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:
What IS A Compiler?

Source

int fib(int n) {
ielnd<l)

peturnt1;
return n * fib(n - 1);

}

Human readable language
(e.g. C, C++, Java)



LASA®{CS)

Compilation Target

What IS A Compiler?

Source

rsp,

DWORD PTR [rbp-¢
DWORD PTR [rbp
N2

€d

1X ,

L3

int fib(int n) {
ielnd<l)

return 1;
return n * fib(n - 1);

}

Human readable language
(e.g. C, C++, Java)

eax, DWORD PTR [rbp-4]

Machine code (e.g. x86,
ARM, JVM bytecode)



What IS A Compiler?

Source

int fib(int n) {
ielnd<l)

return 1;
return n * fib(n - 1);

}

Human readable language
(e.g. C, C++, Java)

JUMP 0x1000

Assembler
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Compilation Target

DWORD PTR [rbp-4
DWORD PTR [rb
N2

€ax

L3

’

DWORD PTR [rbp-4]

fib(int)
eax, DWORD PTR [rbp-4]

Machine code (e.g. x86,
ARM, JVM bytecode)
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Compilation Target

What IS A Compiler?

Source

rbp, rsp

rsp,

DWORD PTR [

int fib(int n) {
ielnd<l)

return 1;
return n * fib(n - 1);

}

Human readable language : v ()
(e.9. C, C++, Java) SO 01660 x, DWORD PTR [rbp-4]

Assembler

000010 00000 0000 0000 10000 00VV0O

Machine code (e.g. x86,
ARM, JVM bytecode)
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Compilation Target

What IS A Compiler?

Source

rbp, rsp

rsp,

DWORD PTR [

int fib(int n) {
ielnd<l)

return 1;
return n * fib(n - 1);

}

Human readable language : v ()
(e.9. C, C++, Java) SOl 01600 x, DWORD PTR [rbp-4]

Assembler

000010 00000 0000 00VVO 10000 00VVOO

Machine code (e.g. x86,
ARM, JVM bytecode)



What IS A Compiler?

Source

LASA®{CS)

Compilation Target

rbp, rsp

rsp,

DWORD PTR [

int fib(int n) {
ielnd<l)

return 1;
return n * fib(n - 1);

}

Human readable language : v ()
(e.9. C, C++, Java) SO 91909 x, DWORD PTR [rbp-4]

Assembler

060010 00060 0BOOB 0BBOO 106600 BOOBOO

Machine code (e.g. x86,
ARM, JVM bytecode)
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What IS A Compiler?
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Compilation Target

Source
00
; b / DWORD PTR [rbp-4
int fib(int n) { DR P
if (n<1) COMPILER| ——— i L2
return’ 1: 13
Feturnin = fitb{n ="1):
; DWORD PTR [rbp-4]
Assembler : o
Human readable language o o
(e.g. C, C++, Java) JUMP 0x1000 ‘ e

ax, DWORD PTR [rbp-4]
060010 00060 0BOOB 0BBOO 106600 BOOBOO

Machine code (e.g. x86,
ARM, JVM bytecode)
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Compilers VS Interpreters

A compiler translates the
ooooooooooooooooooo
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Compilers VS Interpreters

Compiler Interpreter

A compiler translates the An interpreter “interprets” a
whole program at once* program line-by-line*
*more or less *more or less
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Compilers VS Interpreters

Compiler

A compiler translates the
whole program at once*

*more or less

Ch~

Interpreter

An interpreter “interprets” a
program line-by-line*

*more or less
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JIT Compilers & Bytecode

Just-in-time (JIT) compilation
involves compiling code on the fly
into a faster form (typically machine
code)

Some languages compile to and then
interpret a "bytecode” first and then
execute that instead

JIT compilation is also often used
with bytecode

—

Java
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Modern Languages are more complex....

Code

def fib(n):
if (n < 1):

return 1
return n % fib(n-1)
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Modern Languages are more complex....

Bytecode
RESUME
LOAD_FAST 0 (n)
LOAD_CONST (1)
Code COMPARE_OP 0 (<)
POP_JUMP_FORWARD_IF_FALSE 2 (to 18)
def fib(n): LOAD_CONST (1)
if (n < 1): RETURN_VALUE
—_—
return 1 LOAD_FAST (n)
ESATTELEE R S LIGESO Compiler LOAD_GLOBAL (NULL + fib)

LOAD_FAST (n)
LOAD_CONST (1)
BINARY_OP (=)
PRECALL

CALL

BINARY_OP 5 (x)
RETURN_VALUE
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Modern Languages are more complex....

Bytecode
RESUME
LOAD_FAST L))
LOAD_CONST (1)
Code COMPARE_OP 0 (<)
POP_JUMP_FORWARD_IF_FALSE 2 (to 18)
def fib(n): LOAD_CONST (1)
if (n < 1): RETURN_VALUE
— INTERPRETER
return 1 LOAD_FAST (n)
ESATTELEE R S LIGESO Compiler LOAD_GLOBAL (NULL + fib)

LOAD_FAST (n)
LOAD_CONST (1)
BINARY_OP (=)
PRECALL

CALL

BINARY_OP 5 (x)
RETURN_VALUE
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Our Language

def if else while return break continue int bool void true false

def fib(x) { ( { [ ] } ) , =+ =%/ <><K=>=== =& || !
if (x < 3) {
return

¢

else {
return fib(x-1)+fib(x-2)
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Our Language

def if else while return break continue int bool void true false

def fib(x) { ({[]}),;=+—*/7,<><=>===!=&&||!
if (x < 3) {
return

¢

else { . . An imperative language similar to Java or C, but is
return fib(x-1)+fib(x-2) greatly simplified compared to those languages.
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Our Language

def if else while return break continue int bool void true false

def fib(x) { ( { [ ] } ) , =+ =%/ <><K=>=== =& || !
(52 = 23 |l Function definitions
and calls

return

¢

else { . . An imperative language similar to Java or C, but is
return fib(x-1)+fib(x-2) greatly simplified compared to those languages.
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Our Language

def if else while return break continue int bool void true false

def fib(x) { ({L1}),; ;=+-%/%<><=>===1=gg || !

taF (62 = )it Function definitions
return and calls

¢

else { . . PRUNUSUEEEREN  An imperative language similar to Java or C, but is
return fib(x-1)+fib(x-2) loops greatly simplified compared to those languages.
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How a Compiler Works

Lexical
Analysis




How a Compiler Works

Lexical
Analysis

Parser

LASA®{(S;



How a Compiler Works

Lexical
Analysis

Parser

Semantic
Analysis
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How a Compiler Works

Lexical :
: Parser .| Semantic

Analysis Analysis

|

Intermediate
Code
Generation




z . LASA®{CS)
How a Compiler Works

LeXIqu Parser Semantic
Analysis Analysis
Code Intermediate
. . — Code
Optimizer Generation
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How a Compiler Works

Lexicql Parser Semantic
Analysis Analysis
ol Code Intermediate
. — . . -~ Code
Generation Optimizer Generation
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How a Compiler Works

Lexical Parser Semantic Frontend
Analysis Analysis
Code Code Intermediate
. — . . — Code
Generation Optimizer Generation




How a Compiler Works
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Lexica] Parser Semantic Frontend
Analysis Analysis
Cod Cod Intermediate

oae oae - Code Backend
Generation Optimizer Generation




1 LVM 22L1L.VM

=C O MPILER
INFRASTRUCTURE

A set of reusable compiler and toolchain technologies
e Backend for almost any instruction set
o ARM, MIPS, x86, and even PowerPC
e Lots of optimizers
e Extensible, strongly typed intermediate representation
e JIT Compilation




LLVM

C
Front-end
\*
C++ —m»f Clang
Go Gollvm
Rust — 1 rustc [ |
et
Toy - - 1w toyc

"/

\
\
\

LLVM IR
b4

Middle-end

LLVM optimizer

» LLVM IR

x86

ARM

/V

Back-end

LLVM static compiler

L —»

RISC-V

\\: MIPS

PowerPC



Lexical Analysis/Scanning

var

language
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Token Data Structure

struct Token {
TokenType type;
std::size_t position;

std::optional<std::size_t> length;
std::optional<std::string> value {};
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Token Data Structure

struct Token {
TokenType type;
std::size_t position;

For string and number
literals (i.e. identifiers,

key words, etc.)
std::optional<std::size_t> length;t1 ,///////
:
Iy

std::optional<std::string> value {};
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Lexical Analysis/Scanning

def foo(x) {
(14+2+x)*(x+(1+2))

}
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Lexical Analysis/Scanning

Debug Info: Token List

Token Type: DEF

def| foo(x) {

(14+2+x)*(x+(1+2))
}
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Lexical Analysis/Scanning

Debug Info: Token List

Token Type: DEF
Token Type: IDENTIFIER, Value: foo

def [foo|(x) {

(14+2+x)*(x+(1+2))

}
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Lexical Analysis/Scanning

Debug Info: Token List
Token Type: DEF

Token Type: IDENTIFIER, Value: foo
Token Type: OPEN_PAREN

def foo(x) {
(14+2+x)*(x+(1+2))

}
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Lexical Analysis/Scanning

Debug Info: Token List
Token Type: DEF

Token Type: IDENTIFIER, Value: foo
Token Type: OPEN_PAREN
Token Type: IDENTIFIER, Value: Xx

def foo()) {
(14+2+x)*(x+(1+2))

}
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Lexical Analysis/Scanning

Debug Info: Token List
Token Type: DEF
Token Type: IDENTIFIER, Value: foo

Token Type: OPEN_PAREN
Token Type: IDENTIFIER, Value: X
Token Type: CLOSE_PAREN

def foo(x|)| {
(14+2+x)*(x+(1+2))

}
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Lexical Analysis/Scanning

Debug Info: Token List
Token Type: DEF
Token Type: IDENTIFIER, Value: foo

Token Type: OPEN_PAREN
Token Type: IDENTIFIER, Value: X
Token Type: CLOSE_PAREN
Token Type: OPEN_CURLY

def foo(x) {
(14+2+x)*(x+(1+2))

}
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Lexical Analysis/Scanning

Debug Info: Token List
Token Type: DEF
Token Type: IDENTIFIER, Value:
Token Type: OPEN_PAREN
Token Type: IDENTIFIER, Value:
def fOO( X ) { Token Type: CLOSE_PAREN
- Token Type: OPEN_CURLY
(1+2+X ) *(x+(1+2)) Token Type: OPEN_PAREN
Token Type: NUMBER, Value: 1
}' Token Type: PLUS
Token Type: NUMBER, Value: 2
Token Type: PLUS
Token Type: IDENTIFIER, Value:
Token Type: CLOSE_PAREN
Token Type: OPEN_PAREN
Token Type: IDENTIFIER, Value:
Token Type: PLUS
Token Type: OPEN_PAREN
Token Type: NUMBER, Value: 1
Token Type: PLUS
Token Type: NUMBER, Value: 2
Token Type: CLOSE_PAREN
Token Type: CLOSE_PAREN
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Lexical Analysis/Scanning

Debug Info: Token List
Token Type: DEF
Token Type: IDENTIFIER, Value:
Token Type: OPEN_PAREN

Token Type: IDENTIFIER, Value:
def fOO( X ) { Token Type: CLOSE_PAREN

(1+2 B )*(x+(1+2)) Token Type: OPEN PAREN

Token Type: NUMBER, Value: 1
Token Type: PLUS

Token Type: NUMBER, Value: 2

Token Type: PLUS

Token Type: IDENTIFIER, Value:

Token Type: CLOSE_PAREN

Token Type: OPEN_PAREN

Token Type: IDENTIFIER, Value:

Token Type: PLUS

Token Type: OPEN_PAREN

Token Type: NUMBER, Value: 1

Token Type: PLUS

Token Type: NUMBER, Value: 2

Token Type: CLOSE_PAREN

Token Type: CLOSE_PAREN

Token Type: CLOSE_CURLY
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Lexical Analysis/Scanning

1ss TokenType K|

Debug Info: Token List
Token Type: DEF
Token Type: IDENTIFIER, Value:
Token Type: OPEN_PAREN
CONTINUE, Token Type: IDENTIFIER, Value:
def foo(x) { il Token Type: CLOSE_PAREN
- voIo, Token Type: OPEN_CURLY
(1+2+X ) *(x+(1+2)) e, Token Type: OPEN_PAREN
. oPEN PAREN Token Type: NUMBER, Value: 1
CLOSE_PAREN, Token Type: PLUS
SPEN R Token Type: NUMBER, Value: 2
OPEN_ERACKE%, Token Type: PLUS
CLOSE_BRACKET, Token Type: IDENTIFIER, Value:
EQUAL, Token Type: CLOSE_PAREN
g Token Type: OPEN_PAREN
GREATER_THAN, Token Type: IDENTIFIER, Value:
ese e Token Type: PLUS
PLUS, Token Type: OPEN_PAREN
iy Token Type: NUMBER, Value: 1
DIVIDE, Token Type: PLUS
Sl Token Type: NUMBER, Value: 2
Token Type: CLOSE_PAREN
- Token Type: CLOSE_PAREN
B Token Type: CLOSE_CURLY




Parsing

Analyzing a string of symbols that conform to the rules of some formal grammar
e Build a parse tree/abstract syntax tree

LASA®{(S;
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Parsing

Analyzing a string of symbols that conform to the rules of some formal grammar
e Build a parse tree/abstract syntax tree

Grammar

pal S (nau | npn | ngn pal ngn | npn pal "b")?

String
abbba
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Parsing

Analyzing a string of symbols that conform to the rules of some formal grammar
e Build a parse tree/abstract syntax tree

Grammar

pal S (nau npn | ngn pal ngn | npn pal "b")?

String pal

/ 1\
abbba —— “a” pal "a” /1 \
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Parsing

Analyzing a string of symbols that conform to the rules of some formal grammar
e Build a parse tree/abstract syntax tree

Grammar

pal S (nau npn | ngn pal ngn | npn pal "b")?

String pal
/ 1\
abbba —— “a” pal "a” /1 \
bbb -_ Ilbll pal Ilbll a pal a
/ 1\
/ 1\
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Parsing

Analyzing a string of symbols that conform to the rules of some formal grammar
e Build a parse tree/abstract syntax tree

Grammar

pal S (nau npn | ngn pal ngn | npn pal "b")?

String pal

abbba —— “a” pal "a” /
bbb -_ Ilbll pal Ilbll

b Ilb n”
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Context

Context-Free Grammar (CFG):

A grammar where each rule is of the form:

A->vy

(Replace a single non-terminal with a string, regardless of context.)

Context-Sensitive Grammar (CSG):

A grammar where rules are of the form:

oAB = ayp

(Replace a non-terminal only when it appears in a specific context.)



Parser Ambiguity

Expr - Term (("+" | "-") Term)x
Term - Factor (("x" | "/") Factor)x
Factor - "(" Expr ")" | number | id

Grammar



Parser Ambiguity

Expr - Term (("+" | "-") Term)x

- Factor (("x" | "/") Factor)x
Factor - "(" Expr ")" | number | id
Grammar

BB

Tokens



Parser Ambiguity

Expr - Term (("+" | "=") Term)x v & Ve

Term - Factor (("x" | "/") Factor)x / - 3 w5 # -1 ': o

Factor - "(" Expr ")" | number | id RN "y t
Grammar —— g ~l & 2 2 =[/ 1

] ABE L [ E

Tokens




Parser Ambiguity

- Term (("+" | "-") Term)x

Expr Ve y
Term - Factor (("x" | "/") Factor)x / :: 3 _ # -1 4: _
Factor - "(" Expr ")" | number | id TN T \
Grammar ———— |6 -1z 2 2 ={/] |1
|6[|/||3H— |1 3l I 6| (3]

Tokens



Parser Ambiguity

Expr - Term (("+" | "-") Term)x v y
Term - Factor (("x" | "/") Factor)x / :: 3 _ # . 1 4: _
Factor - "(" Expr ")" | number | id TN T \
Grammar — |6 —lz 2 2 =[/] 1
|6[|/||3H-— |1 3] |1 6| |3
6 / (3 -1) (6 / 3) -1

Tokens



.
Parser Ambiguity

Expr - Term (("+" | "-") Term)x

Term - Factor (("x" | "/") Factor)x / ::\ : : 11': -
Factor - "(" Expr ")" | number | id /,3\" # T \
Grammar ————— |6 -~z 2 2 ={/] |1
]6[|/l|3| = |1 3] |1 6] [3
6 / (3 -1 (6 / 3) -1
Tokens ( )

A grammar is said to be ambiguous
if the grammar has more than one
parse tree for a given string of
tokens.
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Operators

Operator Associativity
e Binary format (sometimes called "bitcode”)
e A portable, high-level assembly language
e Can be optimized with a variety of transformations
o Multiple passes

Operator Precedence
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Operators

LG_H_/JLB_JEE — s -2 2:=[/1 I

Tokens 3 1 \ g 3




Backus-Naur Form (BNF) Grammar

Program  —  (Var | Func)* Ezpr BINOP Ezpr

UNOP BaseFEzpr

Ezxpr

——1

Var —  Type ID (‘ [’ DEC ‘]’)? T
Type — int | bool | void BaseEzpr
Func — def Type ID ‘(C’ Params? ‘)’ Block BaseExpr — ‘(C Ezpr ‘)’
Params —  Type ID ( ‘,” Type ID )* | Loc
| FuncCall
Block — ‘{’ Var* Stmt* ‘¥ | Tt

[ )

continue ‘; Lit — DEC|HEX | STR | true | false

Stmt — Loc ‘=" Ezpr ‘;’ , ;
|  FuncCall ‘3’ Loc — ID (‘[ Expr ‘] )?
| if ‘C Ezpr ‘)’ Block (else Block)?
|  while ‘C Expr ‘)’ Block FuncCall — ID‘C Args? ©)’
| return Ezpr? ‘;’ Args — Expr (c,7 Expr)*
| break ‘;’
|
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Parsing

Many Types

1. Top-Down parsing

a. Predictive parsing/Recursive Descent Parsing
i. The most common kind of hand-crafted parser

2. Bottom-Up parsing
3. Table-based parsing???
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Parsing

def foo(x) {
(14+2+x)*(x+(1+2))

}
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Debug Info: Token List
Token Type: DEF
Token Type: IDENTIFIER, Value:

def foo(x) { Token Type: OPEN_PAREN
Token Type: IDENTIFIER, Value:

(14+2+x)*(x+(1+2)) Token Type: CLOSE_PAREN

Token Type: OPEN_CURLY

}_ Token Type: OPEN_PAREN
Token Type: NUMBER, Value: 1
Token Type: PLUS
Token Type: NUMBER, Value: 2
Token Type: PLUS
Token Type: IDENTIFIER, Value:
Token Type: CLOSE_PAREN
Token Type: OPEN_PAREN
Token Type: IDENTIFIER, Value:
Token Type: PLUS
Token Type: OPEN_PAREN
Token Type: NUMBER, Value: 1
Token Type: PLUS
Token Type: NUMBER, Value: 2
Token Type: CLOSE_PAREN
Token Type: CLOSE_PAREN
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Debiig Infosl Token List case DecafScanning::TokenType: : DEF:

Token Type: DEF
Token Type: IDENTIFIER, Value:
def foo(x) { Token Type: OPEN_PAREN
E Token Type: IDENTIFIER, Value: . :
( 1+2+X )*( X+( 152 ) ) Token Type: CLOSE_PAREN function parseFunction():
Token Type: OPEN_CURLY h("def")
} Token Type: OPEN_PAREN match(“de
Token Type: NUMBER, Value: 1 e
Token Type: PLUS matchIdentifier()
Token Type: NUMBER, Value: 2 match(" (")
Token Type: PLUS
Token Type: IDENTIFIER, Value: matchIdentifier()
Token Type: CLOSE_PAREN
Token Type: OPEN_PAREN match(")")
Token Type: IDENTIFIER, Value: i
Token Type: PLUS match("{")
Token Type: OPEN_PAREN
Token Type: NUMBER, Value: 1 parseExpr()
Token Type: PLUS TREL
Token Type: NUMBER, Value: 2 match(*}")
Token Type: CLOSE_PAREN

Token Type: CLOSE_PAREN Simplified pseudo-code

return parseFuncDefinition();
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Debiig Infosl Token List case DecafScanning::TokenType: : DEF:

Token Type: DEF
Token Type: IDENTIFIER, Value:
def foo(x) { Token Type: OPEN_PAREN
E Token Type: IDENTIFIER, Value: . :
( 1+2+X )*( X+( 152 ) ) Token Type: CLOSE_PAREN function parseFunction():
Token Type: OPEN_CURLY h("def")
} Token Type: OPEN_PAREN match(“de
Token Type: NUMBER, Value: 1 e
Token Type: PLUS matchIdentifier()
Token Type: NUMBER, Value: 2 match(" (")
Token Type: PLUS
Token Type: IDENTIFIER, Value: matchIdentifier()
Token Type: CLOSE_PAREN
Token Type: OPEN_PAREN match(")")
Token Type: IDENTIFIER, Value: i
Token Type: PLUS match("{")
Token Type: OPEN_PAREN
Token Type: NUMBER, Value: 1 parseExpr()
Token Type: PLUS TREL
Token Type: NUMBER, Value: 2 match(*}")
Token Type: CLOSE_PAREN

Token Type: CLOSE_PAREN Simplified pseudo-code

return parseFuncDefinition();




Parsing

Debug Info: Token List
Token Type: DEF

Token Type: IDENTIFIER, Value:

Token Type: OPEN_PAREN

Token Type: IDENTIFIER, Value:

Token Type: CLOSE_PAREN
Token Type: OPEN_CURLY
Token Type: OPEN_PAREN

Token Type: NUMBER, Value: 1
Token Type: PLUS

Token Type: NUMBER, Value: 2
Token Type: PLUS

Token Type: IDENTIFIER, Value:

Token Type: CLOSE_PAREN
Token Type: OPEN_PAREN

Token Type: IDENTIFIER, Value:

Token Type: PLUS

Token Type: OPEN_PAREN

Token Type: NUMBER, Value: 1
Token Type: PLUS

Token Type: NUMBER, Value: 2
Token Type: CLOSE_PAREN
Token Type: CLOSE_PAREN

std::unique_ptr<AST::Expr> Parser::parseExpr()

Par: ssion (including both the

auto LHS = parsePrimaryExpr();

if (ILHS)
return nullptr;

auto expr = parseBinaryExpr(@, std::move(LHS));
return expr;

B

LASA®{CS)
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Parsing

Debug Info: Token List
Token Type: DEF

auv.storlelé = barsePrima?yExpr( )5
Token Type: IDENTIFIER, Value: ‘\\\\\\\\\
Token Type: OPEN_PAREN

std::unique_ptr<AS pr> Parser::parseExpr() K

/ Pars on (includi the

if (!LHS)
Token Type: IDENTIFIER, Value: return nullptr;
Token Type: CLOSE_PAREN
Token Type: OPEN_CURLY auto expr = parseBinaryExpr(@, std::move(LHS));
Token Type: OPEN_PAREN ALl
Token Type: NUMBER, Value: 1
Token Type: PLUS
Token Type: NUMBER, Value: 2 nique_ptr<AST::Expr> Parser::parsePrimaryExpr() E

Token Type: PLUS / , not bin-o 3 ‘\\\\\\\\\
Token Type: IDENTIFIER, Value: switch (peek().value().type)
Token Type: CLOSE_PAREN s

Token Type: OPEN_PAREN e e NI
Token T;Ee: IDENTIFIER, Value: AU L i e e
Token Type: PLUS case DecafScanr}lr'\g..TokenType..IDENTIFIER.
Token Type: OPEN_PAREN return identifierExpr();

Token Type: NUMBER, Value: 1 case DecafScanning::TokenType: :NUMBER:
Token Type: PLUS return numberExpr();

Token Type: NUMBER, Value: 2 case DecafScanning::TokenType: :OPEN_PAREN:
Token Type: CLOSE_PAREN return groupingExpr();

Token Type: CLOSE_PAREN
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Parsing

Debug Info: Token List
Token Type: DEF
Token Type: IDENTIFIER, Value:
Token Type: OPEN_PAREN
Token Type: IDENTIFIER, Value:
Token Type: CLOSE_PAREN
Token Type: OPEN_CURLY
Token Type: OPEN_PAREN
Token Type: NUMBER, Value: 1
Token Type: PLUS
Token Type: NUMBER, Value: 2 def parseExpr(min_prec=0):
Token Type: PLUS Lentieatsebinanyty
TOken Type: IDENTIFIERI value: while currentToken is operator and precedence(currentToken) >= min_prec:
Token Type: CLOSE_PAREN op = currentToken
Token Type: OPEN_PAREN oo = evseciat it )
Token Type: IDENTIFIER, Value:
Token Type: PLUS

std::unique_ptr<AST::Expr> Parser::parseExpr() E

ssion (including both the primar

auto LHS = parsePrimaryExpr();

if (!LHS)
return nullptr;

auto expr = parseBinaryExpr(@, std::move(LHS));
return expr;

B

Token Type: OPEN_PAREN :::Eg:\i;yprec = prec + 1 if assoc == 'left' else prec
Token Type: NUMBER, value: 1 right = parseExpr(next_min_prec)

Token Type: PLUS

Token Type: NUMBER, Value: 2
Token Type: CLOSE_PAREN return left
Token Type: CLOSE_PAREN

left = BinaryExpr(op, left, right)

“Precedence Climbing”
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Parsing

: std::unique_ptr<AS r> Parser::parseExpr()
Token List e ° parsexP

iing

Debug Info:
Token Type: DEF
Token Type: IDENTIFIER, Value:
Token Type: OPEN_PAREN if (ILHS)
Token Type: IDENTIFIER, Value: return nullptr;
Token Type: CLOSE_PAREN
Token Type: OPEN_CURLY auto expr = parseBinaryExpr(@, std::move(LHS));
Token Type: OPEN_PAREN ALl
Token Type: NUMBER, Value: 1
Token Type: PLUS
Token Type: NUMBER, Value: 2
Token Type: PLUS e
Token Type: IDENTIFIER, Value: m_binopPrecedence
Token Type: CLOSE_PAREN m_binopPrecedence [DecafScanning: : TokenType: :DIVIDE] =
Token Type: OPEN_PAREN m_binopPrecedence [DecafScanning: : TokenType: :PLUS] = 3;
Token Type: SIDENTIFIER,S¥aluc: m_binopPrecedence [DecafScanning: : TokenType: :MINUS] = 3;

[
[
[
Token Type: PLUS . : _
Token Type: OPEN_PAREN m_binopPrecedence [DecafScanning: : TokenType: :LESS_THAN] = 2;
[
[
[
[

/ Pars on (incluc

auto LHS = parsePrimaryExpr();

nce.
DecafScanning: : TokenType::TIMES] = 4

4;

Token Type: NUMBER, Value: 1 m_binopPrecedence [DecafScanning: : TokenType: : GREATER_THAN] = 2;

ioten $ype: EbﬂgER s . m_binopPrecedence [DecafScanning: : TokenType: :LESS_THAN_EQUAL] = 2;
oken Type: , Value: : s L.

Token Type: CLOSE_PAREN m_binopPrecedence [DecafScanning: : TokenType: : GREATER_THAN_EQUAL]

Token Type: CLOSE_PAREN m_binopPrecedence [DecafScanning: : TokenType: : EQUAL_EQUAL] = 1;

“Precedence Climbing”
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def foo(x) {
(14+2+x)*(x+(1+2))

Debug Info: Abstract Syntax Tree
binary operation: x
lbinary operation: +
lbinary operation: +

}

Lhumber: 1
Lhumber: 2

lLvariable: x

lbinary operation: +

lvariable: x

lbinary operation: +
Lhumber: 1
Lhumber: 2




LASA®{(S;

def foo(x) {
(1+2+x )*(x+(1+2))

Debug Info: Abstract Syntax Tree
binary operation: *
lbinary operation: +
lbinary operation: +

}

Lhumber: 1
Lhumber: 2

lLvariable: x

binary operation: +

lvariable: x

lbinary operation: +
Lhumber: 1
Lhumber: 2




LASA®{(S;

def foo(x) {
([T+2HX])* ([ x#+(|1+2]) )

Debug Info: Abstract Syntax Tree
binary operation: x
Lbinary operation: +
Lbinary operation: +

}

Lhumber: 1
Lhumber: 2

Lvariable: x

binary operation: +

lLvariable: x

lbinary operation: +
Lhumber: 1
Lhumber: 2




Intermediate Code Generation

Intermediate Representation
e Convert AST into a low-level, abstract representation of your program
o Independent of source language and machine architecture
o Used for optimization and target code generation



LLVM IR

Intermediate Representation
e Binary format (sometimes called "bitcode”)
e A portable, high-level assembly language
e Can be optimized with a variety of transformations
o Multiple passes

@.str = internal constant [14 x i8] c"Hello, world\0A\00"
declare i32 @printf(ptr, ...)

define i32 @main(i32 %argc, ptr %argv) nounwind {

entry:
%tmpl = getelementptr [14 x i8], ptr @.str, i32 @, i32 0
%tmp2 = call i32 (ptr, ...) @printf( ptr %tmpl ) nounwind
ret i32 0



Intermediate Code Generation

def codegen(numAST)
emit(numAST->val)

def codegen(varAST)
emit(namedValues(varAST->name))

def codegen(binAST)
L = codegen(binAST->left)
= codegen(binAST->right)

switch(binAST->operand.type):
emit("addtmp" | "subtmp" | "multmp" | "cmptmp" L, R)




Intermediate Code Generation

def codegen(functionAST)

setFunctionType("double(double,double,...

nameArguments(functionAST->args)

namedValues.clear()
namedValues = functionAST->args

createBlockAndSetInsertionPoint()
emit(codegen(functionAST->body))




Intermediate Code Generation

1lvm: :Value *NumberExpr::codegen() {
return 1lvm::ConstantFP::get(xCodeGenerator::context, 1lvm::APFloat(value));

1lvm: :Value *VariableExpr::codegen()

]t this va le up in the

1lvm: :Value x*V = CodeGenerator:
if (1v)

std::cout << "Unknown variable name" << std::endl;
return V;




Intermediate Code Generation

Llvm: :Value *BinaryExpr::codegen() {
1lvm::Value xL = LHS—->codegen();
1lvm::Value *R = RHS—->codegen();
if (L || !'R)

return nullptr;

switch (op.type) {

case TokenType::PLUS:

return CodeGenerator::builder->CreateFAdd(L, R, "addtmp");
case TokenType::MINUS:

return CodeGenerator::builder—->CreateFSub(L, R, "subtmp");
case TokenType::TIMES:

return CodeGenerator::builder->CreateFMul(L, R, "multmp");
case TokenType::LESS_THAN:

L = CodeGenerator::builder->CreateFCmpULT(L, R, "cmptmp");

S | R

return CodeGenerator::builder->CreateUIToFP(L, llvm::Type::getDoubleTy(*CodeGenerator::context),
"booltmp");




Intermediate Code Generation




Intermediate Code Generation

Debug Info: Unoptimized function
define double @fib(double %x) {
entry:
X X ) scmptmp = fcmp ult.double %X, 3.000000e+00
%booltmp = uitofp il %cmptmp to double
%ifcond = fcmp one double %booltmp, 0.000000e+00
br il %ifcond, label %then, label %else
def fib(x) {
if (X < 3) { then: ; preds
return br label %ifcont

)
else { else: ; preds
R 5 . %ssubtmp = fsub double %x, 1.000000e+00
return fib(x-1)+fib(x-2) scalltmp = call double @fib(double Ssubtmp)

%ssubtmpl = fsub double %x, 2.000000e+00
%scalltmp2 = call double @fib(double %subtmpl)
%saddtmp = fadd double %calltmp, S%calltmp2
br label %ifcont

ifcont: ; preds = %else, %then
%iftmp = phi double [ 1.000000e+00, %then ], [ %addtmp, %else ]
ret double %iftmp




JIT Compilation

e Compile code “on-the-fly” as it is needed
o  Rather than compiling whole programs to disk ahead of time as a traditional compiler
does (Ahead-of-time compilation)

addModule

auto RT = DecafJIT::JIT::JIT_->getMainJITDylib().createResourceTracker();

auto TSM = llvm::orc::ThreadSafeModule(std::move(DecafCodeGen::CodeGenerator::module_), std::move(DecafCodeGen::CodeGenerator::context));
Decaf]IT::]IT::exitOnError(Decaf]IT::JIT::JIT_->addModule(std::move(TSM), RT));

lookup

auto exprSymbol = DecafJIT::JIT::exitOnError(DecafJIT::JIT::JIT_—>lookup("__anon_expr"));




JIT Compilation

double (*FP)() (double (%) ()) (intptr_t)exprSymbol.getAddress();
double result = FP();

DecafJIT..JIT..ex1t0nError(RT—>remove())
return result;




Optimization

We can now produce IR! But it's not great....
e Let's optimize to get nice, efficient code

LASA®{(S;



T LASA®ICS)
Optimization

(1 +2+x) % (x+ (1+2)) iizlii:

t5 = t2 x t4



_ Imi . LASA@{CS}
o ptl m 1Z atl O n “3-Address Code”

t1l = 1 + 2

t2 = t1 + x

(1 + 2 + x) *x (x + (1 + 2)) I
t4 = x + 13
t5 = t2 x t4

Trivial Constant Folding

-t1 =1+ 2
+ 1l = 3
- t3 =1+ 2

+ t3 = 3



_ Imi . LASA@{CS}
o ptl m 1Z atl O n “3-Address Code”

tl =1 + 2
t2 = t1 + x
(1 + 2+ x) *x (x + (1 + 2)) t3=1+2
t4 = x + t3
t5 = t2 % t4
Trivial Constant Folding
LLVM IR
- t1 =1+ 2 %addtmp = fadd double 2.000000e+00, 1.000000e+00
%saddtmpl = fadd double %addtmp, S%x

ret double S%addtmpl

+ tl = 3 ////

- 13 =1 + 2
%saddtmp = fadd double %x, 3.000000e+00
+ t3 = 3 %smultmp = fmul double %addtmp, %addtmp
ret double %multmp



T LASA®ICS)
Optimization

t1l = 1 + 2
t2 = t1 + x
(1 + 2 + x) *x (x + (1 + 2)) I
t4 = x + t3
t5 = t2 x t4

Common Subexpression Elimination (CSE)

Avoid recomputing the same thing — 1 + 2 was used twice.

- t3 =3
+ t3 = ¢1



Nt g LASA®ICS)
Optimization

t1l = 1 + 2
t2 = t1 + x
(1 + 2 + x) *x (x + (1 + 2)) I
t4 = x + t3
t5 = t2 x t4

Common Subexpression Elimination (CSE)

Avoid recomputing the same thing — 1 + 2 was used twice.

- t3 =3
+ t3 = t1
Copy Propagation
Replace variables that are just aliases of others
— 38 =1
- t4 = x + t3

+ 14 = x + tl



_ Imi . LASA@{CS}
o ptl m 1Z atl O n “3-Address Code”

tl =1 + 2
t2 = t1 + x
(1 +2+ x) x(x+ (1+2)) t3 =1+
t4 = x + 13
t5 = t2 % t4
Common Subexpression Elimination (CSE)
Avoid recomputing the same thing — 1 + 2 was used twice. LLVM |R
_t3 =3 %saddtmp = fadd double 3.000000e+00, %X
%addtmpl = fadd double %x, 3.000000e+00 «—
tt3 =1l smultmp = fmul double %addtmp, %addtmpl
ret double %multmp
Copy Propagation
Replace variables that are just aliases of others "/addtmp — fadd double %X 3.000000e+00
- t3 = t1 smultmp = fmul double %addtmp, S%addtmp
— %4 = x % t3 ret double Smultmp

+t4 = x + tl



Other Optimizations

Dead Code Elimination

Remove unused or “dead” code

LASA®{(S;

Strength Reduction* / Peephole Optimization

Replace expensive operations with cheaper ones

t = X % 2

t = x <<1 # Bit shift instead of multiplication



Other Optimizations

Loop-Invariant Code Motion

Move computations out of loops if they don't change per iteration

LASA®{(S;

for (i = 0; i < n; i++) {
y=(1+2+x)*x (x+ (1+2));
}



Other Optimizations

Loop-Invariant Code Motion
Move computations out of loops if they don't change per iteration

for (i1 =0; i < n; i++) {

y=(1+2+x)*x(x+(1+2)); «— Move outside loop
b
tl =3
t2 = x + t1
t4 = x + tl
t5 = t2 % t4

for (i = 0;: i < n; i++) {

y = t5



Other Optimizations

Loop-Invariant Code Motion
Move computations out of loops if they don't change per iteration

for (i1 =0; i < n; i++) {

y =(1+2+x)*x(x+ (1+2)); < Move outside loop
¥ Reduced computation from O(n) - O(1)
t1 = 3
t2 = x + t1
t4 = x + tl
t5 = t2 % t4

for (i = 0;: i < n; i++) {

y = t5



Other Optimizations

Loop-Invariant Code Motion
Move computations out of loops if they don't change per iteration

for (i1 =0; i < n; i++) {

y =(1+2+x)*x(x+ (1+2)); < Move outside loop
¥ Reduced computation from O(n) - O(1)
tl =3
t2 = x + tl
t4 = x + t1 And so much more... seriously....
t5 = t2 % t4

for (i = 0;: i < n; i++) {

y = t5



LASA®{CS)

LLVM Optimizations

std::unique_ptr<llvm::FunctionPassManager> CodeGenerator::FPM std: :make_unique<llvm::FunctionPassManager>();
std::unique_ptr<llvm::LoopAnalysisManager> CodeGenerator::LAM = std::make_unique<llvm::LoopAnalysisManager>();
std::unique_ptr<llvm::FunctionAnalysisManager> CodeGenerator::FAM = std::make_unique<llvm::FunctionAnalysisManager>();
std::unique_ptr<llvm::CGSCCAnalysisManager> CodeGenerator::CGAM = std::make_unique<llvm::CGSCCAnalysisManager>();

std: :unique_ptr<llvm: :ModuleAnalysisManager> CodeGenerator::MAM = std::make_unique<llvm: :ModuleAnalysisManager>();
std::unique_ptr<llvm::PassInstrumentationCallbacks> CodeGenerator::PIC = std::make_unique<llvm::PassInstrumentationCallbacks>();
std::unique_ptr<llvm::StandardInstrumentations> CodeGenerator::SI;

1lvm: :PassBuilder CodeGenerator::PB;




LASA®{CS)

LLVM Optimizations

std::unique_ptr<llvm::FunctionPassManager> CodeGenerator::FPM std: :make_unique<llvm::FunctionPassManager>();
std::unique_ptr<llvm::LoopAnalysisManager> CodeGenerator::LAM = std::make_unique<llvm::LoopAnalysisManager>();
std::unique_ptr<llvm::FunctionAnalysisManager> CodeGenerator::FAM = std::make_unique<llvm::FunctionAnalysisManager>();
std::unique_ptr<llvm::CGSCCAnalysisManager> CodeGenerator::CGAM = std::make_unique<llvm::CGSCCAnalysisManager>();

std: :unique_ptr<llvm: :ModuleAnalysisManager> CodeGenerator::MAM = std::make_unique<llvm: :ModuleAnalysisManager>();
std::unique_ptr<llvm::PassInstrumentationCallbacks> CodeGenerator::PIC = std::make_unique<llvm::PassInstrumentationCallbacks>();
std::unique_ptr<llvm::StandardInstrumentations> CodeGenerator::SI;
1lvm: :PassBuilder CodeGenerator::PB;

Debug Info:  Unoptimized function

define double @fib(double %x) {

entry:
%scmptmp = fcmp ult double %x, 3.000000e+00
%booltmp = uitofp il %cmptmp to double
%ifcond = fcmp one double %booltmp, 0.000000e+00
br il %ifcond, label %then, label %else

then: ; preds
br label %ifcont

else: ; preds
%subtmp = fsub double %x, 1.000000e+00
%scalltmp = call double @fib(double %ssubtmp)
%subtmpl fsub double %x, 2.000000e+00
scalltmp2 = call double @fib(double %subtmpl)
%addtmp = fadd double %calltmp, %calltmp2
br label %ifcont

ifcont: ; preds = %else, %then
%siftmp = phi double [ 1.000000e+00, Sthen 1, [ %addtmp, %else ]
ret double %iftmp

3




S LASA®{CS
LLVM Optimizations

std::unique_ptr<llvm::FunctionPassManager> CodeGenerator::FPM std: :make_unique<llvm::FunctionPassManager>();
std::unique_ptr<llvm::LoopAnalysisManager> CodeGenerator::LAM = std::make_unique<llvm::LoopAnalysisManager>();
std::unique_ptr<llvm::FunctionAnalysisManager> CodeGenerato FAM = std::make_unique<llvm::FunctionAnalysisManager>();
std::unique_ptr<llvm::CGSCCAnalysisManager> CodeGenerator::CGAM = std::make_unique<llvm::CGSCCAnalysisManager>();

std: :unique_ptr<llvm: :ModuleAnalysisManager> CodeGenerator::MAM = std::make_unique<llvm: :ModuleAnalysisManager>();
std::unique_ptr<llvm::PassInstrumentationCallbacks> CodeGenerator::PIC = std::make_unique<llvm::PassInstrumentationCallbacks>();
std::unique_ptr<llvm::StandardInstrumentations> CodeGenerator::SI;

1lvm: :PassBuilder CodeGenerato

Debug Info:  Unoptimized function

define double @fib(double %x) {

entry:
%scmptmp = fcmp ult double %x, 3.000000e+00
%booltmp = uitofp il %cmptmp to double
%ifcond = fcmp one double %booltmp, 0.000000e+00
br il %ifcond, label %then, label %else

then: ; preds
br label %ifcont

else: ; preds
%subtmp = fsub double %x, 1.000000e+00
%scalltmp = call double @fib(double %subtmp)
%subtmpl = fsub double %x, 2.000000e+00
scalltmp2 = call double @fib(double %subtmpl)
%addtmp = fadd double %calltmp, %calltmp2
br label %ifcont

ifcont: ; preds = %else, %then
%siftmp = phi double [ 1.000000e+00, Sthen 1, [ %addtmp, %else ]
ret double %iftmp

3

DEbug Infesl Optimized function

define double @fib(double %x) {

entry:
scmptmp = fcmp ult double %x, 3.000000e+00
br il %cmptmp, label %ifcont, label %else

else: ; preds = %entry
%subtmp = fadd double %x, -1.000000e+00
scalltmp = call double @fib(double %subtmp
ssubtmpl = fadd double %x, —2.000000e+00
scalltmp2 = call double @fib(double %subtmpl
saddtmp = fadd double %calltmp, Scalltmp2
br label %ifcont

ifcont: ; preds = %entry,
%iftmp = phi double [ %addtmp, %else 1, [ 1.000000e+00, %entry
ret double %iftmp

Read function definition:define double @fib(double %x) {
entry:

scmptmp = femp ult double %x, 3.000000e+00

br i1 %cmptmp, label %ifcont, label %else

else: ; preds = %entry
ssubtmp = fadd double %x, —1.000000e+00
scalltmp = call double @fib(double %subtmp
ssubtmpl = fadd double %x, 2.000000e+00
all double @fib(double %subtmpl
add double %calltmp, %calltmp2
br label %ifcont

ifcont: ; preds = %entry,
siftmp = phi double [ %addtmp, %else ], [ 1.000000e+00, %entry
ret double S%iftmp

selse
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Unit Tests

DecafScanning::Lexer lexer(content);
std::vector<DecafScanning: :Token> tokens(lexer.tokenize());
DecafParsing: :Parser parser(tokens);
std::unique_ptr<DecafParsing: :AST::Function> AST;

000
DecafJIT::JIT::initJIT();

def Fibix) 1 DecafCodeGen: : CodeGenerator::initializeModuleAndPassManager();

Wit (02 = 2)) 4l
return double result = 0.0;

} while (!parser.isAtEnd()
else { '/ P am
return fib(x-1)+fib(x-2)

1 COI

switch (parser.peek().value().type)
default:
result = DecafJIT::handleTopLevelStatement(&parser);
case DecafScanning::TokenType: :DEF:
DecafJIT::handleFuncDefinition(&parser);

REQUIRE( result == 102334155.0 );




LASA®{CS)

Unit Tests

DecafScanning::Lexer lexer(content);
std::vector<DecafScanning: :Token> tokens(lexer.tokenize());
DecafParsing: :Parser parser(tokens);
std::unique_ptr<DecafParsing: :AST::Function> AST;

000
DecafJIT::JIT::initJIT();

def Fibix) 1 DecafCodeGen: : CodeGenerator::initializeModuleAndPassManager();

Wit (02 = 2)) 4l
return double result = 0.0;

} while (!parser.isAtEnd()
else { '/ P am
return fib(x-1)+fib(x-2)

/i 1 cor of fu
switch (parser.peek().value().type)
default:
result = DecafJIT::handleTopLevelStatement(&parser);
case DecafScanning::TokenType: :DEF:
DecafJIT::handleFuncDefinition(&parser);

REQUIRE( result == 102334155.0 );

All tests passed (1 assertion in 1 test case)




Next Time....

Remaining Topics
e JIT Compilation
e Syntax/Semantic Analysis

Additional Explorations
e Custom Code Generation
o MIPS, Arm, etc.

My HOBBY: EXTRAPOLATING

1\
NUMBER OF
HUSBANDS

!

0

AS YOU CAN SEE, BY LATE
NEXT MONTH YOU'LL RAVE
OVER FOUR DOZEN HUSBANDS,
) BETTERGETA
O _ BULK RATE ON
WEDDING CAKE.
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Intel Skylake chip

HleeR elagrEm s
of each core o

Branch
Predictor struction Fetch & PreDecode
(BPU) (16 B window)

MoP  Mop

EIRLSYE: )

MicroCode

| (v Row)

Decoded Stream Buffer (DSB)
(1OP Cache]
(1.5k HOPS; 8-Way)
(648 windon)

Now go build a compiler...

duler =

Unified Reservation Station (RS) \é.tor;:,\as;a\ Register File
egiste

(97 entries)

§
i
H19
=l

INT ALU [Store Datal
Vect Shuffle Toad Data

g1LS payiun
ayoe) z1

2ssbit/opele

EUs

Branch

Execution Engine Store Buffer & Forwarding
(56 entries)

328/ey

apAd/gr9

Load Buffer L1 Data Cache
(72 entries) 32KiB 8-Way

Memory Subsystem




Context!!

L={a*nb?ncr™n | n=11}

S — aSBC | abc
CB —» HB
HB — HC (It's a bit technical, but the idea is that the

HC — BC grammar carefully keeps the counts of a, b,
aB — ab and c equal, which requires context.)

bB — bb

bC — bc
cC — cc



