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[0 Washer takes 30 minutes j
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Program
execution Time 200 400 600 800 1000 1200 1400 1600 1800

order
(in instructions)

Id x1, 100(xd) e [Reg| ALU | 32 | Reg
Id X2, 200(x4) 800 ps e n " |Reg| ALU | Do | Reg
. = |Instruction
Id x3, 400(x4) 800 ps fetch
' anr —a
800 ps
HIFHEA? Z A
Program
execution Y 200 400 600 800 1000 1200 1400
TImE 1 1 Y T T T T -
order
(in instructions)
id x1, 100(x4) '"ﬁ*;:’;i""“ Reg| ALU agcaetgs e
. Instruction Data
Id x2, 200(x4) 200 ps | feteh Reg| ALU | ccess |R09
Instruction Data
Id x3, 400(x4) 200 pS | fetch Reg| ALV access |9

200 ps 200 ps 200 ps 200 ps 200 ps 47
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Time (in clock cycles) -
CC1 cC2 cC 3 CC4 CC5 CCe CC1 cC2 CC3

Program
execution
order

(in instructions) =
- =
w $10, 20(51)  |IM ‘| i‘?ﬂ: :@‘ ‘[D”_r _Fi;agf,
sub $11, $2, $3 IM — "#:%: :@‘ |DM_r 9
add $12, $3, $4 I -Eﬁaz _9 DM|{ HReg
- | — ]

=N
lw $13, 24(%1) IM |— —Cﬁi :@‘ "[DM_I- ‘Eg,:

dd $14, $5, $6 . || E—
| ° N | —E{F@: _>>u.u DM g
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Instruction [25-21] Read
register 1 Read
. _ data 1
Instruction [20-16] Irl%?sﬂerZ MemtoR eq
1 . Read
M Write data 2 [~
u register
Instruction [15-11] | x Write
0 data Reuisters
RegD st
Instruction [15- 0] X 16 [ sign |32

1 extend

181K CPURIEGEIE o B3
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viemeead  Memidrite RWrite RegDst RegWrite
e L=
FC 0
I 1] Read
AL U ’) u = Address register 1
. X
Read
e J| e =
MembData Registers
© Instruction M Wit D Real
PCWrite [15-0] U register  data 2
PCWriteCond el WrE Instrudtion X '
Write
data register 1 data
Instruction =
[15—0]

Memory
data
register

Instruction [5— 0]

MertoReg ALUSHE ALUOp
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EX: Execute/
address calculation

ID: Instruction decode/ WB: Write back

register file read

IF: Instruction fetch MEM: Memory access

| I [ I
| I | I
| I | I
| I | I
| I | I
| I | I
| I | I
| | | |
| | | |
| I | I
| I | I
| I | I
4—] I [ | |
| I | I
| | o | |
Add T T | |
| | | |
| I > ADD Sum ; I
| I | I
| | [ Shift | |
| | \left 1 | |
| I | I
| | | |
0 | | | |
M } Regd Read } - | :
" Address ‘ register 1 data 1 | | |
x I Read | | |
1 | register 2 | Address |
Instruction | Registers ‘ | R::Eg I |
| Write Read | : Data |
Instruction | register data 2 | | memory |
memory

I Write I I :

data I i
| I | I
| I | I
| | | |
| 32 I 64 | | |
| \ mmo N | |
| Y Gen N | |
| I | I
| I | I
| I | I
| | | |
| | | |
| | | |
| I | I
| I | I
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IF/ID ID/EX EX/IMEM MEM/WB
[ |
Shift /
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left 1
=
s
PC Address £ . [Read
2 register 1 Read > -
> B data 1
c
= Read Zero
Instruction register2 ALU
Registers ALU _ Read
memery 1 o | Write S:t:dz > - DM result o | Address data [ 1M
::’filizter u Data :
- memory
data [ 1x 0
. Write
o "] data
32 imm | &4 >
> Gen
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>Add

ID/EX

Address

Instruction
memory

A

REIN

Instruction

Read
register 1

Read
register 2

Read
data 1

Registers paaq

Write
register
Write
data

data 2

MEM/WB

Data
memory

Read
data

EX/MEM
Add Sum| >

Shift

left 1
- -
> H@—»-| Address
_ | Write
o " | data
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lw x1,100(x2)

Instruction decode

PC

Address

Instruction
memory

A |

IF/ID

struction

ID/EX EX/MEM MEM/WB
| Add Sum| >
Shift
left 1
Read
" | register 1 Read
data 1
Read > -
register2 Read
) Registers  peag > @ Address data ™ 1
Write data 2 M
register Data u
Write memory x
data 0
- | Write
— ' " | data
32 Imm 64 E >
Ay
™| Gen E
—
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loadiSSHIHITINES FUBR2LA XS

lw x1,100(x2)

| i |
| Execution |
IF/ID ID/EX EX/MEM MEM/WB
> - U >

1

4 O AddSum| n

Shift 4

left 1
L (0
M 0
u PC Address c o | Read o
X S[ | register 1 Read > E > >
1 ] data 1 o
Instructi Z— FeZ?s:jterz ALy 5o g
nstruction - = - ALU Read
> Registers > | >
memory —1 o | Write 9 Read > |§| - result — [§*| Address data | |
" | register data 2 8 Data
—-| Write [« memory
data s L
Write
> > data

Gen

,4%
A
E)
3
L
U]
I
A
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>Add

Address

Instruction
memory

IF/ID

ID/EX

c
'% Read Read
2 register 1 e
b g data 1
£ Read
register 2 -
i Registers po.q
Write data 2
register
Write
data
32\ _ Imm
\ Gen

64

| N |
| Memory |
' EX/MEM
-
Add  Sum)| m
Shift s
left 1 m
k=1
5
> o m
Zero L Q
ALV Ayl S Read
0 result ' 8 > Address dztaa E
t‘ 3 Data
memory
T <
N[l Wiite
o m | data

\LUOut

A
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lw x1,100(x2)

>Add

Address

Instruction
memory

IF/ID

ID/EX

Instruction
\

Read

Shift
left 1

Add Sum|

EX/MEM

_—

- Read
register 1 data 1
Read
register 2

Registers poaq
Write data 2
register
Write
data
32\ _ Imm
A Gen

64

A

N

Zero
ALU Ay

K

result

/

Address
Data
memory
Write
data

Read
data

rite-back

MEM/WB

ddiN

| nonv
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LwiE SRR PRI T

IF/ID ID/IEX EX/MEM MEM/WB
% - S O
4 — Add Sum - &
Shift z
left 1 —
2
o
Address 2 Read < [«]
Sr— Read
= register 1 ea > > (&) m
2 data 1
m_ Read Zero - -l=-; e Q
Instruction S register 2 ALU E
Registers ALU e _ Read
memory l Write 5;?2 > result = > Address data [
register / &I Data
Write memory
data — =]
a8 5
- . | Write O
o 7| data 3
32 Imm | 64 o<
A .
| Gen
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SR B E Sl 7

IF/ID
Add >
4 —p
L
s
Address 5 o | Read
= " | register 1 Read
| g data 1
= Read
Instruction _ register 2
memory > ~ Registers pgyq
Write data 2
register
Write
data
32 Imm | 64
A .
| Gen
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B

Address

Instruction
memeory

 J

ID/EX

A |

IdN

Instruction
* \

OdN

Read
register 1 Read
data 1

Read
register 2

Registers p..q
Write data 2
register
Write
data

32

ERLA

EX/MEM

MEM/WB

Add Sum 0
Shift -~
left 1 _
O
o
_ =)
> o
—
Zero - > e
ALU
ALU -
result o E \ e
M
@)
c
—
—

Address

Write
data

Data
memory

Read
data

(I

I

A

ﬂHl [nonv [HAIN |
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| N |
| Execution |
IF/ID ID/IEX EX/MEM MEM/WB
> Add > >
4 —p] AddSum
Shift
left 1
L
Address c o | Read
'.% " | register 1 ?:;d1 » >
= »| Read Zero > -
Instruction _ < register 2 ALU alu Read 1
> —e i = _ > > —

memory . Write ReglstersRead > gM result Address data M
register data 2 - Data u

—» Write X memory Qx

8N
data
_ | Write
> ~ | data
32 Imm | 64 >
AN  —
| Gen
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PC

>Add

Address

Instruction

memory

IF/ID

ID/EX

A\

Instruction

Shift
left 1

EX/MEM

Add Sum|

Read Read
register 1 ea
9 data 1
Read
register 2

Registers .4
Wiite data 2
register
Write
data

32

T Imm

wr Gen

64

Zero >
ALU Ay

result

Id |
Memory |
MEM/WB
-
Read
@ Address data [
Data
memory
| write
7| data
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Address

Instruction
memory

Y

IF/ID

ID/EX

Instruction

Shift
left 1

EX/MEM

Add Sum

Read
register 1 Read
data 1

Read
register 2

Registers Read
Write data 2
register
Write
data

32\ Imm

A)

> Gen

A

o
@ Address

Data
memory

| Write

7| data

Read
data

sd
W

rite-back

MEM/WB
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Time (in clock cycles)
CC1 cC2 CC3 cC4 CcCs CCé CcC7 ccs CcCo9

Program
execution
order

(in instructions) = = -

— N e
(W e ] o
adax12, 1334 [H e bo

Id x13, 48(x1) [ -Red ]
add x14, x5, x6 E_ ‘EERE_

Time (in clock cycles)
cC1 cc2 CC3 CC4 CC5 CCé6 cCc7 CcCs8 CC9

Program
execution
order
(in instructions)
Id x10, 40(x1) '"sft:::h"m '":::ocg:" Execution ag:;:g Write-back
sub x11, x2, x3 Insft:, ":cc:on !n:;r::g:n Execution a?:et‘:s Write-back
add x12, x3, x4 Insft::cclt‘lon 'ni;cg:" Execution aS:elZs Write-back
Id x13, 48(x1) Instruction | Instruction Esecition Data Write-back
fetch decode access
Instruction | Instruction 2 Data ;
add x14, x5, x6 fetch S— Execution P Write-back
4




FRABZLL*X S

University of Science and Technology of China

| add x14, x5, xB | Id %13, 48(x1) | add x12, x3, x4 | sub x11, x2, x3 | Id =10, 40(x1) |
| Instruction fetch | Instruction decode | Execution | Memory | Write-back |
IF/ID IDVEX EXMEM MEMWE
> fd .
e o
L
L
N = e —
i | Read - o
Instruction . £] register 2 N - Faed N
memary - Wit dan2 » | Addess a7 g i*
| register Data u
| e J
N Wirite
- data
az | 54 -
| Gen -
— — " : ]
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ldF5-% XA A 3

stg XA
R-typeds XA E #

Beqig4 XA
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+

Address

IF/ID ID/EX
: %|
§ -
£ Read Read
3 " | register 1 ea >
5 9 data 1 >
c
= Read —
l register 2
> Registers Read
m o | Write data 2 l m
"I regist —
> Write
data

EX/MEM

YyvV

| d [noniv [puod |

Y

(21

Address
Data
memory
Write
data

MEM/WB

[IE” [inonv [HAIN |
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TR EANTRBRRIE (RE, AEK)

KB

TSR

IF/ID. IR < Mem[PC];

IF/ID.NPC < PC+4; //IRIEEARIEH IR

IF | pc < (if PCSrc {EX/MEM.NPC’ } else {PC+4}):
ID/EX.A < Regs[IF/ID.IR.]; ID/EX.B < Regs[IF/ID.IR..,];
o | ID/EX.NPC < IF/ID.NPC; ID/EX.IR < IF/ID. IR;
ID/EX. Imm < (IF/ID. IR;;) !8##IR,, ,; sign extend
ALU 324 (R3%/12%) Load/Store 84 B¥iRs
EX/MEM. IR < ID/EX. IR: ,
/ / EX/MEM. IR < ID/EX. IR: EXfMEM-NPC ;-
EX/MEM. ALUOut < ID/EX. NPC+ID/EX. Tmm<<
ID/EX. A op ID/EX.B; |EX/MEM.B <ID/EX.B; | .
EX | Bk EX/MEM. ALUOutput <

EX/MEM. ALUQut <
ID/EX. A op ID/EX. Imm;
EX/MEM. cond < O;

ID/EX. A + ID/EX. Imm;
EX/MEM. cond < O;

EX/MEM. cond <«
(ID/EX. A == ID/EX.B):




KLY

EAHKBLHIERIE (£2)

< MEM/WB. MDR;

KB AL i o i
ALU 354 Load/Store 4 XS
MEM/WB. IR <EX/MEM. IR; | MEM/WB. IR < EX/MEM. IR; PCS
rc <
MEM MEM/WB. ALUQut < MEM/WB. MDR <« EX/MEM. cond &
EX/MEM. ALUOQut ; Mem [EX/MEM. ALUOQut] : EX/MEM. Branch:
=113
Mem[EX/MEM. ALUQut] <
EX/MEM. B;
Regs [MEM/WB. IR, ] Regs [MEM/WB. IR ]
WB < MEM/WB. ALUQut: (R)
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“xec=

ATRBPCE N

PC

PCSrc
IF/ID ID/EX EX/MEM MEM/WB
4 Addsum >
Shift Branch
left 1 I_j_
RegWrite
|
»| Address - ' Read
5 register 1 Read - MemWrite
3 data 1 |
-‘-:- - Regdt ) . MemtoReg
Instruction = register = Read
memory —4 Write ReglstersRea d > > Address data |
register data 2 Data
—| Write memory
data
_ | Write
. data
Instruction |
[31-0] 32 imm | 64 i >
. | Gen _ MemRead
Instruction
[30, 14-12] -~
Instruction
[11-7] ALUOp o _

t

il
an




PSS E O roanzLkxs
O frEEHEESR/&EINE '53E mIKEZhRTEE

v Big: &M, BPC (81 _Hﬁ’ﬁ)\—//\, A= HES)
v ERE/EFESIE: aﬁ?ﬁeﬁﬂ
v HfTABNHTE . ALUOp, ALUSIC
v 131F: Branch(=>PCSrc), MemRead, MemWrite,
v 5lq]. MemtoReg, Regerte
v KRS FRR . BT ERBEA—IR, ARERENEES

O FEEEHI D LA A |__|E|IJ TRIKZRER

Memory access stage Write-back stage
control lines control lines

LI4t) 1S3
Mom- Mem- Memto-
AI.UOp AI.USrc Braneh Road wmo Rog

R format
Id 00

sd 00
beq 01

O|l=|R|OC

O|O»|O

Oo|»r|O|O

CIO|=|=
>

0
0
1

>

~r
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HIREIS ORLEXETEE

N\ "lwB
Instruction
— Control E M | WB
/  EX| M — |ws
IF/ID ID/EX EX/MEM MEM/WB

OZEEHER: ElloadisSHBENSFESEE
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PCSre

o
xc=3

PC

=

Address

Instruction
memory

IF/ID

MemtoReg

xc=

o

ID/EX
W8 LEX]MEM
WB
Control M L MEM/WB
> EX M WB [~
Add Sum -
Shift Branch
£ left 1
= ALUSrc
[e2]
L]
i 2
=
s . Re@clt 1 Read 5
1:; register data 1 > > =
] Read Zero I
= register 2 ALU o1 U Read
—e Write ReglstersRea d . 6M result Address data [T
»| register data 2 u | Data
:’,V rti;e J 1x memory
a
Write
o data
Instruction
[31-0] 32 Imm | &
. Gen 5 — MemRead
Instruction v
[30, 14-12]
Instruction ALUOp
[11-7] o _
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PCSr

1

M

u

X

0

Instruction [25-21] . |Read
Read register 1 Read . MemWrite
| PCI**| address Instruction [20 16] Read  data1 ALUSTC : MemtoReg
Instruction register2 iy
ctior 1 s Read 1 >ALU ALU
[31-0] Ml Write  data 2 - result jg>|Address  Readl.(4
. ) u register M data
Instruction Instruction [15-11] | x Write X Iﬂl
memory [ *(0| ™ data  Redisters X X
0
write _Data 0
RegDst *data Memory
Instruction [15— 0] 18 [ sign 1) 32 '
| extend MemIRead
Instruction [5-0]
ALUOp
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RegWrite

Instruction [19-15]

. -
Read
s Instruction [24-20] | Read  data 1 . l
Instruction - | register 2 ALUSre Zero MemtoReg
i i ALU |
[31-0] Instruction [11—?] | Write Read L0 r.:;;_:i{ Address H':;;‘-aﬁltg 1
S ustion register 92132 M ;
memory U
»| Write e L x
data Registers Data
- “g‘gﬂ memory

Instruction [31-0]

32 64
MamRaad
Instruction [30,14-12]

ALUOp
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PCSre
l 1
Add Fl'}
ALU 5
0
= Add result
egWrite
. ft 2
Instruction Read
N Read jster 1 dggaf MemWrite
address In on [20_ 16] Red ALUSrc ! MemtoReg
Instruction regisiy 2 Read
— -
B1-0] Write data 2 1 Address  Read
. regisf M data
Instruction In$Quction [15-11] Write u
memory da X
0
Write Data
RegDst| data memory
Instruction 1\6 Sign \ 32
= extend U MemRead
cqtrol
1 ction [5- 0]
ALUOp
PCSre
* 0
Add “J
X
4 —>| 1
Instruction [18. Read
Read i MemWrite
> PC [+ gister 1
address | | 1 gfiction [24-20] Sl |
ALUSre MemtoReg
Instruction regiggr2 |
[31-0] 4 B . Read
I Jrstucton [15-4] Write Reag 0 result [1| Address” 4o, - n“n
nstruction regis ']
memory u g
W ¥ 0
egisters
Instruction [31-0 32 64
[31-0] |g.m n
on Comrol MemRead
Inst; 30,14-12]

ALUOp
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PCSrc

EX/MEM
Control | WB! Ll\/lEM/\NB
M WB
Add
2 > Add result
= p Branch
=4 Shift
& left 2 2
ALUSrc =
s Read § g
Address § register 1 Read = %
‘é Read data 1 é
i = register 2 > I
In;t;l;?g%n " ~ Registers  Read G Read
W”.tet data 2 M Address e o
register ¥ Data M
Write X memory g
o ) K
Write
data
Instruction
32 6
[15-0] \ Sign |\ A
N extgnd N X MemRead
Instruction
[20-16]
0
M
Instruction u
[15-11] X
1
RegDst
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=

Address

Instruction
memory

Lf

Instruction

[31-0] 3% Imm | &
N Gen N

Instruction

[30, 14-12] v

Instruction

[11-7]

X/MEM

WwB

MEM/WB

WB [

ID/EX
> wB
Control M
> EX
Add Sum
Shift
£ left 1
= ALUSrc
[e2]
L]
4
=
Ish Read
B i Read - -
1:; register 1 vt
2 Regdt 2 ALU Zero
= register 2 ALU
Write ReglsterstEtng - GM result
register a " /
Write X
data i1

Branch

MemWirite

Address

Data
memory

Write

ALUOp

data

Read
data

MemRead

MemtoReg

xc=Z ™

o
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PCSrc

IDEX
e EX/MEM
control M I_M.EMVWB
EX| we|
I}
g Add rasuit
H Shitt Branch
g left 2 N\ |8
ALUSIE| =
Read 5
register 1 Read =
Read data 1 >
register 2 [
Registers Read AU ay
wi ° result Adcress Read|
M data
u Data
e x memory
data 1
Write
data
Instruction I
16 32 J
[15-0] Sign AL
MemRead
o emRea
n:
[20-16]
0 ALUOp
M
Instruction u
[15-11] 1"
RegDst _

MemtoReg

PCSre
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Instruction
memory

ID/EX

l Instruction

2

=

=

i

«
Read

i Read

register 1 Read,
Read
register 2
e R
register data 2

Instruction
-7

,/ TN e EXIMEM
i Cantrol }—- " —L we
\ /

\ H EX

MEMWB
] WB
Branch
_;,-‘
£
7
4
s
2
= =
bor|pdaress B2l L oqd
Data
memory
Write
T cata
|
MemRead
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o

0,422 (hazard, &) , K&t (dependencies )
DEMIER: MESTEEBTILRET, A
RmEAN FIESEEHIITRIERK, REFIFTZR

iNpETRE S S SH

DGEEX: S—FKIeHEMEIRIEIE ST

ZHR, MIXEIESIIERIKEF

AJ8ES [FCasdEEx.

NE

EESHITHT, B

Oi=dEX . SRKEIBRID S SHEMSRER
PCIERIE<HT, SREEFIEX.
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ct , c2 c3 c4 , ¢ . ce , ¢, cs

LOAD MEM | : | REG | ALU i | MEM | 1| REG

fa41 ' | MEM | | | REG | ! MEM | || REG | |

i REG

-

e i | MEM | | | REG
H ;

' | MEM | 1| REG

e - e

O 272 1"]1‘@9& 1}57(_ %EIEF(_ EE EJZ
O/a): hEFEXIEFERAIGF?




S 3 *““‘if*@@é&f#
FERTZRL: KRS (Stall‘ e é

c1 c2 c3 ca cs c6 cr cs

LOAD MEM | | | REG |} |AFY| | MEM | : | REG

41 ' | MEM | | | REG | ! m; MEM | | | REG

| MEM | | REG

-

1842 MEM

' IMEM | | REG | ! |ALY] I | MEM | || REG

e e e e i : 7
S8 (bubble) : F/KZ&(EWM— 1 EHH
v SCHl: AESPC, E|FREUS




, N 24 f‘&uﬂf‘ / ) k .
RIS iR TR A2 81 5s

ct , c2 c3 c4 , ¢ . ce , ¢, cs

LOAD MEM | : | REG | ME | | REG

141 | MEM | | | REG | | MEM | || REG

i | MEM | | | REG

' | REG
842

1843 ' | MEM | | REG

O TR R . 154
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ience and Technology of C

1. #iEtHKE T

S5 - SUB x2, x1, x3
AND x12, x2, X5
OR x13, x6, x2
ADD x14, x2, x2
SW x15, 100(x2)

FERE: SESTERKSPRESHITA, HKETnIEE
FIRSIE/SIRMEANIRRE, EZ2ARFEIEFRKEIRR
R, X1SSEEREX.




AND X12:

SUB X2, Xl ’ R3

X2 , X5 7] : x2 W9 IEBHEAERR ?

Add

IF/ID

1
OdN

Address

Instruction

memory

EX/MEM MEMWE

Z
v
Q

Instruction

!

(@)
> 2
>
Read =
register 1 (Fjaetad1 >
ata
Read w 'j: Z
register2 5
Registers Read . 0 O ¥ U :
Write data 2 o M = v
register = ;U u
u
Write * :
data ! Z 0
I - m Write =
3 > " | data S
32 64 3 ] "

Y
A J
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ADD x14, x2, x2
OR x13, x6, x2 SUBx2, x1, R3

AND x12, x2, X5
) x2 B IEBEAER?

IF/ID ID/EX EX/MEM MEM/WB
Add = -z > Z
4 —p U @) Add Sum (@)
O Shift -
left 1 _—
. ]
: 9
PC Address = _ |Read
;:'j " | register 1 Read > > > g_
7 data 1
— = Read o Zero > > —
- register 2 ALU
Inr::;c::;n -0 —I_> Registers pead > ALUL ol ™ | L] Address U
o | Write data 2 > 0 result C ;U
" | register M O Dat |
] u c ata |
Write x —~ memory
" | data 1 >
=
(03] C
> > '®)
=
—+
32 64
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SW x15,

ADD x14,

100(x2)

X2 , X2

OR x13, x6, x2

ID/EX

IF/ID
Add ‘Ll— v
4 — U
O
Address
Instruction _|:_
memory '|:§|

Instruction

register 1

dN

|

ERIA

dl |y |

SUB x2, x1, R3

AND x12, x2, x5

MEM/WB

Data
memory

Read
data

ddIN

EX/MEM
Add Sum O
Shift
left 1 [Q
0O
- o
>
Zero O |
ALU —
ALU -
0 result > @ Address
M —
u C
x @)
1 =
L — |
. - | Write
gl vy " | data

y
dl [onv
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Time (in clock cycles) >
Value of CC1 CC2 CC3 CcC4 CC5 CCé6 cC7 cCs8 cC9
register x2: 10 10 10 10 10/-20 -20 -20 -20 -20
Program
execution

order
(in instructions) - — _

-
sub x2, x1, x3 IM LReg _

AL

-
and x12, x2, x5 IM — —HReg

L

or Xx13, X6, x2 IM |—

add x14, x2, x2

LS

DM Reg

—

{ sd x15, 100(X2)
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O5GEEHEX (RAW) @ BIHRITEZRZIIENTEER, jo6e
FEIS \ EiH B R 2 B e T R s RS et
1TEERRE,
vOE R, B8

OEE5EHREX (WAW) : jHiRBERERES—F, SAlR
FEiR, EEISFE R R  ETAR A
v EER "B bR, BIEN S 18

O=E5HEX (WAR) 3 jAlg {illiﬂy%/\lﬁ'§1¥5§ﬁ,]m§
RIS 1ZE5 et TERE, SRIZHAEEIRAY
HUE,
v EER 'E" R, giEA “E 18

Ok (A== WAWFOWARFE R ?
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WAWFIWAR#EX
ADDig<{RRIS(O]

LW R1, 0, (RZ) IF ID EX MENM1  MENZ WE

EDD Rls RZ! RS IF ID EK WB

ADDD F4,FO,Name (ALUESIHTF)
LD FO,0(R1)

IF ID EX HEM1  MEM1 MEM1 RD

IF ID EX WB



RAWHIH RN Q) reAsasxs

0o KBS TS

v'e.g., IDIEX.RegisterRs1Zxz R im/K &S 728
ID/EX FRs1S1FEES

OEXRFALURFEE TS/
ID/EX.RegisterRsl, ID/EX.RegisterRs2

la. EXIMEM.RegisterRd = ID/EX.RegisterRs1
DEXEQ 1b. EX/IMEM.RegisterRd = ID/EX.RegisterRs2

n 2a MEM/WB.RegisterRd = ID/EX.RegisterRs1
OMEMEX 2b. MEM/WB RegisterRd = ID/EX.RegisterRs2
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O Stall
v EE#I:}*%U E}JIU\}§7K ( 1)|[,7J(2£EL@1 Interlock)

v IRIERN, FRSIRON
« FRANOP
- BEELXES: FEMER FrIEMmE "EEE" HATsEAE)
——» Time
Clock cycle 1 2 3 4 5 6 7 8 9

Add R2,R3,#100 F D C M W \
NOP F D C M W

ZE FLEPC6, HIEAH
NOP F D C M w
NOP F D C M '
Subtract R9, R2. #30 F D C M W

O FEEAARASEEAY X B!
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Oforwarding, bypassing (EMBESES, W)
v RN EAMERI B EEEREIEENNE

ct c2 c3 c4 , ¢ . ce , ct ., cs

ADD MEM i REG : Im : MEM : REG

SUB ' | MEM | ' | REG

REG

! | Mem | | REG
AND L | MEM |

154 | i i | MEM | | | REG | . MEM | ! | REG
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Forwarding

ID/EX EX/MEM MEM/WB
. )
> U >
p—- .
o X
— B
Registers ForwardA
9 ; ALU -
—] > >
M
=] N Data .
\)j memory
[
ForwardB
Rs1 -
% EX/MEM.RegisterRd
~ For‘ﬁ'iirtd'”g ~—' | MEM/WB_RegisterRd

Execution/address

calculation stage Memory access stage Write-back stage
control lines control lines control lines

: Mem- Mem- Reg- Memto-

ALUOp ALUSrc | Branch | Read Write Write Reg
R-format 10 0 0 0 0 1
Id 00 1 0 i 0 1
sd 00 s | 0 0 1 0
0 1 0 0 0

X|X|=|O

beq 01




ID/EX

Forwarding - =X
M W8 MEM/WB
IF/ID EX = M = WB—
> U >
> X
SH > "
5 .
E Registers ALUL | - M
. 2 > u
E . Instruction . 1= - > M x
memory Data
> o | U >
X memory
[ 2 o
IF/ID.RegisterRs1 Rs1 . o
IF/ID. RegisterRsQZ |Rs2
IF/ID RegisterRd | [Rd EX/MEM.RegisterRd
MEM/WB.RegisterRd
*
v\
® s v
Execution/
calculation stage Memory access stage Write-back stage
control lines control lines control lines
Mem- Mem- Reg- Memto-
ALUOp ALUSrc | Branch | Read Write Write Reg
R-format 10 0 0 0 0 1 0
Id 00 ! 0 1 0 1 i B
sd 00 s | 0 0 1 0 X
beq 01 0 1 0 0 0 X



R-Type+ R-Type

ADD x1, x2, x3
SUB x5, x1, x7
XOR x6, x1, x7
OR x7, x1, x7

Instruction
memory

IF/ID

— Control

ID/EX

’—'WB
= M

EX/MEM
= \WB

| Instruction

Registers

Nz

IF/ID.RegisterRs1 Rs1
IF/ID.RegisterRsz: |Rs2
IF/ID.RegisterRd Rd

F‘C xcE )

L M

ALU—-'I

Y

Data
memory

- Forwarding

> unit -
e

Y

Y

ddiN

-

-

EX/MEM.RegisterRd

MEM/WB.RegisterRd

Y

xc=s

IF ID EX ME WB
IF ID EX ME WB
IF

IF

ID EX ME WB
ID EX ME WB




LW+ R-Type ID/EX

’_’WB EX/MEM
— Control [ M —WB MEM/WB
IF/ID EX — M = WB—
-_m
- L
i
> X
SH— - \_/
"6 -
S Registers ALU———,:E | et ' M
E g e u
Instruction | = > E ! o X
memory = Data
- [ >
memory
>
—
C
" g =
IF/ID.RegisterRs1 Rs1 . _
IF!ID.RegisterRsZ: |Rs2
IF/ID.RegisterRd ; Rd . EX/NIEM.RegisterR_q
:kForwafdmg | | MEM/WB.RegisterRd
> unit -

LW x1,45(x2) IF ID EX ME WB
SUB x8, x6, x7 IF ID EX ME WB
ADD x5, x7, x1 IF ID EX ME WB



R-Type+ LW ID/EX

’_’ WE EX/MEM
—| Control > M »\WB

IF/ID L EX L M > \WB—

Registers ALU—]

| Instruction

Data
memory

Instruction
memo "
ry ]

——
F’(LE)

N
1NON'1V
|
Y
o AN ]
Y
xec=s

IF/ID.RegisterRs1 Rs1 _
IF/ID.RegisterRs2 |Rs2
IF/ID.RegisterRd _| [Rd . EX/MEM.RegisterRd

,lForwardmg < |MEM/WB.RegisterRd
> unit -

ADD x1,x2,x3 IF ID EX ME WB
SUB x8, x6, x7 IF ID EX ME WB
LW x5, 45(x1) IF ID EX ME WB



LW+LW ID/EX

’_’WB EX/MEM
— Control [ M ~WB MEM/WB
IF/ID EX S > \WBI—
B
c
9 -
= .
E Registers ALU ,:E > . =
(2] -
Instruction = » q S :
g M < Dat
memory N E lu < ata
X memory
1 J >
=
L - C
> > @)
c
IF/ID.RegisterRs1 Rs1 | B
IF/ID.RegisterRs2 |Rs2
IF/ID.RegisterRd ; Rd . E)UMEM.RegisterR_g
:forwafdiﬂg | |MEM/WB.RegisterRd
> unit -

LW x1,30(x2) IF ID EX ME WB
SUB x8, x6, x7 IF ID EX ME WB
LW x5, 45(x1) IF ID EX ME WB



ID/EX

R-Type+SW o
’_‘ EX/MEM
— Control [ M - WB MEM/WB
IF/ID EX — M > WBI—
s > >]
‘ia -
E Registers ALU L ol >
2] >
Instruction = > =
PC > — M O
memory . lu R Data
§| Tl x memory A
o>
IF/ID.RegisterRs1 Rs1 . _ I
IF/ID.RegisterRs2 |Rs2
IF/ID.RegisterRd ; Rd " EX/MEM.RegisterRd
~ Forwarding 5| | MEM/WB.RegisterRd
> unit I

xc=

ADD x1,x2,x3 IF ID EX ME WB
SW x5, 30(x1) IF ID EX ME WB
SW x6, 45(x1) IF ID EX ME WB



R-Type+BEQ ID/EX

xc =

’_'WB EX/MEM
——| Control [ M L—WB MEM/WB
IF/ID EX L M > \WB—
k£| ‘ %
o
o] * - -
é Registers ALU . -z .
2] >
PC Instruction| | |£ > > /I\I? B
memory o @ ~|u R Data
X memory o
1Y >
=
> > c
2
IF/ID.RegisterRs1 Rs1 g =2
IF/ID.RegisterRsZ: |Rs2
IF/ID.RegisterRd Rd . EX/MEM.RegisterR_g
:KForwarde || MEMWB.RegisterRd
- unit /-

ADD x1,x2,x3 IF ID EX ME WB
BEQ x1,x4,0ffset IF ID EX ME WB



R-Type+SW IDIEX

’_' e EX/IMEM
—| Control \_: M »\WB MEM/WB
IF/ID EX — M > WBI—
> U >
o
c
xe] >
= .
E Registers t ALU | . - 11
= .
PC Instruction| | |= ;DU :
memory " N E - Data
1 g memory
IF/ID.RegisterRs1 Rs1 -
IF/ID.RegisterRs2 |Rs2
IF/ID.RegisterRd _|  [Rd s EX/MEM.RegisterRd
:forwardiﬂg <~ || MEM/WB RegisterRd
> unit /=

ADD x1,x2,x3 IF ID EX ME WB
SW x1, 30(x3) IF ID EX ME WB
SW x1,45(x4) IF ID EX ME WB



ID/EX

’_‘ B EX/MEM
— | Control - M - WB MEM/WB
IF/ID L EX — M > WB—
- u o
X
5 . > v
é Registers t ALU— L >
[72] >
PG Instruction| | |5 >
memory g o - S Data
§| ‘ c memory
_ _ >
- —
(@
IF/ID.RegisterRs1 Rs1 . O
IF/ID.RegisterRs2 |Rs2 =
IF/ID RegisterRd Rd N EX/MEM.RegisterRd
M*—I MEM/WB.RegisterRd
- unit I

xc=

LW (x1,56(x2) IF ID EX ME
SW X x3) IF EWB &
SW x1, 45(x4) IF ID EX ME WB
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Time (in clock cycles)

v

CC1 CC2 CC3 CC4 CC5 CC6b CC7 CC8 CC9
Value of register x2 : 10 10 10 10 10/-20 -20 -20 -20 -20
Value of EXIMEM : X X X -20 X X X X X
Value of MEM/WB : X X X X -20 X X X X
Program
execution order
(in instructions) [
sub x2,x1,x3 | IM Reg| | DM |— Reg
p
and x12, x2, x5 M (— FHReg | D L Reg

£
or x13, x6, x2 IM | HHReg| | J— -[ DM HReg

add x14, x2, x2 IM — HHReg

DM HReg

[ |
.|
1

b
I

sw x15, 100(x2) IM — Reg| | DM Reg

v

Forwarding Z J5 &0 80 B B ER get AT — %5 & !

109



F5F, EHNREG?

xc=

ID/EX
’_‘ e EX/MEM
— Control [ M - WB MEM/WB
IF/ID EX — M > WBI—
- /F\
. "M
o N u o
5 U =
g Registers t ALU—| L -
% - —~ > <
Instruction = > c )
memory I [ M o) Data Py
| @ » | U > c
x = memory
1Y >
L =
. > =
O
IF/ID RegisterRs1 Rs1 : =
IF/ID.RegisterRs2 |Rs2
IF/ID.RegisterRd ; Rd . EX/MEM.RegisterR_(_j
M*—I MEM/WB.RegisterRd
- unit I




ID/EX

LW+ R-Type
yp ’_‘WB EX/MEM
! Control > M = WB MEM/WB
IF/ID L EX L M > WB—

Y

xc=

Registers

Instruction .
memory L
m)

ALU— ——>1 -

| Instruction

Inon-v

a
Dat
me;:ry A

IF/ID.RegisterRs1 Rs1
IF/ID.RegisterRs2 |Rs2
IF/ID.RegisterRd Rd

EX/MEM.RegisterRd

M‘— MEM/WB.RegisterRd
J unit I

== E

LW x1,45(x2) IF ID EX ME WB
ADD x5, x7, x1 IF ID EX ME WB
ADD x5, x7, x1 IF ID EX ME WB
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\ 4

Time (in clock cycles)

Program CC1 CC2 CC3 CC4 CC5 CC6b CC7 CC8 CCo9
execution
order

(in instructions)

w x2, 20(x1) | IM Reg > DM |H

and x4, x2, x5 IM — Reg

— |

or x8, x2, X6 IM H FHReqg|

add x9, x4, x2 IM — Reg

slt x1, x6, x7 IM — FHHReg[_ DM Reg

112



Interlock (B$4) : FRRLWAEE) S e 00 - g

O #NEHEAH: EIDE!
O stall: “freeze up and bubble down”

‘/ ;/ \é:£/=\ﬁij = E’\J;}ZEIZKEQ: IFI ID
o ENNFRMMBENE S PCWriteFJIF/IDWrite
—  PELEEFHPCHOIF/ID
— ([EZFEESHERARE
v [EEXFUKEIBASE
« EBIDIEXRIEHBE
— (FINReEbEEE— B, BEfFraHiET

Clock cycle I 2 3 4 5 6 7

LLoad R2,(R3) F D C M W

Subtract R9, R2, #30 F D C M Y




Interlock

freeze up

_-interlock.

PCWrite

7
7/
/\ /
L
1

T IF/DWrite /

H*

Instruction
memory

/ Hazard \
detection |«
u

ID/EX.MemRead and
((ID/EX.RegisterRd = IF/ID.RegisterRs1) or

(ID/EX.RegisterRd = IF/ID.RegisterRs2))

ID/EX.MemRead

bubble down

IF/ID.RegisterRs1

IF/ID.RegisterRs2

IF/ID.RegisterRd

Rd

\\—- nit / l ld ?
/” /
S - ID/EX
m Ve EX/MEM
Control > /M/ = \WB MEM/WB
U 0= EX > M |—v WB—
'
> > M
> U >
S g X
5 Registers -/
é 9 }ForwardA > aa M
| N I:I Data . X
memo
L x ry
ForwardB

Rs1 Forwarding




x ek
®#
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PCSre
l 1
Add Fl'}
ALU 5
0
= Add result
egWrite
. ft 2
Instruction Read
N Read jster 1 dggaf MemWrite
address In on [20_ 16] Red ALUSrc ! MemtoReg
Instruction regisiy 2 Read
— -
B1-0] Write data 2 1 Address  Read
. regisf M data
Instruction In$Quction [15-11] Write u
memory da X
0
Write Data
RegDst| data memory
Instruction 1\6 Sign \ 32
= extend U MemRead
cqtrol
1 ction [5- 0]
ALUOp
PCSre
* 0
Add “J
X
4 —>| 1
Instruction [18. Read
Read i MemWrite
> PC [+ gister 1
address | | 1 gfiction [24-20] Sl |
ALUSre MemtoReg
Instruction regiggr2 |
[31-0] 4 B . Read
I Jrstucton [15-4] Write Reag 0 result [1| Address” 4o, - n“n
nstruction regis ']
memory u g
W ¥ 0
egisters
Instruction [31-0 32 64
[31-0] |g.m n
on Comrol MemRead
Inst; 30,14-12]

ALUOp
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FCsrc
B e 0
M
DAddl ) :
i \aa sum 1
RegWrite
L 2
Instruction [19-15] Read _
L PC [0+ aﬂggﬁass ™| register 1 o MemWrite
Instruction [24—21:'] Read data 1 - l
1 register 2 ALUSrc Zero MemtaReg
Instruction - |
B0 Tinstruction (11-7] | wite ~ Read Lo {0 ALY Lo Address s
Instruction register 92t2 2 M
memory u
— Data
=| Write
dedn memory
Instruction [31-0]

|—~‘ MemRead

Instruction [30,14-12]
ALUOp
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O RiIRIESIBE—FKKGERIES
v Z‘éJ\HTE 2HYEREIG (%7AETIEH$TG) ZBERE F—5RI5S 24 (
SRR, no taken) 215 (REERER, taken) .

I
o1 |
42 |
B3 |
fH4 4 |'

J
|
|
|
|

B4 s slot)

g4 6
B4 7
4 15 |
Fig4> 16'

WIKBRIGSE (freeze) 5HE
(flush, ¥%#IREO0)

o I8 (FI) : NTERE R — &4 H BN AR BHHE K,
o 184 V10 (DI) . 5 BAE v B AR VE B0 ik T BT Ko
o R RERGNHE(CO) : HA PRS0 A B0 aE , W K 37 77 8% 6] 52 3 4k | 6 82 -k 2B 4k |
4 AAXF F 4464 Fh b aL i R
o B fER(FO) : NFEE S P BURIER (B REBEFFRP, Miﬁﬂtma)o
o HATHE4 (EI) ITH4 Fim iRiE, RS RET BN R(FHFRFP) .
o EIR{ER(WO) ML RFATFHER 118
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ORI ZEREMEMRIRTE

Time (in clock cycles)

CC1 CC2 CC3 CC4 CC5 CC6 CC7 CC38 CcCo9

Program
execution
order

(in instructions)

40 beq x1, x0, 16

L

44 and x12, x2, x5

Flush these
instructions
(Set control
values to 0)

48 or x13, x6, x2

52 add x14, x2, x2

—

72 1d x4, 100(x7)
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ID/EX

W8 LEX/MEM

> WB
Control M MEM/WE

—
I

EX M WB [~
IF/ID
4 I . Add Sum|
Shift Branch
2 left 1 L |
= \ ALUSre D_
[=)]
o |
0 [ e
M = ?
u PC Address 5 Read % S
x g register 1 Read > = E
1 S data 1 @
B »| Read Zero — =
Instruction = register 2 ALU p Ly Read
memory —e Wrte Registers, GM reﬂl} » Address data [T 1M
register data 2 u L Data u
_ | write x memory O"
data 4\
Write
"] data
Instruction
[31-0] 32 Imm | 64
> Gen — MemRead
Instruction
ALU
(30, 14-12] - control
Instruction
[11-7] _ _

WAEBEQIE A TEE=MBE RN H YN BA? 120



LL

— A
éﬁ %l:' \ﬁ E/J i_ fw@y oﬁninﬁhnolouy ot Cl%

O TFREERAEGEEIID
/EﬁWMM$%
v E51FestliRes

OExample: branch taken

36: sub x10, x4, x8
40: beq x1, x3, 16 // PC-relative branch
// to 40+16%2=72

44: and x12, x2, x5
48: orr x13, x2, x6
52: add x14, x4, x2
56: sub x15, x6, x7

72: i&' x4, 50(x7)
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’ amz X2, x5 i beq x1, x3, 16 i sub x10, x4, x8 i before<1> E before<2>
IF.Flush \ i i i E
/ : /" Hazard 1 1 :
\ detection | ! ! !
| o | 5
M e EX/MEM I
|+ (conty ’ . u M we MEM/WB
X —
48 IFAD 0 R 72 0 EX M E
44 i
4 \ x1 x4

. Data
T memory

10
L
Forwarding X
unit +

I

Clock 3
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~ ~

( Id x4, 50(x7\
IF.Flush

M

Bubble (nop) beq x1, x3, 16 sub x10, . .. before<1>

-
76| 72

Forwarding
unit

Clock 4

BEQTEIDERER, B3ZFER=1
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93 SILHEN- BT 4

O ZEIR5 2 (delayed branch) : f@iFAE
=z:z—xEE’J7I‘E‘\:I‘]L Rfg (delay slot) FIEARLEFES
TP BN, IEREFAHESEREHINT

O i_J__ \iiiﬂffﬂéﬂ%i
vV (FRDXBIRNIESER (MNBITEE)
v D% BirteE<S ,&E (MBERLEE)
V DD ARERNB T —FIESER (NEBKEEE)

University of Science and Technology of China

ARRIMEY H3szhe
— A% ”‘Iﬁm %vfﬁm
A RIERIES 141
SRR BXHES SRS
| »%3ERIES i+2 ]

| 33ERES i+n]
S 1+ n+1
S 1i+n+2

— P XBPMEQ J
NREFES i+1
NREPMEY j+2

| S ERIES i+1]

In?ﬁép?a? i+2 I

(5 23mRtES i+n]

#S i+n+1
#{S i+n+2

?

[ H3ERES i+1 |

| 5 3IERIES i+2 |

| 5 3RS i+n|
PEEHES ]

REEMESY jt1
nEZEHES jt2

;‘

124
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and Techn Ithl

10: R1+R2—>R3

11: BRGT R5,R6, jump: J?EIS@FE%

N R4+R7—R8 Sl
jump:

JER B R —MMERGEHNFE
R R —A

W T AT AR :(1) BRGT Riigg_’)‘:;p
HORMNES, FERBRE bl ie

BRE, REARAE—&E
FIIg SO AME ., BEREER e
4 F 154 MG I Jump:
NOPEFE;’éo
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METEE ORLCEEE TS

O i_l_ \ﬁﬂﬁ;'%lﬁ
v (RS XBINIESIER (MNBITEE)

W EEHT
a. From before
. 1):
add $s1, $s2, $s3 Taken (73X B3)): Not Taken (73 >4 B2h)
1 ADD 1 ADD
if $s2 = 0 then —— 2 |E 2 IF
Delay slot 3 STALL 3 STALL
SUB 4 ADD 4 SUB
ADD— 5 ADD
Becomes 'EHEE
Taken (43 B20): Not Taken (7 3XAELDD):
if $s2 = 0 then —— 1 IF 1 IF
2 ADD 2 ADD
add $s1, $s2, $s3 3 ADD 3 SUB
SUB 4 ADD
ADD—

126
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O i_l_ \ﬁﬂﬁ;'%lﬁ
v DD BirESER (MBIRGEE)

b. From target

ot s s VAT
b $t4, $t5, $t6<—
> Taken (43 EIh): Not Taken (43> RTh):
1 SUB 1 SUB
add $s1, $s2, $s3 2 XXX 2 XXX
if $s1 = 0 then — 3 ADD 3 ADD
~ 4 |F 4 |F
DE 2L Ef 5 STALL 5 STALL
6 SUB 6 YYY
Becomes
WEE
sub $t4, $t5, $t6 Taken (4332 BZh): Not Taken (43X RIh):
1 SUB 1 SUB
add $s1, $s2, $s3 2 XXX 2 XXX
if $s1 = 0 then —— 3 ADD 3 ADD
4 |F 4 |F
sub $t4, $t5, $t6 5 SUB 5 SUB

6 YYY



ML &) TRz LS

O i_l_ \ﬁﬂﬁ;'%lﬁ
V UDSAKRERN T —FIESER (WKBAMEE)

c. From fall-through i}ﬁgﬁﬁ
add $s1, $s2, $s3 Taken (4332 BTh): Not Taken (73X AN EIN):
if $s1 = 0 then —— 1 ADD 1 ADD
2 IF 2 IF
Delay slot 3 STALL 3 STALL
sub $t4, $t5, $t6 4 YYY 4 SUB
YYY o 5 YYY
Becomes %E}E‘
add $s1, $52, $53 Taken (43 R Ih): Not Taken (2 >CABTh):
if $s1 = 0 then —— 1 ADD 1 ADD
sub $t4, $t5, $t6 2 IF 2 IF
3 SUB 3 SUB
4 YYY 4 YYY
YYY——
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ORI : WREEEIRRIAIE D ST 2RI, KEHENAY
¥eie, TILURSMRE,

O >z FulER (Prediction)
v ERSTI 2T (Speculation)

« Taken
* Not Taken
. [Of5%5#5taken, [AIEUEEFENnot taken
v oISFN . o3ZFullES (Branch predictor)
- —\IEFLTENES (saturating counter)
« FAIIEFOTHENES
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O KZERISCHUEL IR —NREK A 7 B aeig T, 334

v ISR A R ERR FUlD 2K .
© XERRERREFTRIEBTTNSRE,
» EEBEIIREZRI, EIUFESHITZIRFARY.

v IR VR R E TS SZRTD)
- RBEEBIESHELRPHTEBHE SRS TIREREERRIER, X

R TR EE BT LMRIF A TAE,
v ST RIGRYERTNEER S RE, FRIRVAERIER AR RE,

 IXFFNRES SEMARIESHIFEILE. EEAT, WMRRAGENEBAETIER
, FRIRVERATIREER., HTEURERZ, MBRHAE R, BAX
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Program Time (in clock cycles) s
execution cc 1 cc o ce 3 ce 4 ces cce cc - e e
order

(in instructions)

40 beq x1,x3, 72 IM Reg:_ _IDM ___Reg

|— — — i _
44 and x12, x2, x5 IM | [HOReg[ | DM | | |—Reg

=17 =0
48 or x13, x6, x2 IM || J:Reg—_ DM || | |Reg
=17 =0
52 add x14, x2, x2 IM | { HdReg| | DM | |{Reg
N =5
ﬁ T — — —
! 72 lw x4,50(x7) & | v -IRegl | DM Reg
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v UUAEBTE PR, SATERERESHUMA— N E PSS HEE— AT
VATICRXFIESERAKE T,

- MEE-SFORBIEON, EEEIEEDEXAES. NBXKTOTEEE, B
SHTURRIESHERSIORSRL AR ERE NS, MRS TEEIED, 1B
TR TRURAIRS. MEFTNER, BTN, TN, EFERFORSAL,

ANVE=Z SR

. ERTRUSRSIEER, RERR MRS REREBHE.

MR AR SRR .
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Riad next Read next
conditional — | conditional
branch instr branch instr

Not taken

Taken Predict T Predict
taken o+ taken
Taken
00 [ 01
; 2
= ]
Fad
¥
=L Predict Not taken

Not taken
Predict
aken
11 : h Taken

ke’ /10

Figure 12.18 Branch Prediction Flowchart

WEE: TP

Read next
conditional conditional —
branch instr branch instr / \\
( Taken \
Not taken
00 Predict taken ) Predict taken 01
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Taken
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Mext fetch address | Fetch address | Instruction Cache I Instructions drive
| | |
prediction | calculation | access I to decode stage
| | |
] |
Branch I \‘\. -
T?mm : I-Cache E T 2 .,
—{ | ‘b Daa  HEH &[22
Buffer | = = =0
(BTR) Array || < E

Mext

sequential
fetch addr

offset

T 1
| |

*
|—]
i
l‘I;II E
Hit/Miss

|
| — = Array
Branch | =
—H
Predictor I
|
|
|
Return : I.TLB
o Address , A
Stack | '
(RAS) :
| |
| Mext fetch address from branch misprediction or exception
|
|
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fR 7750, SRR RIER B R G E MK

~ Cache missth=Estall

Imm16 E_(ED
E ALU result 32
= .
] () 32 -
o / Dl < b ::. ]
I-Cache sl Irs 5 s BusA 2 A k= D-Cache 0 -
= "3 5
3 o rim m
Instruction jmp| =l Rt 5 RB E BusB 0 I >|L_J < Address 32 g_
= 7 7] |
= Address 2 k=) 1 paa-o 1 =
| rwy - 0 »| Data_in -
N = BusW ) | i = ~
- ~ \>) I 32 / || —
) . J o o2
L) 4 4 =l
clk °
-
o 8 8
AP E & 2
= = - . . = = x
B E |-Cache miss or D-Cache miss : o |8
= o . . [T} o
N E causes pipeline to stall g S g
o O ] 3 3
m X £ @ . “
I v Y

Interface to L2 Cache or Main Memory
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Latency NumberS Every Programmer ShOUId KnOW University of Science dndchhnolo"yofChma

n ins Main memory referen Send 2,000 bytes over Read 1,000,000 bytes
100ns commodity network: sequentially from SSDi
C > 0.0ns = 0.2us 200,000ns
L :
L1 cache reference: 1ns mmmmmEEEEE 1,0000s ~ 14
sannnnmmmm —Cmpress 1KB wth Zippy:

< m S50 random read: > Disk seek: 4,000,000ns &
16 000ns = 4ms
2,000ns = 2us

o Read 1,000,000 bytes L L] Read 1,000,000 bytes
C ummm L2 cache reference: 4ns ) sequentially from mermory: sequentially from disk:
B EEEEEER 10,000ns & 10us = M 9,000ns = Sus 2,000,000ns & 2ms
]

HEE Branch mispredict: 3ns EEEEEEEEEE

ENEEEEREEN :
snEEEE Mutex lock/unlock: 17ns EEEEEE Round trip in same EEREEREERE Packet roundtrip GA to

datacenter: 500,000ns & = Metherlands:
MREEES coous B 150,000,000ns = 150ms

m 1,000,000ns = 1ms =M

http://www.eecs.berkeley.edu/~rcs/research/interactive_latency.htmi
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if (data[c] »= 128)
sum += data[c];

data[] = 226, 185, 125, 158, 198, 144, 217, 79, 202, 118, 14, 158, 177, 182, 133, ...

branch = T, T, N, T, T, T, T, N, T, N, N, T, T, T, N ...
= TINTTTTNTNNTTTN ... (B EFEFLEIM - BAEFHM)

T = Eo=iEg

N = 1Eg=aaMEE

data[] =@, 1, 2, 3, 4, ... 126, 127, 128, 129, 138, ... 258, 251, 252, ...

branch =N N N N N N N T T T ... T T T ...
= NNMNMNMMNMNNN ... NNNNNNNTTTTTTTTT ... TTTTTTTTTT (GRE S HITIM)

ONIETIHER, 1BFHSTURTE M
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O 254K
v [BE: BEHRRAETEATR (FRRERMAYERT)
vV BRIRBE: FTF (B4 YmiEss, B{4Stall)
v BIRGE: IG5 (FiEsHEX)
O Z9EHEX
v [RE: HIEKIR (FRREERYEER)
V BRIREE: FF (BMHmiEes, EEstall)
v BIRBE: ERER (RAWHEX)
vV BBRAER wK&EES (LWHES
O =HlHEX
v [BE: 9iESE|RePCiHse (Rt A80E5])
vV BRIREE: FF (BHmiEss, EEstall)
v BRREE: RESPC (Eithit, 85/4) FEIER=1
vV BBIREE: BRAX (ZMEAERZE)
v BRIRGE: o3l (—(. #Ri)




Instruction
memory

SUB x1, x5, x4
ADD x1, x1, x4
x1, x4, Offset

BEQ

IF/ID

Instruction

ID/EX

r_

RS FIIPRINERIEE

WB|

EWMEM
WB

'@

M

I: I—I\iEM/\NB
1 — S
EX M WB
— —_ —
> 7
> '
> U >
x I
Registers > Z
ALU — Data —O
8 memory o
g > c 44
A ~
u > _
X >
i =
IF/ID.RegisterRs R Rs g S
IF/ID.RegisterRt Rt =1
IF/ID.RegisterRt Rt
g > m EX/MEM.RegisterRd
IF/ID.RegisterRd Rd \l_JJ e g
> x
,| Fowarding 5 MEMAB RegisterRd

'k unit

xc<

#=: SUB->ADD:

EX/MEM.ALUOUT->ID/EX.A

LW x1, 45(x3)
ADD x1, x1, x4
SW x1, 5(x3)




MK HPHZ AGIHNR



e . ~ s ?&l : &‘.ﬁf / ff A :
;ﬁi7j{g§ EI:' EI\J g E%j-j:ix icg oﬁngnﬁhnology ofCh%

OE A ik ST T4 RE
v'CPI (Cycles per Instruction)=1
v IPC (Instructions Per Cycle)
Oa{alF1§IPC>17?
vV E— T ERIRNR S RIS
OF WAYZ K535 (Multiple issue)
viEfRER (SuperScalar)
vVBIIESEIIN (Very Long Instruction Word)
viBIKEFIN (SuperPipeline)
v’ SIMD$/N (Single Instruction Multi Data)
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1. BFrEFIN ( SuperScalar (& *Q”é‘&**é

O F—BZIEGEF 1 T2 E <SRBI BRI RS #Y
A TEERIRELIEEE" SimpleScalar
OifirE: BEES I NHEEARR RN ASFHRITS
KIS
vV RIFERERK . B HPECE Z N IIEEENAFITIE S 1FAEE
%, LIRSS EFSEmRAFE%, LMESECIIER#TS
MR
O9miFes 5
D Ej]lu\j:g/v\§<u§.|1
v IEDHE

v Tomasulo

i
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Fetch
unit 1 l
L1 T T ] msnction quews Reg Reg Reg
Re Re Re
FRMOAN Y i

e Reg  Reg  Reg

i%@ EE% Arithmetic
unit
Dispatch ‘
: N Write
unit IjJﬁlﬁ%B'ﬁ: results

Load/Store
unit
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2. Superpipeline

Ok G=RE K%

Cycle1 Cycle2 Cycle3d Cycled Cycle5 Cycle6 Cycle7? Cycle8

Bofclsfafn At i

|F:—:-tch| ALU | Mem | Wril:EI
|Fetn::h| ALU | Mem |Wn’te.
[Fetch | ALU | Mem | Wiite
|Fetch| ALU | Mem |WriteI
[Fetcn] ALU | Mem | Witte]
Fetch| ALU | Mem | Write
Fetch| ALU | Mem | Write |

Clock

Fhase

E— I AR SR S AT K ER



3. BIIESFHRA = RASALAE

OISO

OVLIWIEZZ5REE ?‘_ITST%VEEI’JT SHE—5E _%;/I\

TSEVIEﬁE.'J—T—ExE’JfF_JLt? (Tlaﬂ/v\ff—ft_b_ﬂ, A1),

f'LJLtTEA 7 'JVLIWWF /|\§$_L__1’EEI’JIJJ§EE‘I31¢

S— M ERERSFEIEH—1 Ieeske:, H3TE
Eﬂﬂﬂ'g FIE<.

O KI5 97 (VLW SN B N EPER 2 5%
IR ES MMEEhFHTIRARREN, f£—

M HTERERAN ﬁmﬁd%@%‘h T
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FER: FMEEB R

i '
Ml > - M — —
u >
4 —| g
. ~ JALU .
> "
- > » M
>|M Registers u -
1C090000 <+ u _,, lnstructmn: — . A%
X memory v |
- " = — Write
\ . = data
Data
Imm ALU - - -
"\ Sen Imm | = memory
N ™| Gen > N
U Address
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ORI AR AR Q) tEAaLrg

T B9 1 1T BN ]
IF ID EXWR IF ID EXWR
I‘ i 1 1 L L L I i A L L I I} A i L L I A 1 A L I I [ i i
01 2 3 4 5 6 7 8 9 1011 1213 0 1 2 3 4 5 6 7 8 9 1011 12 13
(a) HiEUHAK (b) EEPREMK
(. . I 1 1 |
IF ID EXWR
IF ID EXWR
T i i i I i L i i 'l i | 1 l} 'I L i i [ L A L L i i i [ L
01 2 3 4 5 6 7 8 9 1011 12 13 01 2 3 4 5 6 7 8 9 1011 12 13
(c) HBAALR d) HEKELF
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Superscalar vs. VLIW
DS KER OESKEK

O ] O 5SS )

DTJE#F““# Di%ﬁ@ ZVT ‘_ SHIBR AR E R
O %miE=5EE 9 O%mi%

O =HFFRSET O E%U%éri?é
I:IU)—*.I)J%%m O/ IO
O RHE Oc A mEFRR/
DU)—*.EJZZIKm O A AR
OFEZNHFes OEEFZF 7S

B LSERE A
Pentium Pro Pentium I 111V, ltanium
AMD Athlon, MIPS R10K R12K, Transmeta: Crusoe

Sun UltraSpac, PowerPC
603,G3,G4,G5,Alpha 21264
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Operandi1 | ' ' N
+ 48 bits are wasted!
Operand2 | ' | B |
= Can'we use'them!inlany way?
Result L | -'_
64 bits
@ 16 bits
*
Operand'1 | | | [ 4 operationsiin 1.cycle
+ T + T SPEEDUP: 4X?7?
Operand2 | | | N
= = = — Called ' SIMD:
Result | | | | _a i i I
< > single-instruction!

64 bits multiple-data parallelism
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SIMD Instructions e

MD-technique

I:II\/IuItipIe data operands per operation

ZBMMX, SSE. GPU, DSP. fRifJ
. KAl Rk

Vector instruction: Assembly:
for (i=0, i++, i<64) set vl, 64
—> —> —>
c[i] = a[i] + 5*b[i]; 1dv v1l,0(xr2)
mulvi v2,vl1l,5
c = a + 5*b ldv vl,0(rl)

addv v3,vl,v2
stv v3,0(r3)
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ik |

Cycle 1 >ie
|

Singie Cycle Implementation:

Toad

Store

Waste

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Cycle 7 Cycle 8 Cycle 9 E(Z‘-yclé: 10

gy A S e T e T 1 e Y 1Yy I e O o B

Multi:ple Cycle Implementation:

Load

Store

i R-type

Reg I Exec I Mem I Ifetch

Ifetch I Reg IExec IMem I Wr I Ifetch

Pipelfne Implementation:

Load

Ifetch I Reg IExec IMem I Wr

Store

Ifetch I Reg I Exec I Mem

R-type Ifetchl Reg IExec IMem I Wr

ER:

% FHAMBK 238 < R BERA
K, HARKEZENMEY “R
H” —%HEL.
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25> . EREHA vs. 2R vs.iﬁmé)% Q) reAsasxs

O l: ERISSPUFEIRMEM=2ns, R-Type ALU= 2ns Reg=1ns, Hfts

ZMIRBERS. B ﬁl#EEJZlOO%S?av , EHAALW 20%,SW
20%,R-Type ALU 40%,BEQ 20%, SZFIMIPS/RISC-VHI5ZRZKE:,

FHEIGLWESFNID IR, EATFrss,
v B—FRILWHITRAIR-Type ALU, EILEFEZEE I EHA;
v OFEIRA1NEHS, mﬁﬁ FIHFR;
FIXERACHSEEREE]. ZSRAH. K& =MENaIEREXTLL.
D lu\ll.:tn
v %ﬁggﬂ B ER =8 X ST EZ/ VAN EHREES
v ZEH: S B =-ERKESEES/VEE?RHEEES
HHH? LW=? SW=? R-Type =? BEQ=?

v oikE: BT ERR=? THEREEESZ/DER? IWEHIE
BMNEL? HBEREBME?

Ll

Ll

L]
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N . AT / " .
A EHASCHN vs. Fukagtas @ FBA2 LA xS

OfFEs. iIRMEM=2ns, ALUFIfN%E=8=2ns, Reg=1ns,
HAEMF R B IERT,
v EA[EHE . FEHR AR E1ERERYElZF0, 8ns

« H11T71005%45<FrEEAYAT(E] 8ns x 100=800ns
v Z[EHR: FEEIEIRER BRI EREN., 2ns

o LW-51FHH=10ns SW-41EHH=8ns

o ALU-41NEHR=8ns 4937-31\[EHH=6ns

. H11T1004&=10*20+8*20+8*40+6*20=800nS
v ik FEEBIIRERTBISRIRAIMEREN,, 2ns

. H11T10042=10+99*2=208ns, HMMEEEIRLE2ns*10+2ns*20=268Ns
v IEBEXTLEL,

- Z[EHA=ER[EHA=800ns

o« FKZERE=268ns, NMEEL=2.99
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O CPUIRITTSA: ISA, HUEEE:, =SS, WS, WiXSiHh (To88. Eee)
O ISARYSCIR=C

v BEE: EORE (B BE—MIREHEAL.

v SR IBCAM (BK) ASMIRRER. SR ERETSRRNT

v ke IB9EH (BK) BESMIEREER (FUKR) Bk, S0 I0REEMY A HT <HY
HEREIMERAIAIT.

O
cH
ut

B EHBFOAK &R X ZR?

K& — N ERRIEE (BdE, &) BURIRSKERAA?
K TE SIS, IFERYE, BEfEREMHtA?
KBRS S SR RS TER?

SUFTAMAISCIRY? LS Ut AESRKE?
WRR-typetsStEANEE, NNIMEIRITHRIKE?
MIPSEERKF "BUE. FB. T =EiAKLL?
Stall|RESFIKTALRI? a0{a/sCstall?

AN NN U N N NN
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v IERERKERINELL=? IPC=?

v IR[EREEE. ZRAERIEBIE S AE=EDbuffer, MK
ZHHIEHS S HEbuffer?

v UEB”: SIS al BEIE Rk it/ stall, BIRLEFRRGER?

ur]ljlbﬂ(é% e & 1ERY

AR, ATLASK AHREE=

N

Exl)_JZ/J\ A Z=RY=200?

viES /J|L7J<Q)ﬂ?.'::'7_ BN R

v EIMIPS R BI-typels
v BRI ARIK &R & 5T

FEEHAEX?

1751?/RISC VEYIZESSE
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O>J7R.
v'COD5: 4.16.1~3
v'COD5: 4.23

OFZF/:  (1&H, )
v -SRIk R M B R IERI A B RLE?
v --3{AIRVERBLoad/storeig$ip1F
v --BEEE. ZERARYEEEScmbuffer, MintZKEaY

IERESHZEbufferlI/RE

i\ &5 7 na Sy SER
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