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Review Questions

* Examples of semantic analysis?
Define-use, scoping, typing, ...

e Differences of SDD and SDT?

SDD: syntax-directed definition, high-level abstraction
SDT: syntax-directed translation scheme

e S-SDD and L-SDD, which is more general?
L-SDD, allow to have both synthesized and inherited attributes.

 What marker is used for?
To calculate inherited attributes (or to transform L-SDD into S-SDD).
* Is symbol table still useful after semantic analysis?

Yes. Still used in later code generation (and even debugging).
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Compilation Phases| 4B

e Lexical: source code - tokens

b ~ RE, NFA, DFA, ...
B . O EHERE :
- | Lexical Analysis | | — Is the program lexically well-formed?

Token Stream" 3

[ syntaxnalysis | om o E.g., xHy =1

e,  Syntax: tokens = AST or parse tree

Semantic Analysis i

._Syntax Tree| + symbol Table" - CFG, LL(1), LALR(2), ...

’ Intermediate \ _ I th . t t t- ” ”

| | code Generation - s the input program syntactically well-

: R| i formed?

; Optimization 1 BackEnd _ _ . _

| ] i (Synthesis) o E.g., x=1vy=2, for(i=1)

I . [ ]

| | Code Gef@fat'on | * Semantic: AST - AST + symbol table
I

N _ TargetCode ¢ — SDD, SDT, typing, scoping, ...

— Does the input program has a well-defined
meaning?

o E.g.,intx;y=x(1)
@ Tux% : IR




Generating Code: AST to IR[IRA: ]

* By now, we have
— An AST, annotated with scope and type information

* Next, to generate intermediate representation (IR)
— Traverse the AST after the parsing[ 3 41k 7]
o Writing a codeGen() method for the appropriate kinds of AST nodes
- Syntax-directed translation[i5 2l 5]
o Generate code while parsing

R

o ~ | %1 =alloca 132, align 4
= store 132 10, 1i32* %1, align 4

AST LLVM IR w»‘ EELZ
http://freecompilercamp.org/clang-basics/ y
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CodeGen[H [a4Crg 4 mk]

N
,r \ a B
/{PreprocessorH Frontend H~ Middle f2d. ]-L (S:;L(:::) »[ Assembler H Linker ]
\ }.u_ J
= LT /

'I

....................... “, - O S . .. ‘.F..T —I
Preprocessor : : | LLVM \
Tokens § Parser ~>[ Sema | AST (> CodeGen IR I

* Not to be confused with LLVM CodeGen! (which generates
machine code)

* Uses AST visitors, IRBuilder, and TargetInfo

— AST visitors
o RecursiveASTVisitor for visiting the full AST

o StmtVisitor for visiting Stmt and Expr
o TypeVisitor for Type hierarchy

tuxe : Did:
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CodeGen (cont.)

C or C++—»
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—»machine code

i Frontend SE— :
: / \| !
| |[preprocessor Code J)exer [LokenFlow | qpgep | JasonAST bl senerator|y| |
| Llh— TR— | sm= |
! LLVM-IR !
! / /7
| I + 7 i
: 7 :
| I — 7 :
i optimizer 7’ :
| 7 |
: V' mm P ;
| | I s :
; L LLVM-IR 7 !
i Backend :
optimizer|_Assemble i]inker
A SEL
i) 0 0
Front End (—>IR—| § >IR—> § —=~IR—>| $ —=IR—| Back End
w ) [}
Clang LLVM proper
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Proj3: IR Generator

task/3/main.cpp

44 // M ASG &E5I%E| LLWM IR

45 1lvm: :LLVMContext ctx;

46 EmitIR emitIR(mgr, ctx);

47 auto& mod = emitIR(asg);

48 mgr.gc();

49

50 // e LLWM IR BHIAIXHE, BREASASE
51 mod.print(outFile, nullptr, false, true);

task/3/EmitIR.cpp

18 1lvm: :Moduleé&

19 EmitIR::operator()(asg::TranslationUnitx tu)
20 {

21 for (auto&& i : tu—>decls)

22 self(i);

23 return mMod;

24 }




AST =2 IR: Example

Sclang -Xclang -ast-dump -fsyntax-only 000 _main.sysu.c

TranslationUnitDecl 0x1d2654a8 <<invalid sloc>> <invalid sloc>
... cutting out internal declarations of clang ...

"—FunctionDecl 0x2cf71448 <../tester/functional/@00_main.sysu.c:1:1, line:3:1> line:1:5 main 'int ()'
"—CompoundStmt 0x2cf71560 <col:11, line:3:1>
"—ReturnStmt 0x2cf71550 <line:2:5, col:12>
"—IntegerLiteral 0x2cf71530 <col:12> 'int' 3

Sclang -emit-llvm -S 000_main.sysu.c

; ModuleID = '../tester/functional/@00_main.sysu.c'

source_filename = "../tester/functional/@00_main.sysu.c"

target datalayout = "e-m:e-18:8:32-116:16:32-164:64-1128:128-n32:64-5128"
target triple = "aarché4—unknown-linux-gnu"

; Function Attrs: noinline nounwind optnone
define dso_local i32 @Emain() #0 {

%1 = alloca 132, align 4

store 132 0, i32% %1, align 4

ret i32 3
}

attributes #0 = { noinline nounwind optnone "correctly-rounded-divide-sqrt-fp-math"
="false" "disable-tail-calls"="false" "frame-pointer"="non-leaf" "less—-precise—fpma
d"="false" "min-legal-vector-width"="0" "no-infs-fp-math"="false" "no-jump-tables"=
"false" "no-nans—-fp-math"="false" "no-signed-zeros-fp-math"="false" "no-trapping-ma
th"="true" "stack-protector-buffer-size"="8" "target-cpu"="generic" "target-feature
s"="+neon" "unsafe-fp-math"="false" "use-soft-float"="false" }

111lvm.module.flags = !{!0}
11lvm.ident = !{!1}

10 1{i32 1, !'"wchar_size", 132 4}
11 '{!"Debian clang version 11.0.1-2"}

@trxe 8 Dhige



AST = IR: HelloWorld

int main(){
return 3;

Source }

TranslationUnitDecl 0xa8e6558 <<invalid sloc>> <invalid sloc>
... cutting out internal declarations of clang ...
-FunctionDecl 0xa942al@ <generator/000_main.sysu.c:1:1, line:3:1> line:1:5 main 'int Q'
AST *-CompoundStmt 0xa942b28 <col:11, line:3:1>
"-ReturnStmt 0xa942b18 <line:2:5, col:12>
"-IntegerLiteral 0xa942af8 <col:12> 'int' 3

define dso_local 132 @main() { define dso_local 132 @main() {
IR %1 = alloca 132, align 4 ret i32 3
store 132 0, ptr %1, align 4 1
ret 132 3
}

§§§:x$23&££ 9 NF



AST = IR: Local Variable

int main(){ int main(){
int a = 3; return 3;
Source return a; }
3

TranslationUnitDecl @xb7ae558 <<invalid sloc>> <invalid sloc>
... cutting out internal declarations of clang ...
“-FunctionDecl 0xb8@abf8 <line:6:1, line:9:1> 1ine:6:5 main 'int ('
" -CompoundStmt 0xb8@ad98 <col:11, line:9:1>
AST | -DeclStmt @xb8@ad38 <line:7:5, col:14>
| “-VarDecl 0xb8@acb® <col:5, col:13> col:9 used a 'int' cinit
I “-IntegerLiteral 0xb80adl8 <col:13> 'int' 3
"-ReturnStmt 0xb8@ad88 <line:8:5, col:12>
“-ImplicitCastExpr 0xb80ad70 <col:12> 'int' <LValueToRValue>
“-DeclRefExpr 0xb8@ad50 <col:12> 'int' lvalue Var 0xb80@acb® 'a' 'int'

: : : G 27 7 e /A0 & Aok 2 ME], b P A %1,
define dso_locgl 132 @maln() { SRR amxt
%1 = alloca 132, align 4

IR store 132 3, ptr %1, align 4  SPF: M3 SARIKIBHINL T, BRI
%2 = load 132, ptr %1, align 4 EWAF: BE%U0 A AE R SR %2 H
ret 132 %2 50
}

D) tux s 10 B
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AST = IR: Basic Blocks

 Sclang -emit-llvm -S 027_if2.sysu.c

int a;
int main(){
a = 10;
ifCa > 0){
return 1;
}
else{
return 0;
}
}
@ Turt

define dso_local 132 @main() {
%1 = alloca 132, align 4
store 132 0, ptr %1, align 4
store 132 10, ptr @a, align 4
%2 = load 132, ptr @a, align 4
%3 = icmp sgt 132 %2, @
br i1 %3, label %4, label %5

store 132 1, ptr %1, align 4
br label %6

store 132 @, ptr %1, align 4
br label %6

%7 = load 132, ptr %1, align 4
ret 132 %7

11

——

%0:

%1 = alloca i32, align 4

store i32 0,i32* %1, align 4
store i32 10, i32* @a, align 4
%2 =load i32,i32* @a, align 4
%3 = icmp sgt i32 %2, 0

bril %3, label %4, label %5

i32 1,i32* %1, align 4

bel %6

%5:
93
store 132 0, 132* %1, align 4
br label %6

N/

%6:
6:

%7 = load i32,132* %1, align 4
ret i32 %7

CFG for 'main' function

http://viz-js.com/
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Example: 027 if2.sysu.c

* The program
— Global variable (int a;)
- Variable assignment (a = 10;)
- Binary operation (a > 0)

— Branch (if-else)
int a;
int main(){
a = 10;
ifCa > 0){
return 1;

int main(){ int main(){
return 3; int a = 3;
} return a;

}

else{
return 0;

}

@1uxs 12 Did:



src = AST: Example

1. Inkt a:

3 int main() {

ir_test.c 2

7 return 1;
8 } else {

9 return 9;
10 }
11 3}

S<my _clang> -ccl -ast-view ir_test.c
Sdot -Tpng -o ir_test.png ir_test.dot
my_clang = ./llvm-project/build/bin/clang

CompoundStmt
BinaryOperator If [fStmt
a - 3 /
] ] , _ ] return1 ] return O
DeclRefExpr IntegerLiteral BinaryOperator CompoundStmt CompoundStmt
>
AST — L.O !
ImplicitCastExpr IntegerLiteral ReturnStmt ReturnStmt
DeclRefExpr IntegerLiteral IntegerLiteral

F b K %

SUN YAT-SEN UNIVERSITY
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AST =2 IR: Example

S<my_clang> -Xclang -ast-dump -fsyntax-only ir_test.c

TranslationUnitDecl 0x1d2654a8 <<invalid sloc>> <invalid sloc>
... cutting out internal declarations of clang ...

i—VarDecl 9x13éé@f679 <ir_test.c:1:1, col:5> col:5 used a 'int'
‘—FunctionDecl 0x13800f778 <line:3:1, line:11:1> line:3:5 main 'int ()
"—CompoundStmt 0x13800f%9a8 <col:12, line:11:1>

1 . A el N.ANONNLCOCD P I A -~=T1 .70 12t [ |

S<my_clang> -emit-llvm -S ir_test.c

; ModuleID = 'ir_test.c'

source_filename = "ir_test.c"

target datalayout = "e-m:0-164:64-1128:128-n32:64-S128"
target triple = "armé4-apple-macosx11.0.0"

@a = global i32 0, align 4

; Function Attrs: noinline nounwind optnone ssp uwtable(sync)
define i32 Emain() #0 {
entry:

%retval = alloca 132, align &4

store 132 0, ptr %retval, align 4

store i32 3, ptr @a, align 4

%0 = load 132, ptr @a, align 4

%cmp = icmp sgt 132 %0, ©

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

if.then: ; preds = %entry
store 132 1, ptr %retval, align 4
br label %return

if.else: ; preds = %entry
store i32 0, ptr %retval, align 4
br label %return

return: ; preds = %if.else, %if.then
%1 = load 132, ptr %retval, align 4
ret i32 %1

}

attributes #0 = { noinline nounwind optnone ssp uwtable(sync) "frame-pointer"="non-leaf" "no-trapping-math"="true" "s
otprod,+fp-armv8,+fplé6fml,+fullfplé,+1se,+neon,+ras,+rcpc,+rdm,+sha2,+sha3,+v8.1a,+v8.2a,+v8.3a,+v8.4a,+v8.5a,+v8a,+z

!1lvm.module.flags = !{!o, !1, 12, 13}
'1lvm.ident = !{!4}

190 = 1{i32 1, !"wchar_size", i32 4}

11 = 1{i32 8, !"PIC Level", i32 2}

12 = 1{i32 7, !"uwtable", i32 1}

13 = 1{i32 7, !"frame-pointer", i32 1}

IA = I{!"clang version 17.0.0 (https://github.com/1llvm/1llvm-project.git f759275c1lc8ed91f19a6b8db228115c7f75d460b)"}

Fu X B 14

SUN YAT-SEN UNIVERSITY

&)'
(5 ]
X



AST = IR: Example (cont.

: ModuleID = 'ir_test.c' AT = oSS VAN - :J: )] {endian, mangling, data align, native reg size, stack align
CBlTEE TILEREE B W Rt R VRS A4 Hir P& FdEfmEn, , mangling, gn, g size, gn}
target datalayout = "e-m:0-164:64-1128:128-n32:64-S128"

target triple = "armé4-apple-macosx11.0.0" E*ﬂ?ilzé? arch-vendor-os

G = clobal $32 0, alien ¢ AR E Y, @<ERA> = <A M> <S> HIH, 4BAI5
; Function Attrs: noinline nounwind optnone ssp uwtable(sync)

define 132 @Emain() #0 { @2&%)[ define <JB[E]§‘§3_—@> @<]Z|§Q5Z> (72%;&) #J@ PER

entry:
%retval = alloca i32, align %4 // allocate memory for a 32b value
store 132 0, ptr %retval, align 4 // store 0 in the memory slot pointed by the register

store i32 3, ptr Qa, align 4

%0 = load i32, ptr @a, align & // store 3 in the memory slot of ‘a’ 1. Int a;
%cmp = icmp sgt 132 %9, 0 // do comparison 2
br i1 %cmp, label %if.then, label %if.else // branch 3 int main() {
! a =3;
if.then: ; preds = %entry //if (a>0){ 5
store 132 1, ptr %retval, align 4 // store 1 into ‘retval’
br label %return // jump to return : = (a > 0) {
7 return 1;
if.else: ; preds = %entry //}else{ 8 } else {
store i32 0, ptr %retval, align 4 // store O into ‘retval’ 9 return 0,
br label %return //Jump to return 10 }
return: ; preds = %if.else, %if.then 11 }
%1 = load 132, ptr %retval, align 4 // load ‘retval’
ret i32 %1 // return

¥ PRI £Y R
attributes #9 = { noinline nounwind optnone ssp uwtable(sync) "frame-pointer"="non-leaf" "no-trapping-math"="true" "s
otprod,+fp-armv8,+fplé6fml,+fullfplé,+1se, +neon,+ras,+rcpc,+rdm,+sha2,+sha3,+v8.1a,+v8.2a,+v8.3a,+v8.4a,+v8.5a,+v8a, +zI

!'1lvm.module.flags = !{!@, !1, 12, 13}
!1lvm.ident = !{!4}

S (=Y ' 2 B (3 [1] https://llvm.org/docs/LangRef.html#data-layout
10 = 1{i32 1, !"wchar_size", i32 4} *%ﬂ%ﬁﬁumi&*&’fm;m” . : .
| . . [2] https://llvm.org/docs/LangRef.html#function-attributes
11 = 1{i32 8, !"PIC Level", 1i32 2} - o TN
12 = 1{i32 7, !"uwtable", i32 1} Clanghi A5 & [BILLVMZIR b (1) : Z il PUA A ] LLVM IR (
13 = 1{i32 7, !"frame-pointer", i32 1} l [.Z
I4 = I{!"clang version 17.0.0 (https://github.com/1llvm/llvm-project.git f759275c1lc8ed91f19a6b8db228115c7f75d460b)"}


https://llvm.org/docs/LangRef.html
https://llvm.org/docs/LangRef.html
https://csstormq.github.io/blog/LLVM%20%E4%B9%8B%20IR%20%E7%AF%87%EF%BC%881%EF%BC%89%EF%BC%9A%E9%9B%B6%E5%9F%BA%E7%A1%80%E5%BF%AB%E9%80%9F%E5%85%A5%E9%97%A8%20LLVM%20IR

AST =2 IR: Example (cont.

Sclang -emit-llvm -S ir_test.c

; ModuleID = 'ir_test.c'

source_filename = "ir_test.c"

target datalayout = "e-m:e-i8:8:32-116:16:32-164:64-1128:128-n32:64-S128
target triple = "aarché4-unknown-linux-gnu"

@a = dso_local global i32 @, align 4

; Function Attrs: noinline nounwind optnone
define dso_local 132 @main() #90 {

%1 = alloca 132, align 4

store 132 0, 1i32% %1, align 4

store 132 3, i32% Qa, align 4

%2 = load 132, i32% @a, align 4 To4: Po5:
%3 = icmp sgt i32 %2, © 4 o
br i1 %3, label %4, label %5 store 132 1, 132* %1, align 4 store 132 0, 132* %1, align 4
br label %6 br label %6
4 ; preds = %0
store 132 1, i32% %1, align 4
br label %6
B ; preds = %0
store 132 0, 1i32% %1, align 4
br label %6
6: ; preds = %5, %4 : ;
%7 = load i32, i32% %1, align &4 CFG for 'main’ function
ret i32 %7
}

attributes #0 = { noinline nounwind optnone "correctly-rounded-divide-sqrt
" "no-infs—fp-math"="false" "no-jump-tables"="false" "no-nans-fp-math"="fa

features"="+neon" "unsafe-fp-math"="false" "use-soft-float"="false" } . .
Sdot -Tpng -o ir_test.png .ir_test.dot
11lvm.module.flags = !{!0} - -

11lvm.ident = !{!1}

1{i32 1, !"wchar_size", i32 4}

1{!"Debian clang version 11.0.1-2"} SOpt -dOt-Cfg ir_test.”

@tuxrs 16 B
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IR Forms

* Three different forms (these three forms are equivalent)

— In-memory compiler IR [TE N A7 e i G 5
— On-disk bitcode file [.be, TEREEEL_E A7t i) 3k i e 5]

— Human readable plain text file  [.Il, AP ARHEE 5]

* Translate to bitcode file!?l: Sllvm-as *./l [-o0 *.bc]
— Reverse: Sllvm-dis *.bc -o *.lI

— Further compile the bitcodel3!:
o Sllc -march=x86 *.bc -0 out.x86

* Execute the IR filelll; Slli *./I @ @

— Result: Secho S?

[1] https://www.llvm.org/docs/CommandGuide/lli.html
[2] https://www.llvm.org/docs/CommandGuide/llvm-as.html

[3] https://www.llvm.org/docs/CommandGuide/llc.html

. o R Dhide
https://mukulrathi.com/create-your-own-programming-language/llvm-ir-cpp-api-tutorial/
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https://www.llvm.org/docs/CommandGuide/llvm-as.html
https://www.llvm.org/docs/CommandGuide/llc.html

IR Overview

* Each assembly/bitcode file is a Module

e Each Module is comprised of
— Global variables

— A set of Functions which consists of

o A set of Basic Blocks

* Which is further comprised of a set of Instructions

Module
int a; Global int[20];

add
sub
br

%o4: %5:
4 L)

store i32 1,32% %1, align 4 store 132 0,i32* %1, align 4
br label %6 br label %6

18

Function: foo()

add
mult

br

Program

C
C++

Program IR

Vo

\

Function

Basic Block

Fortran

Lt

Module

Instruction

Function: bar()

add add
div sub
br br

https://cs.rochester.edu/u/ejohns48/secdev19/secdev20-llvm-tutorial-version4 copy.pdf

Dyide
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IR Overview (cont.)

* LLVM IR resembles three-address code (TAC)

— Two source operands, one separate destination operand

— Static Single Assignment (SSA) form, making life easier for
optimization writers[if A IR H]

o SSA means we define variables before use and assign to variables only
once

* LLVM IR is machine independent[#l %% J5 <]
- An unlimited set of virtual registers (labelled %0, %1, %2, ...)

o It’s the backend’s job to map from virtual to physical registers
- Rather than allocating specific sizes of datatypes, we retain

types

o Again, the backend will take this type info and map it to platform’s
datatype

[
| | | . ;NG‘Z
https://mukulrathi.com/create-your-own-programming-language/llvm-ir-cpp-api-tutorial/
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LLVM Steps

* Context: llvm:LLVMContext TheContext
* Module: llvm::Module TheModule(“-”, TheContext);

- Function: auto function = llvm::Function::Create(..., TheModule)

o auto block = llvm::BasicBlock::Create(TheContext, “entry”, function)
e llvm::IRBuilder<> builder(block);
* builder.CreateRet(tmp);

Module
int a; 1 int a; #include <llvm/IR/IRBuilder.h>
e . #include <llvm/IR/LLVMContext.h>
%1 = alloca i32, align 4 3 1nt main() { :
Sore 1325 12+ @a. lign 4 a = 3; #include <1lvm/IR/Module.h>

%2 = load 132, i32* @a, align 4
%3 = iemp sgt 32 %2, 0

br it %3, label %4, label %5 F & ¢ #include <1lvm/IR/Type.h>
( — ) 2 e #include <llvm/IR/Verifier.h>
3 - ‘Hm o S } { " #include <1llvm/Support/JSON.h>
[ 19 3} ' #include <llvm/Support/MemoryBuffer.h>
?&\‘ ‘/ 11 } #include <llvm/Support/raw_ostream.h>

%7 = load 32, i32* %1, align 4
ret i32 %7

2 .
https://cs.rochester.edu/u/ejohns48/secdev19/secdev20-llvm-tutorial-version4 copy.pdf W [Z
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Three-Address Code[= -5

* High-level assembly where each operation has at most three
operands. Generic form is X = Y op Z[& £ 3 M E1EE

— where X, Y, Z can be variables, constants, or compiler-generated
temporaries holding intermediate values

* Characteristics[##14]

— Assembly code for an ‘abstract machine’

— Long expressions are converted to multiple instructions
— Control flow statements are converted to jumps[$z il ->Bk3E]
— Machine independent

o Operations are generic (not tailored to any specific machine)
o Function calls represented as generic call nodes

o Uses symbolic names rather than register names (actual locations of
symbols are yet to be determined)

* Design goal: for easier machine-independent optimization _




Example

* For example, x * y + x * y is translated to
tl=x*y;tl,t2, t3 are temporary variables
t2=x%*y
t3 =11 +1t2
— Can be generated through a depth-first traversal of AST
— Internal nodes in AST are translated to temporary variables

* Notice: repetition of x * y[E ]

— Can be later eliminated through a compiler optimization called
common subexpression elimination (CSE)[1# H 12 1A 2 ]

tl=x*y

t3=t1+1t1
— Using TAC rather than AST makes it:

o Easier to spot opportunities (just find matching RHS)

COMPUTER SCIENCE AND ENGINEERING

o Easier to manipulate IR (AST is much more cumbersome)
@ tuxt 22 IR




Three-Address Statements

 Assighment statement[ — o {E]
X=Yyopz
where op is an arithmetic or logical operation (binary operation)
* Assignment statement[— JClik{H]
X=0pY

where op is an unary operation such as -, not, shift

 Copy statement[#% Ill]

X=y
* Unconditional jump statement[ 541 Bk%]
goto L

where L is label

‘  2 A
‘\“ s;tmgs‘mvﬁnﬁ 23 " Hhﬂ LZ



Three-Address Statements (cont.)

 Conditional jump statement[& 1 Bk%E]

if (x relop y) goto L
where relop is a relational operator such as =,/4, >, <

* Procedural call statement[iZ#£1# H]: may have too many addr
param Xy, ..., param x,,, call F,, n
As an example, foo(x,, X,, X3) is translated to
param x,
param x,
param X,

call foo, 3

* Procedural call return statement[i 21 H i [9]]
returny

~ where y is the return value (if applicable)
@tuxs 24 IR




Three-Address Statements (cont.)

* Indexed assignment statement[Z 5[]

x = y[i]
or
y[i] = x

where x is a scalar variable and y is an array variable

« Address and pointer operation statement[HhhtA1$5%}]
X =& Yy ; a pointer x is set to address of y
y = * x; yis set to the value of location
; pointed to by pointer x
*vy = x; location pointed to by y is assigned x
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Example: TAC

=1
=1 L:t;=x*5
do { :-tz = &a :
| — & c I .
alil = x * 5: » :t3 S|z§c?f(|nt) : ali]
. =171 I
ik ts=htl
} while (i <= 10); Hie =iy
i=i+1
if i <=10goto L
Source program Three-address code
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Example: TAC (cont.

i=1
do {
ali]=x*5;
i ++;
} while (i <= 10);

@i = dso_local global i32 1, align 4
©x = dso_local ¢ al 132 2, align 4
@a = dso_local global [10 x i32] zeroinitializer, align 4

; Function Attrs: noinline nounwind optnone
define dso_local i32 @®main() #0 {

%1 = alloca i32, align 4

store i32 0, 132% %1, align 4

br label %2

2: ; preds
%3 = load 132, 132% @x, align 4 /] %3 =x
%4 = mul nsw 132 %3, 5 /] %4 =%3 x5
store 132 %4, i32% getelementptr inbounds ([10 x 1321,
%5 = load 132, i32% @i, align 4 /] %5 =i

%6 = add nsw 132 %5, 1 /] %6 = %5 + 1
store 132 %6, i32% @i, align 4 /]i=%6
br label %7
7: ; preds
%8 = load 132, i32% @i, align 4 /[ %8 =i
%9 = icmp sle i32 %8, 10 /1 %9 = (i <= 10)
br i1 %9, label %2, label %10 /1 T: %2, F: %10
10: ; preds
ret i32 0

(P

&y

L A=, % =2
2 int al1e0];

int main(){

= %7, %0

[10 x 132]% @a, 164 0, i64 1), align 4
// addr(@a + 0 + 1*4) = %4
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Example: IR and SSA

Sclang -emit-llvm -S ged.c

%02:

store 132 %0, i32* %4, ahgn 4
, store 32 %1, i32* %5, ali /] %5=b
B P il

%8 = icmp eq 132 %7, O b ==

br il %8, label %9, label %11

%3 = alloca 132, align 4 /a
%4 = alloca 132, align 4 /b
%5 = alloca i32, align 4

— %6 =allocai32, align.

/%7 =b

T

| F

br label %12

%9:

9:

%10 = load 132, i32* %4, align 4
store 132 %10, i32* %3, align 4
br label %23

1|//%4=a

?
/Y:%9; N: %11

// %13 =D
//b!=0

// %3 =a
%22 load 132, i32* %4, align 4
store 132 %22, 132* %3, align 4
br label %23
// %3 =a

%23:

232

%24 = load 132, 132* %3, align 4

ret i32 %24

CFG for 'ged' function
1? & % % Load-and-store approach (not SSA) 28
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unsigned gcd(unsigned a, unsigned b) {

1
7 if (b == 0)

3 return a;

4 while (b != @) {
5 unsigned t = a % b;
6 a=b;

7 b=t;

8 }

9 return aj

10 }

Sclang -emit-llvm -S -01 gcd.c

%2:
%3 = icmp eq 132 %1, 0
br il %3, label %9, label %4

T E

%9:

9:

%10 = phi i32 [ %0, %2 |, [ %5, %4 ]
ret i32 %10

CFG for 'ged' function

Phi approach (SSA)
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Single Static Assignment [ & Bt ]

* Every variable is assigned to exactly once statically[{¥—k]

— Give variable a different version name on every assighment

o e.g., X = Xq, X,, ..., Xs fOr each static assignment of x

— Now value of each variable guaranteed not to change

— On a control flow merge, ¢p-function combines two versions

o e.8. Xs = P(X3, X4): means xs is either x5 or x,

fyvéﬁ

X=a+b;
y=X-C;
X=X-Y;

if (...)

X=X+ 5;

»
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Xy =a+Db;
Y1 =X1 -G
X2 = X1 - Y1,

if (...)

e false

X3 = Xp + 5;

X4 = Xo * 4;

i

X5 = ¢(X3, Xa);
Yo = X5 * 4;
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Benefits of SSA

* SSA is an IR that facilitates certain code optimizations
— SSA tells you when an optimization shouldn’t happen

— Suppose compiler performs CSE on previous example:
o Without SSA, (incorrectly) tempted to eliminate second x * 4
e x=X¥*¥4,y=x* 4, =P x=x*4,y=x;
e Eg,x=5*4;,y=20*4;>x=5%4;y=20
o With SSA, x, * 4 and xs * 4 are clearly different values

X=a+b; X1 =a+Db;

y=X-C; Y1 =X1 -Cj

X=X-Y; X2 = Xy - Y1,

if (...) if (...)

twe false s Talse

X=X+5; X=X*4 » X3 = X + 5; X4 = X2

4 X5 = ¢(X3, X4)

y= Yo=X5"4

30
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Benefits of SSA (cont.)

e SSA is an IR that facilitates certain code optimizations

— SSA tells you when an optimization should happen

— Suppose compiler performs dead code elimination (DCE): (DCE
removes code that computes dead values)

X=a+b; X, =a+b;
X=c-d; » X, =C-d;
y=Xx*Db; Vi=X, *b;

— Without SSA, not very clear whether there are dead values
— With SSA, x; is never used and clearly a dead value

* Why does SSA work so well with compiler optimizations?
— SSA makes flow of values explicit in the IR[Z45 I & Hi]
— Without SSA, need a separate dataflow graph
— Will discuss more in Compiler Optimization section
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