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1. Compiler[4mi¥zE]

 Compiler is a system software

— System software provides platforms for other software

* The elephant in the room

— People are always use the compiler, but very few are paying much attention to it

OPERATING SYSTEM

HARDWARE

High level language : -7 3

The Elephant in the Room




2. Compiler History[##iFs8V A E]

* Compiler origins
— 1952: A-0O, term ‘compiler’ (Grace Hopper)
— 1957: FORTRAN, first commercial compiler (John Backus)
— 1962: LISP, self-hosting and GC (Tim Hart and Mike Levin)
— 1984: GNU Compiler Collection (Stallman)
— 2000: LLVM (Vikram Adve and Chris Lattner)(2012 ACMER(HFZE F532)

e Turing awards (see link)

— Compiler: 1966, 1987, 2006, 2020

— Programming Language: 1972, 1974, 1977-1981, 1984, 2001, 2003, 2005, 2008
* Compilers today

— Modern compilers are complex (gcc has 7M+ LOC)
— There is still a lot of compiler research (LLVM, Pytorch, TVM, ...)
— There are emerging compiler developments in industry


https://www.britannica.com/topic/Turing-Award

3. Why Compilation?[ A{t+A B ¥HiFE?]

T ENES—EERE
— FTHOREZRMY (BAGPU. AIINERSE)
- MUEFIES (Rust, Go)
- BN AZmR (ML, 10TSF)
- THRmIFERFNIMRESEAK
BmEER ZARZITHNERRE
- B SRESEFNNIBEITIG
— IBFFR AT S B 4ERe
« RET W T FSHRFRATEX
- BRIESII. BWEHRITSHA. IFREDHT ppp—
- BTN EBMNESRIFRINAR O PyTorch
- RETREHANREENmIZEREFRRITEMR
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4. What is Compilation?[{+424w1%E?]
- BRIESHRERER, Bir8VRER/1

s
— Egj&ln =

=

-

1E: “This is a sentence” 2 “XE—19F"

~HENESEE: BRF > BRER

_

EARTIE

FIEFIRLT, BRI SF A ESERAIAT

Application

|Cnmpiler |fLibrarias of macros and procedures

Operating system

Instruction set (ISA)

Computer System Organization

Circuits (implementation of hardware functions)

Semiconductor physics

SOFTWARE

COMPUTER
RCHITECTURE

HARDWARE



4. What is Compilation?[{+424w1%E?]

- ARES ARSI
REESEEERRE
- C, C++
—BRESBERRREY
— Python, Ruby
SEFERREGRIAC

—Java: ZmiE + BIEg4miFE (JIT, Just-in-Time)

o T achinecode  pyton T
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4. What is Compilation?[{+424w1%E?] SourCT Code

Lexical Analysis

- I BNERNESESEHEEIETT Token Stream |
— N A YR N == Syntax Analysis
- HirnfEFRIZTEER (B ->BRIE>IEIT) Syntax Tree
- DITEF LT, STFEEMERL Semantic Analysis
R e v s Syntax Tree [ ~------- ‘Interpreter |
- MEEETF (AL, mOMIBEFEC/C++) Intermediate Code
TZ. 3 . . T2 S b 44— Generation
R ERRENEIN, IREIHT R
- RERBINER, TIBMS optmzation
- 2917, E¥EHITINE CodeGeineration
_,|\ ﬁgﬁﬁx%j{% Compiler Works Target Code
Source Code Compiler Machine Code

Interpreter Works

Source Code Python Byte Codes PVM Output
(basic.py) (basic.pyc)

Intermediate Instruction Python Virtual Machine



4. What is Compilation?[{+424w1%E?]

+ BPEYZRiE (Just-In-Time Compiler) : BITHIHFUTIEFFmIFR(F

- SRAMERERITRIA R
- BEFIRTSEABRERER, UFTNXER
— 5 4%1% (AOT, Ahead-Of-Time) : ERIFRFIEIT
« JIT vs. AOT
- JITESHERESENRIENE
- REGITHRIFE=R, BEIEETT
— e EEARFIAOTER
- BT mIFRIFmR—EMRE _ LRYRK
—(BR] AR B iz TS IEH 1T oS0

Source Code

l

Compiler

l

Byte Code =—

|

JIT

l

— Compile Time

— Run Time

Machine Code _



5. C Compilation[CIESR1FE]

- JEF2R (hello.c) > TIH4TITHE (/hello) $ clang hello.c -0 hello
@ FRALIEMEX (Preprocessor) $ ./nello

VILERER, BRAREN, k. iXHE (5—1CXXAXH)
vhello.c 2 hello.i (iR >LEBFHYEAT)

v'clang -E hello.c -0 hello.] e5
05 40 00
#1nclude <stdio.h> fe ff ff
: 00 00 0O
mawn( )
L
prwuntf("Hello World!\n"); :
| Preprocessed Object ;
return 0; C source @_ L source files Executable
} 1 X 5
B s By
, N ——— .
Preprocessor Compiler Linker



5. C Compilation[CIESR1FE]
« JBF2F (hello.c) = BJ#H1734 (./hello) $ clang hello.c -o hello

@ ZRiEMEE (Compiler) $ ./hello
vhello.i > hello.s (ZIRERIEM > CHRATEH)

v'clang -emit-llvm hello.i -S -o hello.ll

v'clang -S hello.ll -0 hello.s €
05 40 006
fe ff ff
: PO 00 0O
main( )
L
printf("Hello World! , _ .
Preprocessed Object §
return 0; g source Q) files EExecutable
) jl = ] | j‘ |
> ;.- I.- D * ;.-
: Se-== i
Frepmcessc-r Compiler Linker
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5. C Compilation[CIESR1FE]

« JBF2F (hello.c) = BJ#H1734 (./hello) $ clang hello.c -o hello
® CHRME (Assembler) izl

vV . sXAEEE N . oREBEEMNIE (relocatable object) /& (#1285
vhello.s > hello.o (TR H > BRI HMLEISS )

v'clang -c hello.s -0 hello.o 69 e>
do 05 40 00
#1nclude <stdio.h> d5 fe ff ff
: 00 00 00 00
main( )
I
prwuntf("Hello World!\n"); .
Preprocessed Object §
return 0; : source Q) files EExecutable
} jl = ] | j‘ |
> ;.- I.- D * ;.-
: Se-== i
Frepmcessm Compiler Linker
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5. C Compilation[CIESR1FE]

+ JFRZF (hello.c) > ATHUTIHF (/hello) $ clang hello.c -0 hello
@ EEMER (Linker/Loader) $ ./hello

VIEEERBMNMERT AT (executable) X (Hl2818<
vhello.o > hello (B#R3XH > HATHE)

v'clang hello.o -o hello e5
05 40 0O
#1nclude <stdio.h> fe ff ff
- 00 00 00
mawn( )
{
prwntf("Hello World!\n");
. Preprocessed
return 0; source
} i
éPrepmcessm Compiler Linker

12



. . NT——s . - — " .
5. C Compilation[CiES%miF]

a.c : -
[/ Header Files

Preprocessing: JESZ > b EHOIRSC L o~

Propressing Propressing

Compiling: SbER /S TR > TR 14 - z
Assembling: TR > BIRHMBIESTH -

Compilation Compilation
(gec) (gec)

Linking: B#R344 > A AT Ty !

2z ‘E ‘g. = | |
RIENREIE DB Ass{en}lb.fy ASS{::;IJW
hello.c : as
Prepressing — Preprocessed :> Compliation + ' " Library *
(cpp) hello.1i (cc) libc.a crt1.0

Header Files @ Obi‘;GLF“E | ' | ( Dbjic_:;':"e .
stdio.h . T . _d
Object File Assembly Assembly \ Linking

Static Librar @
. . Executable . .t
libc.a ( R |
— Linking |C— >>( Executable | - B BAAY 3R I 5
a.out . . B et
EFRRINBRET - ik,

(L asE, o




5. C Compilation[CIESR1FE]

« $vim test.c

void main() {
int:  $clang -o test test.c

Int a,;
H1tt) o test.c:1:1: warning: return type of 'main' is not 'int' [-Wmain-return-type]
} void main() {

test.c:1:1: note: change return type to 'int'
void main() {

test.c:2:3: warning: declaration does not declare anything [-Wmissing-declaratio
ns]
int;

test.c:3:9: error: expected identifier or '(°
int a,;

2 warnings and 1 error generated.

14



5. C Compilation[CGIES%miE]

#include <iostream>

] namespace std;
//Derived class
class Child : public Base {

string myInteger;

void doSomething() {

ant x[] = 19; 1; 2, 3; 4);

ink z = 'a';

x[5] = myInteger x y % z;

}

void doSomething() {
}

int getSum(int n) {

doSomething() + n;

}

=" test.cpp:6:22: error: expected class name
class Child : public Base {

test.cpp:15:8: error: class member cannot be redeclared
void doSomething() {

test.cpp:9:8: note: previous definition is here
void doSomething() {

test.cpp:12:24: error: use of undeclared identifier 'y'
x[5] = myInteger % y % z;

test.cpp:19:26: error: invalid operands to binary expression ('void' and 'int')

return doSomething() + n;

4 errors generated.

15



5. C Compilation[CIESR1FE]

#include <iostream>

using namespace std;

test.cpp:6:27: error: expeéted class-name before '{' token

//Derived class . 3
Z . 6 1 Child : bl B {
class Child : public Base { I crass Hht pHBESG aseA

string myInteger; test.cpp:15:8: error: 'void Child::doSomething()' cannot be overloaded with 'void Child::doSomething()'
15 | void doSomething() {

{ I Anvmmmmmmnnsn

void doSomething() test.cpp:9:8: note: previous declaration 'void Child::doSomething()'

int x[] = {e, 1, 2, 3, 4}; 9 | void doSomething() {
ink z = "a'; | R ——
x[5] = myInteger * y * z; test.cpp: In member function 'void Child::do:f‘oomeﬂ)ing()':
} test.cpp:12:24: error: 'y' was not declared in this scope
12 | x[5] = myInteger x y % z;
I A
void doSomething() { test.cpp: In member function 'int Child::getSum(int)':
} test.cpp:19:26: error: invalid operands of types 'void' and 'int' to binary 'operator+'
19 | return doSomething() + n;
: : | e— N
int getSum(int n) { | I I
return doSomething() + n; I void int

b
¥

—



6. Compilation Procedure[fmiFidiZ]

BllR (D7) XRER, IRBIEEAEMES, EF
E(EE, RiEHsEe

— &£ (Lexical Analysis)  1d]

—iEEOHT (Syntax Analysis) 124

—1EX 2 (Semantic Analysis) Rz

=R BER

S A AN L LR A
R (émm). éaﬂ:lﬁj\

thER, ERIENX EFNTIR

— FREUCABAERY (Intermediate Code Generation)

— Intermediate representation (IR) #5i

— {XEB{L{L (Code Optimization) &4§F

Source Code

Lexical Analysis

Token Stream|

ERes

— B¥rRB4ERL (Code Generation)  Sgurce Frontend

A AT

Syntax Analysis ;
i - Front End
Syntax Tree | (Analysis)
| Semantic Analysis
~SyntaxTree| ... .
Intermediate Code |
Generation =i
”,:{ — Back End
Optimization (Synthesis)
IR |
| Code Generation | |
\\ 777777777777777777777777777777 i 77777777777777777777777777777 ’,,’
Target Code
Optimizer Backend Mg-;l;ige

-



6. Compilation Procedure[fmiFidiZ]

(1) Lexical Analysis[ia; &5 1]

- FEREFFAR, RBIFOREEIEER XA RIRE

~N: REERF, Wd: tokenFsl
—tokenZza~: <E5Hl, BMHE>

- REBF. I fF. BE. BEFE
—tokenE@BFRFS 1AM ?

—Ovar, $num

main( )

= (token)

keyword(for) id(arr)

symbol(()
id(i)
symbol(=)
num(0)
symbol(;)
id(i)
symbol(<)
num(10)
symbol(;)
id(i)
symbol(++)
symbol())

symbol(])
1d(i)
symbol(])
symbol(=)
1d(X)
symbol(*)
num(5)
symbol(;)

Source Code

1

Lexical Analysis

Token Stream|

Syntax Analysis

Syntax Tree|

Semantic Analysis

Syntax Tree|

Intermediate Code
Generation

IR |

Optimization

L

Code Generation

'
Target Code

18



6. Compilation Procedure[fmiFidiZ]

(1) Lexical Analysis[iai&5 1]
- HigFRERFMAM, Rl EEIEEZE X BIERIEERFS (token)
~N: REERF, Wd: tokenFsl
—tokenZza~: <E5Hl, BMHE>
- REBF. . BE. BEFE
—tokenE@BFRFS 1AM ?

finclude<iostream. h>

void main () {
cout<<"Hello world!"<<endl;
int la;
1
J
error C2059: syntax error :
warning C4091:

“bad suffix on number’
ignored on left of "int’
error C2143: svntax error : missing “;’ before "constant’
error C2146: syntax error : missing ";" before identifier "a’
error C2065; "a’ undeclared identifier

Source Code

1

Lexical Analysis

Token Stream|

Syntax Analysis

Syntax Tree|

Semantic Analysis

Syntax Tree|

Intermediate Code
Generation

IR |

Optimization

L

Code Generation

when no variable is declared '

Target Code



6. Compilation Procedure[fmiFidiZ]
(2) Syntax Analysis[iEi%5 1]

» FEITIRAERR I HYtokenRSl, SERRIEIRDITEET (syntax tree, 15;

HTIRY)
—IN: BRiaii, Wit BEN
- ANEFREARSIE A7
_X*+
—a += b;
main(
arr[10], 1, ©
= <
| o |

for

Source Code

1

Lexical Analysis

Token Stream|

y

Syntax Analysis

Syntax Tree|

Semantic Analysis

Syntax Tree|

Intermed

iate Code

Generation

boy IR |

q‘Q Optim

ization

expr

L

i ] * Code Ge

neration

!

arr i X 5 Target Code

20



6. Compilation Procedure[fmiFidiZ]

(2) Syntax Analysis[i&i&53 1]

o« FRRTEFRIT N ATtokenFYl, BRSNS (syntax tree, 15;

TIHTIXY)
AN BiEii, Wil EEW

Token Stream|
Syntax Analysis

- ANEFEERFEIEEMN?  elsel A ILECHIf

finclude<iostream. h>

RIEAGR DT SE R

Source Code

l

Lexical Analysis

y

Syntax Tree,

y

Semantic Analysis

Syntax Tree|

Intermed

void main() {
cout<<"Hello world!"<<endl;|error C2181:

illegal else without matching if

iate Code

Generation

IR

clse cout<<"oh no!"<<endl;

LS

finclude<iostream. h>

void main() { syntax error : missing “;’ before "}’

\ 4

Optim

ization

IR |

y

Code Ge

neration

cout<<"Hello world!"<<endl

[

'
Target Code




6. Compilation Procedure[fmiFidiZ]

(3) Semantic Analysis[i& N 731T]
- EFEEERHF—LHIMENX
-®WN: EBEN, Wl EBENRSER
- WERRTRIESES (type, scopess)
- WAEFEREREIENAN?
- TEREHEMER; ESFH

—int x; y = x(3);
—y for
main{ ) "
qik-ex® S
arr[10], 1, 1+ oy
= <
i 0 | 10

Vy
2

++¢

arr

—boy

[]

expr

Source Code

1

Lexical Analysis

Token Stream|

y

Syntax Analysis

Syntax Tree|

Semantic Analysis

Syntax Tree|

Intermed

iate Code

Generation

IR |

Optim

ization

L

Code Ge

neration

'
Target Code

22



6. Compilation Procedure[ZmF S F&]

(3) Semantic Analysis[iE X 721f]

« ETERERH—EDIMEN
—iIN: BEW, Bt BEN+RFES%R
- INERRFHEMEEE (type, scopess)
- ANEFREARSIENAN? A TR

7= B {3 FH ) BR B0 e X
FIERREL

finclude<iostream. h>

void main() {

cout<<"Hello world!"<<endl;
int a=10/0;

L —

cerror C2124: divide or mod by zero

Source Code

l

Lexical Analysis
Token Stream|
Syntax Analysis

Syntax Tree|
Semantic Analysis

Syntax Tree|
Intermediate Code
Generation

IR |
Optimization
IR |
Code Generation

'
Target Code

23




6. Compilation Procedure[fmiFidiZ]

(4) Intermediate Code[*PEVABEERK] Sourccf Code
—MiZEi, QS.E\.J_:ﬁQ@ﬁ%::ﬂE Lexical Analysis

Token Stream|
Syntax Analysis

- EEE, ERGFNTIRERFNFERT (IR)
—-HIAN 1IEEW, Bd: IR

Syntax Tree |

- ZRMBESHHE, Z2TEhFYRENI, FFl Semantic Analysis
REMUHEE . Syntax Tree
| i= '
~IRFER: BE=#UTE (TAC) loop: Intermedlatfe Code
t1 '=x*5 Generation
main{ ) 2 = &arr R |
t3 := sizeof(int) Optimization
t4 :=t3 *| IR |
t5'=t2+t4 Code Generation
5 1= t1 !
i=i+1 Target Code

If 1 <10 goto loop -



6. Compilation Procedure[fmiFidiZ]

(5) Code Optimization[{LABH] ourcg code
DI TSR EIGER T (U (RFOEID. MAETR. WzfERED) | Lexical Analysis
~HA: IR, Bt (MEAD) IR fojen streams___
|
— 188X (machine independent) Synta:(/Tree Y
_1§U§D iﬁ%”ggggg;:ﬂﬂUBﬁl @%TEQVEEE}QI 1%%5%['% Seman“é Ana|ys|s
i=0 Syntax Tree|
I(;op' Intermediate Code
ti S Generation
man() 2 = garr IR
£3:= sizeof{(int) Optimization
t4:=t3 %] IR,
t5 '=t2 + t4 Code Generation
15 =11 '
=il 1 Target Code

If 1 <10 goto loop
25



6. Compilation Procedure[fmiFidiZ]

(6) Target Code[BHIRMUIBEERK] SourcT Code
- = EERRE (eq., iL4R) Lexical Analysis
—N: ((EHE)IR, HiY: BirftrE RS Token Stream)|

Syntax Analysis

- SHSFSESE: NEMEILEE
—IE<SERE . HENSSIESSLIIREIE

arr 10], 1, x = 1; Syntax Tree

y

for (1= 0; 1< 10; i++) Semantic Analysis
- i&_-}_/!:ﬁg*}l%%E;é{jtﬂg arrf1] = x * 5; Syntax Tree"
Hlan: SEFEENIFEIM, Intermediate Code
14: 8b 55 f8 mov  -0x8(%rbp),%edx // edx = x Generation
17: 89d0 mov  %edx,%eax // eax = x IR |
19: cle002 shl  SO0x2,%eax // eax =(x << 2) Optimization
1c: 01c2 add  %eax,%edx // edx = (x << 2) + x
le: 8b 45 fc mov  -0x4(%rbp),%eax // eax =i Lt
21: 4898 cltq Code Generation
23: 8954 85d0 mov  %edx,-0x30(%rbp,%rax,4) // arr[i] = 5x '
27: 8345 fc01 addl  SOx1,-Ox4(%rbp) /] i++ Target Code
2b: 83 7d fc 09 cmpl  S0x9,-0x4(%rbp) //i<=9
2f: 7ee3 jle 14 <main+0x14> // loop end?

26



6. Compilation Procedure[ZmiFIE]

position = initial + rate * 60 Intermediate Code Generator

. 60 | STF id1, Ri o

id, 2y >

(id*,3f 60

(id, 3{ inttofloat

i
Lexical Analyzer t1l = inttofloat (60)
Y t2 = id3 * t1
(id, 1) (=) (id, 2) (+) (id, 3) (x) (60) t3 = id2 + t2
Y idl = t3
Syntax Analyzer v
— { Code Optimizer
ad, 1y S+ '

tl = id3 * 60.0
idl = id2 + tl

Semantic Analyzer Code G;enerator
e o e LDF R2, id3
id, 1y )/+\ MULF R2, R2, #60.0
(id, 2 . LDF R1, id2

ADDF R1, R1, R2




INES

- A
—-HARRFRERF
- WIERNZ TR

s
= L
== £

- RIFRIE RS
~ RRIFIEFFRITIRERI S

- WIENTERENZTMER

— AR AT/ E

F1ER

=

BIRTERImIFESS

Source Code

‘ Lexical Analysis
Token Stream|

EiRitee

Syntax Analysis |
i - Front End
Syntax Tree | (Analysis)
| Semantic Analysis
~SyntaxTree| . ... -
| Intermediate Code |
Generation = sh
IB — Back End
Optimization (Synthesis)
IR |
| Code Generation | |
\\ 777777777777777777777777777777 i 77777777777777777777777777777 //
Target Code
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ATl i 0B, AGmiEsld—~AANEd. (A)

o P i K 55 F kA AR Lt AR SE KT E 2426454
K% R ICkmIEARB. (F)

AP QRS ITELT®R, LAEEXREEHGAHEAD. (E)

FERAEAMNAELME, ARDEANBKELEEL. (C)

A.id ik o4
B.& it o~ 4%
C. & s 447
D. F i R 55 £ &,
E. & 54 44

F. a 4 &, %5 4 &,
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