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M~ (1?7)
# ./hello <enter>



Hello World R REBIRE = — seas

Shell 20 . A I)_(_e_l_l_g _______________
./hello |d-|inux.SO :
B 52 A 58
"""""""""""" 1 - eglibc
libc_start_main i | main
execve Il
_________________ { _______________________ exit
------------ SYS execve |- SYS exit
kernel * V

bR T1E

P& loader = 'H Process

BCE Process
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mEEX%IL;\ﬁZ_ Jﬁ%E_b ?
Ctrl + Shift + B (Visual Studio) 2k ¥#&—F "# & ,
# gcc hello.c -o hello

RN E A= I\
] Linux KRi(Fie # gcc hello.c -o hello

MEAE : HEIATEE ERIEBI R G i

5 : Toolchain FHREIF A , FARRIE (RIERIGHS
S5} AT HTHOFE
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#2 Hello World BB i 18

C program: hello.c

Obiject File: hello.o
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¥ Toolchain (F AN ) I &

bR 7 BRI RYEISRIME LASD ...

EMFSEIERER
ANEEMMEEEE (Quality)
22 B8 (Optimization)
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B % Bz AL B L K PE B (Life Long Optimization)
(Chr|s Lattner #1 Vikram Adve, LLVM)
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Compiler Driver: I A2 J&E

AZERIF # gce hello.c -o hello FIBEMITIE
Tg?

gCC L@&TEEK ZEEﬂEI BB4LRY C 4Rimse

BREREE:
# gcc hello.c -S -o hello.s (EZXHERESIER)
# gcc hello.s -o hello ({KMHSESEEIITE)

1R LAR L#ITE , ##18 gcc B R —{El4HEER

n)tu
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__, Binary
(Executable)




Compiler Driver Bi{Ef# AT

# gcc hello.c -0 hello -v --save-temps

HIRERE, REBTIR hello.c BRI EL, 7I3%18:
"EIERY C CompllerzEc;"? T

-

collect? (E4: Id FERIZEL 1d) -0 hello




#H : Id NS (FAFREA )

® collect2 version 4.4.3 (i386 Linux/ELF)

fusr/bin/ld --build-id --eh-frame-hdr -m elf 1386 --hash-style=both
-dynamic-linker /lib/ld-linux.s0.2 -z relro /usr/lib/gcc/1486-linux-
gnu/4.4.3/../../../../lib/crtl.o /usr/lib/gcc/i486-linux-
gnu/4.4.3/../../../../lib/crti.o /usr/lib/gcc/i486-linux-
gnu/4.4.3/crtbegin.o -L/usr/lib/gcc/i486-linux-gnu/4.4.3
-L/usr/lib/gcc/i486-linux-gnu/4.4.3 -L/usr/lib/gcc/i486-linux-
?nu/4.4.3/../../../../Iib -L/lib/../lib -L/usr/lib/../lib -L/usr/lib/gcc/i486-
Inux-gnu/4.4.3/../../.. hello.o -v -Igcc --as-needed -lgcc s --no-as-
needed -Ic -lgcc --as-needed -lgcc s --no-as-needed /usr/lib/gcc/i486-
linux-gnu/4.4.3/crtend.o /usr/lib/gcc/i486-linux-
gnu/4.4.3/../../..]../lib/crtn.o

GNU Id (GNU Binutils for Ubuntu) 2.20.1-system.20100303
GNU gold (GNU Binutils for Ubuntu 2.20.51-system.20100908) 1.10

BENE/NRIF B 5
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® GCC (Compiler) | g |
* Binutils (Assembler, Linker) | binutils |

® libc (C Library, eglibc/bionic) eglibc

& - BB, B, B2
* FIAFMIFE 212N, EEFRm. FF T EHM
® THE=KITCER







MRREAEEL 5,
IR B Compiler) ?

o

° {1F
@ S

® Rec
® Tran




e AT AN B

First compiler (1952)
F—E4maZ2s, UNIVAC
A-0, Grace Murray Hopper
First complete compiler (1957)
5 — (BT R ARz as
Fortran, John Backus (18-man years)
First multi-arch compiler (1960)
F—EZFeiRizas
COBOL, Grace Murray Hopper el al.
The first self-hosting compiler (1962)
F—(E8EB C 4z B C I ARszas
LISP, Tim Hart and Mike Levin
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Second Edition

b Ry o
SOORBEIL L\
; - Yy i}r'.. I .

-‘ __.Mnnica 5. Lam
"\ Ravi Sethi
Jeffrey D. Ullman
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Syntax Directed Translator



GCC, the GNU Compiler Collection
HWBEIEEREE (X) —

GOLJSIE ﬂﬁ K mt—'lmt!i_

Ere mx v B mes oxee v mE B BT AD (5 S ..o, -
{eledian i

GCC FECEREE P

Mwe O osrarmw
BT LHMT BRI -

Gulf Cooperative Council (GCC) Map

GNU Compiler Collection (O)




GCC - GNU Compiler Collection

## GNU C Compiler 2l GNU Compiler Collection
LI ZTERES (7), STERIERTFES (30+) (GCC 4.6.0)
GCC 4.6.0 5238 GO ETE—E; (GCC-GO)

GCC4.0.0 i "MBERTT. 125
R In iS5 AmaE ’Eizfz‘u‘

GCC = Compiler Driver
ccl = EIERY C Compiler




GCC HIZE 8

n%zl-‘n\?flfmn%zli

Syntax Directed Translator

FREl RO R A B G A A AR I 2R 2L B AR 81
GCC By IEEa Y -
GCC 2ESTBRRS (Rl )
GCC ZEZM2REIEES (1Rim )

HFARARAR . FEEEE
HFRZBREIRIEINS
HIRERIER

FTBA GCC 5| A\F
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GCC Hym M ARIRZ B A12 )

C Source

C++ Source

L} L L} vy L] L L] L L]

[ Target ASM ]:




fRER IR (HEER)?

Intermediate Representation ( FEFRRIN )
AmrEas RV E N

EEHE(L / BIRERETE IR EEEITHY

IR WERFAMEMNEBERERE —(EiR:ZzsEREAE L]

GCCHY IR
High Level : GENERIC (Syntax Tree Style IR)
Middle Level : Gimple (Tree Style IR, SSA form)
Low Level : RTL (List Style IR, Register Based)

GCC HimaZ1Eiz : (EiiNGS
SHlERE (EE’*T? , sCIEE

>t

& (C5&S ) (Source) 2
) (Binary) RY—{@E#&E 5

x~

|=I]IE=




Static Single Assignment, SSA Form

&2 SSA Form ?
Social Security Administration (X)
RREEIRERIN (0)
FAHER, EEER7EEF
F{E# Assign FIE S Z S HIE — X
Ei&
1. S{E# Assign I & 8145 — (&
Version number
2. {4 & functions

#01 : ( BUH Wikipedia)
INPUT: y =1, y=2,x=Yy
SSA:yl=1,y2=2,x1 =y2

Diego Novillo, GCC Internals - IRs



{5 i SSA "] Jn 3% / AR AR By &AL

® Constant propagation

® Sparse conditional constant propagation
® Dead code elimination

® Global value numbering

® Partial redundancy elimination

® Strength reduction

® Register allocation




SSA @ Constant propagation ¢z mE:z)

VAN

GCC-3.x (No-SSA)

 GCC-4.x (SSA)




GCC Eij ¥R : Source = AST - Generic

® GCC C/C++ frontend
@ BISON (3.x)
© Recursive descent parser (4.x)

o M C [EY4RE | i B E iRk R
f&t (Parsing tree)

® Abstract Syntax Tree (AST)
* MREEIEE
° fETEl + BEE
®*EX:b=(a-56)/c




Generic Tree sg¥f

®(a-56)

)
)




GCC H ¥ : Gimple & Tree SSA Optimizer

Gimple 21 Generic Gimplify ;&E{t. 12k
HAK FFiE Generic #A% ...
R SEEEREEEMEESIT (3-Address IR)
tl = Aop B (op is operator like +-*/ ... etc )
PR HBIEEE R gEB R EIEhliRiE
Gimple =] BA#{C AL SSA Form
o[{EA -fdump-tree-<type>-<option> REIBHLIE

Tree SSA Optimizer
100+ Passes
Loop, Scalar optimization, alias analysis ...etc
Inter-procedural analysis, Inter-procedural optimization



GCC & ¥m : Register Transfer Language (RTL)

b =a - 56

60

61

® LISP-Style Representatioﬁ'
® RTL Uses Virtual Register ( #£BE = {& Register)

® GCC Built-in Operation and Arch-defined Operation
® Instruction scheduling (Pipeline scheduling)

® Peephole optimizations




GCC &8 ¥m : RTL Patten Match Engine

- S S S S B S S D B B B B G G e G DS D B B B D B G e Bae B e B e B W e aee mew e e el

addu\t%0, %1, %2
addiu\t%0,%1, %2
[(set attr "type" "arith")
(set attr "mode" "si")])




GCC W& BN = (Built-in Function)

GCC ZEITIEL , SRRRERTN, EFaFRH
, BN ARESRESH AV REIE
strcpy() » x86 FHEERIEIES

T RIEASTVAY printf() - putS()
=fAEE > sincos (x87 1£Z )

Hittz( A\ C S RENTES , tBr]RERE
ViEERABR AR C EET:T—HIE ] (intrinsic)
a0 : Intel MMX, ARM NEON, data prefetch, ... etc

B3




CEEEAM

ZE/: newlib, eglibc, bionic libc
RAERATVE
libc (C sBSRIT\VE )
libm ( V2K [E )
EPZZELRI T\
POSIX R #eAT\ &
EZE R 4 1H R R T\ B
A8E% , DNEEER, Fouh% .. FiElE
Threading Library ( #11T4&X£IZVE
Dynamic Linker ( ENREE453S )

ll:ll:ll:I




W 2R B A XRRIEER

Mﬁ%7'
R ARGEF B EE R T

GCC XENZENESE ( 9lfFiE ), PIRAEBRE] Runtime
Library BY—{El#@EERIZ\
libgcc: GCC low-level runtime library
AR BHEIESENEHNERER
32 I TTEERIE
64 i TTEE SN ER

'_l oo

FENER
FA 2R 4mEE S RIS

Exception handling



FEAE AR B 4 522 e

Linux-Kongress 2009: Source Code

Optimization

http://www.linux-kongress.org/2009/slides/compiler_survey felix_von_leitner.pdf

7 x86 £ —(EEFBABEES 0

mov S0, %eax
and S0, %eax
sub %eax, %eax

XOor %eax, seax
BEELSHRI ?

b8
83
29
31

00 00 00 00
e0 00

cO

cO






Binutils - GAS (GNU Assembler)

4Rz 22 (Assembler)
HEFESEIR B AVEE (object file)

AHiZE3 ] AERE. Br]R1EHE
—#H—FEE vs. IBEEZ Marco

Directives #1 Pseudo-instructions
&G45l : MASM Y invoke

, 0, ptr “World", ptr “Hello", 1

Push Ox1

Push ptr “Hello”,
Push prt “World”
Push 0xO0

Call MessageBox

B]#R 15 MessageBox [RE! (prototype) BENELX

Assembly Language thaJLATE1& C
Blackfin DSP



HEARA & AH iR A% /YL

Paxasll=]=

HEMHFZRI 28R RPEE
binutils-2.21S wc -1 gas/config/tc-arm.c
23677 gas/config/tc-arm.c

—{@ ARM Assembler A&t FRAYFEIEE (BFD) .
PR headertsg SE2&E 3 FZ(T !




Assembler: 7k BRI A Relocation

(VR 7743

= 0% ARM 2HE58= bl printf #Epy BRYME ?
FRERIMS , 4AiZ38AF0E printf £ TIE / SC1EEE09AIHE

EAEPEER A S 4ME printf EIERIMIE (FREEEL
Relocation Type
158 (45 Linker By—f&{iIHESH )

)

Linker Zkisan < 48 %113 HWniE (M), HKER

Dynamic Linker thEEEFgiEH

HEH:Z3:30R T #IEZIE S AN, I —(EIE
B EY Symbol Table R Relocation Table

30l

L{EFR




Assembler: Symbol Table 1 Relocation Table

bl printf

=128 B (resolve) BIALAE , 18 F = 5oiE O



Assembler: BB EER AL L

| i B

B5 — (B :
32 {iI5T RISC AIERZIFAUFE S

Ao gek= 32 iIJtHIZ=R (opcode + oprand)

ARM BL,BLX » +£32MB RYRZEELE

{8 printf A 8E7E 32 fIsTHREVEIIE

REA
18 printf Az utERY data RIRTF

RTIEIL . FBESE printf ALUERIEE 1758

MOV.hi S$r5, printf
MOV.lo S$r5, printf
BL Sr5



Assembler: H &5 B & {E1L

° BERTIEIL : FBESE printf BFIAAERNET 788
° SRR ZEERRE

o /_\Ib\ printf FAEIRE 1=
* F#HERR RIEMEA SRR EN
o 5‘E1E’*“Fﬁﬁ R AEERRZE 32 T (1RSF1EE)

©F "#& printf FAfEMHE, FUBPRAIDES | EEEE
A (Relocation Type)

BL $r5

BL printf







Binutils - collection of binary tools

Binutils B94Zil» : BFD
BFD: Binary File Descriptor library

Y122 8B 194E (PE,ELF,COFF) FN 2 f& R IE 23
X Fig » HRENEYGH - REB/E
Header
Sections, Segment
Attributes
Data

HE GNU Binutils #iELA BFD AE0EREF




Binutils - LD (GNU Linker)

AT ALART, FIEMNEREINBIAREEIEFTEHERA
B —(EExEF
ANRFIEREEIE 10 E1T (Microsoft Windows NT 4.0)
TE—EERN - B |
ARIERENERFAEERAF, MEEREIAREITE
BEBIVEME, IRFEFE, AKX EREEE
VY

PRINEEE SRRVIF A, T Linker




Binutils - GNU Linker

® Linker B TAE ( —f&E

REELEHITIE )

° BT B HIE =R AITIE
o FEEETEER (Symbol Resolve)
o —tIkEEEIR ( EEIE Relocation Type)

Ny

LINKER

DATA



Dynamically Linked Shared Libraries

[ .

m.cC a.c

Translators / Translators
(cc1, as) (cc1,as)

m.

o

Loader / Dynamic Linker
(Id-linux.so)



Relocatable Object Files Executable Object File

system code [R=ree 0) N\
a4
-
o
B Gata
.text int *ep = &e
_int x = 15 |
.data uninitialized data .bss
.symtab
. .debug

int e=7; extern int e;

int *ep=&e, x=15, y;

int main() {
int r = a|();
exit (0) ;

}

int a() {

return *ep+x+y;

}



¢ 8{& symbol & F—EFEE, —RKRHMZE
memory address

¢ Code = symbol definitions / reference
¢ Reference = local / external

Local symbol (ep)
(4 definition

External
symbol (e)
#J reference

int *ep=é&e;
int x=15;

Holec NSV IN()IN int main() {
(4 definition int r = a();
exit (0) ;

int y;

Local symbol

External (%, Y)
symbol (exit) External #Y definition
iy reference symbol (a) Local symbol (a) [ p———

Hy reference [y definition (X, y)

B reference



GCC Linker -

fo

int e=7;

int main() { &
int r = a();
exit (0) ;

&
RelocGation Info

Disassembly of section

.text:

00000000 <main>: 00000000 <main>:

0: 55
1: 89 e5
3: a8 fc ff ff ff

pushl %ebp

movl %esp, sebp
call 4 <main+0x4>
4: R 386 _PC32 a

8: 6a 00 pushl $0x0
A e8 fc ff ff ff call b <main+0xb>
b: R 386 PC32 exit
£: 90 nop
Disassembly of section .data:

00000000 <e>:
0: 07 00 00 0O




08048530 <main>:
8048530:
8048531:
8048533:
8048538:
int e=7; 804853a:
804853f:

int main()

{ 08048540 <a>:
int r = a(); 8048540 :
exit(0); 8048541 :

> 8048546 :

8048547 :
804854c:
804854e:

~ A a A=A

55
89
e8
6a

90

55
8b
(0]
al
89
03

-~

Disassembly of section .data:

08042018 <e>:
804a018: 07 00 00 0O

0804a0lc <ep>:
804a0lc: 18 a0 04 08

0804a020 <x>:
804a020: 0Of 00 00 0O

e5
08 00 00 0O
00
35 £ff ff ff

pushl
movl
call
pushl
call

sebp

%esp, $ebp

8048540 <a>

$0x0

8048474 < init+0x94>

Executable After Relocation and
External Reference Resolution

15 1c a0 04

20 a0 04 08
eb5
02
ec
05 d0 a3 04

pushl
movl

movl
movl
addl
movl
addl

popl
ret

%ebp
0x804a0lc, $edx

0x804a020, $eax
%esp, sebp
(%edx) , Seax
%ebp, sesp
0x804a3d0, $eax

%ebp

extern int e;

int *ep=&e;
int x=15;

inty;

inta() {

return *ep+x+y;

>




B Linker B i H) =

Linker 08 {1 FZ :
1@ .text B4 .data BEERHIRE
text B2 .data [RERHVIER
Linker B1E 5
absolute address of each label to be jumped to

(internal or external) and each piece of data being
referenced




ELF

(Executable and

Linkable Format) L

| e

ELF header

Program header table
(required for executables)

. text section

.data section

.bss section



ELF s

N
Executable object file Process image 'ﬂg % % % L

o

ELF header .
Virtual address

.. : 0x080483e0
init and shared lib || & =
segments
0x08048494
.text segment | ¢
(r/o)
0x0804a010
.data segment
(initialized r/w)

0x0804a3b0

Program header table
(required for executables)

.fext section

.data section

.symtab

.rel.data

.debug

Section header table

.bss segment

(required for relocatables)

(un-initialized r/w)

Loading ELF Binaries...




Binutils - Gol L




ﬁ%ﬂ'/ Ln\l:l E ElJ*-LI
KEE"EJ_T‘J Relocation

ﬁ% luﬂ*ﬂ’f?*ﬁ
== ik (Resolve) FiERY Symbol #1 Relocation

E)J,u BAEHITIS
EZ R (Resolve) FTE /I Symbol 1 Relocation
Dynamic Linker B9fiIE
EEEE’JE)J B 45 R TR
E?J BEHEEEEEN (PLT, GOT ...etc)
E}J n\l:llzl_t =]
EEEE = @R (Resolve) FrEHRY Symbol #1 Relocation
EEEE’JE}J B 45 RN
BNREELAEEREEN (PLT, GOT ...etc)




B BB E 45 28 (Dynamic Linker)

[

JIEE
HRANRANRFES XN
HITHIRHEET & SO e ee
EEREEP, WEEREAFARSTE
B R RIA

H&ZISE%EE"JHH?E LLER 75 {E
{EFEEFIFER Shared Library

£ Linux RYE 5] | BhREE4E S 2 C ATV EBERY—

wFiEs , 8@ C RNEAEERIEIRELS
GNU/Linux - /lib/ld-linux.so (eglibc,glibc)
Android - /system/bin/linker (bionic)




GNU/Linux H B B8 18 45

E}Jlu\ n\l:lﬁilr *EE ’ E 'ﬁ“:é':_xx__};k
Static Time Linking (Id, bfd-Id 8% gold-Id)

= ZfFiR (Resolve) FrEHY Symbol
& External Symbol B9{iitiE3E[E stubs
PLT (procedure linkage table)

R BIEEIEMNEIVIBIERhELSER

Runtime Time Linking ( EiZ&E4523 : /lib/Id-linux.so0)

ERE%={EHH Lazy Blndlng BRI

= JExternal Symbol 55—/ R#EMENURS , EIREEAIZEHER
X (Resolve) External Symbol

E)J JEZEEES’éHjEEE’Juth \[F B B IR EX A
GOT (Global Offset Table)

B RMEINRYRS e , E{ERREXARRIAILE



PLT 22 GOT external symbol FfrtE, RAEH

. text PLT (procedure linkage table) #
call PLT[n] #H %t FE B9 AL 1k
.plt: / /“R‘_‘U\H}DL{H—J,
 » PLT[n]: 1% F TJ%EKEPE'JMH

jmp *GOT[n]

PLT resolv[n]:
push  #%JHHHAY Index
jmp Z|| Resolver E i j

external symbol & X

es L R | ByReiEAL 5
pushl GOT[1] & e
jmp *GOT[2] resolve , &EHEIL

HINZHE . B RECH

.got: R .0
GOT[1] : R p|ENREEK ZCE A & AT

GOT[2] : dl_runtime_resolve

GOTl[n] : PLT resolv[n] ( [EAR =IO HE )




Relocation: EA & #H B B E i

® glibc elf/dynamic-link.h

/* This can't just be an inline function because GCC is too dumb

#

to inline functions containing inlines themselves. */

define ELF DYNAMIC RELOCATE(map, lazy, consider profile) \

do {
int edr lazy = elf machine runtime setup ((map), (lazy),

(consider profile));

ELF DYNAMIC DO REL ((map), edr lazy);
ELF DYNAMIC DO RELA ((map), edr lazy);

} while (0)

® glibc sysdeps/i386/dl-machine.h

/* Set up the loaded object described by L so its unrelocated PLT
entries will jump to the on-demand fixup code in dl-runtime.c.
*/
static inline int __ attribute  ((unused, always inline))
elf machine runtime setup (struct link map *1, int lazy, int
profile)
{ T
got[l] = (E1f32 Addr) 1; /* Identify this shared object. */

got[2]

(E1£32_Addr) &_dl_runtime resolve; <¢—— ELF resolver

~



1] R 75

I HtE

PR

it o R

L-ml:l E,] % % ;\ Eéﬁ\

ERAFEINES (PIC, Position-independent code)

JE?%E’JI_FW" WENARF, AFNEB SR

AR HYE

S FTELL, BREELER/REZFER PIC

75 2 IS fi L BB BASE + OFFSET BStia e

ﬁ

ZEJYN

] PIC BUBS& , SRS [F1E

7(-‘5 73 BRI R UF BE R FR 1% m

=Reg=

—_l-IEE'?f

Prelink 3% ##7
N

EH ZE 0]

EIETVHIRNEE

] DA i R 81\ B B B R Y 5 =2

Linux Kernel Module

http://elinux.org/images/8/89/LKM Preresolver ELC-E 2010.pdf






Loader and Linker, John R. Levine 2000
EFENERESE - B4, SIAMEIEIE
LLVM: A Compilation Framework for Lifelong Program Analysis &
Transformation
http://llvm.org/pubs/2004-01-30-CGO-LLVM.htm|
GCC, the GNU Compiler Collection
http://gcc.gnu.org/
GNU Binutils
http://www.gnu.org/software/binutils/

Embedded GLIBC
http://www.eglibc.org/home


http://llvm.org/pubs/2004-01-30-CGO-LLVM.html
http://gcc.gnu.org/
http://gcc.gnu.org/
http://gcc.gnu.org/
http://www.gnu.org/software/binutils/
http://www.gnu.org/software/binutils/
http://www.gnu.org/software/binutils/
http://www.eglibc.org/home
http://www.eglibc.org/home
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