13 November 2013

CSE 2021 Computer Organization

| Chapter 4 Part 1

‘ The Processor

| Outline

CPU overview

Single cycle MIPS implementation
Simple subset
Memory reference: lw, sw
Arithmetic/logical: add, sub, and, or, slt
Control transfer: beq, j

Pipelined MIPS implementation (Part 2)
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| MIPS Core Instructions

P | a0 §13243 [$1m32483 |3 operancs; eweptionp
sublract sub £1,42.53 $1=%2-%3 3 pperands; Elon passibl
ackd Immediate mocil $1.52.000 | 51 =532 + 100 = constant: exceplion possible
Bdd unsigned BdUSLE2EI | $Ll=%2+%3 3 operands: no exceptions
Subtract ensigned | suby $1.52.53 | $1=-%2-3%53 3 opérands: no exceplions
add imm. unsign. | addiu $1.52,100 | $1=d2 100 + CONSLANT; Mo Exceptions

Arthmetic | Mow fr.copr. e, |mic0 §1,%epc | $1=%epe Uged to ot excoption PG
miliply mult 52,53 Hi. Lo =52 ¥ §3 E4bit signed product in HL Lo
muzhtiply unsigned | mut $2.53 Hi. Lo = $2 ¥ §3 64-bit unsigned procuct in Wi, Lo
giide |ews2s3 | Le=$2+ $3.Hi = $2 mod §3 | Lo - quitient. Hi - remainder
divide unsigned | diva $2.83 Lo= §2 + 53 Hi = §2 mod 83 | Unsigned guolient and remaindes
Move froem Hi mifhi $1 $1=Hi Uted to get copy of HI
Move from Lo mila 1 $l=0Lo Uga ta gal copy of Lo
and ond $1.82.53 fl=%5248%3 3 roglster operands; loghcal AND
or o3132.53 |31=52183 3 wegister op Iogical OR

Logicad and Immrediate and §1,82100 | $1-$24 100 Lagical AND register, constant
of immediabe o 5152100 | $1 =521 100 Logical O register, constant
shifl teft logical | =3 31,532,320 $1=32<<10 Shift left by constant
Shif gt iegicel | a0 $2,$2,10 $1=%2 >> 10 Shilt Fignt By Condtant

e Inad word b 11000620 | $1 = Memoay [$2+100] Buata fram memony ba reglsher

fransdor | SCrE word | =% 51.100(32) | Memory[$2+200] = $1 Charla from regjsten 1o mesminy
Tead wpperimm. | il $1,100 $1 =400 g 21 Lodds Ganatan in upgdr 16 bits
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MIPS CPU Overview

MIPS Instructions:

Iw, sw

add,
beq, j

sub, And, Or, slt

Data \
Register #
Address Instruction Registers ALU Address
Register # Data
Instruction memo
memory Register # i
Data
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| Instruction Execution

| PC (program counter)

provides the instruction memory address

used to fetch instruction

Instruction is fetched from instruction memory based

on address in the PC

Register numbers are specified by the instruction
Depending on instruction class

Use ALU to calculate
Arithmetic result
Memory address for load/store
Branch target address

Access data memory for load/store

PC - target address or PC + 4
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| The Use of Multiplexers

| e\

> Add

Can't just join
wires together
Use multiplexers

[

— Data

E_J{Address

L Data
Register #
> Address Instruction Registers
Register #
Instruction
memory Register #

[ memory

Data
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| Use of Control in CPU

Branch

[ -
E2

L Data

[
Register # MemWrite
Address Instruction 14 Registers (M\ ALU [+ Address
Register # Zero
Instruction ul m:::: -
memory Register # Regwrite T x Y
Data
MemRead

|

—'| Control

\_/

[
L
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| Building a Datapath

‘ Datapath

Elements that process data and addresses
in the CPU

Registers, ALUs, mux’s, memories, ...

We will build a MIPS datapath
incrementally

Refining the overview design
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| Instruction Fetch

32-bit
register

Read

address

Instruction
memory

4 ——
Increment
by 4 for next
Instruction —— instruction

Add —
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| R-Format Instructions

‘ R-type instructions: add, sub, and, or, slt

Example: add $s1, $s2, $s3

Read two register operands ($s2, $s3)
Perform arithmetic/logical operation (add, sub, and,

=

Register 5
numbers |

5
=

Data

or, slt)

Write register result ($s1)
Read
register 1 Read
Read datat1[
register 2
Write Registers
register Read
Write daa2[
Data

RegWrite

Data { —

a. Registers

b. ALU

ALU operation
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| Load/Store Instructions

| lw $s1, offset($s2)
Read register ($s2) specified in the instruction
Offset is sign extended to 32 bits

ALU adds offset to register to obtain data memory
address

Data memory transfers data memory to specified
register ($s1)

sw $s1, offset(Ss2)
Read two register operands ($s1, $s2)
Offset is sign extended to 32 bits

ALU adds offset to register ($s2) to obtain data
memory address

Write register value ($s1) to memory
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| Load/Store Instructions (2)

| Load/Store requires additional
components

Data memory
A sign extension unit

l MemWrite

Read

—{ Address data

Data
Write ~ memory
data

MemRead

a. Data memory unit b. Sign extension unit
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| Branch Instructions

beq $s1, $s2, Loop
If $s1==%$s2, goto (PC+4)+4*offset

Read register operands

Compare operands
Use ALU, subtract and check Zero output

Calculate target address
Sign-extend displacement
Shift left 2 places (word displacement)
Addto PC +4

Already calculated by instruction fetch
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| Branch Instructions

/

PC +4 from instruction datapath —

Just
B Add Sum |— Branch
re-routes / \ target
Shift

wires
—| left 2 — /
__, | Read 4+ ALU operation
Instruction | register 1 Read
data 1
Rea_xd ™
register 2 ALU Zero|— To branch
Write Registers control logic
register Read /
Write data 2
data
Regwme‘
16 | Sign- 32
N | extend
<\ . . .
\/ Sign-bit wire
replicated
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| Composing the Elements

| First-cut data path does an instruction in
one clock cycle

Each datapath element can only do one
function at a time

Hence, we need separate instruction and data
memories

Use multiplexers where alternate data
sources are used for different instructions
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| R-Type/Load/Store Datapath

‘ Read

register 1 ALU operation
di?:? I MemWrite
rogit MemtoReg
Instruction \ register 2 ‘
Registers p Read
p—o| Write dat?g P~ Address o0
register M )
—»| Write —~
gt —T Write Data
I
RegWrite - memory
' 7\ data
/ \
2 " Sign- | 32 MemRead
| extend |
\ /
./
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| Full Datapath

Read Read
address register 1 Read
Read data 1
ister 2
Instruction 4 o :, isters
Write 169 Read
Instruction register data 2
memory
| Write
data
RegWrite I
16 Sign-

Yend

l MemWrite
MemtoReg

Read
Address data [

Write ~ Data

32

data memory

MemRead
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| ALU Control

ALU used for

Load/Store: Function = add
Branch: Function = subtract
R-type: Function depends on funct field

ALU control Function
0000 AND
0001 OR
0010 add
0110 subtract
0111 set-on-less-than
1100 NOR
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| MIPS Instruction Format

| R-format
| op | rs | rt | rd | shamt | funct |
6 bits 5 bits 5 bits 5 bits 5 bits 6 bits
Example
add $t0, $s1, $s2
| special | $s1 | $s2 | $t0 | 0 | add |
| o [ 17 ] 18] 8 | o | 32 |

| 000000 | 10001 | 10010 | 01000 | 00000 | 100000 |
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| MIPS Instruction Format

| |-format
| op | rs | rt | constant or address
6 bits 5 bits 5 bits 16 bits
Example

lw $t0, 32($s3)

op rs rt Constant or address
35 19 8 32
100011 10011 01000 0000,0000,0010,0000
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| Control of 32-Bit ALU

el Ao |BeeR.
- Lew —
\,(f"(,“
L OI‘.C.nn‘ k
i B g e
"o | 7)o
o - T | N ALU control lines
= 0000 AND
3 0001 OR
'W
P U e 0010 aaa
e i t 1 0110 subtract
] 0111 set on less than
1100 NOR
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| ALU Control

Assume 2-bit ALUOp derived from opcode
Combinational logic derives ALU control

opcode ALUOp | Operation funct ALU function ALU control
Iw 00 load word XXXXXX | add 0010
swW 00 store word XXXXXX | add 0010
beq 01 branch equal XXXXXX | subtract 0110
R-type 10 add 100000 | add 0010
subtract 100010 | subtract 0110
AND 100100 | AND 0000
OR 100101 | OR 0001
set-on-less-than 101010 | set-on-less-than 0111
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| The Main Control Unit

| Control signals derived from instruction

R-type |0 |rs |ﬂ |rd |shanﬂ |funct |
31:26 25:21 20:16 15:11 10:6 5:0

;ct):r(é/ |35 or 43 |rs |rt |ac¥dress |
31:26 25:21 20:16 15:0

Branch |4 |FS |ﬂ |ép&ress |
31:26 25:21 20:16 15:0 \

: ite f ign-
PO lrad | loxcopt | [Rawps | [endadd
for load and load
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| ALU Control

| Truth table for ALU control

ALUOp Funct field ALU control
ALUOp1 | ALUOpPO F3 | F2
0

M
(6)]
Bl
N
M
—
M
o

0010
0010
0110
0010
0110
0000
0001
0111

PR N e Y S e o)

O|0Oo|l0oO|l0O|lO(~|O|O
o|lo|lo|lo|o|X|X|X
s lo|lo|o|o|X|[X]|X
O~ |O|O|X|X|X
SO0~ |O|X|X|X
o|l=|Oo|o|Oo|X|X]|X
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Datapath With Control

[25-21)

Read
*| address
Instruction
131-0)

Instruction
memory

T
+

Instruction [20-16]

Instruction [15-11) | ¥
q

register 1 goay

Reag dalal
register 2

write ~ Read
register data 2 )

Write

data

Instruction [15~0)

16 Sign- 32

extend

Instruction [5-0)

control
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R-Type Instruction

Instruction (31-26]

Read
- ™| address

raee READ
Address data 1

Data

Write 24
memoryj

[25-21) Read
register 1 paay
Instruction [20-16] Read 2dalzﬂ
Instruction register
—4 0
131-0] M | write R’aad.‘
(15-11)| ¥ [7| register data2
y 1 "
Write
"] data Reg
Instruction [15-0) 16 (@ 32
* |extend)
_/
Instruction [5-0)

ALU
control

NS

data
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Load Instruction

il

Shift)
left2/"]| _
R

—
Add
4
RegDst
Branch
\ MemRead
MemioR
Control ALUOp
MemWrit
ALUSrc
Write
[25-21]) Read
Read 2
| PC[**] acdress _ register 1 Roag
Instruction [20-16] Read data 1
Instruction ) register 2
[31-0) M| write  Read L
Instruction | | [instruction [15-11)| ¥ [7] register 9ata 2
memory 1 ’
.| Write
data

Instruction [15~0]

32

Instruction [5-0)

ﬂLu
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Branch-on-Equal Instruction

——
Add
4
Instruction 31-26]
— [25-21)
{2
" address
Instruction [20-16]
Instruction | [
310 ] ‘%n
Instruction | | |instnsesion [15-11)| ¥
memory 1

Instruction [15-0)

Read
data

Address

Write Data

[ control

data Memory
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| Implementing Jumps

‘ Jump | 2 | address
31:26 25:0

Jump uses word address
Update PC with concatenation of
Top 4 bits of old PC
26-bit jump address
00 for low two bits
Need an extra control signal decoded from
opcode
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| Datapath With Jumps Added

‘ Instruction [25-0) Shin Jump address [31-0]

ot 2
2% \V// 28 | pc 44 [31-28)
Add

- RegDst
/ Jump
/ Branch
[ MemRead
MemtoReg

Control (7105,
MemWrite

\ =
\ [ ALUSre

\ é RegWrite

Instruction [31-26]

Read
address

S8

Instruction
[31-0)
Instruction
memory
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| Performance Issues

Longest delay determines clock period
Critical path: load instruction

Instruction memory — register file — ALU —
data memory — register file

Not feasible to vary period for different
instructions
Violates design principle
Making the common case fast
We will improve performance by pipelining
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