::Lifetime *lifetime)

{

Phx::Graphs::BasicBlock *block = _this;

foreach_instr_in_block(instr,block){

if (instr->IsSsaNodeInstr)

continue;

InstrExtensionObject *ext_instr =

InstrExtensionObject::GetExtensionObject(instr);

ext_instr = ext_instr;

this->Use = Rbag::BitMinus(Rbag::BitOr(this->Use,ext_instr->Use),this->Def);

this->Def = Rbag::BitMinus(Rbag::BitOr(this->Def,ext_instr->Def),this->Use);

}

next_instr_in_block;

}

void Traverser::EvalBlock(Phx::Graphs::BasicBlock * block,

Phx::DataFlow::Data *tmp_data)

{

IterateData *tmpData;

tmpData = PTR_CAST(IterateData *, tmp_data);

BlockExtensionObject *ext_block =

BlockExtensionObject::GetExtensionObject(block);

Assert(ext_block);

tmpData->In->CalcDataFlow(tmpData->Out,ext_block->Def,ext_block->Use);

}

void IterateData::Merge(Phx::DataFlow::Data *dependent_block_data,

Phx::DataFlow::Data *effected_block_data,

Phx::DataFlow::MergeFlags flags)

{

IterateData * dep_block_data =

PTR_CAST(IterateData *, dependent_block_data);

Phx::BitVector::Sparse * In = dep_block_data->In;

if(flags & Phx::DataFlow::MergeFlags::First)

Out = In->Copy();

else

Out->Or(In);

dep_block_data->In = In;

}

void Traverser::CollectOpndInfo()

{

foreach_block_in_func(block, this->funcUnit){

#if defined(PHX_DEBUG_DUMPS)

Output::WriteLine(L"==== {0}", block->ToString());

IterateData * block_data = PTR_CAST(IterateData *, this->GetBlockData(block));

// Dump results of the phase if requested so.

if (Ctrls::DebugCtrls::VerboseTraceCtrl->IsEnabled(

this->DebugResultsCtrl, funcUnit))

{

Output::WriteLine(L"In : {0}", block_data->In->ToString());

}

#endif

#if defined(PHX_DEBUG_DUMPS)

// Dump results of the phase if requested so.

if (Ctrls::DebugCtrls::VerboseTraceCtrl->IsEnabled(

this->DebugResultsCtrl, funcUnit))

{

Output::WriteLine(L"Out : {0}", block_data->Out->ToString());

}

#endif

}

next_block_in_func;

}

//relatives-print finished

/*PlugIn & Phase*/

void PlugIn::RegisterObjects()

{

Traverser::InitCtrl();

InstrExtensionObject::Register();

BlockExtensionObject::Register();

}

void PlugIn::BuildPhases(Phases::PhaseConfig * config)

{

Phases::Phase *mir_lower_phase =

config->PhaseList->FindByName(L"MIR Lower");

if(!mir_lower_phase)

{

Phx::Output::WriteLine("Can’t find MIR lower phase!!");

Assert(0);

}

Phase *rbag_phase = Phase::New(config);

mir_lower_phase->InsertAfter(rbag_phase);

}

PhxString PlugIn::get_NameString()

{

return L"RBAG PlugIn";

}

Phase *Phase::New(Phases::PhaseConfig *config)

{

Phase *ret = PHX_NEW(config->Lifetime) Phase;

ret->Init(config, L"RBAG Phase");

return ret;

}

void Phase::Execute(Phx::Unit *unit)

{

Phx::Boolean debug = false;

Phx::FuncUnit *func_unit = this->PrepareCheck(unit);

Assert(func_unit);

func_unit->BuildFlowGraph();

//func_unit->FlowGraph->Draw();

Enumerator *enumerator = Enumerator::New(func_unit);

enumerator->EnumAll();

Traverser *traverser = Traverser::New(func_unit);

traverser->InitData();

traverser->Init(

Phx::DataFlow::Direction::Backward,

func_unit);

traverser->Traverse(Phx::DataFlow::TraversalKind::Iterative, func_unit);

traverser->CollectOpndInfo();

if(debug){

foreach_block_in_func(block, func_unit)

{

IterateData *blockData;

blockData = PTR_CAST(IterateData *, traverser->GetBlockData(block));

Output::WriteLine(L"*****Block #{0}: in = {1}, out = {2}",

ToPhxString(block->Id),

blockData->In,blockData->Out);

}

next_block_in_func;

}

enumerator->Delete();

traverser->Delete();

func_unit->DeleteFlowGraph();

}

/*Traverser*/

Traverser * Traverser::New(Phx::FuncUnit * func_unit)

{

Traverser *ret = PHX_NEW(func_unit->Lifetime) Traverser;

ret->funcUnit = func_unit;

ret->Lifetime = PHX_NEW_LIFETIME(LifetimeKind::Tmp, func_unit);

return ret;

}

void Traverser::AllocateData (Phx::UInt numElements)

{

Phx::DataFlow::Data *PHX_ARRAY(data_array);

data_array = PHX_NEW_ARRAY(this->Lifetime,

Phx::DataFlow::Data *, numElements);

for (Phx::UInt i = 0; i < numElements; i++)

data_array[i] = IterateData::New(this->Lifetime);

this->BlockDataArray = data_array;

}

void Traverser::InitData()

{

foreach_block_in_func(block, funcUnit) //block

{

foreach_instr_in_block(instr, block) //instr

{

if (instr->IsSsaNodeInstr)

continue;

InstrExtensionObject *ext_instr =

InstrExtensionObject::GetExtensionObject(instr);

Assert(ext_instr);

ext_instr->Init(funcUnit);

}

next_instr_in_block;

BlockExtensionObject *ext_block =

BlockExtensionObject::GetExtensionObject(block);

Assert(ext_block);

ext_block->Init(funcUnit->Lifetime);

}

next_block_in_func;

}

/*IterateData*/

IterateData *IterateData::New(Phx::Lifetime *lifetime)

{

IterateData *ret = PHX_NEW(lifetime) IterateData;

ret->In = Phx::BitVector::Sparse::New(lifetime);

ret->Out = Phx::BitVector::Sparse::New(lifetime);

return ret;

}

Phx::Boolean IterateData::SamePreCondition(Phx::DataFlow::Data *cmp_data)

{

IterateData * cmpData = PTR_CAST(IterateData *, cmp_data);

return this->Out->Equals(cmpData->Out);

}

Phx::Boolean IterateData::SamePostCondition(Phx::DataFlow::Data * cmp_data)

{

IterateData * cmpData = PTR_CAST(IterateData *, cmp_data);

return this->In->Equals(cmpData->In);

}

/*Enumerator*/

Enumerator *Enumerator::New(Phx::FuncUnit *func_unit_in)

{

Enumerator *ret = PHX_NEW(func_unit_in->Lifetime) Enumerator;

ret->func_unit = func_unit_in;

return ret;

}

//enumerate all opnds & make alias table

int Enumerator::EnumAll()

{

Phx::UInt32 curr_counter = 0;

debug = false;

//enumerate all opnds

foreach_block_in_func(block, func_unit) //block

{

//Output::WriteLine(L"Block #{0} ********",ToPhxString(block->Id));

BlockExtensionObject *ext_block = BlockExtensionObject::New(func_unit->Lifetime);

ext_block->NewMembers(func_unit->Lifetime);

ext_block->Link2Org(block);

foreach_instr_in_block(instr, block) //instr

{

if(debug) Output::WriteLine(L"Instr: {0}",instr->ToString());

//by default, we don’t number opnd in ssa-fi instr

if (instr->IsSsaNodeInstr)

continue;

InstrExtensionObject *ext_instr =

InstrExtensionObject::New(func_unit->Lifetime);

ext_instr->NewMembers(func_unit->Lifetime);

ext_instr->Link2Org(instr);

}

next_instr_in_block;

}

next_block_in_func;

if(debug)

{

Output::WriteLine(L"-------------Total opnd # = {0}",

ToPhxString(curr_counter));

}

return curr_counter;

}

}

}

}



Previous Work

• Theory of dataflow analysis
- Gary A. Kildall [1973]: unified lattice-based framework
- Kam and Ullman [1976]: iterative approach

• Applicable tools
- Tjiang’s Sharlit [1992]: efficiency > simplicity
- Alt and Martin’s PAG [1995]: lattice specification
- Yi & Harrison’s work [1993]: interprocedural analysis



Overview of AG Tool

AG Library Files C++ Compiler Phx Library Files

HelloAG.dll

HelloWorld.c/.cpp/.cs Phx Compiler HelloWorld.exe

HelloAG.ag

AG Translator

HelloAG.cpp/.h



An AG Program

Phase name {

extend class name {

//field declarations...

//method declarations...

void Init() { . . . }

}

...

type TransFunc(direction) {

Meet(P) { . . . }

Compose(N) { . . . }

Result(N) { . . . }

}

}



Example: Reaching Definitions

A definition of a variable is the operand in an instruction that
may assign a value to the variable.

y = 0;
if (x > 0) {

y = x∗2;
x−−;

}

else
x++;

z = y∗ x;



Example: Reaching Definitions

A definition of a variable is the operand in an instruction that
may assign a value to the variable.

y = 0;
if (x > 0) {

y = x∗2;
x−−;

}

else
x ++;

z = y∗ x;



Example: Reaching Definitions

for each block B do begin

Compute gen[B] and kill[B];
end

for each block B do in[B] = /0;
change = true;
while change do begin

change = false;
for each block B do begin

oldout = out[B];
in[B] = ∪P a predecessor of Bout[P];
out[B] = gen[B]∪ (in[B]-kill[B]);
if out[B] 6= oldout then change = true;

end

end



Example: Reaching Definitions in AG

for each block B do begin

Compute gen[B] and kill[B];
end

for each block B do in[B] = /0;
change = true;
while change do begin

change = false;
for each block B do begin

oldout = out[B];
in[B] = ∪P a predecessor of Bout[P];
out[B] = gen[B]∪ (in[B]-kill[B]);
if out[B] 6= oldout then change = true;

end

end

Phase name {

extend class name {

//field declarations...

//method declarations...

void Init() { . . . }

}

...

type TransFunc(direction) {

Meet(P) { . . . }

Compose(N) { . . . }

Result(N) { . . . }

}

}



Example: Reaching Definitions in AG

Phase ReachingDefs {

extend class Opnd {

. . .

}

extend class Instr {

. . .

}

extend class Block {

. . .

}

Set<Opnd> TransFunc(Forward) {

. . .

}

}



Open Classes

class Instr {

int id;

list<Opnd> srcOpnds;

list<Opnd> dstOpnds;

}

class MyInstr : Instr {

list<Opnd> gen;

list<Opnd> kill;

void Init() {. . .}

}

class Instr {

int id;

list<Opnd> srcOpnds;

list<Opnd> dstOpnds;

list<Opnd> gen;

list<Opnd> kill;

void Init() {. . .}

}



Open Classes

class Instr {

int id;

list<Opnd> srcOpnds;

list<Opnd> dstOpnds;

}

class MyInstr : Instr {

list<Opnd> gen;

list<Opnd> kill;

void Init() {. . .}

}

class Instr {

int id;

list<Opnd> srcOpnds;

list<Opnd> dstOpnds;

//added fields

list<Opnd> gen;

list<Opnd> kill;

//added methods

void Init() {. . .}

}



Previous Work

AspectJ MultiJava AG

Usage General Purpose General Purpose Dataflow Analysis

Methods + + +

Fields + − +

Recompiling Yes No No

Dynamic − + +



Example AG: Extend Class Block
extend class Block {

Set<Opnd> Gen;

Set<Opnd> Kill;

void Init() {

Block block = this;

foreach (Instr instr in block) {

block−>Gen = instr−>Gen +

(block−>Gen − instr−>Kill);

block−>Kill = block−>Kill + instr−>Kill

− instr−>Gen;

}

}

}



Example AG: Extend Class Instr

extend class Instr {

Set<Opnd> Gen;

Set<Opnd> Kill;

void Init() {

Instr instr = this;

foreach (Opnd dstOpnd in instr

where (dataflow && dst)) {

instr−>Gen += dstOpnd−>Gen;

instr−>Kill += dstOpnd−>Kill;

}

}

}



Example AG: Extend Class Opnd
extend class Opnd {

Set<Opnd> Gen;

Set<Opnd> Kill;

void Init() {

Opnd opnd = this;

if (opnd−>IsDef) {

opnd−>Gen += opnd;

foreach must total alias of tag(alias tag,

opnd−>AliasTag, AliasInfo) {

opnd−>Kill += DstAliasTable(alias tag);

}

opnd−>Kill −= opnd;

}

}



Example AG: C++ Code Generated

void OpndExtensionObject::Init( Phx::FuncUnit *func_unit,

Phx::BitVector::Sparse *PHX_ARRAY(dst_alias_table))

{

Phx::IR::Opnd *opnd = _this;

if(opnd->IsDef) {

this->Gen->SetBit(this->uid);

foreach_must_total_alias_of_tag(alias_tag,

opnd->AliasTag, func_unit->AliasInfo) {

this->Kill->Or(dst_alias_table[alias_tag]);

}

next_must_total_alias_of_tag;

this->Kill->ClearBit(this->uid);

}

}



Example AG: Transfer Functions

Set<Opnd> TransFunc(Forward) {

Meet(P) {

In += P−>Out;

}

Compose(N) {

Out = In − N−>Kill + N−>Gen;

}

}



AG Syntax - Highlights

data types Set Map int bool void
special variables In Out
operators + − ∗ = += −= ∗= && ‖ ! !=
built-in classes Opnd Instr Block Alias Expr Func Region
built-in constants Forward Backward
statements foreach ( type var in range where cond. direction )

{ ... }
phoenix-iterator ( ... ) { ... }
lvalue = expression;
if ( expression ) { ... } else { ... }
/% arbitrary C++ code %/

built-in functions DstAliasTable SrcAliasTable Print



Experimental Results

Reaching Live Uninitialized

Definitions Variables Variables

C++ LOC (manual) 791 303 108
C++ Style dynamic global var SSA
AG LOC (manual) 64 55 94
C++ LOC (generated) 626 519 682
C++ runtime 7.3s 0.8s
AG runtime 7.4s 3.1s 13.6s

• Benchmark:
Phoenix Microsoft Intermediate Language reader
( > 500,000 lines)



Conclusions

• Strengths
- Very compact code: < 1/10 of manually-written C++

program
- Similar performance: speed penalty < 4 times
- Mechanism for extending existing IR classes

• Weaknesses
- Fixed framework: iterative, MIR-based
- Debug environment
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