The Processor
Implementation:
Datapath & Control

“Computer Organization & Design ”
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Single-cycle Implementation: EK¥§EH, EKCC

clock ‘

M

add $t0,$tl,S$t2

Multicycle Implementation: NEKFELFH, ©HKCC

clock

beq $t0,$tl,L

add $t0,$tl,S$t2

> ¢

beq $t0,$tl,L

* Multicycle Implementation: less waste = higher performance
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Fetch Register 3. Execute 4. Memory

- £ RN EAIHMT I L L L

o HEHHE 5 G 20 EA HI !
o fRi: BFEPREEE, — e E A AT BLSE AR
— —IREFEILE (2 reads or one write) , or
— —IRALUEEAE, or
— —{XMEM7Vja] (read, write)
« IMMItFH Areg [VFE: TIAERF, HfE5EIR. MDR]
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Action for R-type Action for memory Action for
Step name instructions reference instructions branches

Instruction fetch

IR <= Memory[PC]
PC<=PC+ 4

Instruction decode /register fetch

ALUOut <= PC + immediate

A<= Reg [IR[19:15]]
B <= Reg [IR[24:20]]

Execution, address computation, ALUQut <=AopB ALUQut <= A + immediate if (A==B)
branch/jump completion PC <= ALUQut
Reg [IR[11:7]] <= Load: MDR <= Memory[ALUQut]
ALUOut

— PERS: RS, topr  pmmaees
« 1T HbeqH Frihit
— HAT: R-typeitF. VifpHhbirb&, o> e
o s BT (BIAEFD PC (52D
— Uiff: IwiE, swE (58 , R-typeEE (58/8)
— —Ejlﬁl |W—Ejlﬁl (%52)

» VER: FRORAMAEK, 70783, 4. 51CC

o SAHTEERE AR 3
— bR SR s

— IREHL: IRZID

or
Store: Memory [ALUOut] <= B

Load: Reg[IR[11:7]] <= MDR

clk gating -—

IND EX INT

D A D A D A D A

o I I I I
CLK

1— FE 1™ IND 11— EX 1— INT
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PC Address Instruction = Registers AL Address
Instruction | Register =
memory Data -
b—| Register # memary \ -
Data Clock cycle
Data
e [ —
. Register #
Instruction .
Address  Instruction = . ™ Registers ALL ALUOut Address
register ol Redicter & [
Instruchon egisier = Memory
TETOry == B * Data
] — data —
- Reg slar & mamory .
register
| Data
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FIGURE e4.5.1,

Data
. Regqister & ]
Address  Instruction = |r‘tr5;rl}156tt;?ﬂ = — Registers >.ﬂ.l. ALUOuUt Adddrese
Instruchon g Regqster & I
MEMony — B Data N
* Regqister # e maory
Data
Instruction
> PC | Address register > Data |
Instruction ¢ Register # -
Memory ©f data —® Registers ALU ALUOut
¢~ Register #
Memory
Data 1 dgta P9~ Register #
register

The high-level view. IR5MDR& 3:?

data
register

Memory




ALUE A: PC+1, EX, beqg

FIGURE e4.5.6

Action for R-type Action for memory Action for
Step name instructions reference instructions branches

Instruction fetch IR <= Memory[PC]
PC<=PC+4
Instruction decode /register fetch A<= Reg [IR[19:15]]
B <= Reg [IR[24:20]]
L izl ALUOut <= PC + immediate
Execution, address computation, ALUOut <=AopB ALUOut <= A + immediate if (A ==B)
Register # branch/jump completion PC <= ALUOut
Address:  Instrction Re isterR:glsters Pedrees Memory access or R-type Reg [IR[11:7]] <= Load: MDR <= Memory[ALUOut]
Instruction 9 L Data completion ALUOut or
memory Register # memory Store: Memory [ALUOut] <= B
Data Memory read completion Load: Reg[IR[11:7]] <= MDR

Instruction

register o _
— PC Address 9 > Data LI K
il
Instruction ¢+~ Register # _
Memory ©F data ¢ . Registers ALU ALUOut -
———— | 9| Register #

Memory E

Data | data  ~Pes Register #
register




| funct7? | rs2 | rsl | funct3 | rd | opcode |R-type
g a A 4 ‘ y N
“I“A - q ;& j::' E% | immediate[11:0] | rsl | funct3 | rd | opcode | l-type
) l:L /"/ )I_-—':" :L—.‘ | immed[11:5] | rs2 | rsl | funct3 | immed[4:0] | opcode |S-type
| immed(12,10:5]|  rs2 |  rs1 | funct3 |immed[4:1,11]]  opcode  |Bype
=)
HY 5 lw/sw
| , PC+4
,// ’ a4
/” ,,
’ - 7
/, - 4
4 _- ’
Ve - /
) L
< Instruction _| Read /,’
Address [19-15] register 1. o 4 )
—— v
Instruction Read data 1 EI_L ,
> Zero
M;mog [24-20] register 2 ,'/ ALU
emData ¢~ Instr[uctior] B WnteFIeglsters / r :;I:.llljt ALUOUL b
11-7 Read | [ 1] ¢
| Write Instruction register data 2 *EI . ; ;
data 4= 1M
register ) Write /o
— data -2 x
Instruction M %,
[31-0] X 1
|——“' 1 L3 \\\
\ AN
N
Memory Imm \ AN
" —-| data "l Gen ‘\‘ .
' register \ N
N \ beq
\
S\W '\
. \
\
\
)
FIGURE e4.5.2 I-type/iw/sw
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| funct? | rs2 | rsi | funct3 | rd | opcode |R-type
_I_‘A 1 I I:I | immediate[11:0] | rsl | funct3 | rd | opcode | Itype
) ':l /_\ ‘_5‘ | immed[11:5] | rs2 | rsi | funct3 | immed[4:0] | opcode |S-type
3
| immed[12,10:5] | rs2 | rsi | funct3 | immed[4:1,11] | opcode | B-type
lorD MemRead MemWrite IRWrite RegWrite ALUSrcA
? ‘ FIGURE e4.5.3
L 0
PC M Instruction Read
: Address [19-15] register 1 Read H
Instruction data 1
— 1 Memory [24-20] ;Reeg?;iter , Zero
MemData Instruction | _ _ Registers ALU ALY ALUOuUt H
[11=T7] Write Read result
| Write . register data 2 *E._. 0 M
data Instruction ¢ . 4|1 u
register 5 Write 5 X
data \_
Instruction M
[31-0] :
h :
7\
Memory 1 Imm /
d?ta Gen [ ALU "_
register | control |
N4
Instruction [6-0]
U ram g Vo N I
HEH: PC. MDR. ALUOUt. A. B?  emiores ALUSrcB  ALUOp
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55 BJIEX: EX{FH

o RIFEPCMMEMHHLFE, IR=MEM[PC]

« 1ENPC, PC=PC+4

e BHZE. lorD, MemRead, IRWrite; ALUSrcA, ALUSIcB,
ALUOp, PCWrite

lorD MemRead MemWrite IRWrite RegWrite ALUSrcA

L
pC M Instruction Re{?\d
u Address [19-15] register 1 Read
X =
—| 1 Instruction Read data 1 A
Memory [24-20] register 2 Zero
MemData ¢+ | . : ALU ALU
nstruction | Wit Registers osult ALUOuUt k
[11-7] rte Read | ] - it]
| Write _ oGSt ata 2 [+{B [+~ m
data Instruction ) 4+ 1u
register Write 5 X
data
Instruction N
[31-0]
11 =» o9 .
PC “J55"” * [ .
Memory Imm
- da_ata Gen [ ALU ||
register \ control |
Instruction [6-0] T
FIGURE e4.5.3
I

MemtoReg ALUSrcB ALUOp
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[ funct? [ w2 [ s [ functd | rd [ opoode | Retype

b/\\‘Xﬁ‘%$ ‘7;_‘—\'?_‘ By ‘:I:’ [ imm[11:0] [ 1 Jiunct3] rd | opoode | I-type
j:H ? -[/:F = l]m‘ ¥%§1* [ imm[i5 | rs2 | rs1 | functd | imm[4:0] | opcode | S-type

— BrsFirtiZEAFIB: A=Reg[IR[19-15]], B=Reg[IR[24-20]]

lorD MemRead MemWrite |IRWrite RegWrite ALUSrcA

Lo
PC M Instruction Read
: Address [19—15] register 1 o 4
— Instruction data 1
! Memory [24-20] ;Ree?s?ter 2 Zero
MemData (> : P e ALU ALY
Instruction | Registers ALUOuUL
(11-7] Write Read | [_] resuy
.| Write . register a2 {B[—{"m
data Instruction ) — 4|1 u
register Write 5 X
data \_
Instruction
[31-0]
/-'"_ T,
Memory [ Imm / \
—- deta Gen [ ALU | |
register \ control |
\ _/’f
Instruction [6-0] ‘
| 2

MemtoReg ALUSrcB ALUOp
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| |
| |
R t ej:[ﬁ) A | immed[11:5] | rs2 | rsi | funct3 | immed[4:0] | opcode |S-type
yp HX | immed12,105] |  rs2 | rst | funct3 |immed4:1,11]]  opcode | Btype
« ALUOuUt=AopB

— UiIfEfa % tHE UL
* ALUOuUt=A+(sign- extend(IR[Imm])

funct? | rs2 rsi | funct3 | rd | opcode |R-type

rsi | funct3 | rd | opcode | IHtype

lorD MemRead MemWrite IRWrite RegWrite ALUSrcA
° E[/J :Jcﬁi % IJ { ’5 :
L l. 0
pC M Instruction Read
u Address [19-15] register 1 o 4
x
—=|1 Instruction Read data 1
M;mogl lam [24-20] register 2
embata Instruction | _ Registers ALUOUt H
M1-7] Write Read
| Write ) register data 2
data Instruction )
register ) Write
data
Instruction M
[31-0] v
™
Memory Imim
—| data Gen
register
Instruction [6-0] l
|

MemtoReg ALUSrcB ALUOp
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EUURTEL: R-typeflswie i Iwip
_R-typesE: 45T
* Reg[IR[11-7]] = ALUOut
- MEM[ALUOUL] = s 5

« MDR = MEMJALUOuUL] o
BRI WS B —
— WS H: Reg['R[11-7]] = MDR

» AT FEHIE S

L
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= A M 4 1 M Hpy
beqis & EHEK: BT A Hadder2?
immed[12,10:5] rs2 rsl funct3 | immed[4:1,11] opcode B-type
 beqfEHATAHITERL, P ] B
— W& || THE B ARHRE: ALUMRSE, SRR
— PCH#H: B4s, BPC+1; #iTtaken, Htarget

lorD MemRead MemWrite IRWrite RegWrite ALUSrcA

e
PC M Instruction Read
u Address [19-15] register 1 Read
x
—{1 Instruction Read data 1
M:‘mogy (24-20] register 2
emData 1 | nstruction | _ Registers ALUOut 1
. [11-7] erf(et Read | [T 5 resuy
~| Write . "eGISter  ata2 B [+—~{Om
data Instruction ) 4-+1u
register Write 5 X
data \Z
Instruction
[31-0]
Memory Imm
- da?ta Gen [ ALU | |
register | control |
Instruction [6-0] ‘
I

MemtoReg ALUSrcB ALUOp
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rsz

rsl

funct3

immed[4:1,11]

opcode

o UEEFMAHRS 9, A RSAT R SO ERTRE TR, HIEE
« H#I{E5: ALUSrcA, ALUSrcB, ALUOp, EPCWriteCond=1

PATHE . beqlb#:, if (A ==B)nPC=ALUOut;
— ALUOutS 1] ? anffbeq, MIHAT B HAA 8- 5ALUOUL!

B-type

PC

o i%ﬁ%}% ﬁ:ﬂ . immed[12,10:5]

— & beqH fritihi:: ALUOut = PC+offset

« ALUOuUtE #5542

— ALUOuUt->PCHJIEE? W R

— PCHHI? WK
«  beqf B HIPC?

— W5 EPCH-—CC, 4T
ALUOUtE 21l :  [coDTHBm, ! lixx]

PERS . ALU% H Abeqfitarget ;
AT 1. ALUSaHH ybeqbbsi 4 R s

BAETCH], @i ditarget, [AIHEA

17 N 2R I 5 ALUOUE ? !

lorD MemRead MemWrite IRWrite Reg
Lo
M Instruction Read
u | Address [19-15] register 1
—1 Instruction Read dat, ¢
M;morDy [24-20] register 2
emData |3 Instruction | _ Registers ALUOut H
[11=7] Write ea
| Write ) register data 2
data Instruction )
register Write
data
Instruction
[31-0]
|-..
/..- o N\
Memory Imm
deta Gen f \
register \ control |
Instruction [6-0] l

FIGURE e4.5.3

MemtoReg

ALUSrcB ALUOp
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JE e X: R E A == Tlale !
IF: PCsource+PCWrite
EX: PCspurce+PCWriteCond —~
e ’7 PCWriteCond ’ \'-. PCSource
k& _MLLLIB_,_ QOutputs | ALUOp
lorD | | ALUSrcB
MemRead Control
MemWrite | Il ALUSreA 4
". : C+
MemtoReg | Op | RegWrite P |~ p
V-0 S
IRWrite — =0 M
S u
¥ 1 X
-9
Instruction
5 [6-0]
~PC M Instruction Re@d 0 b
u [~ Address [19-15) register 1 | — |M (S]0
X i datai [~ A IR X -
—=l1 Instruction Read L J |
Memory [24—20] ™| register 2 1 Zero !IZ
MemData Instruction .| Registers ALU ALU ALUOut |
[11-7] Write Read | ™ resuy
| write , register  yata2 [+ B O M H-
data Instruction ) 1141 u
register ) Write 2 X
— data
Instruction M
[31-0] u )
11 //"-- -'“\\1
FIGURE L womory ||
dota P " control »
register Gen \
e4.5.4 o,
\‘E_ .
Instruction [6-0]




Multicycletg & B} 7

FIGURE e4.5.6
Action for R-type Action for memory Action for
Step name instructions reference instructions branches
Instruction fetch IR <= Memory[PC]
PC<=PC+4
Instruction decode /register fetch A<= Reg [IR[19:15]]

B <= Reg [IR[24:20]]
ALUOut == PC + immediate

Execution, address computation, ALUOut == Aop B ALUOut <= A + immediate if (A == B)
branch/jump completion PC <= ALUOut
Memory access or R-type Reg [IR[11:7]] <= Load: MDR <= Memory[ALUOut]
completion ALUQut or

Store: Memory [ALUQut] <= B
Memory read completion Load: Reg[IR[11:7]] <= MDR

« UJ-type”



Control unit internal structure

;'*Cnntml - ~
i Unit

—— MemtoReg
— RegDst
Branc : — lorD
MemRead - |—PCsrc
-Control zrigs | Controfier [~ ALUS™B1o
Temvrite iﬂpmdeﬁﬂ (FSM) —— ALUSrcA
AL USre : — IRWrite
RegWrite — MemWrite
: L PCWrite
—— Branch

() Opcodei%ﬁ_nj \ J— RegWrite

ALUOp,.,

Instruction [6-0]

. RV2{5 545
MIPSANSE A ABIE] o S ,5
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MemRead
ALUSrcA =0

% i HHFSM

FIGURE e4.5.12
The finite-state diagram
for multicycle control.

lorD =0 ALUSrcA =0
Start —————» IRWTrite ALUSrcB =10
ALUSrcB = 01 ALUOp =00
ALUOp = 00

PCWrite

ALUScA =1

Y

FIGURE C.3.1 ALUSrcA =1 ALUSIcB = 00
ALUSrcB =10 ALUSICE = 00 ALUCp =01
ALUOp =00 ALUOp = 10 PCWriteCond
F’rogram PCSource = 1
execution order
lw $10, 20($1)
sub $1 1, 32. $3 _ h
add $12, $3, $4 S
MemR MemWri "
w $13, 24($1) oD =1 D=1 vegwte
v add $14, $5, $6

4

beq AT & ERPCWrite ?

RegDst=0
RegWrite

MemtoReg =1




FSMHZ #1355 4E S22, $5.9.2

e MooreZ! (Edward Moore) , MealyZ! (George Mealy)
— MooreBIHER Gt S5 AT, A CLFE ] B4R Ak i i 42
#{55) . —H iR (one-step-delay) . fit S5it8hse4[EE .
— MealyZ H 8/
— PPN AT CLFE B 55 4

« EDAT EHTUARIEFSM A shig &4 plidas i 28

g7 57
ﬁﬁ% Fllz/ﬁ: e | Next
o tat
*‘ Current state * Next-state o
g T function ~____
e Y0418 4
Clock Pl HA ﬁiﬂ:
Inputs ' 3 17
.
— Output R
function > Outputs
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FSMIZHill 285230 : 2H 515 % 5 =X

MemRead
ALUSrcA =0
lorD=0
IRWrite
ALUSrcB = 01
ALUOp =00
PCWrite
PCSource = 0

ALUSIcA=0
ALUSrcB=10
ALUOp = 00

Combinational St
control logic ——— Datapath control outputs

Outputs < F—

ALUSrcA =1
ALUSrcB =10
ALUOp =00

ALUSrcB = 00
ALUOp = 01
PCWriteCond
PCSource = 1

ALUSrcA =1
ALUScB = 00
ALUOp =10

Inputs

r A

Inputs from instruction State register

register opcode field ‘[

RegDst =1
RegWrite
MemtoReg =0

MemRead
lorD =1

MemWrite
lorD =1

RegDst= 0
RegWrite

FIGURE e4.5.13 using a block of combinational
logic and a register to hold the current state

F: Z%)#510.1.3

MemtoReg = 1



FSM¥E #2523 PLAJT =

—1 PCWrite Ops

PCWriteCond Opd I—[,‘:-:
lorD _
ke Opa I_|>,,
MemRead
MemWrite Op2 D
IRWrite opt >

MemtoReg opo [ [::

Control logic

PCSource

ALUO s 1
Outputs < p

ALUSrcB &2 D'

ALUSrcA N S

RegWrite - I_[>=
RegDst | [ N

NS3 PC\Write

PCWriteCond

NS2 lorD

NS1 MemBead
NSO Mermi rite

k. IR rite

MemicRag

PCSournce

PCSourcen

WD

Inputs

f f
| & | €| 2| |
[=N o np ) o ™ o
OTOIDTDTOTD |l | | 0
Instruction register State register -f.-uEr:EI;
- ALUSIC
opcode field ] ] ALUISTCA
| RegWrite
Regls=t
NS3
N5z

FIGURE C.3.2 Fig C.3.9 NS0

e
Ts In
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rom-based finite state machines

s I A S AL S ‘ inputs outputs
MET LRI NIFT Y BDIRES IR
BEFAEZS) NHhihlk, Zg| X%t | Sn | Shet 0
Ho, FRIFIRSZTFEES, 0..00 | 0..00 | 10110 | 011
0..01
If. 2i+5
7 """} a
5 J
A
i —
| 0
- | e
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e Sequencer

- TR

o FIRE
— . +1
e Adder

- 4

 addr sel logic

Control unit

-

PCWrite

PCWriteCond

lorD

MemPRead

PLA or ROM MemWrite

|RWrite

Qutputs < | MemtoReg

PCSource
ALUSrcA

RegWrite

HegDst

AddrCitl

Input

N
Adder

State

T

' 3

Address select logic

f

=)
o,

Op

I
Instruction register Flg C 4.1

opcode field



MemRead

J-type HI DPFIH% i #5 2

ALUSrcA =0

lorD=0 ALUSIcA =0

Starf ———#= IRWrite ALUScB =10
ALUSICB = 01
ALUOp = 00

PCWrite

ALUSICA =1
ALUSrcB =00

FIGURE e4.5.12

o ) H:UUSE;CBHU ALUSrcB = 00 ALUOp = 01
The finite-state diagram \ Aoe= ALUOP = 10 PCamecond

for multicycle control.

A

FIGURE C.3.1

RegDst =1
RegWrite
MemtoReg =0

MemWrite
lorD =1

MemRead
lorD =1

jal. jalrfg4?
luifsg % : U-type?

HUAE #1240 1120457 37 B 4

Datapath control outputs

[T

nopfa4-?
S

RegDst=0
RegWrite
MemtoReg =1




%/%f\%f[}%&éai;@ ’ CPI = ?

 CPIlis always an average over a large number of instructions.
— CPI=CPU clock cycles / Instruction count

. W SPHLEEWY (UFIDIEXIMMIWB) , AL #i=1/CC
— SPECINT2000+, load~25% (Htbyte51%, Hword H24%) ,
store ¥10% (fFbyte’N1%, fFword N9%) , ALU52%, branch
N11% (6%beq, 5%bne) , jumpiN2% (1%jal+1%jr) , N
— /LM E KR CPI=5.0
— TR FMAEKE: CPI=4.12
e =(0.25X5+0.10X4+0.52X4+0.11 X3+0.02X3 =4.12

~ CPId#it7?
— CPIGE/FHAEHF [Roofline #47] 2 T
~ IPC=?
— HF Y CPI=1.0 i

— I B D208 1 8y ?
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¥

IR
k.
—
L ]
Clock — Conirol » Flags
unit .
—
1' L] l‘l
Control
signals
PCWriteCone PCSource
Wit Outnuts ALUOp
arD
ALUSrcB
MemRead Control
: . ALUSrcA
MemWrit
JemtoReg Op Reg .
- [6—0]
IRWrite
'

MemRead
ALUSrcA =0

lorD=0 ALUSrcA=0
Start ———» IRWrite ALUSrcB =10
ALUSrcB = 01

ALUSrcA = 1
ALUSrcB = 10
ALUOp = 00

ALUSrcB = 00
ALUOp =01
PCWriteCond
PCSource = 1

ALUSrcA =1
ALUSrcB = 00
ALUOp =10

RegDst = 1
RegWrite
MemtoReg = 0

MemWrite
lorD =1

MemRead
lorD =1

RegDst=0
RegWrite

MemtoReg = 1

Hizhbiit
A ATATATATATAA.AAAA
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19.20 21 22 23

> | <

ifFEH

IR ——>




Microprogrammed Controlm
B

o [E S| M K2 Maurice. V. Wilkes# %

1946~ 19494 WilkesfE & SLIL S — B G FRE 7
Rt HHEDSAC. 3% ~fmER %, 1967

T 1951 43 Y IRIRE 4 il U A2 A0 R R

) 11

Foreshadowed by Babbage’s “Barrel” and
mechanisms in earlier programmable calculators |

PEAFVERE AN, B2 60's¥- A fiEas H B
19644EIBM System/360 15 KA T I HIAR
. 1) wpda@ZiEmslasiset ZEark: 2
) T A E Y

29
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Control unit PCWrite
PCWriteCond
lorD
Microcode memory MemRead Datapath
MemWrite
IRWTrite
BWrite
Qutputs < | MemtoReg
PCSource
ALUOp
ALUSICE
ALUSrcA
RegWrite
ReqgDst
- AddrCtl 1
out  Microcode
i & AY
Jreed
I - A7
S Microprogram counter
Adder - I
! =5 P B
Address select logic |- \ /
1 eS| Tk

Op[5-0]

1

Instruction register

Fig C.4.6

opcode field

TATATATA

ATATATAT AAAE?&:KA

8 9 10 11 12

ifFEH

13 14 15 16 17

18 19 20 21 22 23

.
>

< IR —
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N

N
E

N
E

LDR1" LDR3'" R1-»Y R2-»Y R3—Y M RD' LDIR" PC+1
T LDR2' T Rl*XTRZ*XTDR-PXT +YT Y-X T LDDR’ TLDAR T P1 P2 Bl
A A A AAAAA
T
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(PG 2N I FIVC = Uy AN L1 B3| R [ € )

Hu¥sE#: C2. C5. C4. ... %

" w2

— T, PC->MAR, 1->R 7 /l /Tﬂ) %)(
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