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EX: Execute/
address calculation

ID: Instruction decode/ WB: Write back

register file read
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P

Shift
left 1
L
- 0

M =4

u PC Address 2 Read

x 2 " | register 1 Ry

; 5 data 1
Read >
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Time (in clock cycles)
CcC1 cC2 CC3 cC4 CCs CCé CcC7 ccs CcC9

Program
execution
order

(in instructions) = = -~

Id x10, 40(x1) :E: ‘E‘E’i

S S [~ Reo
acxt2, 8 [ 1R £
— [ <]
w1t 5 [ 1<

Time (in clock cycles)
cC1 cc2 CC3 CC4 CC5 CcCé6 cCc7 CC8 CC9

Program
execution
order
(in instructions)
Instruction | Instructio . Data .
Id x10, 40(x1) fetch de: odlen Execution —-— Write-back
sub x11, x2, x3 Insft; l::hnon In:;r::j:n Execution a?:et?;s Write-back
add x12, x3, x4 Insft::;t]'o" 'n:;r;‘j:" Execution ag::;s Write-back
Id x13, 48(x1) '"sf':t’::m '":gt‘.:c"':" Execution ag:;:s Write-back
Instruction | Instruction 2 Data ;
add x14, x5, x6 fetch S — Execution S6coas Wirite-back
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TSR

IF/ID. IR < Mem[PC]; IF/ID.NPC < PC+4: //IR¥EE\kiEH %

IF | pc < (if PCSrc {EX/MEM.NPC’ } else {PC+4}):
ID/EX. A < Regs[IF/ID.IR.,1; ID/EX.B < Regs[IF/ID.IR.];
1D ID/EX.NPC < IF/ID.NPC; ID/EX.IR < IF/ID. IR;
ID/EX. Imm < (IF/ID. IR, 16##IR,. ,; sign extend
ALU 4 (R3K/12%) Load/Store 384 R4
EX/MEM. ALUOut < ID/EX. NPC+ID/EX. Imm<<
EX | B8R EX/MEM. ALUQutput <«

EX/MEM. ALUOut <
ID/EX. A op ID/EX. Imm;
EX/MEM. cond < O0;

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

EX/MEM. cond <
(ID/EX. A == ID/EX.B):
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< MEM/WB. MDR;

KB ANyl
ALU 4 Load/Store 4 aXie
MEM/WB. IR <EX/MEM. IR; | MEM/WB. IR < EX/MEM. IR; PCS
rc <«
MEM MEM/WB. ALUOut = MEM/WB. MDR < EX/MEM. cond &
EX/MEM. ALUOut ; Mem[EX/MEM. ALUOut] ; EX/MEM. Branch;
517
Mem[EX/MEM. ALUOut] <
EX/MEM. B;
Regs [MEM/WB. IR, ] Regs [MEM/WB. IR ,]
WB <— MEM/WB. ALUOut; (R)
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IF/ID ID/EX EX/MEM MEM/WB
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X 5 register 1 Read - MemWrite
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Instruction _ = register = Read
memory - —® Write Res';lsters:}‘Eta d2 . > »| Address data ]
- i ata
»-| register Data
—-| Write memory
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N | Write
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Execution/address
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Instruction control lines control lines control lines

IMom- Mem- Memto-

ALUOp | ALUSrc | Branch | Read Write Reg
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Id 00
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beq 01

ClO|=>|=
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0 0
0 2 4
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ID/EX
T we X/MEM
> WB
Control M MEM/WB
EX M WB [
IF/ID
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s ALUSre
(=]
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; g register 1 data 1 > = aE)
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nstruction = register 2 ALU Read
memory —e Write ReglstersRead 6M result Address data [ 1M
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data -\
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PCSr
1
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u
X
0
Instruction [25-21] .| Read
Read register 1 Read R MemWrite
| PC ¥ address Instruction [20—16] Read data 1 ALUSTC | MemtoReg
Instruction register 2 Zero
1-0 1 : Read 1) DAL AW
B1-0] M Write data 2 > result Address Readl_,(
. . u register M data
Instruction Instruction [15-11] | X | |write u M
> ; X
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0
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RegWrite
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Instruction " | register 2 Zero MemtoReg
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PCSr
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ALY 5
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Add result
egWrite
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Instruction Read
Read ister 1 Read MemWrite
nd address In on [20—16] Re3 data 1 ALUSrc : MemtoReg
Instruction regisig2 R
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[B1-0] M I Write data 2 1 Address Read_,
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ADD x14, x2, x2

SW x15, 100(x2)
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OR x13, x6, x2
AND x12,

X2 , X5

SUB x2, x1, R3
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Add
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ADD x14, x2, x2
OR x13, x6, x2 SUB x2, x1, R3

AND x12, x2, x5
] : x2 M IEHEAEMR?

IF/ID ID/EX EX/MEM MEM/WB
Add Z - Z > z
4 — U @) Add Sum o
O Shift G
left 1 _—
[
- 0 ]
M - (@)
u PC Address 2 Read > o
X ;:'j " | register 1 Read > > g_
1 @ data 1
I Read W Zero > > =
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memory -1 _ Registers Reaq > o resuit 1= | @ Address )
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Write x — memory
" | data 1 ] >
=
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SW x15,

ADD x14,

100(x2)

X2 , X2

OR x13, x6, x2

ID/EX

IF/ID
Add “l— v
4 —>] 19,
0
Address
Instruction J_
memory '|:§|

Instruction

register 1

dN

Add Sum
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dl | |

ALU
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ALU
result

EX/MEM

L OdN |

Yyv

AND x12,

SUB x2, x1, R3

x2 , X5

MEM/WB
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Write
data

Data
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Read
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Time (in clock cycles) >
Value of CC1 CC2 CC3 CcC4 CC5 CC6 CC7 cCs8 CcC9

register x2: 10 10 10 10 10/-20 =20 =20 =20 =20
Program
execution
order
(in instructions) M B
1= 1
sub x2, x1, x3 IM LReg -

RN | I
o

E,g

|

Y
/L‘-E

|~
and x12, x2, x5 IM —E|LR’_eg P I_DIM_G RngI
eé

or x13, x6, x2 IM — HAR

L

-
add x14, x2, x2 IM —Reg

oM R

:> DM (—Reg

{ sd x15, 100(X2) IM
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WAWFIWAR#EX
ADDIESiERISE]

LW R1, 0, (R2) IF ID EX MEM1  MEMZ WE

EDD Rls RZ! RS IF ID EK WB

ADDD F4,F0O,Name (ALUIESiIHTF)
LD FO,0(R1)

IF ID EX HEM1  MEM1 MEM1 RD

IF ID EX WB
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v'e.g., IDIEX.RegisterRs 1R /KL 178
ID/EX EZIRSlEI’J%Tﬁ%?

OEXRFALUER S Faa S /9
ID/EX.ReqgisterRs1, ID/EX.RegisterRs2

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

2a. MEM/WB.RegisterRd = ID/EX.RegisterRs1
OMEMEE 2b. MEM/WEB RegisterRd = ID/EX.RegisterRs2

“ BN RS
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O Stall
v EEHEE, SiSER (RZKEZE S Interlock)

v IRIERON, FRSIROR
« FEANOP
- PELKIES: FREMEA GhliERE "EEE" ErIEARR)
——» 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

i FEFC6, FIEATH
NOP F D C M w
NOP F D C M '
Subtract R9, R2. #30 F D C M W

O A SEERIX B!
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Oforwarding, bypassing (ERIEEES, )
v RN EE IR RN E

ctc , c2 | c3 c4 , ¢, ¢ , ct ., cs8

| | | |
ADD MEM | | | REG | ! Im . | MEM | || REG
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1
s MEM | REG

“‘ &Aﬁdfxﬁt—?&- B

A 98




Forwarding

ID/EX EX/MEM MEM/WB
N “(w
> U >
—- .
o X
— >
Registers ForwardA
9 ¢ ALU >
— > >
M
=] N Data .
\)j memory
[ 2 o
ForwardB
Rs1 -
% EX/MEM.RegisterRd
l For‘ziirtd'”g ~—'| MEM/WB_RegisterRd

Execution/address
calculation stage Memory access stage Write-back stage
control lines control lines control lines

Mem- Mem- Reg-

ALUOp ALUSrc | Branch | Read Write Write
R-format 10 0 0 0 0 1 0
Id 00 1 0 u i 0 q 1
sd 00 4. 0 0 : 0 X
beq 01 0 1 0 0 0 X



ID/EX

Forwarding " =X
M ~WB MEM/WB
IF/ID EX > M > WB—
= U >
> X
SH+ - e
é Registers ALU |- L -
2] -
_ | Instruction | £ > >
E "| memory g o “lf - Data
T X - memory
o>
IF/ID.RegisterRs1 Rs1 . o
IF/ID.RegisterRs2: |Rs2
IF/ID.RegisterRd Rd EXIMEM.RegisterR_g
MEM/MWB.RegisterRd
’

xc=s

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 0
Id 00 1 0 u i 0 q 1
sd 00 4. 0 0 : 0 X
beq 01 0 1 0 0 0 X
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ID/EX

’_’ e EX/MEM
—| Control [ M ~WB MEM/WB
IF/ID EX — M > WB—
c
S * -
é Registers ALU __'I | -
(7] >
Instruction | E > > /I‘; ;UU
memory o, @ > lu N Data
x memory
7
IF/ID.RegisterRs1 Rs1 I\ ;I
IF/ID.RegisterRsZ: |Rs2
IF/ID.RegisterRd ; Rd N EX/MEM.RegisterR_g
:forwarding || MEM/WB RegisterRd
> unit / -

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

Y

xc =

IF ID EX ME WB

IF ID EX ME WB
IF ID EX ME WB
IF ID EX ME WB




LW+ R-Type ID/EX

’—> WB
—-| Control = M

IF/1D L EX

Registers

| Instruction

Instruction | ] > ] !
memory " o I
L

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

Y

Yy

EX/IMEM
~WB MEM/WB
L M = \VBH—
-_m
M
- u >
X
Y
ALUZ| o> M
< u
= x
R = Data

memory l

non-v

L -

EX/MEM.RegisterRd

,\Forwardmg <~ | MEM/WB RegisterRd

. unit

LW x1,45(x2) 1IF ID
SUB x8, x6, x7 IF
ADD x5, x7, x1

EX ME WB
ID EX ME WB
IF ID EX ME WB
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——» Control

IF/ID

FWB
= M

ID/EX

EX/IMEM
»\WB

L

[ Instruction

Instruction
memo "
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Registers

L M

ALU—

IF/ID.RegisterRs1

; \

F’CLE)

1non1v
I

IF/ID.RegisterRs2

IF/ID.RegisterRd

- Forwarding |

> unit -

\i

xc S

Y

EX/MEM.RegisterRd

MEM/WB.RegisterRd

ADD x1, x2, x3
SUB x8, x6, x7
LW x5, 45(x1)

IF

IF ID EX ME WB
ID EX ME WB
ID EX ME WB




LW+LW ID/EX

’_’WB EX/MEM
— Control [ M ~WB MEM/WB
IF/ID EX — M > WB—
:=
c
9 -
5 .
E Registers ALU ,:E > . =
(2] -
Instruction = » q 8 :
g M < Dat
memory N E lu c ata
X memory
™ J >
=
L - C
> > O
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
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’_‘ e EX/MEM
— Control [ M ~WB MEM/WB
IF/ID EX — M > WBI—
s > >]
5 .
E Registers ALU u ol -
2] >
Instruction = > =
PC > — M O
memory o _lu Data
§| T x memory A
[ o
IF/ID.RegisterRs1 Rs1 . _ I
IF/ID.RegisterRs2 |Rs2
IF/ID.RegisterRd ; Rd . EX/MEM.RegisterR_g
~ Forwarding | | MEM/WB.RegisterRd
> unit -

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=

’_’ e EX/MEM
— Control \_; M L—»-WB MEM/WB
IF/ID EX e 1\ > \WB—
k £| ‘ %
c
o * - -
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E Registers ALU . =
(2] >
H Instruction | E > /I\_II\ B
memory o @ > |u R Data
X memory -
1Y >
=
L - > C
2
IF/ID.RegisterRs1 Rs1 g =2
IF/ID.RegisterRs2 |Rs2
IF/ID.RegisterRd Rd . EX/MEM.RegisterR_g
m; MEM/WB.RegisterRd
> unit I

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



R'Type +SW ID/IEX

’_' e EX/MEM
— ! Control [ M ~WB MEM/WB
IF/ID EX — M >WB—
»{ U >
BT
c
o >
2 .
E Registers t ALU | . -= a1
(2 >
Instruction = U u
PC - M 2y, X
memory o Data
| [ u -
memory
IF/ID RegisterRs1 Rs1 .
IFIID_RegisterRSZ' |Rs2
IF/ID.RegisterRd _ Rd EX/MEM.RegisterRd
:forwa_rdiﬂg | | 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

xc=

’_‘ e EX/MEM
—-| Control [ M »~\WB MEM/WEB
IF/ID EX —— M > WB—
R = u
X
: > >
é Registers t ALU—] L .
2] > >
Instruction = >
PC memo ] C Dat
i > :| ') ata
wy) c memory
_ >
= —
Cc
IF/ID.RegisterRs1 Rs1 . - ;|
IF/ID.RegisterRs2 |Rs2 =
IF/ID.RegisterRd ; Rd . EX/MEM.RegisterR_g
~ Forwarding | | MEM/WB.RegisterRd
> unit -

IF ID EX ME
IF

LW (X1, 56(x2)
SW x x3)
SW x1, 45(x4)

E WB o
ID EX ME WB

IF
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Time (in clock cycles)

v

CC1 CcC2 cC3 cC4 CC5 CC6 cCc7 CC38 cCo
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 IM H HFHReg| ] DM HReg
or x13, x6, x2 M HH FReg| | } -[ DM (—Reg
add x14, x2, x2 M H Reg[

I"I

DM Reg

sw x15, 100(x2) IM — FHReg| %*
v

-[ DM H HReg
. A bbb A | "&Asﬁfxﬁt%sﬁ*f&:
Forwarding 2 JE A~ i i A IR ge AT — 2K 45 < ! e (1
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xc=

ID/EX
’_‘ e EX/MEM
—| Control [ M ~WB MEM/WB
IF/ID EX — M >|WB—
- /-\
. M
; U =
g Registers t ALUL»] u -
% - —~ > <
Instruction < > c O
memory S M ) Data py)
LT c
X = memory
™ N
L N —
> (e
O
IF/ID.RegisterRs1 Rs1 s M=
IF/ID.RegisterRs2 |Rs2
IF/ID.RegisterRd ; Rd . EX/MEM.RegisterR_g
~ Forwarding | | MEM/WB.RegisterRd
> unit -




ID/EX

LW+ R-Type

’_‘ WE EX/MEM
——| Control [ M ~WB MEM/WB
IF/ID EX — M > WBI—

Registers

Instruction .
memory L
)

Y

xc=

ALU— —— >

a
Data
memory 2Y;

| Instruction

non1v

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

EX/MEM.RegisterRd

_KForwarding <~ | MEM/WB.RegisterRd
> unit -

=T EY

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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v

Time (in clock cycles)

Program CC1 CC2 CC3 CC4 CC5 CCo6 CC7 CcC8 CC9
execution
order
(in instructions) B B
w %2, 20(x1) | IM Regl | [ > DM |—
and x4, x2, X5 IM ( FHReg| | —
s
or X8, x2, x6 IM - Reg___ j— — Reg
® |
add x9, x4, x2 IM — Reg| | —[ DM — {Reg
slt x1, x6, X7 IM  F{Reg|__ DM Reg
v

} 2, BN RS
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Interlock (Ef) : fRELWIESE FYEdehaxs

O #NEHEAK: 7£IDE!
O stall: “freeze up and bubble down”

\/ ;/ \é:é:/:\ﬁij = E,\J;}ZEJZKEQ: IFI ID
o IENNFRMMRENE S PCWriteFJIF/IDWrite
—  PBLEEFRPCHOIF/ID
— (FZiEESEERRE
v AEXTRIKEFEARE
« JZIDIEXRYIZHIBE
~  [FIHREEMEESE—EHl, BEfikHEE

Clock cycle I 2 3 4 5 6 7

Load R2.(R3) F D C M W

Subtract R9, R2. #30 F D C M W




ID/IEX.MemRead and

((ID/EX.RegisterRd = IF/ID.RegisterRs1) or
InterIOCk (ID/EX.RegisterRd = IF/ID.RegisterRs2))

/\\ / o e ID/EX.MemRead bubble down
= unit | |d ?
L S P L~
= B IDIEX
T m iz EX/MEM
. Control > /M/ = WB thEM/WB
% |F"|D U o= EX > M WBH—
a
N
- > M
= U >
s - X
B Registers \_/
E }ForwardA ALU > g M
PC Instruction L E > ;ﬂ\ u
memory R Data | X
: memory
ForwardB
IF/ID.RegisterRs1 N .
IF/ID.RegisterRs2 .
IF/ID.RegisterRd . Rd _

Rs1 Forwarding -‘
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PCSr
1
Add l hl"'
ALY 5
0
Add result
egWrite
J t2
Instruction Read
Read ister 1 Read MemWrite
nd address In on [20—16] Re3 data 1 ALUSrc : MemtoReg
Instruction regisig2 R
- 1 . ead
[B1-0] M I Write data 2 1 Address Read_,
_ ) M regis! M data
Instruction InSGuction 15-11]| X | | write X
memory 0 da 0
0
write Data
RegDst data _Memory
Instruction 1\6 Sign | 32
| extend U MemRead
cqitrol
I ction [5- 0]
ALUOp
—
Add
4 —»

Read MemWrite
- PC o address l

Instructi MemtoReg

nstruction |

[31-0] Read | g

Instruction result 1% Address 4ot M

memory 2

0

MemRead
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PCSIc
> o 0
>Add — " 2
X
4 —> \ dd Sum 1
RegWrite
L 2
Instruction [19-15] Read _
| o | PC 6> Egggass " register 1 o MemWrite
Instruction [24-20]  |Read  data 1 - |
| i " | register 2 Zero memtoReg
nstruction ALU |
[31-0] - 5 : ALU Read
Instruction [11-7] _ | write dgfaag i Address "y
memory
Write |
i Data
s Write
dela memory
Instruction [31-0]
MemRead
Instruction [30,14-12]
ALUOp
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O RIS B— R LM HBIES
v ,Zw\HTE’ 2RERBING (%7/\ETIEU$TG> ZBERE F—5I5S 24 (
FIEARHRE, no taken) R 15 (LB, taken) .

—

41
w42
K43
fH4 4
845
fe4 6
B4 7
4 15 |
fe4 16 l

slot)

WKL HSG (freeze) 5HEZ
(flush, #IREO0)

—— e S ————— — i

o Ui (FI) : AFEREBE IRt — KA 4 BN TEA T2 MR EK,
o 54 %0 (DI) : B 5E Bk 1k BT BRAE B st ik AYTE R JT Ko
o HERMESOBNE(CO) H IR A A R bt , W B F A AR A T 4b 0 B2 T AL 2Rk
Bk AANF T4k 65 b ik O Ko
o EURIER(FO) : WTEHH2E P HURME S (G REBEFFRR T, WEHLBE) o
o BATHA (EL) ATHE % WRE HFWERFTENLE(FFEET).
o EREB(WO) HERFATFME.
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Branch Hazards

OWRS3 3ZEREMEMBRTRTE

Time (in clock cycles)
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CC1 CC2 CC3 CC4 CC5 CCé6 CC7 CcCs8 CC9

Program
execution
order

(in instructions)

40 beq x1, x0, 16 El.—I—D

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)

}" BMAX KSR
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ID/EX
we LEX/MEM
> WB
Control M L MEM/WB
EX M WB —
IF/ID
4 I . AddSum
Shift Branch
2 left 1 L |
= ALUSrc
[=]
g |
0 o e
M = 2
u PC Address 5 Read % 5
x 5 register 1 Read > = £
1 E} data 1 [}
B »| Read Zero — =
Instruction = register 2 ALU oy Read
memory —e Write Reg;]lstersRea d OM rei”} »{ Address data [T 1M
register data 2 u L Data u
| write x memory o"
data =\l
Write
“| data
Instruction
[31-0] 32 Imm | 64 -
1 Gen — MemRead
Instruction
ALU
[30, 14-12] contral
Instruction
[11-7] _ N

e T

a
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OExample: branch taken

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

L

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 3 sub x10, x4, x8 3 before<1> E before<2>
IF.Flush \ i 3 3 E
p 4 | razard | | :
\ detection | } } !
| ol | |
M e EX/MEM I
|+ (conty ’ . u M we MEM/WB
X T
48 IFAD 0 )72 0 EX M s
44 i
4 \ x1 x4

. Data
T memory

10
L
Forwarding X
unit +

I

Clock 3

BMAK KRR
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~ ~

( Id x4, 50(x7\
IF.Flush

N

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

4
—9
| ™M
| u
76] |72 X
Clock 4 E :
AN R RIER

BEQTEIDEREGR, f33ZFER=1
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53 SATACHN- B R T4

O 7EJR95 3% (delayed branch) : @iFEE
=z:z—xEE’J7|‘;-:bl‘1L Rf& (delay slot) FIEAREEIES
TICH BRI, EREFIVIESEISHEHIIT

O i_l_ \ﬁEI’Jﬂ%J?
v {£H5 \S'ZHUEI’JTE 07T (MBIEE)
v ST BAHES T (MEH&JEIFE)
v S TARRERI R — ISR (MEBAbERE)

University of Science and Technology of China

P RKINET S izhet
— HES e BT
ARIERIES 1+1 l l
:” B i+1] BEHS | AEHS i

>1+ bR
Fﬂ /'
g
<>
S
{3

| A ¥3TRIES i+n |
{4 i+n+1
4 i+n+2

— X EE?
NXEMEY +1
PREMEY 12

[(A2aErfs i+1]

[(rzirms i+2]

l;ﬁ*v‘iIP?éb 1+n]

#% 1+n +1
#S i+n+2

?

| HXIERIES i+1 |

[ﬂﬁﬁl_?s-"' 1+2 I

[ FIBRIES 1+n]

X EFEY ;
X EfBY jt+1
Z B jt+2

;‘

-
PN
b
o

“‘&Aﬁ§ﬁ§ﬁi

,A.L " 24
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L) FEAZLL %2

and Techn Ithl

10: R1+R2—>R3
11: BRGT R5,R6, jump:
12: R4+R7—>R8

jump:

SEIR R R — AR R A HRr i

50 R Ui A R 2 8] B — AN
Wo BHESPATIRTRER S
B4 EHNTES, NEEBRE
BRE. BEATRE—FF
i SEANXME. HAHRTR
BEHESMAEREFIEA
NOP#&4 .

B A S EH
ZHW T

11: BRGT R5,R6, jump:
0: R1+R2—5R3
12: R4+R7—R8

HRNKA RS SRIETE
EMBEDDED SYSTEM LABORATORY
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MBEIEE ) FRAZHELX S

O FER7 \ﬁEI’EI%J?
v (ERDXEIRHESER (MEIEE)

VA AT
a. From before
: I):
add $s1, $s2, $s3 Taken (53 3CRTh): Not Taken (43> eh)
1 ADD 1 ADD
if $s2 = 0 then —— 2 |E 2 |IE
Delay slot 3 STALL 3 STALL
SUB 4 ADD 4 SUB
ADD— 5 ADD
Becomes iﬂ}ﬁ}ﬁ
Taken (43 3 2h): Not Taken (733X A H2)):
if $s2 = 0 then —— 1 IF 1 IF
2 ADD 2 ADD
add $s1, $s2, $s3 3 ADD 3 SUB
SUB 4 ADD
ADD~—— }“ Hz)\itfxﬁt%ﬁﬁ‘i
A Ermsoome SYeTon LaennaTes o




} A E *’j—‘%i}%g icg oi?cnénﬁhnﬁ yotCh%

O SEIR T S RIS
v USZERESER (MBIREE)

b. From target

WERET
U 814, 815, 816 Taken (43 BIh): Not Taken (433 A RTh):
1 SUB 1 SUB
add $s1, $s2, $s3 2 XXX 2 XXX
if $51 = 0 then —— 3 ADD 3 ADD
4 |F 4 |F
Delay slot 5 STALL 5 STALL
6 SUB 6 YYY
Becomes
WEE
sub $t4, $t5, $t6 Taken (4332 B3h): Not Taken (43X A 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



ISR &) TRz LS

O FER 73 S HIKIR
V UDSARERN T —FESER (NKBLEE)

c. From fall-through ﬁﬁﬁﬁ
add $s1, $52, $s3 Taken (4332 BTh): Not Taken (73> RE)):
if $s1 = 0 then —— ; ﬁZDD ;‘ ﬁ:DD
Delay slot 3 STALL 3 STALL
sub $t4, $t5, $t6 4 YYY 4 SUB
YYY o 5YYY
Becomes %E)ﬁ‘
add $51, §52, $53 Taken (43 BZh): Not Taken (7334 T):
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——

}“ &As&sﬁﬁt% Bﬁ‘.ss.

EMBEDDED SYST
SuzHOU INETITUTE POR AD 2 8
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FEHItER = >3 = > [FEKD 3

HIE)=>TRD7> (&)

ERrE wﬁgmgx E{EFIRTIE
A %)ilZlﬂij’JTE '5 ﬁ SILED,
MBS 7&;& (FaAIER
MBR | BIRERIEES \;zsaszam /NS EETHES
SRR »'fEZﬂ I = L
MKW | B IRERIETES \;ZEJZI)J AT | \
SRR | BB A Ao | P
I SR SR A A R R |
R SHRATOES ZRANLL, e
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Qi) ANREEBIERIANE D SEEL], REUENAY
jét}j’,@’ E-’\J\TIEE%'I\ %Eo
O3z FullFR (Prediction)
v ERSTIN: #AEAIT (Speculation)
« Taken
* Not Taken

- Mfek#Btaken, [ABIEEFENot taken

v TN : S ZFNIEE (Branch predictor)
- —(\iBFOIHELES (saturating counter)
o BAIIEFOTTENES

EMBEDDED SYSTEM LABORATO
A SUZHDU INETITUTE FOR ADVANCED STUDY OF usﬂ:iso
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BSTN, 4% &) Lt L

O KZZRISCHAMIERS—RERR A T 5855 fp i, 374:
v R BAS KA Fulln s KK .
X R B R ERE TRV TUNIRRS.
- EEBLAREZR, eTlliESHiTRINFaY.
v TR SR ARE FUNDSZTD)

- REERIESHELIRTHITERBRBE D inE TIRE K ERBRIER, X
R TI SRES R LAMRIFRI T,
v 3T RTINS RE, RRIREBTINER A= RE,

© XMIRNRIESEIANGWAFE LA, £EAT, WRAEBRVERBRETIEN
, ERIAVEERATIRERER. HTFEUREESZ, MBRHAE R, PAX
%%@ﬁiﬂﬂiﬁfé NSRS HERRRY.

“ BN RS

OO pSe ZA AN TR RGN 12 A U4 S 2 po
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Program Time (in clock cycles) s
execution cc 1 cc o ce 3 cc 4 cos cc e s e
order

(in instructions)

40 beq x1,x3, 72 IM Reg:_ I DM ___Reg

|— — :LFIZ —
44 and x12, x2, x5 IM | { [OReg[ | DM | |{Reg

=17 =L
48 or x13, x6, x2 IM __J:Reg—_J I DM ___Reg
=1 I
52 add x14, x2, x2 IM __J:Reg—_ | DM___Reg
N =5
l— N — — —
| 72 lw x4,50(x7) L IM J:Reg: % DM Reg
i - Ht)\;tfxﬁt%l}&ﬁ

EMBEDDED SYSTEM LABORATO
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O SR IuNE T SEfnz THT YRR P S -

v WA IINE RS, BRrERBIESHUMA— MR PEHEE— S
UATICRXFIESREARE TR,
. MEERFORBIEON, SEEIERTAXAES. IRKMSOTEEIE, B
SHTMXAIESHERORSHLENNERE TS, NRRSTEEET, RE
BRI RIES. MSTTNER, BREFN; BN, EREPEFIORSIL
v (SRS TN TER.
- SIS SIEER, REMR MRS IRERERHL.
© RSP R RIRS A S AR HRURS .
. FFRIENRERERN T, MREETELA, SR,

VAR SR IERRA /9T, sSEere il o] IR SR TR E.

‘ &2\5&5-‘3’1‘2—?&- %zg

Rl -
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Not tuken

£
E
[
;
%
E

Taken
taken

branch instr branch instr Taken

00 | 01

Predict s Predict Not taken
11 takenly . — 0]

Taken
Mot taken

Read next
conditional conditional —
branch instr branch instr / \\
| Taken |
Not taken
00 Predict taken ) Predict taken 01
Taken
Not taken ‘ Taken
Not taken
Predict not taken 1 O
Taken

Not taken

Figure 12.18 Branch Prediction Flowchart

R R 2R TS REE: AMF TEET



FRABZLL*X S
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1 1
| |

TORY
usTe

: Next fetch address : Fetch address : Instruction Cache : Instructions drnive :
| prediction | calculation I acCess | to decode stage |
| | | | |
| T | |
' Branch ' N L |
| T':““Et | I-Cache E 5 2 . |
| — & | Data S &I — = E".., |
' Buffer | Area o = Z = |
| (BTB) - = £ |
| | |
| | W\ |
I Next % | I
: sequential : :
| fetch addr . I-Cache B |
I I X I
| | E Tag "EJ_’ E |
| | - Array = |
| Branch | — | |
—H
: Predictor I : :
| | | |
| | | |
| | | |
l Return I I |
| | I-TLB ! !
| — Ay ' Array | |
| Stack | | |
| (RAS) | | |
| | | |
| | | | |
| | Next fetch address from branch misprediction or exception | &&=
| | T
| | |
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CaChe mISS'H_j, gSta” University of Science and Technology of China
fRT 58, SEAIEHIRREREEEMKSEZI

~ Cache missti=EEstall

Imm16 E_(ED
E ALU result 32
p— h = :
0
’ > 1 ! ¢ 3.2 a 1 —
m T et
I-Cache S| Irs 5 mA = BusA 2 A § D-Cache 0 I
= "3 5
31 \ = m m
Instruction jmp| =l Rt 5 RB E BusB 0 L >|L_J < Address 32 g_
= 7 7] |
8 Address t._:f) .;';' 1 - Data_OUt 1 g
—|rw & > ™ 0 a ] Data_in -
. BusW ) | 3) . 2 -~
=4 32 (o] 3]
0) oS o o3
T 2 3 el
clk °
-
0 S g 2
2 |z fo £t
— [ M 1 S
B E |-Cache miss or D-Cache miss : o |8
= o . . [T} o
N E causes pipeline to stall g S g
o Q 24 @ 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

] ins C Main memory re@ Send 2,000 bytes over Read 1,000,000 bytes
100ns commodity network: sequentially from SSD:
0.0ns = 0.2us 200,000ns
( L1 cache reference: D EEEEEEEEEE 1,0000s = 1ps
< L1} S50 random read: > Disk seek: 4,000,000ns ~>
16 0000 = 4ms

mmm i it
Branch mispredict: 3ns ========== Compress 1KB wth Zippy:
2,000ns = 2 n Read 1,000,000 bytes rn Read 1,000,000 bytes
C umam L2 cache reference: 4ns ) sequentially from memory: sequentially from disk:
EEEEBEE 10,000ns = 10us = M 9,000ns = Ss 2,000,000ns = 2ms
=

EEEEEEEEEN :
SNEEEE Mutex lock/unlock: 17ns EEEEEE Round trip in same EEEEEREERE Packet roundtrip CA to

m 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.html

o LS Tty

‘ EMBEDDED SYSTEM LABORATORY
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O >, F/EREERRNX90%LA £

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
= TINTTTTNTHNTTTN ... (B4 _EREHLI - RBEFHM)
= Fa kR
= A WIEF
data[] =@, 1, 2, 3, 4, ... 126, 127, 128, 129, 130, ... 250, 251, 252, ...
branch =N N N N N N N T T T ... T T T ...
= NMNMNMNMNNNN ... NNNNNNNTTTTTTTTT ... TTTTTTTTTT (R ESHITIM)

OGEAEE, =797 2R B UE

“ RN R R

Rl -
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O 254K
v [RE: BEEERREAETERTZR (FRIERMAYER)
v BBIREE: FF (EmIFEEsS, B4Stall)
v BRRSER: 1S (TREESEX)

O £9EHEX
v [RE: ECRAED (FRREERAE)
v BBREE: FF (EmIFEEs, B4Stall)
v BRGE: EAEKEFR (RAWHEX)
v BBIRBEE: FUKEZEM (LWHES

O =HtExK
v [RE: 9XESSRIPCiHze (R it489/8)8)
v BRIRGE: FF (HmiEEs, B4Stall)
v BREE: RREEPC (Eitit. B&MH) PEEIER=1
vV BRIRGE: RN (ZMEERZE)
v BBEREE: ol (—Az. ®fI)

‘@ AKX RZ RIS

EMBEDDED
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i FiBiE S FRIIRREREEE

ID/EX

&
V]
[E|

m r e EWMEM
> Control L M WB
IF/ID U EX

- BEMB
LY WB
N — I —
> )
c M
g > U >
~ INE -
a Registers \_ i ')3 Data Z
Instruction — > ALU—>] — >
PC memory | 8 memory ;UU M
—8—r : il
. M =3 X
> u - S
X ik
i —
IF/ID.RegisterRs Rs v 8
IF/ID.RegisterRt R Rt =1
IF/ID.RegisterRt Rt .
> > M EX/MEM.RegisterRd
IF/ID.RegisterRd R Rd J >
> ™ x
| FO"VUVf”rt ding < MEMMB RegisterRd

SUB x1, x5, x4 LW x1, 45(x3)

ADD x1, x1, x4 ADD x1, x1, x4

BEQ x1, x4, Offset SW x1, 5(x3)
#xX: SUB->ADD: EX/MEM.ALUOUT->ID/EX.A
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KRS RIIFRAN

}" BMAX KSR
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OE R DK &S IsE - Ee
v'CPI (Cycles per Instruction)=1
v IPC (Instructions Per Cycle)
Oa{alH1§IPC>17?
vV E— T ERINR S RIS
0% WHIZ &59 N (Multiple issue)
vViEIRERK (SuperScalar)
VBIIESEHRIN (Very Long Instruction Word)
v ETIKEIZN (SuperPipeline)
v SIMDFZ/N (Single Instruction Multi Data)

NN A Ko

s EMBEDDED SYSTEM LABORATO
..................................... 42



1. HBIfr=EH7N ( SuperScalar FEAZLLXS

O F—BtZIEFEF A TSI E S RUE EE AU TR e oY
RN "B EATEEE”  SimpleScalar
OiatrsE: BEE T NHEERO R &5SFHRITE
&S
v REEEEK: BN P E B SN INREER AR IE SIEIEE
B, LIRSS EFEROMRLE, LUMERCSLIERHRTS
MNMEIE
O 9miEss 2355
Oz151I8<S5EE)
v G hE

v Tomasulo

iy
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A TWO_Wa.y Superscalar Pipeline University of Science and Technolog yofChma

Fetch
unit 1
| ‘ ‘ ‘ ‘ |Instruct10n queue Reg Reg Reg
|
Sl B % Arithmetic

unit

U1

unit TR e

results

Dispatch

Load/Store
unit
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Ok G=RE K%

Cycle1 Cycle2 Cycled Cycled Cycle5 Cycle6 Cycle? Cycle8

Clock \ { \
Fhase 1 2 1|2 1 2 1 2 1 2 1 2 1 2 1 2

|F:—:-tch| ALU | Mem | Wr'rte'
|Fetn:h| ALU | Mem |Wn’te.
Fetch| ALU | Mem | Write |
|Fet::h| ALU | Mem | Write'

|Fetch| ALU | Mem |WriteI
[Feich | ALU | Mem | Wiite]

Fetch| ALU | Mem | Write

Fetch| ALU [ Mem | Write

E— R AR SR S AT KER

w BMAX KSR

EMBEDDED SYSTEM LABORATORY
SUIHOU INETITUTE FOR ADVANCED STUDY OF USTC
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O 537

OVLIWIBZ 54567

PO FRITE IR S (EYF
FRIB RIS QIEBIVLIWALF

)drﬂ

=
H /V\EK-LDJ

OB KIS

FTERERDIES

MEIERSF R

SRS

LF(VLIW) R AT B NGB ERFE
IEES M UIESRE

P ETEREHERBE R Z 5

HE—5FEE

KeixJ L),

Z NN TFRIT

— A DgeskMed, HBETH

1T

aoanid

?R

HRER SR,

?avo
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O i A R geseie
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R FABERERX R

e
* _F_ - ] - M ] —
u -
4 —»] .
- N~ ALU >
> Y
> > » M
M Registers u -
1C090000 4+ u * Instruction — - x
X memory — ) |
> " = —| Write
\ . = data
Data
_ [ Imm - ALU - memory - —
\ Gen Imm \ »
N Gen N
U Address

SUZHOU INBTITUTE FOR
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T B9 1

IF ID EXWR

L L 5 i i L L i

I‘Illl.
01 2 3 4

(a) HiEHK
N

IF ID EXWR

i)
5 6 7 8 9 1011 12 13

'll’li
01 2 3 4 5

(c) HBIKL

III}
6 7 8 9 10 11 12 13

C T BN ]
IF ID EXWR
'r L i I 1 bl 'l i il A B Il 'l ']
01 2 3 4 5 6 7 & 9 1011 12 13
(b) HEIREIRNK
I ] 1 H ]
IF ID EXWR

Y

i &’ '] L ' 3 Il Il i i i L }
01 2 3 4 5 6 7 8 91011 1213
(d) HBKELSF
’_" HRANKRASRITE
P Srmcoeo sreer taeonaroy 9
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Superscalar vs. VLIW i TechologyofC

DiEOKEE  DIEOKEK
OFpSiE  ORdSE

OMFEHGIRITE O1F8. AFHE<SHEEZITEER
O4miEEsEE 3 OmiFEesE sy

O AFFRSY O HEFESUEE
DUH‘Dﬁ%m O/ IhFE(E
O HE O:C A HEFR/
I:IUH‘EEZIKm DU)#EJZZMEE

Pentium Pro Pentium ILI1I1L1V, ltanium
AMD Athlon, MIPS R10K R12K, Transmeta: Crusoe

Sun UltraSpac, PowerPC
603,G3,G4,G5,Alpha 21264
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Operand/1 | ' ' ]
+ 48 bits are wasted!
Operand2 | | ' N
= Can'weluse'themlinlany way?
Result L | !
64 bits
@ 167bits
+—p
Operand1 | | | [ 4 operations/in 1.cycle
T M + + SPEEDUP: 4X??
Operand2 | | | N
| = | = | = | =- Called SIMD:
Result < »  Single-instruction!
64 bits multiple-data parallelism
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SIMD Instructions

MD-technique

OMultiple data operands per operation

OFPEMMX, SSE, GPU, DSP, Rl
N SN 2"

Vector instruction: Assembly:
for (1— , 1++ 1<64) set vl,b 64
c[1] = a[1] + 5*b[1] ldv vl,0(r2)
mulvi v2,v1l,5
c = a + 5*%b ldv vl,0(rl)
addv v3,vl,v2
stv v3 0(r3)
e v KB
'A Evesooce SyeTey LasoraTony
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Tk &

i Cycle 1 > i Cycle 2 >
Clk | | I
Singie Cycle Implementation:
Load Store | Waste

Cycle 1 Cycle 2

' Cycle 3 Cycle 4 Cycle 5 Cycle 6 Cycle 7 Cycle 8 Cycle 9 :ijcld: 10

e L 1 L L1 L

Multi:ple Cycle Implementation:
Load

! Store R-type

Reg IExec IMem I Wr

Ifetch

Pipeléne Implementation:

I Ifetch I Reg I Exec I Mem I Ifetch

ER:

Ifetch

Load Reg IExec IMem I Wr

% JA SRR 2678 < A BIET A

Store| Ifetch I Reg IExec IMem

K, HAUKEFNHM ‘R

H” —%EL.

Ifetch I Reg I Exec

R-type

I Mem I Wr

}“ &Aﬁiﬁ..‘&'ﬁ—?&- Y

EMBE] E TEM LABORATO
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%3] B vs. S vs ke ©) F R AT LA X

O fl: BRHEZEEMEM=2ns, R-Type ALU=2ns, Reg=1ns, Hith

SRHSOETERY, RRRRRER1005IES, EARLW 20%,SW
20%,R-Type ALU 40%,BEQ 20%. SZAMIPS/RISC-VE5RFKLE

FERLWESHIOSEERIT, EAFFFa.
v B—FHILWHITIE/IR-Type ALU, *Jﬂ: REO i1 EE;
 SSTBRALE, RS
KX, SR, ke EAERILL,
u lu\En
BEG: SO SRR RES DR R RES
A SANEEE- SRR EES S A EES
EHE> LW=? SW=? R-Type =7 BEO=?

v iK% B I EER=? SHEREEEZ/VE
EMNED? SGERBENSD?

L]

1]+
&
N
—
=
il
=K




BAREHASCHN vs. keitay © FOAR LKL

OfEZE: 1% ZMEM=2ns, ALUFINNA88=2ns, Reg=1ns,
iﬂﬂ*‘lﬂ# B IERT,
v EH[EHR: EERAFTEERIERYEZF0, 8ns
« FIT10058< ATEHYAYIB)/98ns x 100=800ns
v Z[EH: FEERRERESKBMEREN, 2ns
o LW-51NEHA=10ns SW-41[EHH=8ns
o ALU-4A N EHA=8ns 49337-3 1 &FHA=6ns
« H141710055=10*20+8*20+8*40+6*20=800ns
v iiKe:: R ER B SREBIMEREN., 2ns
« H11710055=10+99*2=208ns, JNMEREIRSL2NSs*10+2ns*20=268NS
v MEREXTEL

- Z[EHA=E[EHA=800ns
o Kk MEBE=268ns, fMiELL=2.99

Ny RN RSB
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O CPUIRITAA: ISA, #iEER, BHIES, IS, M5 1TE (Thee. 14EE)
O ISARYSCINRTS
v EEEHE: 1ESFEE (BK) B—M1esEHAERK.
v ZEH: 159 (TK) BSWI=sEHIEK. S8 RS e =sEEpmIT.
v ke 1ESEE (K) BSAWIEEEER (vkdk) Bk, S IeesME=mRARRESH
1B T EZAIALT,
=
R EBFNAK AR ER?
mKEHPSL—NEEAE (BYE, B BURRSREEAA?
TIKEITE—KIESRT, IFTEEUE, EftEREMTA?
BKEBRIESS SR RS REL?
SUFAMASCIIRY? PRESUAESRKE?
ANRR-typeiESEAIATF, NANAMAIZITHRKE?
MIPSEEER XA "BUE. ¥, HUT" =ZEiRKLL?
Stall|RESFIKTALN? a0{a/sCistall?

O

¢

DN N N N N N RN

O i A R geseie

‘ EMBEDDED SYSTEM LABORATO
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O E=

v BRI ML =7 IPC=?

v 73 ERFEHA,

Z AR E SAE Ebuffer, Mt/

=SS &= 2buffer?

v RS AT BRIE Rk /K estall, B RRRASER?

v K RE R IERN A EBLE, TR FAWRLFER RV MX
LRI ZA92200 ?

v 1B MIKEHRER NN ST EAEX?

v 73{AIMIPSH1

51-typeig SiHTF/RISC-VHYIZESSE

v EARIRK IS RET AR B HRL?

OfEML

v COD RISC-V edition: 4.16.1~5, 4.22, 4.23

“ RN R R
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