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I Introduction (1)

Computer system

(@Address

®Data®@
. < >
Processing | (@®Instruction Storage
unit n unit

CPU

Memory

Data movement Byte addressable array
Arithmetic & logical ops Program code + data
Control transfer 0S code + data, ...



I Introduction (2)

CPU (Central Processing Unit)

PC (Program Counter)

- Address of next
instruction

- Called "EIP" (IA-32) or
"RIP" (x86-64)

Register File

- Heavily used program
data

Condition codes

- Store status information
about most recent arithmetic operation

- Used for conditional branching

ALU

Register

File




I Introduction (3)

Instruction Set Architecture (ISA)

An important part of "Architecture"
Above: how to program machine

- Processors execute instructions in sequence
Below: what needs to be built

- Use variety of tricks to make it run fast

Instruction set

Processor registers

Memory addressing modes

Data types and representations

Application
Program

Compiler,  0S

ISA

CPU Design
Circuit Design

Chip Layout




I Turning C into Object Code

gcc -0 pl.c p2.c -0 p

« Use optimizations (-0)
e Put resulting binary in file p

text C program (pl.c p2.c)

l Compiler (gcc -S)

text Asm program (pl.s p2.s)

l Assembler (gcc or as)

binary Object program (pl.o p2.0) Static

libraries (.a)
Linker (gcc or ld)l ‘////,/’

binary Executable program (p)




I Compiling into Assembly

gcc -0 =S sum.c

sum.cC sum.sS
int sum(int x, int y) sum:
{ pushl %ebp
int t = x + vy; movl %esp,%ebp
return t; movl 12(%ebp),%eax
} addl 8(%ebp),%eax
movl %ebp,%esp
Some compilers use single -~ Eggl %ebp

instruction "leave"

0x401040 <sum>:

Ox55 0x89 0Oxe5 Ox8b 0x45 0x0c Ox03 0Ox45
Ox08 0Ox89 Oxec Ox5d Oxc3




I Object Code

Assembler

« Translates .s into .o
 Binary encoding of each instruction
* Nearly-complete image of executable code

 Missing linkages between code in different
files

Linker

* Resolves references between files

e Combines with static run-time libraries
- e.g., code for malloc(), printf(), etc.

 Some libraries are dynamically linked

- Linking occurs when program begins execution

0x401040 <sum>:

Ox55

Ox89

Oxe5

Ox8b

Ox45

Ox0c

0x03

Ox45 - Total of 13

oun |

0x89 instruction

Oxec 1, 2, or 3

0x5d bytes

@xc3 | - Starts at
address
0x401040




I Machine Code Example

C code

« Add two signed integers

Assembly

« Add two 4-byte integers

- "Long" words in GCC parlance

- Same instruction whether signed or unsigned
* Operands

- X Register %eax

-y Memory M[ %ebp+8]

- t: Register %eax

Object code

e 3-byte instruction
« Stored at address 0x401046

int t = x + vy;

addl 8(%ebp),%eax

0x401046: 03 45 08




I Disassembling (1)

Disassembler: objdump -d sum

e Useful tool for examining object code

 Analyzes bit pattern of series of instructions

* Produces approximate rendition of assembly code

e« Can be run on either a.out (complete executable) or .o (object code) file

00401040 < sum>:
0: 55 push  %ebp
1: 89 e5 mov %esp,%ebp
3: 8b 45 0c mov Oxc (%ebp) ,%eax
6: 03 45 08 add Ox8(%ebp) , %eax
9: 89 ec mov %ebp, %esp
b: 5d pop %ebp
C: c3 ret




I Disassembling (2)

Using gdb (GNU debugger)

$ gdb sum $ gdb sum
(gdb) disassemble sum (gdb) x/13b sum
Dump of assembler code for function sum: 0x401040:
0x401040 <sum>: push %ebp @x55 0x89
0x401041 <sum+1>: mov %esp,%ebp Oxe5 0x8b
0x401043 <sum+3>: mov @xc(%ebp) ,%eax Ox45 0x0c
0x401046 <sum+6>: add 0x8(%ebp),%eax 0x03 0x45
0x401049 <sum+9>: mov %ebp,%esp 0x08 0x89
0x40104b <sum+11>: pop %ebp Oxec 0x5d
0x40104c <sum+12>: ret Oxc3
Disassemble ~ Examine 13 bytes

procedure, sum starting at sum



COMPUTER SYSTEMS REVIEW
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RISC FLZO0|E CISC 1 RO|E 7|4 HYES 37202 22

H|O|E|{ X< (Data transfer)

- oF 0N CHE E4AZE HO|HE A
HAF(Arithmetic/Logic)

- 7|&2°| HIE IEHES AIESIH MEZ HIE TIfHS A4
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Al 0] (Control)
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e LOAD : MEM — CPU
- STORE/SAVE : CPU —> MEM
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EXEER

H2ajof HAE ZHSOl TS A C= A+ B

1. AS HIZ2|0N 7tAef HAAH0 A
LOAD R1, MEM_A
2. BE W22 0AM 7L £ CHE A LB A
LOAD R2, MEM_B
3. R1, R2 YRAIAE = E6ll R3 gA|AE0 AZAUSIEEH S 2=
ADD R3 R1 R2 // R3 = R1 + R2
4. 215 M2 C /R0 ¥
STORE R3, MEM_C
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- HZ T E (op-code, operation code) : ({L H=HOIZX| XA

=X
o
o LO[HAMZ}(operand) : HHO LCHa (HHILIL AIES AH)

7t BREOAM AIEE= ][40 : 2 HIO|E = 16 H|E
- HE I E (op-code) : ZF|RQ| 4 HIE (16749 HH TIs)

« I HAMZRt(operand) : 4 (MAAE BHS) + 8 (HEZ2|FA/Z)

- 4 bit = 16749 YHIRIAE AIRIIS
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ERCEEE

LOAD R, MEM 1RXY

|

* register R « address XYO| = &k

LOAD R, VAL 2RXY

« register R « XY 7} H36}= 1 byte

STORE R, MEM 3RXY

« address XY « register RO| & &t

MOVE R, S 40RS

e register S « register RO &= 4t
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) 714 BYo 3y
ADD R, S, T 5RST

2's complement addition
register R « register S + register T

ADDF R, S, T 6RST

floating point addition
register R « register S + register T
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) 714 BYo 3y

ORR, S, T JRST  (bit-wise OR)
 register R « register S OR register T

AND R, S, T 8RST  (bit-wise AND)
 register R « register S AND register T

XOR R, S, T ORST  (bit-wise XOR)

 register R « register S XOR register T

bit-wise operation: bit tte| (Ce| |, &, ™)

logical operation: byte CtQ| (Ce| |1, &&)
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) 714 BYo 3y

ROT R, X AROX

e register RQ| Zt= X-bit TF= rotate right

JUMP R, ADDR BRXY

« 1if (register R = register #0), jump to address XY

unconditional jump BOXY
HALT Co00
- BXA HA S
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D 1A B AR of
220 &= 450 sk 4 C=A+ B 0ff Cfsr HH
1adE off & LOAD R, MEM 1RXY
H register R « address XYO| & Zf
156C 270 60 Hzal 20| S0%= HIE LOAD R, VAL JRXY
mES 5T A AE0] LOAD register R « XY 7} E3st= 1 byte
=471 602 ME2E2| Ao SHU= HIE
166D s M= STORE R, MEM 3RXY
IjEAS 6HH 2| A|AE{0f| LOAD ’ :
e = 121 ZEf 0l address XY « register RO|| £ Zt
58 2[R AE{2} 6tH | A/ AE{ Q] LH-Z0f
5056 Chal 29 H4 CiMg 4s8ista, 1 Zats ADD R, S, T 5RST
OHH 2| | AE{0f 'g'% 2's complement addition
“06E 0t HA|AE{Q| 4IRS = AT 6EOI M 22 register R < register S + register T
A10J| STORE
HALT Co00
Coo0 | &E=h F27 ¥ 30
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Control

unit || A

Input  Qutput
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Program Counter

*ALU(Arithmetic Logic Unit)
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001001 11101 11101 1111111111111000

001000 00001 00000 0000000000001010
001000 00001 00001 0000000000000010
101011 11101 00001 0000000000000000
001000 00010 00001 0000000000000100
101011 11101 00010 0000000000000100
001001 11101 11101 0000000000001000
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ex) C=A+ B ;

156C : LOAD
166D : LOAD
5056 : ADD

306E : STORE
Co00 : HALT

m2 I3 Jl2Es
20| FAS 241 9

CPU

2| K| AE

Z2aY 9t
- =
-
-

2 H|X|AL
—

F7AER o MEEA

Z7| 25|
FA oM

A0 15

A Al 6C
A2 16

A3 6D

A4 50

A5 56

A6 30

A7 6E

A8 Cco

A9 00

A2 THjE =2

L)
Z=A AOOIIA
AlESH 71

X0l HYECt
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| =233 430 o

156C : LOAD

cPU Z71o4x]
PC: AO MEM A@: 15
D27 JIRE
MEM Al: 6C . TR
HA A0 |‘ 15
= —— Al 6C
ol IR « 156C, it " L16
PC « A2 [ sec ] o
= = A3 6D
off Ad LOAD R5, 6CZ off Ad
Al ol R5 « MEM 6C L& o A ] e A A R ol 8

166D : LOAD cPU Z7|4HR|

PC: A2 MEM A2: 16 =3 sle =A "
MEM A3: 6D A2 " o s

243 2 K|AE e el &

o= IR « 166D a2 16
PC « A4 A3 6D

LOAD R6, 6DE off Ad
R6 <~ MEM 6D L{&

o 1x

b. 12 Otz =203 71287t F7i=/0] CHg &S 7t2|ZIch
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ex) C=A+ B ;
156C : LOAD
166D : LOAD
5056 : ADD
306E : STORE

Co00 : HALT
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