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R-type op(6 bits) [ rs(5bits) | rt(5 bits) | rd(5 bits) | shamt(5 bits) [| funct(6 bits)
D j;l:. A\ = ﬁ -l;t/
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v i&FEVIE FO1ER
N e
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O#E< |5]

VIR EREE, BErIAEFEEANERESRES (2F
7e5) , & )"“J%i'ﬁ' fm —?&uu}(?&ﬁx :

ORAF Load/Storelﬁﬁ
vV BERET ERITM BT EiIGEbE, REET—MERIFE.
v Ri%: WRR-typefs S B AIIH7F, )”'J""‘?'Jﬂ)l?a\ RS, Mok
HE., 5. T, BEF/LIME
ORIERENEFEFRE “FXI5F7
v B ERR RN T EES A EEER

E‘z)\:‘itiizft—?& o=

& : _ T




N¥BAZLLX S

University of Science and Technology of China

Program
execution Time
order

(in instructions)

200 400 600 800 1000 1200 1400 1600 1800

w $1, 100($0)| "5 Reg| ALU | D% | Reg

lw $2, 200($0) 800 ps NSIICION Reg| ALY | D | Reg

w $3, 300(30) 800 ps nstruction
800 ps N

BRB? ZAM?

Program
execution . 200 400 600 800 1000 1200 1400
order | ' ' | | | |
(in instructions)
w $1,100(30) |"Suctonl  |Reg| ALU | D2 R
w $2,200(30) 200 ps |"mMCon  |Reg| AL | D3 IReq
lw $3, 300(30) 200 ps | "Sction|\Reg| AL | D@ - IReg
17

200 ps 200 ps 200 ps 200 ps 200 ps
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Time (in clock cycles) -

CC1 cC2 cC 3 CC4 CC5 CCe CC1 cC2 CC3

Program
execution
order

(in instructions) B ] i
- =
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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RegWrite
]
Instruction [25-21] Read
register 1 Read
Instruction [20-16] Read data 1 MemtoR eg
register 2
1 . Read
M Write data 2 [~
u register
Instruction [15-11] | = Write
0 data Reuisters
RegD st
Instruction [15-0] A 16 [ Sign 32
| extend
.
" ']
J I Instruction [5-0]
? ALUOp
J Oajz ‘H
dermHead Memirite RWrite RegDs RegWrite ALUSTCA
L PC 0"‘ 0
M Read y
u | address register 1 u
X Read  gaod A x Zer
1 Mermoary register 2 1 ALU
MemData _ | 0 Registers AL ALUOU
Instrudtion M Write Rea result
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Program
execution
order

(in instructions) B ] i
- =
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
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KB

TSR

IF

IF/ID. IR < Mem[PC];

IF/ID.NPC < PC+4;

PC < (if PCSrc {EX/MEM.NPC’ } else {PC+4});

ID

ID/EX.A < Regs[IF/ID.IR,. ,;1; ID/EX.B < Regs[IF/ID.IR,, cl;

ID/EX.NPC < IF/ID.NPC; ID/EX.IR < IF/ID. IR;

ID/EX. Imm < (IF/ID. IR,;) 'S##IR,. ;

ALU #<(RRK/IX)

Load/Store 54

532

EX

EX/MEM. IR < ID/EX. IR;

EX/MEM. ALUQut <
ID/EX. A op ID/EX.B;
B,

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

EX/MEM. IR < ID/EX. IR;
EX/MEM. B < ID/EX. B;

EX/MEM. ALUOutput <
ID/EX. A + ID/EX. Imm;

EX/MEM. cond < O;

EX/MEM. NPC’ <
ID/EX. NPC+ID/EX. Imm<<
2;

EX/MEM. cond <«
(ID/EX. A == ID/EX.B):
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KB e 4K R
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MEM/WB. IR <EX/MEM. IR; | MEM/WB. IR < EX/MEM. IR; pCS
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VEM MEM/WB. ALUOut < MEM/WB. MDR < EX/MEM. cond &
EX/MEM. ALUOut ; Mem[EX/MEM. ALUQut ] ; EX/MEM. Branch;
17
Mem [EX/MEM. ALUQut] <
EX/MEM. B;
Regs [MEM/WB. IR;; ]
< MEM/WB. ALUOut; (R)
=0 Regs [MEM/WB. IR, ;]
WB
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memory + 0] Pldata  Revisters )6 | X
Data 0

Write
RegDSt data memory
Instruction [15— 0] 16 [ sign |32 ;
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|
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\
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SEfl: SUB $2, $1, R
AND $12, $2, $5
OR $13, $6, $2
ADD $14, $2, $2
SW  $15, 100($2)
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| data — 1 = S =
_ — Write >
[\_\ 3 W data E
16 32 ]
N Sign q — Q
N lextend [ — — —
py 0 =
L — — =

op(6 bits) | rs(d bits) | (5 bits) | rd(5 bits) [ shamt(b bits) | funct(c bits) 83




ADD $14, $2, $2
SUB $2, $1, R3

SW $15, 100($2) OR $13, $6, $2
AND $12, $2, $5
u
X
1
IFID ID/IEX EXIMEM MEMMB
—] —] — i
Add — % = >
B, o
= Q Q fid re'g\gl(tj Q
@-/ 1]
“H Address | g '; '\ g i
Instruction L= £ registen;q 2 L — AL Zero |, Z
memory E Wiite COISters daRI% E %/I re'g\llJ_IltJ ,:E Address %gatg_,o_, 1
y = Data Py M
L ])_( 8 memory || x
= — White > 0
3 w data E
53— 0 S
Py >y ;_U_
L - i ~

op(6 bits) | rs(d bits) | (5 bits) | rd(5 bits) [ shamt(b bits) | funct(c bits) 84
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Time (in clock cycles)
Value of CC 1 CC2 CC3 CC 4 CC5 CC#s CC7 CC s CC9

register $2: 10 10 10 10 10/-20 20 20 =20 =20

Program
execution
order

(in instructions)

sub $2, $1, $3 :

and $12, 32, $5

or $13, $6, $2

add $14, $2, $2

sw $15, 100($2)




v 5 ?’m A%
?& *E *E ; ﬁj\ gé fwcg oﬁngnﬁhnology otC}%
O5/FiEHEX (RAW) : JRITRRA BRI ES

R, ]
ATAEFEI S AT B R Z Bt TR F XS RN S
ﬁaﬁﬁﬁu? E
“IET R, “B7 12
|:|'a %*Eaé (WAW) : ﬁnlﬁ’J HIRIEE—H, EA
J{Igf%alae, EBEEFESFETE TTHEINEMAZEIAY
v iEER “B” R, siEN “B” 12
OiEEFEMHEXx (WAR) JF'J EFE HIEENENES FIEAY
W%ZHIJT)E?EX‘IW»Z%T? HITE#RE, SEIEHAY
= HRIEREIE
v EER/R ‘5”7 IJ% BIER 9”7 18

O 7K 2 ] B <= A4 WAWAOWARFH 5% ?




f‘i*@é’#é‘&f* é

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 ( ALUIESIHTF)
LD FO,0(R1)

IF ID EX HEM1  MEM1 MEM1 RD

IF ID EX WB

‘<‘> -&)\:‘itf ﬁa '53?5.55.

&

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu



RAWRYF!| i &

la. EX/MEM.RegisterRd = ID/EX.RegisterRs

OEXES

e

1b. EX/YMEM.RegisterRd = ID/EX.RegisterRt
n 2a. MEM/WB.RegisterRd = ID/EX.RegisterRs
OMEMEx 2b. MEM/WB.RegisterRd = ID/EX.RegisterRt

Time (in clock cycles)
Value of CC1

register $2:

Program
execution
order

(in instructions)

sub $2, $1, $3

and $12, $2, $5

or $13, $6, 52

add $14, $2, $2

sw $15, 100($2)

cC2 CC3

10 10

CC4 CC5 cCe
10 10~20 -20

CcC7 CcCs CC9
-20 -20 -20

op(6 bits)

rs(d bits)

(5 bits)

rd(5 bits)

shamt(5 bits)

.I:u n Ct( 6 b itS) InsTiTuTE FoR ApvancEs STuy oF USTC

) EBRZLLX S

University of Science and Technology of China



’ﬁ¢@@é&£k§

University of Science and Technology of China

O Stall
v REHEE, s SEAR GRkZE i Interlock)
v OIRIFEROR, BESEAR
- #ANOP
. BEEEES: HANEDE GEMA EEE HTERR)

——» 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 B SRR T

MBEDDED SYSTEM LABORATORY
INETITUTE FOR ADVANCED STUDY OF UST!
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3‘%*' IZ?\’ RAW : %é& *E/:F‘_IE I-'Eﬂ ?§7|€ =~/ University of Science and Technolog yotCh ina

Oforwarding, bypassing (E[EIE3=E 8, EH)
vV BIENERERA A E EEREREENNE

ca . c2 cs c4 ¢ . c6e . cr ., c8
i ALY i
ADD MEM | | | REG | | l/ , | MEM | | | REG

suB ' | MEM | ! | REG

MEM REG

AND

MEM | || REG

- - - - - r‘&)\sﬁfxﬁ%sﬁfi‘:
MIPS = Microprocessor without Interlocked Piped Stages® P S e go



Forwarding o

/\ rﬁ EX/MEM
‘@ I_:ﬂ _bﬁ I_l\iEM/WB
IF/ID EX M WB
- | | ]
< - i M
'g > U >
o >
> X
= —>
E Registers _/
Instruction [, _ > t ALU——> > Data [ _,| .
memory memory M
> » u
M X
o> u >
IF/ID.RegisterRs R Rs e
IF/ID.RegisterRt R Rt
IF/ID.RegisterRt Rt
2 > > m EX/MEM.RegisterRd
IF/ID.RegisterRd R Rd J > >
> > X
- Fo“’uvﬁi‘;dmg < MEMMWB RegisterRd
> S

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

control lines control lines control lines

R-format 1 1 0 0 (8] 0 0 1 0
Tw 0 0 0 1 4] 1 0 1 1
SW X 0 0 1 4] 0 1 0 X

beq X 0 1 0 1 0 0 0 X




ID/EX

BWMB
EX > M WB

R-Type+ R-Type

IF/ID U

ERE
=
WL

<

[

|
|

[ 3
!
Instruction
L
V] |
—

Instruction Registers ALU > » Data | %
memory memory \E M
> u
§| M X
> u —l
IF/ID.RegisterRs R Rs e
IF/ID.RegisterRt Rt
IF/ID.RegisterRt Rt .
> > M EX/MEM.RegisterRd

IF/ID.RegisterRd R Rd J >
’ . o
. FO"VUVﬁirtdi”g < MEMMB RegjsterRd

-

ADD $1,%$2,%$3 1IF ID EX ME WB

SUB $5, $1, $7 IF ID EX ME WB

XOR $6, $1, $7 IF ID EX ME WB

OR $7, $1, $7 IF ID EX ME WB



ID/EX

LW+ R-Type

EXIMEM
MEM/WB
IF/ID
c > 4 M
S — —| u
é ] _>
2 Registers >
C
Instruction — > ALU—{— Data |,
memory — S memory M
> > u
2 s x
p—>
, 0T
=
IF/ID.RegisterRs R Rs 8
IF/ID.RegisterRt Rt =1
IF/ID.RegisterRt Rt .
> > M EX/MEM.RegisterRd
IF/ID.RegisterRd R Rd J
> ™ x

L | L |
MEMMB.RegisterRd —‘

LW $1,45($2) IF ID EX ME WB
SUB $8, $6, $7 IF ID EX ME WB
ADD $5, $7, $1 IF ID EX ME WB



ID/EX

R-Type+ LW

EXIMEM
MEM/WB
IF/ID
c > '
= I ——b>
‘g —
= —
2 Registers > Data <
Instruction — > ALU—] — -
PC memory — S memory ;DU M
B = =
M = X
> u
IF/ID.RegisterRs R Rs
IF/ID.RegisterRt Rt
IF/ID.RegisterRt Rt .
> > M EX/MEM.RegisterRd
IF/ID.RegisterRd R Rd J
> ™ x
o o — .
> MEMMB .RegisterRd

ADD $1,%$2,$3 IF ID EX ME WB
SUB $8, $6, $7 IF ID EX ME WB
LW  $5, 45($1) IF ID EX ME WB



ID/EX

LW+LW

EXIMEM
MEM/WB
IF/ID
: ' > '
ie] — —
3] .
% Regi > >
2 egisters
Instruction — > ALU——= Data [ _,
memory — S memory M
> > u
» o1, s x
> u
: Bl
=
IF/ID.RegisterRs R Rs e 8
IF/ID.RegisterRt Rt =1
IF/ID.RegisterRt Rt .
> > M EX/MEM.RegisterRd
IF/ID.RegisterRd R Rd J
> ™ x
L | L | L | . L
> MEMMB .RegisterRd

LW $1,30($2) IF ID EX ME WB
SUB $8, $6, $7 IF ID EX ME WB
LW $5, 45($1) IF ID EX ME WB



R-Type+SW

IF/ID

v,

EWMEM
WB

[ = |

EM/WB

I—M>
WwB

c . M
S u
S X —
jal Registers
PC Instruction |, = o ALU > Data |, %
memory memory \E
o ;
u —
¥
IF/ID.RegisterRs Rs e
IF/ID.RegisterRt Rt
IF/ID.RegisterRt Rt .
> M EX/MEM.RegisterRd
IF/ID.RegisterRd Rd J >
> X
- FO"Vuvﬁirt ding I3 MEMMB RegisterRd

xc

ADD $1, $2, $3
SW $5, 30(%$1)
SW $6,45(%$1)

IF

IF

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



ID/EX

R-Type+BEQ

EXIMEM
MEM/WB
IF/ID
c Vl - M
g —>| u
S > X ]
= . —
2 Registers Data <
Instruction — > ALU » > — 9 —
PC memory — memory ;DU M
B =
. M X
> u
»| X > r
] —
IF/ID.RegisterRs R Rs e 8
IF/ID.RegisterRt Rt =1
IF/ID.RegisterRt Rt .
> > M EX/MEM.RegisterRd
IF/ID.RegisterRd R Rd J
> ™ x
L | L | L | . L
> MEMMB .RegisterRd

ADD $1,$2,$3 IF ID EX ME WB
BEQ $1,$4, Offset IF ID EX ME WB



s CVWVFRAZELXS
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Time (in clock cycles)

v

CC1 cCc2 CcCc3 CC4 CC5 CC6 cCc7 CC8 CCH9
Value of register $2 : 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 $2, $1,$3 | IM Reg| | DM ¢t Reg
J p
and $12, $2, $5 M (— FHReg | DM H HReg
or $13, $6, $2 M+ FHHReg | j- -[ DMH Reg
O =
add $14, $2, $2 IM — HqReg| | < DM H Reg
| [
sw $15, 100($2) IM (— FHReg | DM Reg
\ 4

I - ==
Forwarding 2 JE 4N i B SR BT — 32 4 Y St

SUZHOU INETITUTE FOR ADVANCED STUDY OF USTC 98



PC

Instruction
memory

IF/ID

Instruction

S, A ) E?

ID/EX

EX/MEM
- MEM/WB
g M
u
> X -
Registers \_/ > <
. ALU—> E Data || )
memory M
@ = S
1q w c |7 ™ |
M = X
u I
X >
=
IF/ID.RegisterRs R Rs e 8
IF/ID.RegisterRt - Rt =1
IF/ID.RegisterRt - Rt )
> M EX/MEM.RegisterRd
IF/ID.RegisterRd R Rd J q
> X
L I | L
MEMAB.RegisterRd




ID/EX

R-Type+SW

IF/ID U

EWMEM
WB

BEMMB
WB

| T
V] |z]=1]¢z
| = |

Instruction
e

Registers
PC Instruction |, , o ALU > Data |, %
memory memory \E M
> > u
l M X
> u —l
IF/ID.RegisterRs R Rs e
IF/ID.RegisterRt Rt
IF/ID.RegisterRt Rt .
> > M EX/MEM.RegisterRd
IF/ID.RegisterRd R Rd J >
> ™ x
- FO"Vuvﬁirt ding I3 MEMMB RegisterRd

ADD $1,$2,$3 IF ID EX ME WB
SW $1, 30($3) IF ID EX ME WB
SW $1, 45($4) IF ID EX ME WB

el AEWR? B ARR?



LW+SW

IF/ID

Instruction

ID/EX

WB|

EWMEM
WB

'@

Instruction
>
memory

=T

EX M
S > . y
_ u
X
Registers >
ALU . ’f| Data [
c memory
O
> c
o ; = I
u
X >
=
IF/ID.RegisterRs Rs e S
IF/ID.RegisterRt Rt =1
IF/ID.RegisterRt Rt .
> M EX/MEM.RegisterRd
IF/ID.RegisterRd Rd

BEMMB
WB

xc

u L
| Forwarding 3

unit

MEMMB.RegisterRd —‘

SW $1, 45(%$4)
PIRALEMR? BAmR?

IF

E WB

ID EX ME WB



=

MIRIK Ze Bl TH R RV 21X

IFID ID/EX EXIMEM MEM/WB
I ] — —
Add Z =z
U U
+— 0 O
s Read
PC Address 'g register 1 Read
— & Readt , data 1 |
; — = register
Instruction _’;U " Registers Read Z
memory Write data2 Address Readl__ I l—(]
— register data
9 M
_ Data A ¥
— \dl\gtlée memory E X
Wite > g
data —
16 32 =
A\ Sign Cs:)
Y lextend| | =3
; A Py
L | | o :'-I

LW $1,56(%$2)
SW $1, 45(%$3)
SW $1,45(%4)

2 i
MUX
qnfe7 ) iy

102



LW+ R-Type

Instruction
memory

LA o) g ?

IF/ID

Instruction

ID/EX

v,

1

V] Jol=153

Registers
,@ .
p—>
IF/ID.RegisterRs Rs
IF/ID.RegisterRt Rt
IF/ID.RegisterRt Rt
IF/ID.RegisterRd Rd

EWMEM
WB

ALU—"

| = |

Inonv

Data
memory

BEMMB
WB

EX/MEM.RegisterRd

MEMMWB

.RegisterRd

=

xc

LW  $1, 45($2)
ADD $5, $7, $1
ADD $5, $7, $1

IF 1D
IF

EX ME WB
ID EX ME WB
ID EX ME WB

IF



Forwarding o ;2 i R FIRAW , ), ¥RHAZ2EL*XE
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\ 4

Time (in clock cycles)

Program cc1 CC?2 CcC3 CC4 CC5 CC6 CC7 CcCs8 CC9
execution
order
(in instructions) ] B
lw $2, 20($1) | IM Reg| | > DM —
and $4, $2, $5 IM H FHReg| —
| [
or $8, $2, $6 IM — FHReg| | j— — Reg
[ -
add $9, $4, $2 IM — FHReg| | —[ DM HReg
slt $1, $6, $7 IM  H{Reg[_ DM Reg
v
B _’ 2 HBNK RS RIEE
‘ EMBEDDED SYSTEM LABD:A\:‘SD:?04



Interlock (&)

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

v REEERIEAGRKE: IF, ID
. HMEAANMESIES: PCWriteFIF/IDWrite
—  PHIEEFHPCHIIF/ID
- R HEEEERNRE

v EIEXRIKEBmAS I
o JZIDIEXHYITHEE
~ FMEEREEE—EE, BEHL L

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




if (ID/EX.MemRead and
((ID/EX.RegisterRt = IF/ID.RegisterRs) or
(ID/EX.RegisterRt = IF/ID.RegisterRt)))

stall the pipeline

Interlock

freeze u P /,,fH‘T'[Eﬂ'OCk\ op(6 bits) | rs(5 bits) | (5 bits) addr (16 bits)
/. Hazard e, IDEX.MemRead
T detection ; / |d? bubble down
\ Mﬂit J ) IDIEX
% __________ e EX/MEM
c = ]
L * Control M WB! EEMM
IF/ID EX M WB
y | I —
-;% ™
g 8§ |
v g | X
7 Registers N
pehs| Instruction L] = | > AL m[e)ﬁsgry |
memory R N\ I\ljl
M X
= u —-
X
S
IF/ID.ReqisterRs
IF/ID.RegisterRt N\
IF/ID.RegisterRt R Rt | m EX/MEM RegisterRd
IF/ID.RegisterRd R R g L >
T ID/EX.RegisterRt _ R N Forwarding ‘_ VE Registeer_
Rt > unit ;
N s A R R

op(6 bits) | rs(5 bits) | rt(5 bits) | rd(5 bits) | shamt(5 bits) | funct(6 bits) [-~===-106
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O RiZIES3m— XX HEBIES
M\fﬁﬁ#‘é‘v%’ﬂéﬁ%tﬂf'}l)ﬁ (BINBETEIRIT), ARRET—FIESEA(
ZHARFHEE, no taken) B2 15 (FHHE, taken) o

I
w1 |
K42 |
B3 |
fH4 4 |'

J
I
|
|
|

4 s slot)

g4 6
B4 7
4 15 |
Fig4> 16'

WMKERIESS (freeze) G5HZE
(flush, ¥%#IREO0)

o Nt (FI) : AZEREBEIR tH — K184 H EM AL BHHBE X
o $54 % (DI) « B 5E B 4E v BRI BR1E Bt ik AYTE 5 o
e HERMESOBNE(CO) H PR A A R bt , W B F A AR A T 4b 0 B2 AL 2R Ak
Rk KX F 4 b T Ko
o BURIER(FO) : ITEHH 28 P HURMEM (FIREBEFFR T, W EFULBTE) o
o HATHA (ED) FTHESHHORE FBERFTENLR(FFEF).
o EREB(WO) HHERFATFME.

BRNARARIEER
i issbitrenaatiey o 4

v vAam
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PCSrc

|
|35—

Control

EX/MEM

—{PcC

IF/ID WB
Add
4 Q
%: Branch \
[o))
Y )
- -
5 Read é
Address g register 1 Read
ﬁ Read data 1 -
Instruction = register 2 Zero —
M _ Registers Read ALU ALY
memory Write data 2 0 result Address Read| L,
register M s,
u Data
| Write X memory
data 1
Write
data
Instruction
16 32 6
[15-0] \ Sign |\ \
A extgnd N A MemRead
Instruction
[20-16] R -
M
Instruction u
[15-11] 1x
- RegDst - —

| WB

LN:E M/WB

MemtoReg

l

OXCEH

T iEBEQIR S FESE =MEB A I A 5B ?

EMBEDDED SYSTEM LABORATO

H




*@ H2 L &% é

and Techn lthl

( \ BEQEIDERAES , S ITiRE=1

)I
|

© R e
M
| u
Regist /
P;I Instruction |, €9 ] i | o L X
fremoy R e memory ,:jl
A M X
1 u
| X r
N4 ,
- t
Sign
extend

|

add $3, $2, $3; e — |

beq $3, $4, 72; W‘ﬁ)\ﬁfxﬁt—%%ﬁ‘i
o o o P oo s 409




T AL TR -PE

X FFsH

O ¢OdzLLx

University of Science and Technology of China

O iR 43 (delayed branch) :

O JEiR 77 X R RIR
v R 7 3CRTRYEE
v S BIRES

m—%
| 23BRIES i+1 |
| XIERIES i+2 |

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

— P XBPMEQ J
NREFES i+1
NREPMEY j+2

SEH7E (MNFNHAE)
H7e (MNBFRGERE)
V AR EAEEFNT—FRES

AREWRET
RNATIRF

:
nRIEL 1

| H3IERIES i+1 |

| 5 XIBRHES i+n |

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

?

T
v IR—EMER [EEIRTE (delay slot) FIEANFLIES

vV RO XEERL, ERERRESEISERIT

3 REES
RIFTIRF

l

A¥XEL 1
[ TIIERES 1+1 ]

[n IBRIES 1+2 I

| A FIBRIES i+n |
REEHES

A XEFMES jt1
REBIHES jt2

?

H7E (AERMAERE)

“ BN RS

A =410



ERARE E TS

L) FEAZLL %2

and Techn Ithl

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

jump:

SEIRF R R — M R G H e

AR Tt R R 2 [ O — A
We BHPATEMBRERE
HREHNES, NERBR
BRE. BHERTEE—%FHF
HHEQSBEARZIME. HARK
2E HELERBEHIEREA
NOP#§4 .

B AR S B Hr
ZHW T

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

BRNARARIEER
EMBEDDED SYSTEM LABORATORY
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METEE O ¢OAzLL xS

O JE1R 57 X R RIR
v R A XRTESET (ARHEE)

Vi HI
a. From before
: )
add $s1, $s2, $s3 Taken (53 3CB30): Not Taken (47334 82h)
1 ADD 1 ADD
if $s2 = 0 then —— 5 IE 2 IF
Delay slot 3 STALL 3 STALL
SUB 4 ADD 4 SUB
ADD—— 5 ADD
Becomes iﬂﬁ}ﬁ
Taken (43 Be3h): Not Taken (532 TN H3h)
if $s2 = 0 then —— 1 IF 1 1IF
2 ADD 2 ADD
add $s1, $s2, $s3 3 ADD 3 SUB
SUB 4 ADD
ADD~—— "‘ &As&fxﬁt—mﬁﬁ‘i
A e



S0
- : 'j A
}A E *}]‘%-\LH}E icg oﬁnénﬁhnolo yotCh%

O TR 57 32 RYSKIIR
v U X BFRESET (ABRLIEE)

b. From target

ot s s VAT
b $t4, $t5, $t6~<—
> Taken (43 EIh): Not Taken (43> BTh):
1 SUB 1 SUB
add $s1, $s2, $s3 2 XXX 2 XXX
if $s1 = 0 then — 3 ADD 3 ADD
4 |F 4 IF
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



e SEIE Q) ¥EAZRLX g

O &R 7 S HISRIR
VAR IR REMB T —RIESET (AKBAEE)

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 (%3 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——

"‘ &As&fxﬁt—% %z:.

EMBEDDED SYSTE
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FEHIAE R =D SC=>B K 57 S FHEE (BF) =>REIR 7 % (%K)

WA E RS XTE E R E Sk HAER iz
. WIAE RIS WIS 54 -
MBI E gg;m*’a?z RS EER

MB#R | IRIETE 7 R METHIT ‘
WA | EE IS L Baitis 47 X R DR

MKW | W TURIETE \S'Z}ﬂZIjJH‘]L:f,iL
ANEE [ HEIAERNIESAS SRR 43 2 5 WY

H 9 RIS Bk F A E R E R !
Eﬂ%ﬁ. AN{RI$E R ANIE ’\S'anE}ﬂZ

~

&AE&EF ﬁ—?& ‘33?5.55.




"i*@@é&a’- - &

TS TZ AR -3 T I

Do)l : INREBIRBIFIET XTI, KEENAY
&neE, FILURSERE.

Dﬁj‘i‘iﬁi)“']?i‘iﬁ (Prediction)
v ERRSTIN . ##INIT (Speculation)

 Taken
 Not Taken

- [EfE%Etaken, [EIETE ot taken
vV EIFSTON s FlEs (Branch predictor)
- —\I{BFITEEE (saturating counter)
- FLtEFNIT RS

“ BN RSB

A 2 20
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SASTON, 4% &)
lLa\ J\/}\ y £ :F'I:ll:l ' /" Universi tyotScncnccanchchnolouyotClma

O RSHRISCHALIERZ—AE KA TS5 B 35:
vV N R RS ZERER (FUl 5 KM .

© XERERREFHFEZTUNRE

- EEBIMRAEZR], EFUNIESHITRINFR.
v Ul R &% Fullo XKD .

- AERBIECHASIRTHITEBN AT TS T RELEEBIER, XM
5L F UM SR B R AR 47 A9 Tk .

v ST EEMNEBTUNEBS AL, RBINEBRTNERISLZE.

© XMFUNRE SEMNEMIFELE. EFEND, MREENEZHATIEAR
, FRINEBRATRERER. BTERRBRE, MBRERAE—X, PaX
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Figure 12.18 Branch Prediction Flowchart
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if (data[c] »= 128)
sum += data[c];

data[] = 226, 185, 125, 158, 198, 144, 217, 79, 282, 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)
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= = = — Called SIMD:
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< > single-instruction!
64 bits multiple-data parallelism

ZEEERN °::voU INSTITUTE FaR Aovanceo STuoy ar USTC



"i‘k@@éiﬁf* - &

SIMD Instructions

MD-technique

COMultiple data operands per operation

OFEMMX. SSE. GPU. DSP. %R
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Vector instruction: Assembly:
for (1— , 1++ 1<64) set vl, 64
c[1] = a[1] + 5*b[1] l1dv vl,0(r2)
mulvi v2,v1l,5
c = a + 5%b 1dv vl,0(rl)
addv v3,vl,v2
stv v3,0(xr3)
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