HAILFER ( 3XEFFkk )
SCHOOL OF COMPUTER SCIENCE AND ENGINEERING

Compilation Principle

7 1°F R B

= N

EINUINGE

F199F: HE A (2)

xianweiz.github.io

DCS290, 5/16/2024

£
s B 5
wﬁ“ﬁ


https://xianweiz.github.io/

Review Questions

* Input and output of code generation?
Input: AST + symbol table; output: IR

e What is IR?

Intermediate Representation. A machine- and language-independent
version of the original source code.

* Why do we use IR?

Clean separation of front-/back-end; easy to optimize and extend

* What is three-address code (TAC)?
A type of IR, with at most three operands. (high-level assembly)

e TACof x+y *z+5?

ti=y*zt,=x+t;t;=t, +5;
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Example: IR and SSA

$c|ang -emit-llvm -S ng.C 1 un;igned gcd(unsigned a, unsigned b)
%2: 2 if (b == 0)
3 = alloca 32, align 4 /a 3 return a;
= alloca 152, aly .
22::1&0&2%,:%34 /b 4 while (b != 0) {
= o i s Z .
tore 32 %0, 132+ %4, align 4 |// %4 = a 5 unsigned t = a % b;
store i32 %1, i32* %5, align 4 |// %5=b 6 a=nb:
%7 = load 32, 132* %5, align 4 |// %7 = b !
%8 = icmp eq 32 %7, 0 b ==0? 7 b =t;
bril %8, label %9, label %11 [//Y: %9: N: %11 8 }
T F
] 9 return a;
\ 10 }
%11
11:
il e Sclang -emit-llvm -S -0O1 gcd.c
%2:
%9: %3 = icmp eq i32 %1, 0
9: // %13 =b bril %3, label %9, label %4
%10 = load i32, i32* %4, align 4 //b1=0 T .
store 132 % 10, i32* %3, align 4
br label %23
// %3 =a
21:
%22 = load i32, i32* %4, align 4
store i32 %22, i32* %3, align 4
br label %23
// %3 =a
%9:
9:
ggs: %10 = phi 32 [ %0, %2 |, [ %5, %4 ]
%24 = load i32, i32* %3, align 4 L2 1h
ret i32 %24 CFG for 'ged' function
- CFG for 'ged’ function . ,
‘ 4 4 X # Load-and-store approach (not SSA) 3 Phi approach (SSA) m
LY SUN YAT-SEN UNIVERSITY



Single Static Assignment[# 4 Bt i)

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

X=a+Db; X1=a+b;
y=X-C; Y1 =X1 -Cj
XX =Y N Re = Y1
if (...) it (...)

X=X+5; X=X*4; » X3 = X2 + 5; X4 = Xp * 4,

.

e " P

I X5 = @(X3, X4);
y= ’ Yo = X5 * 4;

gl"g “‘ 4 I FG 7
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LLVM: SSA and Phi -

e All LLVM instructions are represented in the SSA form
— Affable to the design of simpler algorithms for existing
optimizations and has facilitated the development of new ones
* The ‘phi’ instruction is used to implement the ¢ node in
the SSA graph representing the function
- <result> = phi [fast-math-flags] <ty> [<val0>, <label0>], ...

— At runtime, the ‘phi’ instruction logically takes on the value
specified by the pair corresponding to the predecessor basic
block that executed just prior to the current block

a=1; a; =1,

if (v<10) if (v<10)
a=2; » a, =2;
b=a; b = PHI(a,, a,);

R kel s ; b

= N Bs:/ /llvm.org/docs/LangRef.html#phi-instruction, https://www.llvmpy.org/llvmpy-doc/dev/doc/llvm concepts.html#tssa-form-and-phi-nodes



https://llvm.org/docs/LangRef.html
https://www.llvmpy.org/llvmpy-doc/dev/doc/llvm_concepts.html

Example

* Registers

— Unlimited #virtual registers
— Each is written only once (SSA)

- %0: a, %1: b

* Phiinstructions

- %5 = phi i32 [%7, %4], [%

1, %2]

o b is from before-while or while

— %6 = phi i32 [%5,

%4], [%0, %2]

o ais either before-while or while

- %10 = phi i32 [%0, %2], [%5,

%4]

o ais either before-while or while

* Phi restrictions

— Must be the first inst of a BB

— The first BB cannot begin with phi

% Has no previously executed block

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

%2
%3 = icmp eq 132 %1,0
bril %3, label %9, label %4

T ] F

&// else

//if (b==0)

//b==0?

%4
4:

Lo
T St R U Uy

(S SPRIBZ[%7; %A T TR T "1/ b2 = PHI(t, b1)
6 = phi i32 [ %5, %4 1. [ %0, %2] ___ |

/ a2 = PHI(b2, al1)
//t=a2% b2

%8 = icmp eq 32 %7, 0
bril %8, label %9, label o4, Nlvm.loop 2
T ] F
// else // if (b 1= 0)
%69:
e e
i %10 = phi i32 [ %0, %2 1. %5. %4 ] 1// a3 = PHI(a1, a2)
T2 % TT
CFG for 'ged' function
1 unsigned gcd(unsigned a, unsigned b) {
(b == 0)
eturn a;
(b !'=9) {
unsigned t = a % b;
a = b;
b=t
}
aj
2 }
|3 {
o I



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 =-1@;
if(a > 0){
return 1;

int mainQ{ int main(Q{
return 3; int a = 3;
1 return a,;

}

elseq
return 0;

}

‘w, M d 2
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Example: Global Variable

Global variable

* Create global variable yariable assignment

Binary operation
Branch

— Just “new” it!

— The returned pointer is the in-memory representation of the
global variable itself

- If named, could be looked up in module

// Bli22/ETE, @ = dso_local global i32 @, align 4
auto globVarA =

new llvm::GlobalVariable(/*58 2L EFAER*/ TheModule,

L ERE*/ builder.getInt32Ty(),

/*isConstant*/ false,

/*PEIEREI*/ Llvm: :GlobalValue: : CommonLinkage,

/*initializer*/ 1llvm::Constant::getNullValue(builder.getInt32Ty()),
TERY/ ")

// BIRFEHREF/ESE, XfrlbglobVarA == anotherA
auto anotherA = TheModule.getGlobalVariable("a");

https://arcsysu.github.io/SYsU-lang2/#/task3 doc/ir?id=%e5%88%9b%e5%bb%ba%e5%85%a8%e5%b1%80%e5%8f%98%e9%87%8f

https://releases.llvm.org/11.0.1/docs/tutorial/MyFirstLanguageFrontend/Langlmpl03.html
https://llvm.org/docs/tutorial/MyFirstLanguageFrontend/Langlmpl03.html

8 Dhge



https://releases.llvm.org/11.0.1/docs/tutorial/MyFirstLanguageFrontend/LangImpl03.html
https://releases.llvm.org/11.0.1/docs/tutorial/MyFirstLanguageFrontend/LangImpl03.html
https://llvm.org/docs/tutorial/MyFirstLanguageFrontend/LangImpl03.html

Example: Variable Assignment & Expr

Global variable

* Create assighment and operation expression  Vrisbleassignment

Binary operation
Branch

— The “instruction” is also the “virtual register”
- LLVM IR is strongly typed, identified by llvm::Type

— Constant values are represented by the llvm::Constant class
o Xbuilder.CreateLoad(10, globVarA);
o ' builder.CreateLoad(builder.getInt32(10), globVarA);

// BIRFERERE=E

auto globVarA = TheModule.getGlobalVariable("a");

// store 132 10, ptr @a, align 4

builder.CreateStore(builder.getInt32(10), globVarA);

// %1 = load 132, ptr @a, align 4

auto localA = builder.CreateLoad(globVarA->getValueType(), globVarA);

// %2 = icmp sgt 132 %1, O

auto aGreaterThanZero = builder.CreateICmpSGT(localA, builder.getInt32(0));

- Dhge



Example: Branching

Global variable

P Variable assignment
Create :)ra nCh Binary operation

Branch

— Create new basic block
— Create conditional branch
— Change IRBuilder’s insert point

// Assume we already have created the "aGreaterThanZero" instruction
auto ifBB = 1lvm::BasicBlock: :Create(TheContext, "", function);
auto elseBB = llvm::BasicBlock::Create(TheContext, "", function);

// br 11 %2, label %3, label %4
builder.CreateCondBr(aGreaterThanZero, ifBB, elseBB);

// Insert in the "if" basic block

7t 32 ; preds = ¥entry

// ret 132 1
builder.SetInsertPoint(ifBB);
builder.CreateRet(builder.getInt32(1));

// Insert in the "else" basic block

/] 4 ; preds = %entry

//  ret 132 @
builder.SetInsertPoint(elseBB);
builder.CreateRet(builder.getInt32(0));

1’&:’(& 10

SUN YAT-SEN UNIVERSITY u '




Processing Variable Definitions[Z8 =& € X

* To lay out a variable, both location and width are needed
— Location: where variable is located in memory
— Width: how much space variable takes up in memory

* Attributes for variable definition:
-TV e.g. int x;
— T: non-terminal for type name
o T.type: type (int, float, ...)
o T.width: width of type in bytes (e.g. 4 for int)
- V: non-terminal for variable name
o V.type: type (int, float, ...)
o V.width: width of variable according to type
o V.offset: offset of variable in memory

— But offset from what...?
@) Tux% Dl




Example: LLVM

1 double x;

3 void foo() {

: char a;

5 int b = 0;

6 long long c;
. int d;

8 }

©x = dso_local global double ©.000000e+00, align 8

; Function Attrs: noinline nounwind optnone
define dso_local void @foo() #0 {

%1 = alloca 18, align 1
%2 = alloca 132, align 4
%3 = alloca 164, align 8
%4 = alloca 132, align 4

store i32 @, 132% %2, align 4
ret void

auto addr = Builder.CreateAlloca(...);
Builder.CreateStore(..., addr);

D

(o) F X % e
(&)
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Calculate Variable Location from Offset

* Naive method: reserve a big memory section for all data
— Size data section to be large enough to contain all variables
— Location = var offset + base of data section

* Naive method wastes a lot of memory

— Vars with limited scope need to live only briefly in memory
o E.g. function variables need to last only for duration of call

* Solution: allocate memory briefly for each scope[i#N]
— Allocate when entering scope, free when exiting scope
— Variables in the same scope are allocated / freed together
- Location = var offset + base of scope memory section
— Will discuss more later in Runtime Management

AV A8
(D) F b 4L K
\& / ) [
v/ SUN YAT-SEN UNIVERSITY ' ‘




Storage Layout of Variables in a Function

 When there are multiple variables defined in a function,

— Compiler lays out variables in memory sequentially

— Current offset used to place variable x in memory

define dso_local void @foo() #0 {
%1 = alloca 132, align 4
o address(x) < offset e (o B
%3 = alloca ié4, align 8

o offset += sizeof(x.type) ?:: a}:éoca i32, align 4
Address } Offset =0
0x0000 | 2 Addr(a) < 0
0x0004 | b Offset = 4
void foo() { Addr(b) <- 4
int a; 0x0008 | C Offset =38
int b; Addr(c) ¢ 8
long long c; 0x000c | C
int d; Offset = 16
10| d
} 0x0010 Addr(d) < 16
Offset = 20
&) FTux %
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More about Storage Layout

e Allocation alignment[X}5%]
- Enforce addr(x) % sizeof(x.type) ==

— Most machine architectures are designed such that
computation is most efficient at sizeof(x.type) boundaries

o E.g. most machines are designed to load integer values at integer word

boundaries

o If not on word boundary, need to load two words and shift &
concatenate - inefficient

void foo() { void foo() {
char a; // addr(a) =0 char a; // addr(a) =0
int b; // addr(b) = 1 » int b; // addr(b) = 4
int c; // addr(c) =5 int c; // addr(c) = 8
long long d; // addr(d) =9 long long d; // addr(d) =

} }

QX
() F b X % 15
x‘a‘
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Type Expressions[2&7 % ik ]

* A type expression is either a basic type or is formed by
applying an operator called a type constructor[ZE T M) iE& £7]
to a type expression

— Basic type: integer, float, char, boolean, void

— Array: array(l, T) is a type expression, if T is
o int[3] <--> array(3, int)
o int[2][3] <--> array(2, array(3, int))
- Pointer: pointer(T) is a type expression, if T is
o int *val <--> pointer(int)
P->D
D->Tid; D, | €
T->BC |*T,
B -> int | float
C->[num]C, | €

() e
‘\“‘ ivﬂawﬁnﬁ ‘ ' ‘lﬁ ki




CodeGen: Variable Definitions

* Translating variable definitions
— enter(name, type, offset)
o Save the type and relative address in the symbol-table entry for the name

* Examples:
- float x; int i;

O P->{offset=0}D
@ D -> Tid; { enter( id.lexeme, T.type, offset );
offset = offset + T.width; } D, — int[2][3];
@ D->e * type, width
@ T->B{t=B.type; w = B.width; }
C{ T.type = C.type; T.width = C.width; }
® T->*T, { T.type = pointer( T,.type ); Twidth=4;} °* LW

— Syn attributes

®) B ->int { B.type = int; B.width = 4; } — Vars to pass type and
(@) B -> float { B.type = float; B.width = 8; } width from B node to
C-> ¢ { C.type = t; C.width = w; } the node for C-> ¢

©) C-> [num]C, { C.type = array( num.val, C,.type ); o offset

address

Mﬁ%



O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + T.width; } D,
@ D->¢

. Lt . @ T->B{t=B.type; w = B.width; }
° InpUt‘ ﬂOat X' Int I' C{ T.type = C.type; T.width = C.width; }

® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }

@ B -> float { B.type = float; B.width = 8; }

C->¢e{Ctype =t; Cwidth =w; }

©) C-> [num]C, { C.type = array( num.val, C,.type );
C.width = num.val * C,.width; }

18 b



O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + T.width; } D,

@ D->¢
. . @ T->B{t=B.type; w = B.width; }
. [ ] L[] L[] 7 7
In pUt ﬂOat X; | nt l; C{ T.type = C.type; Twidth = C.width; }
T ® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }

@ B -> float { B.type = float; B.width = 8; }

C->¢e{Ctype =t; Cwidth =w; }

©) C-> [num]C, { C.type = array( num.val, C,.type );
C.width = num.val * C,.width; }

18 b



O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + Twidth; } D,

@ D->¢
. . @ T->B{t=B.type; w = B.width; }
. [ ] L[] L[] 7 7
In pUt ﬂOat X; | nt l; C{ T.type = C.type; Twidth = C.width; }
T ® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C -> [num]C;, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }

18 Dhige



O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + Twidth; } D,

@ D->¢
. . @ T->B{t=B.type; w = B.width; }
. [ ] L[] L[] 7 7
In pUt ﬂOat X; | nt l; C{ T.type = C.type; Twidth = C.width; }
T ® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C -> [num]C;, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }

offset =0

() F X % 18 ,E-Lz
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O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + Twidth; } D,

@ D->¢
. . @ T->B{t=B.type; w = B.width; }
. [ ] L[] L[] 7 7
In pUt ﬂOat X; | nt l; C{ T.type = C.type; Twidth = C.width; }
T ® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C -> [num]C;, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }

{a} D
T id ; {a} D
offset =0
@ Tux s 18 Dyl




O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + Twidth; } D,

@ D->¢
. . @ T->B{t=B.type; w = B.width; }
. [ ] L[] L[] 7 7
In pUt ﬂOat X; | nt l; C{ Ttype = C.type; Twidth = C.width; }
T ® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C -> [num]C;, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }

{a} D
B fa} C {a}
offset =0
@ tuxt 18 AR




O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + Twidth; } D,

@ D->¢
. . @ T->B{t=B.type; w = B.width; }
. [ ] L[] L[] 7 7
In pUt ﬂOat X; | nt l; C{ Ttype = C.type; Twidth = C.width; }
T ® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C -> [num]C;, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }

{a}, D

{a} C {a}

float {a}
offset =0

TR it
() F % & 18 lﬁtz
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O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + Twidth; } D,

®D->¢
. . @ T->B{t=B.type; w = B.width; }
. [ [ ] [ ] 7 7
In pUt ﬂOat X; | nt l; C{ Ttype = C.type; Twidth = C.width; }
T T ® T->*T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C -> [num]C;, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }

{a}, D

{a} C {a}

float {a}
offset =0

TR it
() F % & 18 lﬁtz
SUN YAT-SEN UNIVERSITY



O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + Twidth; } D,

®D->¢
. . @ T->B{t=B.type; w = B.width; }
. [ [ ] [ ] 7 7
In pUt ﬂOat X; | nt l; C{ T.type = C.type; Twidth = C.width; }
T T ® T->*T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C -> [num]C;, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }

{fa} D
T id ;  {a} D
vzizlth:s {a} C {a}
float {a}
offset =0
@ tuxs 18 I




O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + Twidth; } D,

®D->¢
. . @ T->B{t=B.type; w = B.width; }
. [ [ ] [ ] 7 7
In pUt ﬂOat X; | nt l; C{ Ttype = C.type; Twidth = C.width; }
T T ® T->*T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C -> [num]C;, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }

{a}, D
/ﬂ[\
witn-s {a} C {a)

float {a}

e u‘.iﬁ'“f



O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + Twidth; } D,

®D->¢
. . @ T->B{t=B.type; w = B.width; }
. [ [ ] [ ] 7 7
In pUt ﬂOat X; | nt l; C{ Ttype = C.type; Twidth = C.width; }
T T ® T->*T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C -> [num]C;, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }

{a} D
T id ;  {a} D
Buwiath=s {a} C {a}
/
float {a}
offset=0 |
I
t =float |
w=_8
@ tuxs 18 IR




O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + Twidth; } D,

®D->¢
. . @ T->B{t=B.type; w = B.width; }
. [ [ ] [ ] 7 7
In pUt ﬂOat X; | nt l; C{ Ttype = C.type; Twidth = C.width; }
T T ® T->*T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C -> [num]C;, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }

{a} D
T id ;  {a} D
,” Rwidth = 8 {a} {a}
/
float {a} e {a}
offset=0 |
I
t =float |
w=_8
@ tuxt 18 AR




O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + Twidth; } D,

®D->¢
. . @ T->B{t=B.type; w = B.width; }
. [ [ ] [ ] 7 7
In pUt ﬂOat X; | nt l; C{ T.type = C.type; Twidth = C.width; }
T T ® T->*T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C -> [num]C;, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }

{a} D
T id {a} D
type = float type = float

,* Bwidth =3 {a} Cuidth-s a}

iFIIoat {a} £ /{»é’}

offset=0 |
I -~ -
t=float § ____-- -7
w=8
@ turs 18 IR




Example

D P->{offset=0}D
@) D -> Tid; { enter( id.lexeme, T.type, offset );

* Input: float x; int i;

P

type = float

offset = offset + T.width; } D,
@ D->¢

@ T->B{t=B.type; w = B.width; }
C{ T.type = C.type; T.width = C.width; }
® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }
® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }
P ©) C-> [num]C, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }
ta} D

m
Twidth=8id ;  {a} D

\

type = float
{a}

,” Rwidth=8 {a} width = 8

/
float {a}
offset=0 |
|
t=float { ____---
w=38
Tux®

f
e fa}

18 Dhige



O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + T.width; } D,

@®D->¢
I I @ T->B{t=B.type; w = B.width; }
. [ [ ] [ ] 7 7
In pUt ﬂoat X, | nt ) C { T.type = C.type; T.width = C.width; }
T T T ® T->*T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C-> [num]C, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }
ta} D

m
Twidth=8id ;  {a} D

N
type = float type = float

,* Bwidth =3 {a} Cuidth-s a}

iFIIoat {a} £ /{»é’}

offset=0 |
I - - -
t=float § ____-- -~
w=3_8
g S z) | [ ¥
o j:yﬁmﬁsﬁ 18 v"'ﬂ%




Example

* Input: float x; int i;
tt

P
]
{a}, D

@ P->{offset=0}D

@) D -> Tid; { enter( id.lexeme, T.type, offset );
offset = offset + Twidth; } D,

@ D->¢

@ T->B{t=B.type; w = B.width; }

C{ T.type = C.type; T.width = C.width; }
® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }
® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }
©) C -> [num]C;, { C.type = array( num.val, C,.type );

C.width = num.val * C,.width; }

enter(x, float, 0)

ype = float

Twidth:\S id ;

\

type = float type = float
,” Rwidth=8 {a} width = 8
/ 2
float {a} e {4}
offset=0 | -
I -

t=float § ____-- -7
w=_8
fTuk®

{a} D



Example

* Input: float x; int i;
tt

P
]
{a}, D

@ P->{offset=0}D

@) D -> Tid; { enter( id.lexeme, T.type, offset );
offset = offset + Twidth; } D,

@ D->¢

@ T->B{t=B.type; w = B.width; }

C{ T.type = C.type; T.width = C.width; }
® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }
® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }
©) C -> [num]C;, { C.type = array( num.val, C,.type );

C.width = num.val * C,.width; }

enter(x, float, 0)

ype = float

Twidth:\S id ;

\

type = float type = float
,” Rwidth=8 {a} width = 8
/ 2
float {a} e {4}
offset=8 | -
I -

t=float § ____-- -7
w=_8
fTuk®

{a} D



Example

* Input: float x; int i;
ottt

P
]
{a}, D

@ P->{offset=0}D

@) D -> Tid; { enter( id.lexeme, T.type, offset );
offset = offset + Twidth; } D,

@ D->¢

@ T->B{t=B.type; w = B.width; }

C{ T.type = C.type; T.width = C.width; }
® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }
® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }
©) C -> [num]C;, { C.type = array( num.val, C,.type );

C.width = num.val * C,.width; }

enter(x, float, 0)

ype = float

Twidth:\S id ;

\

type = float type = float
,” Rwidth=8 {a} width = 8
/ 2
float {a} e {4}
offset=8 | -
I -

t=float § ____-- -7
w=_8
fTuk®

{a} D



Example

* Input: float x; int i;
ottt

P
]
{a}, D

@ P->{offset=0}D

@) D -> Tid; { enter( id.lexeme, T.type, offset );
offset = offset + Twidth; } D,

@ D->¢

@ T->B{t=B.type; w = B.width; }

C{ T.type = C.type; T.width = C.width; }
® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }
® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }
©) C -> [num]C;, { C.type = array( num.val, C,.type );

C.width = num.val * C,.width; }

enter(x, float, 0)

ype = float

Twidth:\S id ;

A\{a} /\

\
type = float e =fl
+Bwisth=s {a} ith=5
' t
float {a} e {4}
offset=8 | P
I -

t=float § _ ___-- -7
w=8

T id ; {a} D



Example

* Input: float x; int i;
ottt

P
]
{a}, D

@ P->{offset=0}D

@) D -> Tid; { enter( id.lexeme, T.type, offset );
offset = offset + Twidth; } D,

@ D->¢

@ T->B{t=B.type; w = B.width; }

C{ T.type = C.type; T.width = C.width; }
® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }
® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }
©) C -> [num]C;, { C.type = array( num.val, C,.type );

C.width = num.val * C,.width; }

enter(x, float, 0)

ype = float

Twidth:\S id ;

A\{a} /\

\
type = float type = float
;7 Rwidth =8 {a} width = 8
‘ t
float {a} e {4} B
offset=8 | -
I -~
t=float § ____-- -7
w=8

id ; {a} D
{a} C {a}



O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + Twidth; } D,

@ D->¢
. . @ T->B{t=B.type; w = B.width; }
. [ [ ] [ ] 7 7
In pUt ﬂOat X, | nt ¥ C{ T'type = C.type; Twidth = C.width; }
T T T T ® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C -> [num]C;, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }

{a} D enter(x, float, 0)

fﬂﬁiﬁ;;;7T§<§ij\\\\\\\

type = float type = float

// width = 8 {a} width = 8 a} |d ’ {a} D

/ 1
float {a} 3 /,{é} B fa} C {a}

offset=8 |

int {a}

18 Dhige



O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + Twidth; } D,

®D->¢
. L . @ T->B{t=B.type; w = B.width; }
° InpUt' ﬂOat XI Int II C{ T.type = C.type; T.width = C.width; }
T T T T T ® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C -> [num]C;, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }

{a} D enter(x, float, 0)

fﬂﬁiﬁ;;;7T§<§ij\\\\\\\

type = float type = float

// width = 8 {a} width = 8 a} |d ’ {a} D

/ 1
float {a} 3 /,{é} B fa} C {a}

offset=8 |

int {a}

18 Dhige



O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + Twidth; } D,

®D->¢
. L . @ T->B{t=B.type; w = B.width; }
° InpUt' ﬂOat XI Int II C{ T.type = C.type; T.width = C.width; }
T T T T T ® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C -> [num]C;, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }

{a} D enter(x, float, 0)

fﬂﬁiﬁ;;;7T§<§ij\\\\\\\

type = float type = float

// width = 8 {a} width = 8 {a} |d ’ {a} D

/ $
ee-g 020 e @ pINE ¢ )

int {a}

18 Dhige



O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + Twidth; } D,

®D->¢
. L . @ T->B{t=B.type; w = B.width; }
° InpUt' ﬂOat XI Int II C{ T.type = C.type; T.width = C.width; }
T T T T T ® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C -> [num]C;, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }

{a} D enter(x, float, 0)

fﬂﬁiﬁ;;;7T§<§ij\\\\\\\

type = float type = float

// width = 8 {a} width = 8 {a} |d ’ {a} D
/ t
float a} € {4} B (a) @}

offset=8 | ) /\

int {a} e {a}

18 Dhige



Example

* Input: float x; int i;
ottt

P
]
{a}, D

@ P->{offset=0}D

@) D -> Tid; { enter( id.lexeme, T.type, offset );
offset = offset + T.width; } D,

@ D->¢

@ T->B{t=B.type; w = B.width; }

C{ T.type = C.type; T.width = C.width; }
® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }
® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }
©) C-> [num]C, { C.type = array( num.val, C,.type );

C.width = num.val * C,.width; }

enter(x, float, 0)

ype = float

Twidth =8 id

\
type = float

width =8 13} it -3

type = float

U ;  {a}
m\ /\
id

{a} D

=int type |nt
offset = 8 ’ﬂoat ta} c {, } / W'dth ’ /%;th 4

’—

-
-—
—
—
—
—
—
—
—
———_——
— o e mem o e




O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + T.width; } D,

®D->¢
. L . @ T->B{t=B.type; w = B.width; }
° InpUt‘ ﬂOat X' Int I' C{ T.type = C.type; T.width = C.width; }
T T T T T ® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C-> [num]C, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }

{a} D enter(x, float, 0)

m
TWidth‘z\Sld ’ {a} /\
A\\ type int

type float = fl
watn=5 {3} Cuian-s {3} __Fwenitid ; {a} D
type = int type |nt
offset = 8 'ﬂoat tal : {,} W'dth ’ %‘dth ‘
l ,/” / /

t=float § ____-- - int {a} __=
w=8 ==
T X% 18 IR




O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + T.width; } D,

®D->¢
. Lt . @ T->B{t=B.type; w = B.width; }
° InpUt‘ ﬂOat X' Int I' C{ T.type = C.type; T.width = C.width; }
T T T T T T ® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C-> [num]C, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }

{a} D enter(x, float, 0)

m
TWidth‘z\Sld ’ {a} /\
A\\ type int

type float = fl
watn=5 {3} Cuian-s {3} __Fwenitid ; {a} D
type = int type |nt
offset = 8 'ﬂoat tal : {,} W'dth ’ %‘dth ‘
l ,/” / /

t=float § ____-- - int {a} __=
w=8 ==
T X% 18 IR




O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + T.width; } D,

®D->¢
. Lt ., @ T->B{t=B.type; w = B.width; }
° InpUt‘ ﬂOat X, Int J C{ T'type = C.type; T.width = C.width; }
T T T T T T T ® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C-> [num]C, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }

{a} D enter(x, float, 0)

m
TWidth‘z\Sld ’ {a} /\
m\\\ type int

type float = fl
watn=5 {3} Cuian-s {3} __Fwenitid ; {a} D
type = int type |nt
offset = 8 'ﬂoat tal : {,} W'dth ’ %‘dth ‘
l ,/” / /

t=float § ____-- - int {a} __=
w=8 ==
T X% 18 IR




O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + T.width; } D,

®D->¢
. Lt ., @ T->B{t=B.type; w = B.width; }
° InpUt‘ ﬂOat X, Int J C{ T'type = C.type; T.width = C.width; }
T T T T T T T ® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C-> [num]C, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }

{a} D enter(x, float, 0)

ype = float
idth =8 | : i
Twi th= id ; {a} enter(i, int, 8)

type float = fl
wen-5 {3} Cun-5 {8} _Twenzéid 5 {a} D
type = int type |nt
offset = 8 'ﬂoat tal : {,} W'dth ’ %‘dth ‘
l ,/” / /

t=float § ____-- - int {a} __=
w=8 ==
T X% 18 IR




O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + T.width; } D,

®D->¢
. Lt ., @ T->B{t=B.type; w = B.width; }
° InpUt‘ ﬂOat X, Int J C{ T'type = C.type; T.width = C.width; }
T T T T T T T ® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C-> [num]C, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }

{a} D enter(x, float, 0)

ype = float
idth =8 | : i
Twi th= id ; {a} enter(i, int, 8)

type float = fl
wen-5 {3} Cun-5 {8} _Twenzéid 5 {a} D
type = int type |nt
offset =12 'ﬂoat tal : {( } W'dth ) wth ‘
l ,/” . / /

t=float § ____-- - int {a} __=
w=8 ==
T X% 18 IR




O P->{offset=0}D

Exa m p I e @ D -> Tid; { enter( id.lexeme, T.type, offset );

offset = offset + T.width; } D,

®D->¢
. Lt ., @ T->B{t=B.type; w = B.width; }
° InpUt‘ ﬂOat X, Int J C{ T'type = C.type; T.width = C.width; }
T T T T T T T ® T -> *T, { T.type = pointer( T,.type ); T.width = 4; }

® B -> int { B.type = int; B.width = 4; }
@ B -> float { B.type = float; B.width = 8; }
C->¢e{Ctype =t; Cwidth =w; }

P ©) C-> [num]C, { C.type = array( num.val, C,.type );

/\ C.width = num.val * C,.width; }

{a} D enter(x, float, 0)

ype = float
idth =8 | : i
Twi th= id ; {a} enter(i, int, 8)

type = float type = float

width =8 {a} h = {a} width “id 5 {a} D
type = int type |nt
oot 12 IiFIoat {a} £ {» } W. -3 - "
. PPN /
t=int b ____--- - it {a} __£ {a}
W=4  ooooo---TTTT -7
TuX % 18 Dhige




Code Generation[4tas 4 k)

* Translations
— Variable definitions[ZF & & X ]
— Assignment[it{&]
— Array references[$41.5] H]
— Boolean expressions[fii /R F ik ]
— Control-flow statements[#3 il 15 f)]

* To generate three-address codes (TACs)
— Lay out variables in memory
— Generate TAC for any subexpressions or substatements
— Using the result, generate TAC for the overall expression

* We can also use the syntax-directed formalisms to specify

ranslations
@ turs 19 IACE




CodeGen: Assignment Statement

* Translate into three-address code[lR {5 1E )]

— An expression with more than one operator will be translated
into instructions with at most one operator per instruction

* Helper functions in translation

— lookup(id): search id in symbol table, return null if none
— emit()/gen(): generate three-address IR
- newtemp(): get a new temporary location

Assignment statement:

®S—>id=E; a=b+(-c)
@ E->E, +E,;
@ E->-E Three-address code:
@E->(E,) t, = minus c
©E->id t,=b+t,

a=t,

S ol §
(B T X M0 C
) ’ L
\&u$/ SUN YAT-SEN UNIVERSITY y ‘



Example: LLVM

1 double x;

2

3 void foo() {

4 char a;

5 int b = 0;

6 long long c;

7 int d;

O

) int x = b + (-d);
10 }

@x = dso_local global double 0.000000e+90, align 8

; Function Attrs: noinline nounwind optnone
define dso_local void @foo() #0 {

%1 = alloca 18, align 1
%2 = alloca 132, align 4
%3 = alloca 164, align 8
%4 = alloca 132, align 4
%5 = alloca 132, align 4 /] intx

store i32 0, 132% %2, align 4

%6 = load 132, i32% %2, align & //%6=b

%7 = load 132, 132% %4, align & //%7=d

%8 = sub nsw i32 0, %7 /] %8 = -d

%9 = add nsw 132 %6, %8 // %9 = b + (-d)
store 132 %9, 132x% %5, align & //x=%9=b+(-d)
ret void

auto left = myBuildExp(...);
auto right = myBuildExp(...);
Builder.CreateAdd(left, right, “add”);

D

() F v X # 21
(P
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SDT Translation of Assignment

* Attributes code and addr
— S.code and E.code denote the TAC for S and E, respectively

— E.addr denotes the address that will hold the value of E (can be
a hame, constant, or a compiler-generated temporary)

D S ->id = E; { p = lookup(id.lexeme); if Ip then error;
S.code = E.code |[|
gen(p =" E.addr ); }
@) E -> E, + E,; { E.addr = newtemp();
E.code = E;.code || E,.code ||
gen( E.addr ‘=" E;.addr +" E,.addr ); }
3 E -> - E; { E.addr = newtemp();
E.code = E;.code [ |
gen( E.addr =" ‘minus’ E;.addr ); }
@ E -> (E;) { E.addr = E;.addr;
E.code = E;.code; }
®) E -> id { E.addr = lookup(id.lexeme); if !E.addr then error;
E.code = “; }

J e




Incremental Translation& &%)

* Generate only the new three-address instructions

— gen() not only constructs a three-address inst, it appends the
inst to the sequence of insts generated so far

Code attributes can be long strings

D S ->id = E; { p = lookup(id.lexeme); if !p then error;
S.code = E.code [ |
gen(p =" E.addr); }
) E -> E, + E,; { E.addr = newtemp();
E.code = E;.code [ | E,.code [ ]
gen(E.addr ‘=" E;.addr ‘+’ E,.addr); }
3 E -> - E, { E.addr = newtemp();
E.code = E;.code [ |
gen(E.addr =" ‘minus’ E;.addr); }
@ E -> (E;) { E.addr = E;.addr;
E.code = E;.code; }
®) E -> id { E.addr = lookup(id.lexeme); if !E.addr then error;
E.code = “; }

e ) NG
‘\‘J ivﬂwﬁnﬁ 23 H ' ‘I



Incremental Translation& &%)

* Generate only the new three-address instructions

— gen() not only constructs a three-address inst, it appends the
inst to the sequence of insts generated so far

Code attributes can be long strings

D S ->id = E; { p = lookup(id.lexeme); if !p then error;

gen(p =" E.addr); }
) E -> E, + E,; { E.addr = newtemp();

gen(E.addr =’ E;.addr “+’ E,.addr); }
® E -> - E; { E.addr = newtemp();

gen(E.addr ‘=" ‘minus’ E;.addr); }
@ E -> (E;) { E.addr = E;.addr;

®) E -> id { E.addr = lookup(id.lexeme); if !E.addr then error;
}
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Example

D S ->id = E; { p = lookup(id.lexeme); if Ip then error; |g = ( |gj +| b ) + | C
gen(p ‘=" E.addr ); } <
@ E -> E; + E,; { E.addr = newtemp(); . _
gen( E.addr ‘=’ E;.addr ‘+’ E,.addr ); } R5 |9 - ( E +| b ) + | C
3 E ->- E, { E.addr = newtemp(); i
gen( E.addr ‘=" ‘minus’ E;.addr ); } 2 — q
@ E -> (E;) { E.addr = E;.addr; } '9 - ( E + |g\ ) + || C
®) E -> id { E.addr = lookup(id.lexeme); if !E.addr then error; } h —
R5|id | = ( 5 + Eb )|+ c
R2|id | = +|clt;=a+b
* Input gl1=1UE ) !
x=(a+b)+c id | = ( |_§1) +|c
‘ R4 Id = + | C
X L
* Translated TAC id|=E|+]id
X L C
t,=a+b :
! R5 '9 =|E|+]|E
L=h+c - - -
X=t, R2|id | = E+ t=t;+cC
@trt 24 g




CodeGen: Array Reference[#t415] /)

* Primary problem in generating code for array references
is to determine the address of element

* 1D array
int A[NJ;
Ali] ++;

base=A[0] Ali] A[N-1]
— base: address of the first element

— width: width of each element
o ixwidth is the offset

* Addressing an array element
— addr(A[i]) = base + i X width




N-dimensional Array

* Laying out 2D array in 1D memory
— int A[N,J[N,];
= AlijJ[i5] ++;
* The organization can be row-major or column-major

— C language uses row major (i.e., stored row by row)
- Row-major: addr(A[i, ,i,]) = base + (i; X N,*width + i, X width)
Wy W)

e k-dimensional array

— addr(Ali][i5]...[i,]) = base + i;Xwy + i, XwW, + ... + i, Xw,

A[O][0] < N, s
A

A

v N1
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Example: LLVM

double X;

W N =

int arr[3][5]1[8];
4 void foo() {
5 char aj
6 int b = 0;
7 long long c;
8 int d;

l"'\
D O

int x = arr(21131[4&];

[

¥

!_v 2

@arr = dso_local global [3 x [5 x [8 x 1i32]]] zeroinitializer, align 4
@x = dso_local global double 0.000000e+00, align 8

; Function Attrs: noinline nounwind optnone
define dso_local void @foo() #0 {

%1 = alloca 18, align 1
%2 = alloca 132, align 4
%3 = alloca 164, align 8
%4 = alloca 132, align 4
%5 = alloca 132, align 4

store i32 @, i32% %2, align 4 // addr(@arr + 4x(0 + 2*3*4 + 3*4 + 4) )
%6 = load 132, i32% getelementptr inbounds ([3 x [5 x [8 x 132111, [3
x [56 x [8 x 132]]1]* Qarr, ié4 0, i64 2, 164 3, i64 4), align 4

store 132 %6, 132% %5, align &

ret void

X

Builder.CreatelnBoundsGEP(addr, ...);

T
() F v X # 27
L z% @j
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Translation of Array References (cont.)

* Ali,][i5][is], type(a) = array(3, array(5, array(8, int)))

O S->id=E; | L=E;{gen(L.array.base’[’L.addr’]’ ‘=’ E.addr); }
@E->E,+E,|-E;| (E;) | id | L {E.addr = newtemp();
gen(E.addr =’ L.array.base‘[’L.addr‘]’); }
@ L->id [E] { L.array = lookup(id.lexeme); if IL.array then error;
L.type = L.array.type.elem;
L.offset = newtemp();
gen(L.addr ‘=" E.addr *’ L.type.width); }

| L, [E] { L.array = L,.array; t; =i, *160
L.type = L,.type.elem; t,=1i,*32
t = newtemp(); t3=1t;+1;
gen(t =" E.addr “*’ L.type.width); ty=i;*4
L.addr = newtemp(); ts=t3+ 1,
gen(L.addr =" L,.addr ‘+’ t; } c=afts;]

J im‘rlfmﬁmsi% 2 8 ‘ ' ‘lﬁ ki




CodeGen: Boolean Expressions

* Boolean expression: aop b

— where op can be <, <=, = I=, > or >=, &&, ||, ...

* Short-circuit evaluation[5 &1 %]: to skip evaluation of the
rest of a boolean expression once a boolean value is known

— Given following C code: if (flag [ | foo()) { bar(); };
o If flag is true, foo() never executes
o Equivalent to: if (flag) { bar(); } else if (foo()) { bar(); };
— Given following C code: if (flag && foo()) { bar(); },
o If flag is false, foo() never executes
o Equivalent to: if (!flag) { } else if (foo()) { bar(); };
- Used to alter control flow, or compute logical values
o Examples:if(x<5)x=1,x=true;x=a<b

o For control flow, boolean operators translate to jump statements
@ tuxt 29 D




Example: LLVM

@x = dso_local global double ©.000000e+00, align 8

; Function Attrs: noinline nounwind optnone
define dso_local void @foo() #0 {

%1 = alloca 18, align 1

1 daubis s %2 = alloca 132, align 4

> ' %3 = alloca i64, align 8

3 void foo() { %4 = a}loca 1?2, a}lgn 4.

4 char a; store 132 0, 132% %2, align 4

5 int b = 8 %5 = load 132, 132% %2, align 4

% Yiks ToAR o %6 = icmp slt i32 %5, 5 /1%6=(b<5)

7 int d: ’ br i1 %6, label %7, label %8  //true:'7 false:®

" !

? . e I ; preds = %0
9 if (b < 5) b = 1; : : : - !
i b'= 4 % T store i32 1, i32% %2, align 4 //b=1
11 3 ' br label %8 /1 jump to '8’

8: ; preds = %7, %0

%9 = load i32, i32% %4, align 4 //%9=d

%10 = load i32, i32% %2, align 4//%10=b
%11 = icmp slt 132 %9, %10 /] %11=d<b
%12 = zext il %11 to i32 /1 %12 = %11
store i32 %12, i32% %2, align 4 //b=%12
ret void

llvm::BasicBlock::Create(...);
Builder.CreateCondBr(...),' // Create a conditional 'br Cond, TrueDest, FalseDest' instruction.
Builder.SetlInsertPoint(...);

i A
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Boolean Exprs (w/o Short-Circuiting)

* Computed just like any other arithmetic expression
t;=a<b

E->(a<b)or(c<dande<f) t,=c<d
t;=e<f
t,=t, &&t,
=t | t,

* Then, used in control-flow statements
— S.next: label for code generated after S
// ts=F, skip S,
S->IfES, if (Its) goto S.next
S,;.code
S.next: ...

J e




Boolean Exprs (w/ Short-Circuiting)

* Implemented via a series of jumps[F] ] Bk#%]
- Each relational op converted to two gotos (true and false)
- Remaining evaluation skipped when result known in middle

* Example
— E.true: label for code to execute when E is ‘true’
— E.false: label for code to execute when E is ‘false’

- E.g. if above is condition for a while loop }
o E.true would be label at beginning of loop body
o E.false would be label for code after the loop

if (a < b) goto E.true enFE: HEa<bi

while (E) {

oto L a<bffl: AkLLiF
E->(a<b)or(c<dande<f) | . i%(c< él) goto L, a<bg\ cLigi%ziiw
goto E.false EAfR: a<bfi, c<dff
L,: if (e < f) goto E.true EHE: a<bffi, c<dil, e<fi
goto E.false ENME: a<bfii, c<di, e<ffd

Mﬁ%




SDT Translation of Booleans[#fi/gZis R

* B->B, || B,
— B,.true is same as B.true, B, must be evaluated if B, is false[B, % 4
fitiB,]

- The true and false exits of B, are the same as B[B, 5 B[] E K]

* B->E;relopE,

— Translated directly into a comparison TAC inst with jumps
B, N, Bk¥4%EIB.true B M, BhFLEImIAL (75 E4RELTEB,)
@ B ->{ B,.true = B.true; B,.false = newlabel(); } B,

| | { label(B,.false); B,.true = B.true; B,.false = B.false; } B,
2 B ->{ B,.true = newlabel(); B,.false = B.false; } B,

&& { label(B,.true); B,.true = B.true; B,.false = B.false; } B,
3 B -> E, relop E, { gen(‘if’ E,.addr relop E,.addr ‘goto’ B.true);

gen(‘goto’ B.false); }

@ B -> | { B,.true = B.false; B,.false = B.true; } B,
®) B -> true { gen(‘goto’ B.true); } B: a boolean expression
® B -> false { gen(‘goto’ B.false); } S: a statement

e W "E'“Z
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