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COMPUTER ARCHITECTURE

° Running a program in Von Neumann
Architecture :
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Running "hello" Program (Revisited)
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COMPUTER ARCHITECTURE | .~
& ORGANIZATION |“spproach

ISA -Instruction Set Architecture

¢ CISC and RISC

® Load-Store Architecture

Bryant - O'Hallaron
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History of ISAs

CISC (Complex Instruction Set Computer) AREGERN
amﬂmﬂmwwamauﬁ'sLmaﬂmﬂ‘l?}’qﬂﬁﬁﬁaﬁﬁwﬁa%

* 1w lassas19uasan1lnanssd Intel 2295 90° x86, VAX,
Motorola 68000

RISC (Reduce Instruction Set Computer) AREGERT
amﬂmﬂmwmmﬂauﬁamaﬁﬂﬂmsaﬂ*’qﬂwaaﬁﬁéﬁa

° 12 MIPS, PA-RISC, SPARC, PowerPC, Alpha, ARM
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Instruction Set Architecture -ISAs

A NIBaNADIZ1IN9 Hardware Wag Software

[~ & o = ['Y] 1 = °
Lﬂ%‘ll%@lél%ﬂ’]‘iﬂ'ld'l%ﬂ@lﬂadl’)aEﬂ\‘iﬂ (‘ﬂ'liﬂtl‘a’ wnas
rag19ls)
® Functional definition of operations, modes, and

storage locations supported by hardware ‘J‘iJl,uJiJ"].laO
N9 'Jﬁﬂ’li ‘naﬂmnuwauama

* Precise description of how to invoke, and access them
L‘sﬂnmmam\ﬂs mumauauawmwﬂauaamols

* I18As iflugaddaanzanilagnssuaiaund i
‘sﬂuummnmdﬂuaanlﬂ (luia1989 ARC/SPARC*
uaz 1A32*)
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CISC Architecture

CISC (Complex Instruction Set Computer) NNIAI9
amﬂmﬂmsumaoﬂauﬁamaﬂﬂﬂ%’qﬂﬁﬂﬁaﬁ%’ui{au

Fuw1ava9 instruction tUaswudasle 1dwawarmsina
289 8 bit (8, 16, 32, 64)

[]
o >

AN13321YA1FIUVY Fixed code (1 BAAIFIND 1 M3
1191%4)

NNITN W = tﬁuﬁﬂﬁ'\éﬁa

61%ﬂ']3tﬂﬂ‘2iﬂﬂ’lﬁ0“ﬂ€]0 CisC %%ﬁblﬂﬂlﬂ’]ﬂﬂﬁ]']%')%‘i}id
ilﬂﬁﬂ’ﬁ‘l‘?jﬁ’]% aaﬂsmﬂmuaﬂ%ﬁuwm'mm
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RISC Architecture

° RISC (Reduce Instruction Set Computer) NNIE5 .
amﬂmﬂmwmmﬂauﬁaLmaﬂﬂﬂn'ﬁaﬂqﬂwaaﬁﬁﬁa

* aanuuul#Eiy (CPU) viowlwagsoudyammwivn
(Cycle) Nuttiban
o o o % -~ [ o o A& a
* andwInaasas maaidwadsiuguanniign
* 1#n13v1191% Va9 CPU 328N Registers
[ o o
* \iuga@1§9 lw3Luuy Fix-length Encoding

° HUYWAAWNITNIIWILAU Hardware U1 Load-Store
(Fetch-Execute)

*Computer Architecture and Organization: An Integrated Approach, 1st Edition, 2007
**Computer Systems: A Programmer's Perspective, 2nd Edition

Load-Store Architecture (2)

* a1duANEINITNVAY Compiler Tun13uila
A§I 19D gi‘lugﬂﬁ'léfamad Architecture

) { [ o & 1
‘1%izﬂztaaﬁn1$ﬂﬁaﬁufﬂﬂta§mﬂ% 1 A1d9aa
Clock cycle (laga1@an1371191%uUY Pipeline)

Fetch Decode Read Input Execute Write

Fetch Decode Execute Write

Read Input
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Load-Store (Fetch-Execute) Architecture

* faneanlumsriwivwalagseudyaimwiAn

(Clock Cycle) , I
* 7113 Load Zayatiuliln Register lnaasouasln Fetch PC

Register n131szananaanniinaay Store tAuT3ln Decode

Memory Read Inputs

* Fetch PC- NN1581%@&3 8b AUk Program counter Execute

* Decode - uilaAMARANETBIRAIHBIHAN Winte Output

* Read Inputs — d1u@i1§%v!nwaoﬁ1ﬁ:atfu o (A4d) MNext PC

* Execute - 1 5U3za1ana@as I

° Write Output — LIgWHAANS UBIANHI

* Next PC — 28iu Program Counter Tu@unibasialal
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° COMPUTER ARCHITECTURE |,
& ORGANIZATION | 4pproact

| ot §
COMPUTER SYSTEMS

A Programmer's Perspective

¢ Addressing Mechanism

() Bryant - O'Hallaron
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Addressing Mechanism

* lwszay Bus Jayavzdin1sasluniag word

* 1 word Jan1aaNan1daanssa (8 bit, 16 bit, 32 bit, 64
bit ...)

* gnifaanssunAuwIn word = w bit ANaTiIlEN1T819
GIUUWIVBY Memory diZaTNnaLN 2" AUk 12w

* 32-bit word #7110 Memory & 2% = 4x10° = 4Gigabytes
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Addressing Mechanism (2)

* Jaya (Value) uasfiag (Address) An1simualugiluuy
g% 2 (@3audaslugilgin 16 1a)
u &9

o Q/ v/ ~ dl 1 o ﬂl
¢ 1%ﬂ’liﬂ’]‘ﬁ%ﬂ(ﬂ'sllﬂ5 101 NLIAUITW 16 NAINW LN

321 Value LLaz Address
int x;
X = 0x01234567;// (Value)
&x = 0x100; //(Address)

0x104

0x100

0x91234567 int = 4 bytes
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char*

° MINABAGURIVDI
Address 3£32UAH
AUHWIVDY Byte 1389
AHNAIAL
® Lé&lﬁ)'lﬂ@‘hl,lﬁ‘lri»\‘illiﬂilﬂd

Byte L3N

* Address analdazuguln
%18 word L2 4 (32-bit)
or 8 (64-bit)

Double word

*Computer Architecture and Organization: An Integrated Approach, 1st Edition, 2007
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Word-Oriented Memory Organization

Data Representations: IA32

1 1

char Byte b
short Word w
unsigned Double word |
int Double word |
long int Double word |
float Single precision s
double Double precision |
long double Extended precision t

32-bit  64-bit
Words Words Bytes  Addr.
0000
Addr 0001
0000 0002
Addr 0003
0000 0004
Addr 0005
0004 0006
0007
0008
Addr 0009
0008 Addr 0010
- 0011
0008 0012
Addr 0013
00_12 0014
0015
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2 2
4 4
4 4
4 4
4 4
8 8
8 10/12
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Word and Data Types

7 o
[or
N
15 87 0
B [ 52w word
N+l N
31 1615 o
High Word| Low Word | Doubleword
N+Z N
63 32 3 0
| High Doubleword | Low Doubleword |Qua|:|wor|:l
M+ N
127 64 63 0
High Quadword | Low Quadword 8‘;;5"50[ ;
N+ N
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Decimal: 15213
Representing Int Binary: 0011 1011 0110 1101
Hex: 3 B 6 D

intA = 15213; long int C = 15213;
I1A32, x86-64 Sun
1A32 x86-64 Sun
6D 00
3B 00 6D 6D 00
00 3B 3B 3B 00
00 6D 00 00 3B
00 00 6D
00
int B=-15213; 00
IA32, x86-64  Sun 00
00
93 FF
c4 FF |+
FF c4 \
FF 93 Two’s complement representation
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Big Endian and Little Endian

1%;L@iazsznnazﬁ&i’"nﬁ'nmsé‘wﬁaﬁﬁLmﬁo‘lumstﬁnﬁagaﬁtmn@hoﬁu
* Machine code 393anauanANARIBLAazanTaaNTTH
¢ Big Endian: Sun, PPC Mac, Internet
¢ Least significant byte has highest address
¢ Little Endian: x86

® Least significant byte has lowest address

Big endian e
0x100 0x101 0x102 0x103
‘ 01 | 23 | 45 | 67 |
X = 0x01234567 ) )
Little endian <
0x100 0x101 0x102 0x103
‘ 67 | 45 | 23 | 01 |
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Byte representations of different data values

void test_show_bytes(int val) {
int ival = val;
float fval = (float) ival; //casting int to float

o [ o 1 .
//amils *pval  NU@LKRWIDAY ival

int *pval = &ival;
show_int(ival);
show_float(fval);

show_pointer(pval);

}
ival 12,345 int 39 30 00 00
fval 12,345.0 float 00 e4 40 46
pval &ival int b4 cc 22 00

*Computer Architecture and Organization: An Integrated Approach, 1st Edition, 2007
**Computer Systems: A Programmer's Perspective, 2nd Edition
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Byte representations of different data values

Bytes(Hex)
int

Linux32 12,345 393000 00 ]_ little
Windows 12,345  int 393000 00 endian
Sun 12,345 int 00003039 big endian
1 void test_show_bytes(int val) {
2 int ival = val; Linux64 12,345 int 39 30 00 00
3  float fval = (float) ival; .
4 int *pval = &ival; Linux32 12,345.0 float 00 e4 40 46
5  show_int(ival); Windows 12,345.0 float 00 e4 40 46
6  show_float(fval);
7 show_pointer(pval); Sun 12,345.0 float 46 40 e4 00
8} Linux64  12,345.0 float 00 e4 40 46
Linux32 &ival int e4 f9 ff bf
Windows &ival int b4 cc 22 00
Sun &ival int ef ff fa Oc
Linux64 &ival int b8 11 e5 ff ff 7f 00 00

*Computer Architecture and Organization: An Integrated Approach, 1st Edition, 2007
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Programmer’s View

CpPU Addresses Memory
Data Code
— 5
- Data
- Instructions Stack
* Programmer-Visible « Memory

State
* PC: Program counter

* Address of next instruction
* Register file

* Heavily used program data
* Condition codes

* Store status information
about most recent
arithmetic operation
* Used for conditional
*Compute branching st Edition, 2007 **Computer Systems: A

* Byte addressable array
* Code and user data

* Stack to support
procedures
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° (COMPUTER ARCHITECTURE |
& ORGANIZATION | 4

¢ Basic Instruction in Al32

() Bryant - O'Hallaron
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Type of Instruction in AI32

¢ Data transfer: move from source to destination
¢ Arithmetic: arithmetic on integer } _ Overview in 204111
® Floating point: x87 FPU move, arithmetic =
¢ Logic: bitwise logic operations
¢ Control transfer: conditional and unconditional jumps, procedure calls
¢ String: move, compare, input and output Later.in Comp
Architecture
® Flag control: Control fields in EFLAGS Class
¢ Segment register: Load far pointers for segment registers o
¢ SIMD
® MMX: integer SIMD instructions
® SSE: 32-bit and 64-bit floating point SIMD instructions
® SSEZ2: 128-bit integer and float point SIMD instructions

¢ System

® Load special registers and set control registers (including halt)

*Computer Architecture and Organization: An Integrated Approach, 1st Edition, 2007
**Computer Systems: A Programmer's Perspective, 2nd Edition




Integer Registers (IA32)  coi register Basic Instruction in Al32

16-bit Registen A

32-bit Register | | ‘ Operand < dunsatoyaiiieatos
: N

-
Yeax %ax | %ah | %al | Instruction Effect Description
MOV S,D D <- S Move from S to D
%ecx %CX | %ch | %cl |
movb Move byte
%edx %dx %dh %d1
general | | | movw Move word
purpose
%ebx %bx | %bh | %b1 | movl Move double word
%esi %si | |
pushl S R[%esp]<R[%esp]l- 4; Push double word
edi wai | | M[R[%esp]]<S
~—
stack pointer| %esp %sp | | popl D D<M[R[%esp]]; Pop double word
R[%esp]<R[%esp]+ 4
base pointer %ebp %bp | | *Computer Architecture and Organization: An Integrated Approach, 1st Edition, 2007
**Computer Systems: A Programmer's Perspective, 2nd Edition
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Moving Data: IA32 | S
5 | movl Operand Combinations
Fedx |

Moving Data P | Source Dest Src,Dest C Analog
movl Source, Dest: _
Operand Tvoes sesi | e Reg movl $0x4,%eax temp = 0x4;
P YP 4 . Y sedi | T Mem movl $-147,(%eax) *p = -147;
* Immediate (Imm): @1asii szylaamnue ¢ 13 | s\ ’

* Example: $0x400, $-533 tesp o

* Encoded Tusduuy 1, 2, w38 4 bytes %ebp | movl < Reg Reg  movl %eax,%edx temp2 = templ;

° Register (Reg): One of 8 integer registers Mem movl %eax, (%edx) *p = temp;
° Example: $€ax, $%$edx
* anin $esp uaz $ebp whuliiinwdm Program counter

[ [ — .
. - o o _ q Mem Reg movl (%eax),%edx temp = *p;
® Memory (Mem): N399I Kb T memnory anuliln register
° Simplest example: (%eax)
1 1 [-] - - -
® Various other “address modes” n13 mov 3¢¥ I memory-memory Z&Iﬁ'?&l']iﬂ?’l’)‘lﬂul% single instruction
*Computer Architecture and Organization: An Integrated Approach, 1st Edition, 2007 *Computer Architecture and Organization: An Integrated Approach, 1st Edition, 2007
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Simple Memory Addressing Modes

° Normal

(R) Mem[Reg|R]]

[ 1o [l
° Register R INUAIAILARS 11 Memory

mov1l (%ECX) y%eax /grudunniuas Memory il %eex Tl
ol ln %eax

* Displacement D(R) Mem[Reg[R]+D]
* Register R tAUAMARITNAW]2529 Memory
* D 1ilwAn offset H3a3112% Byte Nlaz ey

movl 8(%ebp),%edx i ifudunisiiasln %ebp+s 15lu %edx

*Computer Architecture and Organization: An Integrated Approach, 1st Edition, 2007
**Computer Systems: A Programmer's Perspective, 2nd Edition

Basic mov instruction Sample

|| tnstruction _______[pescription |

1 movl $0x4050,%eax Immediate--Register, 4 bytes

2 movw %bp,%sp Register--Register, 2 bytes

3 movb (%edi,%ecx),%ah  Memory--Register, 1 byte

4  movb $-17, (%esp) Immediate--Memory, 1 byte

5 movl %eax,-12(%ebp) Register--Memory, 4 bytes

*Computer Architecture and Organization: An Integrated Approach, 1st Edition, 2007
**Computer Systems: A Programmer's Perspective, 2nd Edition
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Operand Forms

Type Form Operand value Name
Immediate $lmm Imm Immediate
Register E, R[E.] Register
Memory Imm M| Frrum | Absolute
Memory (E,) M[R[E,]| Indirect
Memory Imm(E,) M[Imm + R[E]] Base + displacement
Memory (E,E) MIR[E:] + RIE:]] Indexed
Memory Imm(E, ,E;) M[Inun + R[E;] + RIE ]| Indexed
Memory (,E,s) MIR[E] - 5] Scaled indexed
Memory Imm(,E; ,5) M[Irum + R[E;] - 5] Scaled indexed
Memory (Ey.E;,5) MI[R[E,] + R[E;] - 5] Scaled indexed
Memory Imm(E, ,E; ,s5) M[Inun + R[E;] + R[E;]-s5]  Scaled indexed

=

Figure 3.3 Operand forms. Operands can denote immediate (constant) values, register
values, or values from memaory. The scaling factor s must be either 1, 2, 4, or 8.

*Computer Architecture and Organization: An Integrated Approach, 1st Edition, 2007
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Practice I: Addressing

o

* T%@1 Address Tn Memory lta& Register At

Address Value Register Value
0x100 OxFF Y%eax 0x100
0x104 O0XAB %ecx 0x1
0x108 0x13 %edx 0x3
0x10c 0x11

¥ 2] s

U A 1A ° S
° 1ﬁlmuﬂqﬂgﬂﬁaﬂluaﬂ1ﬂ%ﬂ operand A9

Operand Value Operand Value
%eax 0x100 260 (%ecx,%edx)
ox104 OXFFC(,%ecx,4)
(%eax) (%eax,%edx,4)

9(%eax, %edx)

204111: Fundamentals of Computer Science




Basic Stack Instruction Outline

(COMPUTER ARCHITECTURE |

Initially pushl ¥eax popl Yedx ® & ORGANIZATION | 4
Yeax 0x123 feax 0x123 Yeax 0x123 .
fhedx (o] fedx 0 hedx 0x123
%esp 0x108 Jesp 0x104 %hesp 0x108
]
Stack “bottom” Stack “bottom” Stack "bottom”
A [ J
. L . )
Increasing A & = COMEEEEEMSYDSTE%S
address
. . . ([ ]
(]
0x108 0x108 0x108
Stack “top” 0x104 0x123 0x123 |
= 4 . Bryant - O'Hall
Stack “top A ¢ Assembly and Machine Code e
*Computer Architecture and Organization: An Integrated Approach, 1st Edition, 2007 *Computer Architecture and Organization: An Integrated Approach, 1st Edition, 2007
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Compiling Into Assembly Compiling Into Assembly

int sum(int x, int y)

text Cprogram (pl.c p2.c) {
int t = x+y; C Code
Compiler (gcc -9) return t;
}

text Asm program (pl.s p2.s)

Assembler (gcc or as) sum:
i ushl %eb //Gndndunitszasllsunsa

binary Object program (pl.0 p2.0) Static libraries P P o B
(.a) Generated movl %esp,%ebp //Gaasaarsauvsbelisunsa

Linker (gcc or 1d)

IA32 Assembly movl 12(%ebp),%eax //fadouaiicunis %ebp+1213lu %edx

binar d o .
Y Executable program (p) addl 8(%ebp),%eax //uinvayandiunis %ebp+8lilu %edx
popl %ebp //d@s@naradunisiagiinzaslysunsa
*Computer Architecture and Organization: An Integrated Approach, 1st Edition, 2007 *Comp! r‘et //%Lﬁ§%d1

**Computer Systems: A Programmer's Perspective, 2nd Edition
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Machine Instruction Example

Assembly
¢ Add 2 4-byte integers

® “Long” words in GCC parlance

|int t = x+y; |

C Code
Add two signed integers

¢ Same instruction whether signed or

|add1 8(%ebp) , %eax unsigned
¢ Operands:
Similar to expression: X: Register %eax
X +=Yy Y: Memory M[%ebp+8]
More precisely: t: Register %eax
int eax; Return function value in %€aX
int *ebp; Object Code

eax += ebp[2] ¢ 3-byte instruction

| ° Stored at address 9X80483ca

| ex80483ca: @3 45 08

*Computer Architecture and Organization: An Integrated Approach, 1st Edition, 2007
**Computer Systems: A Programmer's Perspective, 2nd Edition
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Turning C into Object Code

text Cprogram (pl.c p2.c)
Compiler (gcc -9)
text Asm program (pl.s p2.s)
Assembler (gcc or as)
] |
binary Object program (pl.0 p2.0) < Static libraries
H (.a)
Linker (gcc or 1d)
binary

Executable program (p)

*Computer Architecture and Organization: An Integrated Approach, 1st Edition, 2007
**Computer Systems: A Programmer's Perspective, 2nd Edition
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Compiling Into Assembly

int sum(int x, int y)

sum: ¢ int t = x+y;

pushl %ebp ) return t;

movl %esp,%ebp
%eaxl 0x120 | movl 12(%ebp),%eax
%edxl | addl 8(%ebp),%eax Address
%ecx | | popl %ebp Offset ox11d
%ebxl | ret x 12 | ex120 ox110
%esi | | y 8 |ex124 | gyiec
hedi | | Rtn adr t 4 |6x224 | gyieg
%espl | %ebp —© 0x104

| %esp ——4 ox100

%ebp | exie4
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Object Code

Code for sum

0x401040 <sum>:

Assembler
. - . 0x55
o udaslld .s 1iwlva .o Ox89
o o & oxe5
° uilasanailuiaugindas ox8b
* InaLAu9ny executable code 0x45
1 ‘:iqy v %) 1 @X@C
* admnasalaallsunsany Reference @199 gyp3
Linker gxgg
4‘ o o 1 ¥ 6 1 X
* wanlgsmdszrivlanlnlinanne g ox5d
y o o N . . . oxc3
* \waaluaAda static run-time libraries
® E.g., code for malloc, printf e Total of 11 bytes
® Some libraries are dynamically linked e Each instruction

1, 2, or 3 bytes
¢ Linking occurs when program begins execution Y

e Starts at address
*Computer Architecture and Organization: An Integrated Approach, 1st Edition, 2007  @x401040

**Computer Systems: A Programmer's Perspective, 2nd Edition
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Disassembling Object Code

Object code

0804834 <sum>: Assembly
80483c4: 55 pushl  %ebp
80483c5: 89 e5 movl %esp,%ebp
80483c7: 8b 45 Oc movl oxc (%ebp) , %eax
80483ca: 03 45 08 addl ox8(%ebp) , %eax
80483cd: b5d popl %ebp
80483ce: «c3 ret

Opcode Operand

Memory Address

*Computer Architecture and Organization: An Integrated Approach, 1st Edition, 2007
**Computer Systems: A Programmer's Perspective, 2nd Edition

Practice II: Opcode

* Tunaazardsaiwans THRLAN instruction suffix IIRNNZENNY
:5 o v
2WI1AVDY Operand Nnnuwa LA

Opcode Operands Description
movl %eax, (%esp) register -> memory, 4 bytes
mov (%eax), %dx
mov SOXFF, %bl
mov (%esp,%edx,4), %dh
push SOXFF
mov %dx, (%eax)
pop %ed




