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Three Phases Design

Source Code Intermediate Form Object Code
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LLVM IR (Intermediate Representation)

In-Memory Data Structure

Bitcode (.bc files)

Bitcode (.bc files)

4243CODE 06103239

0A324424 18000000 lvm -dis
E6C6211D 210C0000
9201840C 480A9021
98000000 E6A11CDA

define 132 @main() #0 {
g entry:
llvm-asm %retval = alloca i32, align 4
%a = alloca i32, align 4

Bitcode files and LLVM IR text files are lossless serialization formats!
We can pause optimization and come back later.
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while (x + y < 0) { Label L1

call t=x+Yy

x=x+1;
! _~ o
COntinue; print T~ |f < O QOto L2
. . Frpaeeeeeeeeeees > bOdy else goto L3
y=y¥x - .
] N 0 assign coh assign Label L2
orint(y); \ X=X+ 1
goto L1
X y ’ i y + y=y+x
/ \ / \ goto L1;
. 1 y X label L3

print(y)

R&. BMREHLR, ZTomARE, SAEMESTX (KES1TEER) , SEREREEEX (LEEZELHEE, XEKS1/Ein)
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e Easy translation target (B2 M LEEENIFEIREF)
e Easy to translate (B ZEIEEITE)
o X5 1E]

- B/ONMWIE H IV EIRE A E B ERIphases/optimizations

- tBa0: JRIB S I gEB while, for, foreach, do-while, do-until loops, ...

- IRAJEER B2 = while loops

EINpUEE: 3 SF 3 s The functi bjects in it t
_ %ﬂ\]-@ﬁ(}ﬂ*i/ﬁ\%&%f()r\ foreachﬂﬁﬂ’\jfé;ﬂaﬁ e function [ ] maps objects in it to

their meanings. Here, it denotes the

“translation” or “compilation”.

[for (pre; cond; post) {body}]

[pre; while(cond) {body; post}I
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for(i=0;i<N; i++){
. \ - Sum(&Ali], &P);
e I NLow-level FEHEBFEILKNIEX |
> FURISCRY =3It A5
- TREINSFES

- A BASZ#3FSSA (Static Single Assignment) RS LIRE PRI A RARMARZILET)
%AiAddr = getelementptr float* %A, i32 %i.1

loop: ; preds = %bb0, %loop

> fﬁi, 'fﬁﬁéﬁﬂ’{l}fﬁé Ufﬁﬂ‘@@ﬁﬁ call void @Sum(float %AiAddr, %pair* %P)
- %i.2 = add i32 %i.1, 1
- A XBIEFTAILoad/Storeig S %exitcond = imp eq 32 %i.1, %N

br i1 %exitcond, label %outloop, label %loop
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for(i=0;i<N; i++){

Sum(&Ali], &P);

e High-level{E BV RS }
- SEIMBVEUEREER (B SSARLAIRS)
- TEMEVIEFRE

loop: ; preds = %bb0, %loop
- JBMTRVEIL IS ZIMIREMER %i.1 = phi i32 [0, %bb0], [%i.2, %loop]

%AiAddr = getelementptr float* %A, i32 %i.1
g H*ﬁﬂ’]ﬁ’k’ U{I: -]5‘|‘E|’\] i‘é%—_ call void @Sum(float %AiAddr, %pair* %P)

%i.2 = add i32 %i.1, 1
%exitcond = imp eq i32 %i.1, %N
br i1 %exitcond, label %outloop, label %loop
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o RIBSHIRBIMIZELR 1
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o {5l £
- 5|FZNEE: T&->T*
- 8. complex float -> {float, float}
> EMJREO{iE(Bitfields): struct X{intY: 4: int Z:2: }->{i32}
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* LLVMEENRERFES:
- [RIGZEEBY: |abel, void, float, integer, ...
- (EEMIbitKERIEEY(i1,i32,164,11942652)
- IRERY: 18T, &, SR, KREN (xBunions, WIbit casti#H1THZIR)
- XA SRR

o XBARATRETTHIRH]EIR
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define i32 @main() #0 {
entry:
%retval = alloca i32, align 4
%a = alloca i32, align 4 Explicit stack allocation
%b = alloca i32, align 4
int main(){ store i32 0, i32* %retval

inta = 5; store i32 5, i32* %a, align 4 Explicit Loads and Stores
intb = 3: store i32 3, i32* %b, align 4
return a - b; %0 = load i32* %a, align 4
} %1 = load i32* %b, align 4
%sub = sub nsw i32 %0, %1 Explicit Types
reti32 %sub




LLVM IRAFAHIRRZX 51 -F

define i32 @main() #0 {
entry:
%retval = alloca i32, align 4
%a = alloca i32, align 4 define i32 @main() #0 {
%b = alloca i32, align 4 entry:
store i32 0, i32* %retval %sub = sub nswi325, 3

store i32 5,i32* %a, align 4 reti32 %sub
store i32 3, i32* %b, align 4

%0 = load i32* %a, align 4

%1 = load i32* %b, align 4

%sub = sub nsw i32 %0, %1

ret i32 %sub Not always possible:
Sometimes stack operations are too complex




. ; . . " : > " - % - - £ b ~ 9 P .‘ -
- 3 : - - . . . |
‘ : ' ® | < o 7 . | Q
> . - Ld - 3 : . ‘
| | . ‘ ’ . - ~ z s »
- - ¢ -." 5 - - - 3 & : ‘ : . -‘ .
’ . - - ; X < » ‘- -
- 2 2 : . . ‘
. > - . " S . : | . ‘ - ‘. : .
A po : . h . . ‘
.~ » ~ S - " : | ‘.‘ A‘ |
. - : . ' . A | .
. . ., - . 5 > . * - . % : . :
. h 2 : ;s ‘ . | ‘
a é . . 2 N . . - : : ‘ | .- |
| . ! | . s 7 ; 5 A ) . ’ . p R *
L s X - ‘ . ; : . . | . : |
| | | | : . - . 2
- : . |
.' ., ” : N - = # 4 ; I - ; .
* . 0 . » z . : :
» ™ . -. : » . ,. . | | ‘
| | .’ . : ) » - g -
> | ‘ |
L2 3 ’ A - & : : : . | :
- » : ; | - | .
| . : - - ; :
. : | | | . - -
. | o | |
N . 5 e - - ? 2 . . ' ’ |
. v : | | | |
- - - o = ! : : | | |
-~ - < & - . & o . - fy ¢ . .
» P ~ - - 3 - ; % ; : : :
° > 5 . . ' | | | |
. -. - N 3 & -
: " < : 4 s
- » 2 . | | . | ‘ '
- . .
. v ; ¢ < 45 ' }N vh . : 3
- < " ! ~ A X z N & ATar XS - L - ._ : . . : . l |
. L 5 : ; - |
.\ - * - .
. . 'lf “' ;: i : | | |
S N . |
. 3 ‘
. . ' . |
g .. | | |




LLVM Instruction Class Hierarchy

LLVM::Value

LLVM::User

- LLVMulnstruction

LLVM::Calllnst LLVM::PhiNode LLVM:: Terminatorinst

o LLVMAZPIIESE (BHFIFEATEIRIES)



LLVM Instructions <--> Values

define i32 @main() #0 {

entry:
%retval = alloca i32, align 4
%x = alloca i32, align 4
%y = alloca i32, align 4
%z = alloca i32, align 4
store i32 0, i32* %retval
store i32 1,i132* %x, align 4

int main()}{
int x;
inty = 2;
intz=3;
X = y+2z;
y = X+2z;
z = X+y;

store i32 2,i32* %y, align 4
store i32 3,i32* %z, align 4

%0 = load i32* %y, align 4

%1 = load i32* %z, align 4
%add = add nsw i32 %0, %1
store i32 %add, i32* %x, align 4




LLVM Instructions <--> Values

int main(){ : Function Attrs: nounwind
int x; define i32 @main() #0 {

int y = 2: entry:

intz=3; %add = add nswi32 2, 3

X = y+z; %add1 = add nsw i32 %add, 3

y = X+2; %add2 = add nsw i32 %add, %add1
z = X+y; reti32 0

Instruction |: %eadd1 = add nsw i32 %add, 3

You can't “get” %add1 from Instruction I.
Instruction serves as the Value %add1 Operand 1 Operand 2



LLVM Instructions <--> Values

int main(){ : Function Attrs: nounwind
int x; define i32 @main() #0 {

int y = 2: entry:

intz=3; %add = add nswi32 2, 3

X = y+z; %add1 = add nsw i32 %add, 3

y = X+2; %add2 = add nsw i32 %add, %add1
z = X+y; reti32 0

Instruction |: %add1 = add nsw i32 %add, 3

outs() << *(l.getOperand(0)); — "%add = add nsw i32 2, 3"
outs() << *(l.getOperand(0)->getOperand(0));, — “2”
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e {EiR(Module) B2 E £ (Functions) M1 5 Z = (GlobalVariables)
o KX (Function) 18 E 751k (BasicBlocks)A]
- REFLEMCIES BRI £
o E7NiR(BasicBlock)ElE T —2H1E% (Instructions)
- SITEARRERIETF—TIEHIRER
e 152 (Instruction)FE— 15 {FiFopcode )il E—HF{FZi(operands)
- BT BREEIERE
- IR[EIIER tNER REAY
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Navigating the LLVM IR - lterators

e Module::iterator

> RIREARWIDITER, 1ZARB[=EHEFRIPTEREN

e Function::iterator

- 1B [H R EN R HI P E AN IR

e BasicBlock::iterator

- BHEARPOEMES
e \/alue::use iterator

» IBA{ERIZIES ValuelPR B EigS
o User::op_iterator

- BRI —TERIFEN




Navigating the LLVM IR - lterators

— 1 C++1EF, BMIAE—TLLVM IRBIX (G

o BH—TRBHHNETIES:

for (Function::iterator Fl = func->begin(); FI !=func->end(); ++Fl) {
for (BasicBlock::iterator BBI = FI->begin(); BBI != FlI->end(); ++BBlI) {

outs() << "“Instruction: ” << *BBIl << "\n";

J
}




Navigating the LLVM IR - lterators

o ] AEIZF(ER Instlterator (provided by "llvm/IR/Instlterator.h”):

#include “llvm/IR/Instlterator.h”

for (inst_iterator | = inst_begin(F), E = inst_end(F); | != E; ++1) {
outs() << *| << "\n";

J




Navigating the LLVM IR - lterators

o 3xE|—"EZIRAVRIIR/ fe 2F

#include "llvm/Support/CFG.h" BasicBlock *BB = ...;

for (pred_iterator Pl = pred_begin(BB); Pl = pred_end(BB); ++PI) {

BasicBlock *pred = *PI;
// ...




Navigating the LLVM IR - lterators

e \/ery common code pattern: casting and Iterat

OorsS

for (Function::iterator Fl = func->begin(); FI != func->end(); ++FI) {

for (BasicBlock::iterator BBl = FI->begin(); BBI != Fl->end();
Instruction * | = BBI;
if (Callinst * Cl = dyn_cast<Calllnst>(l)) {

++BBl) {

cast K1
outs() << “I'm a Call Instruction!\n";

J

if (Unarylnstruction * Ul = dyn_cast<Unarylnstruction>(|
outs() << “I'm a Unary Instruction!\n";

}

if (CastInstruction * Cl = dyn_cast<CastInstruction>(l)) {
outs() << “I'm a Cast Instruction!\n";

J

)1

UieiR, ARZEBIRRE, FeiRpkIN, Stull




Navigating the LLVM IR - Visitor Pattern

class MyVisitor : public InstVisitor<MyVisitor> {
void visitCalllnst(Calllnst &Cl) {
outs() << “I'm a Call Instruction!\n";

}

void visitUnarylnstruction(Unarylnstruction &UI) {
outs() << “I'm a Unary Instruction!\n";

}
void visitCastlnst(Castlnst &Cl) {

outs() << “I'm a Cast Instruction!\n";
}
void visitBinaryOperator(BinaryOperator &l) {
switch (l.getOpcode()){
case Instruction::Mul:

outs() << “I'm a multiplication Instruction!\n";

1hE1ERIVIERA A 0 B REVIESD
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eEXZEIR: Hpasses

o flfRinstructions:
» eraseFromParent()
- Remove from basic block, drop all reterences, delete
» removeFromParent()
- Remove from basic block
- Use it you will re-attach the instruction

- Does not drop references (or clear the use list), so if you don't re-attach it Bad
Things will happen

» moveBefore/insertBefore/insertAfter are also available

- replacelnstWithValue and replacelnstWithinst are also useful to have



Writing Passes - Adding New Instructions

define i32 @main() #0 {
entry:
%add = add nswi32 2, 2
%add1 = add nswi32 %add, 2
%mul = mul nsw i32 %add, %add1
%sub = sub nswi32 %add1, %mul
%add2 = add nswi32 %mul, 5
ret i32 %sub

define i32 @main() #0 {
entry:
%add = add nswi32 2, 2
%add1 = add nswi32 %add, 2
%mul = mul nsw i32 %add, %add1
%0 = add i32 %add, O
%sub = sub nsw i32 %add1, Yomul
%add2 = add nswi32 %mul, 5
ret i32 %sub

Instruction *I = “%mul = mul nsw i32 %add, %add1”;
Instruction *newlnst = BinaryOperator::Create(Instruction::Add, l.getOperand(0),
Constantint::get(l.getOperand(0)->getType(), 0));
|->getParent()->getlnstList().insert(l, newlnst)
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o TmiEzRAviniE A AR D N—RFIET#E (Pass)
> B Passtfl—3£ M (Analysis) ZiftigZ# (Transformation)
> B PassHEEZMAVRMBRLIEEURT L —1 PasshLIELER

o —LEEHHAIPasseszcHY
- BasicBlockPass: X~ KB YPass I E AR H 1T IE AN E
> CallGraphSCCPass: BJiK[@ X Call graph (BASCCHZZL) #H1TIE

~ FunctionPass: SR ((xBYHEINF) #1T1ELE

> e o o
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lvm-dis: Convert from .bc (IR binary) to .ll (human-readable IR text)
lvm-as: Convert from .l (human-readable IR text) to .bc (IR binary)
opt: LLVM optimizer

lc: LLVM static compiler

li: LLVM bitcode interpreter

lvm-link: LLVM bitcode linker

bugpoint - automatic test case reduction tool

lvm-extract - extract a function from an LLVM module

lvm-bcanalyzer - LLVM bitcode analyzer
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LLVM Coding Standards: http://llvm.org/docs/CodingStandards.html|

LLVM Programmer’s Manual: http://llvm.org/docs/ProgrammersManual.html

LLVM Language Reference Manual : http://llvm.org/docs/LangRef.html|
Writing an LLVM Pass: http://llvm.org/docs/WritingAnLLVMPass.htm|

LLVM's Analysis and Transform Passes: http://llvm.org/docs/Passes.html

LLVM Internal Documentation: http://llvm.org/docs/doxygen/html/
— PNIFARILLVMAR S & 9T H#ETF . https://evian-zhang.qgithub.io/llvm-ir-tutorial/
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