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Compilation, what does ChatGPT say?

If you are planning to take a course on
compilation, here are some suggestions to

In short, is compilation course hard and

boring?

The difficulty and level of interest in a
course on compilation can vary from
person to person, but in general, it is

considered to be a challenging and

complex subject that requires a deep

understanding of programming languages
and computer architecture. As for whether
or not the course is boring, that is largely

a matter of personal opinion. Some

students find the subject matter
fascinating, while others may find it to be

dry or tedious. 3
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help you succeed:

Develop a strong foundation in

programming languages.

2. Brush up on computer architecture.

3. Find a good textbook that covers the

material in a way that you find easy to

understand.

4. Take advantage of online resources

such as video lectures, online courses,

and open-source compiler projects.

5. Work on programming projects to gain

practical experience in compiler design

and optimization.

6. Seek help from professors or tutors if

you are struggling with the material. ¥
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Textbook & Materials[##4]

([ jzﬁ%&j;j‘ ooooo:'
- 9551 (Compilers: Principles, Techniques, it
and Tools, 2nd Edition) , By Alfred V. Aho, Monica | Compilets,

S. Lam, Ravi Sethi, and Jeffrey D. Ullman

- LLVMZm P28 SEEFE  (Getting Started with |
LLVM Core Libraries) , Lopes and Auler s A
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— CS 143, Fredrik Kjolstad (Stanford U.)

- CS 411, Jan Hoffmann (Carnegie Mellon U.)

- COMS 4115, Baishakhi Ray (Columbia U.)

- CS 2210, Wonsun Ahn (U. of Pittsburgh)

— Compilers and Computer Architecture, Martin -
Berger (U. of Sussex) |
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Turing Award[& R #2020]

Alfred Vaino Aho

A.M. TURING AWARD HONORS INNOVATORS WHO
SHAPED THE FOUNDATIONS OF PROGRAMMING
LANGUANGE COMPILERS AND ALGORITHMS

Columbia's Aho and Stanford's Ullman Developed Tools

and Seminal Textbooks Used by Millions of Software
Programmers around the World 4+ 58+

ACM named Alfred Vaino Aho and Jeffrey David Ullman recipients
of the 2020 ACM A.M. Turing Award for fundamental algorithms
and theory underlying programming language implementation and
for synthesizing these results and those of others in their highly
influential books, which educated generations of computer
scientists. Aho is the Lawrence Gussman Professor Emeritus of
Computer Science at Columbia University. Ullman is the Stanford
W. Ascherman Professor Emeritus of Computer Science at Stanford
University.

Computer software powers almost every piece of technology with
which we interact. Virtually every program running our world —
from those on our phones or in our cars to programs running on
giant server farms inside big web companies — is written by humans
in a higher-level programming language and then compiled into
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Time/Location[ighf ZzHk)
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Schedule-Lec[# it 224

e Lexical: source code - tokens

- RE, NFA, DFA, Source Code
P — -
* Syntax: tokens - AST or parse tree " [ Lexical Analysis | -
. Token Stream|
— CFG, LL(].), LALR(].), St ATl (F;cr)]r;‘iyi?sd)
e Semantic: AST - AST + symbol table Sys::;?!;\nalysis
— SDD, SDT, typing, scoping, ... “\\__S_yntaxTree“_::,,/"':
. 71 Intermediate |
* Int. Code Generation: AST - IR | code Generation
- TAC, offset, CodeGen, ... o] sscktnd
. e e . i . . R (Synthesis)
Optimization: IR - (optimized) IR o
- BB, CFG, DAG, ... v
Target Code

* Code generation: IR = Instructions
- Instruction, register, stack, ...
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Compiler

* A compiler is 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

CPU 1/0 RAM

13 W H

https://clang.llvm.org/, https://clang.llvm.org/get started.html



https://clang.llvm.org/
https://clang.llvm.org/get_started.html

Compiler History[4miF 231k &)

* Compiler origins
- 1952: A-0, 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)

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, TVM, ...)
— There are emerging compiler developments in industry
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https://www.britannica.com/topic/Turing-Award

Why Compiler? i 4E 2> gik? )

o THENIADS —EHAENE 6@*’ CIang
- WrOREPESER GEMIGPU. AIINIE#R55) @

- HHREFIES (Rust. Gos§)
- ¥R %S (DL 10TZ) mlvm & MLIR ’5%1*%

* T ﬁzlj:é’% i’%%fnlz}\? EI,(J 7L Iy_l }_A }% % §7< Studying compilers can help you become
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understanding of programming
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What is Compilation?[ft4 2 4mi%? ]

SMRESMERET, (BirENL A B /1
- HIAE S EE: "Thisis a sentence” = “IX & — )1
BB SR SR > F AR
- FrE N R BIE TR R, LR 2 HEY A FH B4
o IN[F]E mﬁT =) IS 7 =
B ”}Eé):‘ ! 11:[ H j\%’ /Tf )EH éﬁk’: i SOFTWARE

Compiler /Libraries of macros and procedures
o C; C++ Operating system

_ I% é& ” -[/lZl IZI % ﬁ *% ll‘éE Instruction set (ISA) cgg:g;g}:URE
P th o n R u b Computer System Organization
o y y Circuits (implementation of hardware functions) HARDWARE
—_ ﬁ ﬂ:b /fi )EH / Eé H/J 7? :T:E Semiconductor physics

o Java: ZmiE + BB 2% (JIT, Just-in-Time)

Compiler Interpreter

o
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C Compilation[CiE = %1%

« JRFEFF (hello.c) = B AT A4 (./hello) g_c/'f]Zﬁohe”O'c'o hello
- TiAbFEFY B (preprocessor)
o ILEVRIET, BHZEE N, AR CGr—ANCTARSTE)
- Jm =M Ex (compiler)
o LSRR NSO GEmARED)
- 14w B (assembler)
o .S N.on] EENI AT A (relocatable object) A (Hl2sfE2)
- EBM B (linker/loader)
o EFEAME M AESTHAT (executable) A (Flasfe4)

Preprocessed _ _ Object

C source | source [ T files Executable (RS
I § 1 | | & : bf do 05 40 00
) s | ] - : e8 d5 fe ff ff
’ 5 DlT D b8 00 00 00 00
z ! : ; 5d
‘Preprocessor I Compiler I Linker c3
' \ '

clang -S hello.Il -o hello.s ‘
clang -c hello.s -o hello.o clang hello.o0 -o hello UHIGJL




C Compilation (cont.)

* Preprocessing: Y5 304> b3 5 IR SCAF

* Compiling: A2 5 I3 S > I g A CRS ST
* Assembling: JC 4w S S>> H AR SCAE /LA 5 2 31

e Linking: HFr3C > #4734 = @& "

* N\ h / +
N ;
Propasing /\ Propressing

(cpp) (cpp)

(cpp) (cc) (gece) (gee)

_
Header Files *
stdio.h
Assembly Ass(:rsr)rbly
Object File Assembly Assembly (as)
Kol loen:. 7 S (as) <\  hello.s
Library +
+ libcacrtio |

Object File
Static Librar @ Objt:‘:;Flle : e
libc.a
|:> Linking I:> Executable
a.out Linking
2t

- v =1
RERBEIESR ; ;
hello.c :
Prepressing —"> (Preprocessed =" Compliation Compilation Compliation
hello.1

(Ld)

Executable

‘ 1 8 a.out

REFP I HRIBTR - B8 RS E, HH2E
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Compilation Procedure|[4 it 4]

* Hild (7 \1‘)?) X U5 %_:5)‘?, RE
/2 */j,fl:l A fiﬁﬁ X’flzl I Y }i/[_j%‘ Source Code
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3 Lexical Analysis
- )74 M1 (Lexical Analysis) Token Stream]| S
SR * : 3 lysi 1 ,
— {EvE 8T (Syntax Analysis) e et Canaisis)
- ‘E’i)‘(/\“ﬁ (Semantic Analysis)  [[semantic analysis |
}: ﬁﬁ‘ < ,;j_"‘ {j\éj\*}jr % Intermedlate
1 d i 1
}ﬂZIEXL£1ﬁ ﬂ: JEFE P 1Y) E *Tﬁ? e
- HFECISAE % (Intermediate Code Optimization Back End
Generation) Ry  (Synthesis)
| Code Generation |
o Intermediate representation (IR) 7
- A%k (Code Optimization) « TargetCode

- HAnCAE4E 5 (Code Generation)
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Lexical Analysis[iaika#h]

« FVEIE PP AR, IR g A
lj/jﬁlu\XEﬁﬁlijﬁI‘ﬁ (tOkEh) Source Code
- AR, Hi: token 4| :

Lexical Analysis

- tOkeni%/j—‘_\‘: <§l§%” 9 )%‘r$1ﬁ> Token Stream |
: ﬁ"v%’ T\ RFE. HE. BEATSE Syntax Analysis
- token /“/“/\—["J /zjybm” ? Syntax Tree |
Semantic Analysis
o Ova F) Snu Syntax Tree

{

Intermediate

Code Generation
for (1 =0; 1 < 10; 1 IR
arr[1] = x * 5;

arr{ 10}, ’

Optimization
IR
\ 4

Code Generation

v

Target Code

keyword(for) sym(() id(i) sym(=) num(0) sym(;) id(i) sym(<) num(10) sym(;) id(i) sym(++) sym())
id(arr) sym([) id(i) sym(]) sym(=) id(x) sym(*) num(5) symbol(;)

“E ' orl




Syntax Analysis[i&iE s #]

o fEHTIRAE X N K token /741, AR RGE
VAT HT 4R (syntax tree, TEVEHTH)
—FON: BRI, B EVEM
- T NFE TS BT A By AR 2
oa+=5:

main()

{

arr

for (1 = 0;

Source Code

L

Lexical Analysis

Token Stream"

Syntax Analysis

Syntax Tree"

Semantic Analysis

Syntax Tree
\ 4

Intermediate
Code Generation

IR
\ 4

Optimization

IR
\ 4

Code Generation

v

Target Code
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Semantic Analysis[ig X4 #r]

o F T IRVRG R o HriE X

A\ » N AN » d
- ELFH'J]\: 13/21‘5@[’ iﬁﬁtlj' 1§/£*Xj‘+fq‘%i§ Source Code
—_— /% o ‘l:I/‘;/“ \ J _:‘:_‘ % éé: l
Llji\ﬂc?l‘/gbxg i) E X & (type, scope=F) el A
— BT R T A 1 S ? T sveen]
Syntax Analysi
o ARAGEYIHNER ;& 575 el
o int X, Y= X(3); Semantic‘:'AnaIysis
o) Syntax Tree
{ . _ . Intermediate
’ Code Generation
for (1 =05 1 : IR
arr[1] = x * 5; Y
Optimization
IR|
Code Generation
v
Target Code

w:i@i



Intermediate CodeHafLrd4: 5k

» WIZGEE, AR ARG TIRAE A A A ]
%/j_\‘ <|R> Source Code
-HiN: IEVAEN, Rt IR |

Lexical Analysis

- IEM B O, TR cmad

%g E](J ify_ﬂ; 9 %U ﬂ: 5’?@1% Y Syntax Analysis
- IR 18 =Hulikhd (TAC, Three- SwtaxTree)
Address Code) Sj’:t;“i:(': A
{ ma;:i) , _ 5 Interrr‘lrediate

Code Generation

for (1 =0; 1 IR
arr[1] = x * 5; v

Optimization

i:=0 IRv
loop: Code Generation
tl:=x*5 v
t2 := &arr Target Code
t3 :=sizeof(int)
t4 =13 *|
t5.=t2+t4
*t5:=t1
i=i+1

A
if i < 10 goto loop 23 UHIGJ‘



Code Optimization(ftrE ik

o I LAZ S P RS L SE 45 (o,
/fJEE—UJE%EL ) ‘IZ:EL‘ ﬁ% I%J ) Ij\j ﬁ’fﬁ , ﬁ//l\ ) Source Code
- iﬁﬁA: IR’ Eﬁﬁtlj : </ﬁt‘/ﬂi‘ Em) IR LexicaIlAnaIysis

- PlEs 5% (machine independent) Token Stream]

v —_ v — \ y— - Syntax Analysis
- 15”&']: &%U_ﬁiggﬁﬁﬂﬂu Ig//ﬂ:?; Eﬁif%/f/lg Syntax Tree|
E&jﬁ%, {f}fﬁ EA%DE: Semantic Analysis

Syntax Tree
\ 4

awn()

{ Intermediate

Code Generation

arr

for (1 = 03 ; ) IR
arr[i1] = x * 5; v
} Optimization
i = O IRV
loop: Code Generation
tl:=x*5 v
t2 := &arr Target Code
t4 =13 * |
t5:=t2+t4
*t5:=tl

i=i+1 24 A
if i < 10 goto loop W!IGJ‘




Target Code[ H AR5 A k)

» NEFENLAR A E H RS Ceng., 140D
- iﬁﬁ)\' (’fjt/f”h E](J> |R9 iﬁﬁl‘ilj E *fi‘_\"fﬁﬁ% Source Code
~ FFAEREIYIL: BRI Bdh —
- FRAIEH: ENLAR IR SEDUIRERAE Token Sreamy _
- B LB A o ot
o WU&D %ﬁ%ﬁ&lﬁﬁﬁﬁ% Semantic Analysis

Syntax Tree
\ 4

Intermediate
Code Generation

IR
\ 4
Optimization
...... IR"
14: 8b 55 f8 mov -0x8(%rbp),%edx // edx = x c
17: 89d0 mov  %edx,%eax // eax = x SEEIS EEE EIE
19: c1e002 shl SO0x2,%eax /] eax = (x<<2) ¢
1c: 01c2 add  %eax,%edx // edx = (x << 2) + x Target Code
le: 8b 45 fc mov  -0x4(%rbp),%eax // eax =i
21: 4898 cltq
23: 8954 85d0 mov  %edx,-0x30(%rbp,%rax,4) // arr[i] = 5x
27: 8345fc01 addl  SOx1,-0Ox4(%rbp) /] i++
2b: 83 7d fc 09 cmpl  $S0x9,-0x4(%rbp) //i<=9

2f: 7ee3 jle 14 <main+0x14> // loop end? UIEGJ‘




Interpret vs Compile [k vs. %]

 GiR: VRN R T LT

- Hs R oL TR (B2 > 2w

¥ > 1B17)
- TR BRI, SRR AL
- YERESE I (A, o OoACAS I8 C/C+

+)

MR UREE (A AR
17

- AMERHMER, Al

- BHRJPAT, IRMERATRAL

- VEREIEH A KU

Compiler Works

Compiler

Interpreter Works

Source Code Python Byte Codes
R M (basic.py) (basic.pyc)
(&) Fux 4

PVM

26

Intermediate Instruction Python Virtual Machine

Output

Source Code

L

Lexical Analysis

Token Stream"

Syntax Analysis

Syntax Tree"

Semantic Analysis

Syntax Tree
\ 4

Code Ge

Intermediate

neration

IR
v

Optim

ization

IR
v

Code Ge

neration

v

Target Code
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JIT (B 4 1

o BN 21 (Just‘—ln‘-Time Compiler) :
AT HATFE 7 9w e 4 A

- SRAMBRE AT A2 e
o JERIPEL INLEACES IRA SR, DL T . o
W\’fﬁﬂ% Compiler — Compile Time
- 4 9%1% (AOT, Ahead-Of-Time) : 4 1
g}%i%)ﬁ@ff—} Byte Code —
* JIT vs. AOT r .
- ITE A RS 1) RIS
o JAEHNTHwFER, ERIRIE1T Machine Code _|

- MR IR AFIAOTEE [H]
o BT YR iFEERE R — 2 tEge b adn ok
o {HA] LR RE s AT R 4T 21 S04k
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