Where are we now?

® C-Programming
* A “real” computer language...

198:211

Computer Architecture * Data Representation

* Everything goes down to bits and bytes
* Machine representation Language
* Very limited programming model

* Digital Logic
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* Topics:
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* Transistors > Gates = Circuits

® Processor Design
* Circuits > {Memory, Registers, and Components}

* What are we going to do now....

Processor Design Add instruction

® Figure out how a small subset of the instruction set works in * Type of add depends on where operands are located

hardware ¢ add regl, reg2

* Use Hardware blocks to describe data path * Add contents of regl to reg2 and store result in reg2

® Use control logic to ensure steps of the instruction flows * add Sconstant, reg2

smooth|y * Add contents of memory immediately following the instruction to reg 2

and store result in reg2
* add (effective-address), reg2
* Add contents of effective address to reg2 and store result in reg2

* Effective address could be relative; relative + offset; relative + offset,
index; relative + offset, index*scaled
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9 . ®
. 1 S ADD-Add : note src, dst are reversed in S
Instruction Example 5 . 5
p ® the intel manual @
& &
9 9
® Addition Instruction ,Generic Form = ADD—Add E
c =4
Encoded Representation [} i
> Opeode P >
5l o4 ADO AL umrm Add imm to AL S
addl %edx, Yeax = 05 iw ADD AX Imm 16 Add imm 6 to AX %-
Q 05 i ADD EAX imm32 Add imm32 to EAX Q
5 0010 ity ADD rim8 immd Add immd b rim8 s
> 8110w ADD £ 164mm 16 AGD Imm 16 o (m 16 ;
& B0 ADD rim32 imm32 AQQ immI2 e pmiz &
* Add value in register %edx to that in register %eax FBD 8310 it ADD 16 mmé Add sign-extended immé to om 16 o
) ) = 830 it ADD 32 imm8 Add sign-extended imm8 o in32 =
® Store result in register %eax & 00 i ADD sina 8 Add (810 £ind =
* Two-byte encoding = o1ir ADD H16.16 AGd F16 10 K16 =

o1ir ADD #mM3z2 32 Add F32 to nmaz2

® First indicates instruction type 02 ir ADD 8 nmé Add Fmé to &
* Second gives source and destination registers g:j:_ :gg ;:’iﬁ:; :: ::;;: :;:
In assembly language add src, dst means src + dst - dst

Instruction Example in x86

® Addition Instruction ,Generic Form

Encoded Representation

addl %edx, %eax

* Opcodeis 03 and src, dst are %edx, %eax

* from previous table (Table 2.2) code is C2

® S0,03 C2 means add %edx, %!
addl 8(%ebp), %eax [0]3[4]5]
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* 03 45

* means add 8(%ebp), %eax
SRS mnrmn | | .05 addl $4, Seax [0]5]ooo] 4 ]
E DB HMMA XMMS 101
ESESUDHAMBIEXMME 18 * add $cons, %eax
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Subtract operation- Instruction Set

Arithmetic and Logical Operations Reference

The second byte will vary
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Instruction Code
Function Code  based on type of operands E SUB—Subtract E
c =4
* Set condition codes as side @ Gpeode Imatruction Beseription 5]
Subtract (rA from\rB) = x0 SUB ALinme Subtraet mma fom AL >
effect F): 0 SUB AX imm1§ Sustract mm 16 from AX ‘—)’i
subl rA, rB 2 |B|rA|rB = 20 SUB EAX il Subtract mmmi? hom EAX =
%’ BOS SUB rms, mms Sublract mm from mmd %’
Q, B S SUB rm 6 i Sutitract omm 16 om o 16 Q
And E LIET ) 5UB rmaZ mmid Sublrac! i) from rml? E
[v] LT SUB rim 16, mms Subiract sgn-extended #mmd from om 6 @
dl A, B | % Ben SUB rmEE Sutrac! ugn-exerded anm from mas 5
an I, rl mir SUIB el s Subiract 1 from oms
’ 1%}
@ SUB rm kg Subiract 16 from pim 16 &
g_ SUB Ml rar Subbract rA2 from pm32? g_
Exclusive-Or Lower 4 bits can vary depending upon thef# SUB iy Subiract rms from 1 =
SUB riE rmiE Subiract rm 16 trom 116 -_—
SUB A2 mdD Subtract rm3z om 132 -

xorl rA, rB 20 means 8 byte register transfer,

| Of operand

Lower 4 bits can vary
30 means 8 byte register transfer,

N N
(=] (=]
5 15
AND—Logical AND w w
I Y
[>% XOR—Loglcal Exclusive OR a
Opcode Instection Descripton = =
ue AND AL immé AL AND imms o (e}
25 AN AX i 16 A AND b 16 5 Dpaads Waingeen s g
250 AND EAX, vt EAX AND imen2 5 ' o - st e
Bue AND mfl AND it < Ho XOR AT AOCXOF By <
B AND) rim 1 imm 16 £ 16 AND imen 16 (o} id SO EXL w7 X% S 2 (5}
B AND P2 mm3? AT AND immd > e A0 P8 Fss WAL el >
BuL AND 16, imms £ 165 AND dmm {sign-extended) = : :”‘ xg: ‘"'"5'“"‘;‘ "”‘5:2:”’“5 =
Bue AND pmz s #mi AND immd (sign-extended) = L 0 sz 3 e
04 primgiip A AND 1 B By XOR i 16, imm #m 15 KOR mm8 fsign-extended) =
2 AND pR 16 FIE 16 AND 116 Q il ¥08 el kel SL1 XOR: Mnk foph-axtincecy Qo
2 AND 32 a3 AT AND 37 = il SR, o bt =
it D ity 3 i NOR 18,16 1 KOR 116 3
2 AND F16,1m16 16 AND om 16 z i XOR b33 ML OR o z
2 AND £32 pm32 12 AND o b 3z ir XOR ALomd A XOR omd 2
@ i XOR 16, 0m 16 B XD imd )
= aair XOR A2 omaz 8 XD rimé =
Description =2 =3
A N = < <
Thas forns a bivwrse AND op L (first) amd source (second) = Deseription =
operansds and stores the result in the destmation operand location. The sousee operand can be an ) R ) ) . .
ummediate, a regivter, or 0 memory bocation; the destination operand can be a register or a This usstnaction performis O, (NOR) op o the (first) and
memory bocation. Too meemory operands cannos, howeves, be used in one tnstruction. Each bit souree {second) operands and stores the result in the destmation operand location. The sourse
of the imstraction result is a 1 if both comesponding bits of the operands are I: otherwise. it opernd can be an maediae. & register, o 0 memory location: the destination operand can be
becomes a 0 aregister or 8 memory location. (However. rwe memory operands cannot be used m one insin-
tice) Each bit of the resalt is | if 1he corresponding bits of the operands are different; ach bit
s 0 if the comresponding bits are the same.
Operation e
DEST « DEST AND SRC
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Single cycle stages g Building Blocks g
g fun g
g 5
® Fetch Instruction (IF) ‘g’ * Combinational Logic A (g’
¢ Decode Instruction (ID) g ¢ Compute Boolean functions ofinputsé E
) . . A &
e Execute Instruction (EX) > * Continuously respond to input >
=X changes MUX =
* Memory access (MEM) g  Operate on data and implement B g
= =
* Write back (WB) i control S i
* Update Program Counter (PC) g g
L] valA
% Storage Elements wA . %
= * Store bits — Regisier , .ﬁ =
¢ Addressable memories e | i3 —
src B —
* Non-addressable registers — Clock
* Loaded only as clock rises

Fetch Instruction Add instruction (add %edx, %eax)

Yoedx

Register file
Yoeax
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* Op code determines type of operation
e 03C2
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* Operands are in registers
* They are fed to the adder (ALU)

* Result stored back in register

Fetch Instruction and increment Program counter * Based On Instruction the signal to ALU can be +, -, * or /




Add instruction (add $4, %eax) mov instruction (mov 8(%ebp), %eax)

%ebp
Register file

Yoeax address

Register file

]

* Op code is determines type of operation
* 0305
* OneOperandis a register, the other is part of the instruction

Yoeax

* Op code is determines type of operation
* 8b45

* Load word from memory onto register %eax
* Addressis 8+ (%ebp)

1l Alqwiassy ai1moalyly Jandwod 1peg 0T0z®
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*  %eax, immediate value
* They are fed to the adder (ALU)
* Result stored back in register

() ®
S S
mov instruction (mov %eax,8(%ebp)) g g
w w
) )
= c
2 — 2
3 Move 10 Fl 3
° v Mowe riE10 rmiG °
0 | T B MOV maz.rad Move r32ia rmaz =1
%ebp address i B WOV r8rm8 Move rmSto 8 o
_— > o MOV 16 tmt6 iove IR0 F16 >
RegISter flle o b WMOY rA2 mal Wowe rAmI2 8o £2 (2]
% 8BSt MO 6, Sregrs kv Segment segihed 10 FIE g
Y%eax o BEir MOV SregrmiE Move rim i 10 segment regater o
& a0 MOV AL mosss Move byle af (s 0fsed to AL 2
l = A MOV AX. moffs 16" Move word 01 (Segamsen jo AX =
> Al MOV EAX, mofsir™ Move doubleword at | seg offsef) 10 EAX >
. . 173 Az MOV moffes™ AL Move AL I (Seg 0ffset) 17
* Opcode determines type of operation o A WAC et 67 AX Move AX 10 [seg omsen) 4
E] Ay MO Mot EAX Move EAX 10 (seg oot =
* 8945 =2 10 10 WO romma Mcove im0 18 =2
< B rw MOV rié mmig Mo i 18 10 F6 =
* Store word from register %eax onto memory = Bt MOV F2mma2 Move immid o £ =
cEi0 MO rimd mms Move imm8 o rméE
. i 0, crie MO 1 S Move i 16 pmiE
Addressis 8 +(%ebp) i ] it bkt o




SEQ Hardware Structure -

* State
* Program counter register (PC)
* Condition code register (CC)
* Register File
* Memories
* Access same memory space

¢ Data: for reading/writing program
data

* Instruction: for reading instructions
¢ Instruction Flow

* Read instruction at address specified
by PC

® Process through stages

* Update program counter

Write back

Memory

Execute

valh, valg

Decode o oon [
ot o

s

e

Fetch m

Instruction Decoding
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Q
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Optional Optional g

[ e — 2

=

| 5 ‘ 0 |rA‘ rBl D | i

3

=i

icode 3

ifun %

rA >

B 2

valC 3

® Instruction Format =
* Instruction byte icode:ifun

* Optional register byte rA:rB

* Optional constant word valC

SEQ Stages

* Fetch
* Read instruction from instruction
memory
¢ Decode

* Read program registers
* Execute
* Compute value or address
* Memory
* Read or write data
* Write Back
* Write program registers
* PC

* Update program counter

®

PC 3
K
) |
Write back |
)
H
|
Memory z
|
§
'
>
)
8
Execute |
alua, oo )
vaiA vaiB
e

icodelfun
.8

valc

Executing Arith./Logical Operation

* Fetch |

* Read 2 bytes
¢ Decode

* Read operand registers
* Execute

* Perform operation

* Set condition codes

¢ Do nothing
*  Write back

* Update register
* PCUpdate

® Increment PC by 2
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Stage Computation: Arith/Log. Ops

Fetch

Decode

Execute

Memory
Write

back

PC update

OPIrA, rB
icode:ifun « M;[PC]
rA:rB « M;[PC+1]

valP « PC+2

valA « R[rA]

valB « R[rB]

valE ¢« valB OP valA
Set CC

Read instruction byte
Read register byte

Compute next PC
Read operand A
Read operand B

Perform ALU operation
Set condition code register

R[rB] « valE

PC « valP

Write back result

Update PC

* Formulate instruction execution as sequence of simple steps

* Use same general form for all instructions

POP Instruction

POP—Pop a Value from the Stack

Opeode
#Fo
a0
Sse e
58 ot
"

ot

"

OF AT
OF A5

Instruction
POP miG
PO iz
POP 18
POF (a2
BOP 0%
PORES
POP S5
PORFS
POP G5

Descrption
Pop top of st3ck ko m 15, increment stack poiner
P hop of stack o M2, increment stick poiner
Piog top o SRk W0 118 MCoEment Stk ponter
Pop top of stack ko r32 Increment stack pomnter
Pop top of stack ik D5 incresment stack poiner
Pop top of stack ko E5, norement stack pomnter
P top o BLRCK k0 55, erement SICK pontel
Pop top of stack o F5: incremsent stack poiner
Pop top of stack o G5, narement stack ponier
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Executing popl

* Fetch

popl rA

* Read 2 bytes

* Decode

* Read stack pointer

* Execute

* Increment stack pointer by 4

* Read from old stack pointer

Write back

® Update stack pointer

* Write result to register
PC Update

* Increment PC by 2

Stage Computation: popl

Fetch

Decode

Execute
Memory-
Write
back

popl rA
icode:ifun « M;[PC]
rA:rB « M,[PC+1]

valP « PC+2
valA « %esp
valB « %esp
valE « valB + 4

Read instruction byte
Read register byte

Compute next PC

Read stack pointer
Read stack pointer
Increment stack pointer

[valM « M,[valA]

Read from stack

R[%esp] « valE
R[rA] « valM

PC update |PC « valP

® Use ALU to increment stack pointer

* Must update two registers

* Popped value

* New stack pointer

Update stack pointer
Write back result
Update PC
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Executing Jumps

* Fetch
* Read 5 bytes
* Increment PC by 5

¢ Decode
* Do nothing
¢ Execute

* Determine whether to take
branch based on jump
condition and condition codes

JxxDest [7]m] Dest
fall thru: - [0]0] Not taken
s DE Taken
* Memory
* Do nothing
*  Write back

* Do nothing
* PCUpdate

* Set PCto Dest if branch taken
or to incremented PC if not
branch

Jec—Jump it Condition Is Met
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Stage Computation: Jumps

jXX Dest
icode:ifun « M;[PC]

Read instruction byte

Read destination address
Fall through address

Take branch?

Fetch

valC « M,[PC+1]

valP « PC+5
Decode
Execute .

Bch « Cond(CC,ifun)
Memory | |
Write
back

PC update |PC « Bch ? valC : valP

* Compute both addresses

Update PC

* Choose based on setting of condition codes and branch condition

Executing call

call Dest [ET8] Dest
return
target
* Fetch * Memory

* Read 5 bytes

* Increment PC by 5
¢ Decode

* Read stack pointer
* Execute

* Decrement stack pointer by 4

® Write incremented PC to new
value of stack pointer

Write back

® Update stack pointer
PC Update

* Set PCto Dest

Q
N
(=]
=
(S)
@
QD
=
(@]
<}
=)
°
=
@
=
Q
=
el
c
@
>
73
3
®
=
=2
<

11 Alqwiassy aimoanyaay Jemndwod upesg 0T0z®




Stage Computation: cal l

call Dest

icode:ifun « M,[PC] Read instruction byte

Fetch S~

valC « M,[PC+1] Read destination address

valP « PC+5 Compute return point
Decode .

valB « R[%esp] Read stack pointer

valE « valB + -4 Decrement stack pointer
Execute

Write return value on stack
Update stack pointer

Memory H M,[valE] « valP
Write R[%esp] « valE
back

PC update |PC « valC

Set PC to destination
* Use ALU to decrement stack pointer

* Store incremented PC

Executing ret

ret
return

* Fetch TVTETTTOTY

* Read 1 byte * Read return address from old
* Decode stack pointer

* Read stack pointer *  Write back
* Execute * Update stack pointer

* PCUpdate

* Increment stack pointer by 4
* SetPCtoreturn address
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Call Opcodes in X86

CALL—Call Procedure

Deserigtion
Cal el rekabve, SSERICHTEN Telaive 1o Dl FEUGEton
Call near, refatve, dsplacement refatve 1o nex
Call near, atrchute Indrect. address gaven in o
Call mear, abschute mdrett, address guen in ¢
Call e, abechule, eSS Gven i cperInd
a8 tae, abscAUle, SECTESS GIVEN I perand
Call tax. abschile madrect, 30dress given i m 1616
L5 O B, Stachin Wioech. Scdviee givis N IESSE .

Description

This instriction saves prosedure linking information on the stack and branches 1o the procedre
{ealled procedre) specified with the destination (target) operand. The target operand specifis
e addrew of the finst inviriction in the called procedure. This operand can be an immediate
vale, 8 general-purpose register, or 3 memory location

Stage Computation: ret

ret

icode:ifun « M,[PC] Read instruction byte

Fetch

Decode valA « R[%esp] Read operand stack pointer
valB « R[%esp] Read operand stack pointer
valE « valB + 4 Increment stack pointer

Execute

Read return address
Update stack pointer

Memory H valM « M [valA]
Write R[%esp] « valE
back

PC update |PC « valM

Set PC to return address

* Use ALU to increment stack pointer

* Read return address from memory
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RET—Return from Procedure

Opcode Instruction Dwscription

3 RET N return 10 calling procedure

cB RET Far retum to calling procedure

2w RET immi& MNear retum to calling procedure and pop imm 16 bytes
from stack

CA RET imm1& [Far return o caling procedurs and pop imm 16 byles from
stack

Description

This mstruction transfers program control to a remm address located on the top of the stack. The
address 35 wsually placed on the stack by a CALL mstruction, and the retum is made to the
instruction that follows the CALL instruction.

The optional source operand specifies the number of stack bytes to be released after the remm
address 15 popped: the default is none. This operand can be used 10 releass pammeters from the
stack thar were passed to the called procedure and are no longer needed. It must be used when
the CALL instruction used 1o switch to a new procedure nses a call gate with a non-zero word
count to access the mew procedure. Here, the source operand for the BET instruction must
specify the same number of bytes as is specified in the word count field of the call gate.
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