Chapter Five

The Processor: Datapath and Control

Mario Cortes - MO401 - IC/Unicamp- 2002s1 ©1998 Morgan Kaufmann Publishers Ch5A-1



The Processor: Datapath & Control

 We're ready to look at an implementation of the MIPS
- Simplified to contain only:

memory-reference instructions: 1w, sw
arithmetic-logical instructions: add, sub, and, or, slt
control flow instructions: beq, 3

 Nao implementadas: mult, div, jal, fp

 Generic Implementation:

use the program counter (PC) to supply instruction address
get the instruction from memory

read registers

use the instruction to decide exactly what to do

« All instructions use the ALU after reading the registers:

memory-reference (sw lw), arithmetic, control flow
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State Elements

* Unclocked vs. Clocked
« Clocks used in synchronous logic
— when should an element that contains state be updated?

falling edge
S mm i

rising edge

< - >
cycle time
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Our Implementation

 An edge triggered methodology

- Typical execution:

— read contents of some state elements,
— send values through some combinational logic
— write results to one or more state elements

State
element
1

State
Combinational logic element
2

Clock cycle J
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Register File (e Memoria)

Register File:

M dria:
built out D-FF emoria

« acesso Mem[addr]

Read registeri
number 1 (}\
Register 0 >
Register 1 > M l l
to > Ul » Read data 1
Register n— 1 » X RD WR
Register n >
. \_/
Read registeri
number 2
() < Dados
> M
> Ul > Read data 2
o] X
N,
— | Endereco
Read registeri
—
number 1 Readi
) data 1 >
—y| Read register
number 2
Regi fil
Write! egister file
> register Read
ead
) —
Write! data 2
data
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Uma visao simplificada

Dados: Iw, sw
Arit: add, sub, .. op

Log: slt

Desvio: beq

lw $tl,

100 ($t2)

add $t1, $t2, $t3
slt $tl, $t2, $t3
beq $tl, $t2, label

R1 < Mem[R2+o0ff]

Fetch ou busca | IR < Mem[PC]
PC«<PC+4
Iw, sw arit sit beq
R1<R20opR3| MNeRocr3? R1=R2?
S S

\ 4

\ 4

R1«<0

R1 <« 1 PC <« PC +off

l

o
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More Implementation Details

* Primeira abordagem: 1 periodo de clock por instrugao

_* )

. exec de uma instrucao q

« Abstract / Simplified View:

| Data
—>| Register #
PC Address Instruction {=— Registers > AL Address
Instructioni Register #
memory Datar
Register # memory et

Data

Two types of functional units:
— elements that operate on data values (combinational)
— elements that contain state (sequential)
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Simple Implementation

* Include the functional units we need for each instruction

»| Instruction
address N
PC
Instruction [==—> >Add Sum
Instruction
memory —
a. Instruction memory b. Program counter c. Adder Address Read
data 16 Sign 32
A i A
N lextend| M
o| Write Data
data memory
o | Read
register 1 Read
; datat [ a. Data memory unit b. Sign-extension unit
Register S | Read
numbers register 2
5 _ Reqgisters Data
*» ygl’llte
gister Read
S o
Wiite data 2 Why do we need this stuff?
Data < = data
a. Registers b. ALU
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Fetch

v

4 —>
> Read
PC" address
Instruction >
Instruction
memory
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Tipo R

Instruction

Read
register 1

Read

register 2
Registers

Write

register

Wrrite
data

Read
data 1

Read
data 2

s

>ALU ALU

Zero—»

result

/
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Referéncia a Memoaria

»| Read
register 1 Read R
Read data 1 )
Instruction reglste% 2 >ALU ero
} : isters ALU
Write > result > Address Read
register dFE[eaZd ] /
- ata
> X\a/{t'ée Data
| Write memory
data
16 32
\_,| Sign
v lextend
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beq
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Instruction ‘

PC + 4 from instruction datapath —,
> Add Sum Branch target
—>

Read
register 1 Read -
Reao{ , data 1
register = To branch
Wiite Registers > ALU Zero control logic
register Read ‘
Write data 2
data

16 , 32

\_,| Sign

Nl extend
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Building the Datapath

Use multiplexors to stitch them together

- PC

s

oy

Read
address

Instruction

Instruction
memory

v

>Add ALU

result

xcZ
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Registers :
Read 3 ALU operation MemWrite
> register 1 ALUSrc
Read N
Read data 1 g MemtoReg
register 2
l Write Read > Address  Readl
register  data 2 '\d' data M
Write X 2
> data . Data X
. | Write memory |
Regerte| "| data
16 . 32
_[ Sign
> extgnd = MemRead
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ALUs e Multiplexadores

« ALU genérica: R1 < R2opR3
« ALU soma para endereco instrucao: PC + 4
« ALU soma para endereco de desvio: PC + SignExt (ShiftLeft (Offset))

« MUX 2:1 para escolher segundo operando da ALU genérica
— R2
— SignExt (Offset)

« MUX 2:1 para escolher o que sera carregado no PC
— PC+4
— PC + SignExt (ShiftLeft (Offset))

« MUX 2:1 para escolher qual é a origem do dado a ser escrito no
Banco de Registradores

— lido da memodria
— resultado da operacao da ALU genérica
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Control

« Selecting the operations to perform (ALU, read/write, etc.)
« Controlling the flow of data (multiplexor inputs)
* Information comes from the 32 bits of the instruction

« Example:

add $8, $17, $18 Instruction Format:

000000 10001 | 10010 O1000| OOOOO |100000

op rs rt rd shamt | funct

 ALU's operation based on instruction type and function code
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Control

e.g., what should the ALU do with this instruction
Example: Iw $1, 100($2)

35

2 1 100

op

rs rt 16 bit offset

ALU control input

000
001
010
110
111

AND

OR

add

subtract
set-on-less-than

Why is the code for subtract 110 and not 011?
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Controle da ALU

OPCODE Function ALUop Operacgao
Iw ou sw XXX XXX 00 soma
000 000 tipo da instr. 10 depende da instr.
beq XXX XXX 01 subtracao
OPCODE © Unid ALUop °
nid. ~—» ALU |3
Contr. | funct g | Control | '
(parte) ALU
IR [ oPCODE Funct.
ALUOp Funct field Operation| Binv - cod
ALUOp1 |ALUOPO|F5/F4|F3[F2|F1|F0
0 0 XXX X[ X]|X 010
X 1 XXX X [X[X] 110 Lkt L LA
1 X X|X|0[0]0]0 010 add | 32=20y
1 X X|IX|0]0[1]0 110 sub 34=224
1 X X|X[0]1]0]0 000 and 36=24
1 X X|X]0[1]0]1 001 or 37=254
1 X X | X 1 0/110 111 slt 42=2A4 Ch5A-17
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Logica de controle da ALU

ALUOpO
ALUOpf
F3 *—
F2 « >
F (5-0) | :) >
— T 1F1
N
) >
ALUOp Funct field Operation
ALUOp1|ALUOpO|F5|F4|F3|F2|F1|F0
0 0 X XXX X]|X 010
X 1 XIXIxIxIx|Ix] 110 Inst | Funct.
1 X X|X|olo]lo]oO 010 add | 32=204
1 X X|X]0]0o|1]O 110 sub 34=224
1 X X|X|ol1]0]0 000 and 36=24y
1 X X|X|o[1]0]1 001 or 37=25
1 X XIX[1]lol1]0 111 slt 42=2Ay
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Campos da instrucao e MUX adicional

TipoR | op rs rt rd shamt | funct
31-26 25-21 20-16 15-11  10-6 5-0

Iw sw op rs rt addr
31-26 25-21 20-16 15-0
beq op rs rt addr
31-26 25-21 20-16 15-0

« 2registradores a serem lidos em todos os tipos:
— campos rs (25-21) e rt (20-16)
« offset para beq, Iw e sw:
— (15-0)
 Registradores de destino (write register) em dois lugares:
— Iw e sw: rt (20-16)
— Tipo R: rd (15-11)
— Necessario MUX controlado por RegisterDestination: RegDst
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Control

ALU
Add result

Instruction [31-26]
[r—— - CONtroO|

Instruction [25—21] Read!
Read i
PG Reaar register 1 Readl|
Instruction [20—16] Read data 1
. | register 2
Instrgct_lom 0 ~ Registers  Read|
) Mi Writel data 2 Address Readl_,
Instructiont ul register data Mi
memory N - X ) ul
] Instruction [15—11] 1 X\;T;el Datal X
— memor
Writel Y 0
data
Instruction [15-0] 1\6 Signi 32

\ Tlextend [ N ALUI
rcomtro\

Instruction [5—0]

Memto- | Reg | Mem | Mem
Instruction | RegDst | ALUSrc| Req |Write | Read | Write | Branch | ALUOp1 | ALUpO

R-format 1 0 0 1 0 0 0 1 0
1w 0 1 1 1 1 0 0 0 0
SW X 1 X 0 0 1 0 0 0
beq X 0 X 0 0 0 1 0 1
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Unidade de Controle

Memto- | Reg | Mem | Mem
Instruction | RegDst | ALUSrc| Req |Write | Read | Write | Branch | ALUOp1 | ALUpO
R-format 1 0 0 1 0 0 0 1 0
1w 0 1 1 1 1 0 0 0 0
SW X 1 X 0 0 1 0 0 0
beq X 0 X 0 0 0 1 0 1
Inputs
Op5
Op4
Op3
Op2
Op1
Formato R: 000 000 Op0 1 1
000000 | 000 1010 000 ] O
Iw: 100 011 LJ LJ [j
SW: 101 011 Outputs
beq: 000 100 R-format] Iw SwW beq RegDst
) ALUSrc
MemtoReg
) RegWrite
MemRead
MemWrite
Branch
ALUOp1
ALUOpO
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Our Simple Control Structure

« All of the logic is combinational

« We wait for everything to settle down, and the right thing to be done
— ALU might not produce “right answer” right away
— we use write signals along with clock to determine when to write

« Cycle time determined by length of the longest path

State State
element Combinational logic element
1 2

Clock cycle J

We are ignoring some details like setup and hold times
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Single Cycle Implementation

« Calculate cycle time assuming negligible delays except:
— memory (2ns), ALU and adders (2ns), register file access (1ns)

AL
> Add et

Zero
ALU ALU

——
Add
4 —
Instruction [25—-21] Read
PC Read register 1 Read
address Instruction [20— 18] Read data 1
Instruction L ; register 2 Read
[31-0] M =] Write data 2
. . u register
Instruction Instruction [15-11][x | | write
memory 0| Plgata  Registers
Instruction [15-0] 16 [ Sign 3
v\ extend
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Instruction [5—0]

result

P>

]
M
u
X
0
Address Read
data
Data

Write
data memory

(2=
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Adicionando a instrucao jump

Instruction [25-0] \ [ Shift |\

Jump address [31-0]

31-26
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Mleft2 [}
26 U28 0 1
PC+4 [31-28] \‘ M M
\ u u
X X
ALU
Add gt .\ g\
>Add
Jump [
4 —
Instruction [31—26]
Control
Instruction [25—21] Read
PC Read register 1 Read
address ea
Instruction [20—16] Read data 1
. register 2
|n3tr[lé(131l06‘] L» 0 ~ Registers  Read ALU ALy
. M Write data 2 0 result » Address Readl
Instruction u register M data M
memory Instruction [15—11 X ; Y J
[ ] ] gvme X Data X
ata 1 Wit memory 0
rite
"| data r
Instruction [15-0] 1\6 Sign :iz
\ '@ \
Instruction [5—-0] r
2 address
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Problemas com a alternativa de ciclo unico

“Vantagem”: CPl = ?
Desempenho?
— supor unidades em uso: Memoria (2ns), ALU (2ns), Registr (1ns)

Classe
R Fetch [Registr [ALU Registr
lw Fetch [Registr [ALU Mem Registr
sSwW Fetch | Registr |ALU Mem
beq |Fetch [Registr |ALU
j Fetch
Classe 'I\:I\ztt?f %eg ALU Ielztrz s\?g total
R 2 1 2 0 1 6
lw 2 1 2 2 1 8
S 2 1 2 2 7
beq 2 1 2 3
j 2 2
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Problemas com o ciclo unico (2)

« Desempenho:
— TCK = caminho critico =8 ns
— velocidade limitada pelo pior caso
« Alternativas:
— fazer clock com freqliéncia variavel (muito custoso e complicado)

“picar” a instrucao em pequenas fungodes e executa-las em varios
ciclos de clock, uma (ou mais) por ciclo

« em vez de duracgao variavel de ciclo, numero variavel
« Vantagens do multiciclo:

— velocidade: ciclo limitado pela “operacao” mais lenta e nao pela
“instrucao” mais lenta

— instrucoes mais simples executam mais rapidamente
— economia de hardware

 ter apenas 1: ALU, memodria, registrador

* usar uma vez todos esses, por ciclo
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