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ID: Instruction decode/ WB: Write back
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IF: Instruction fetch MEM: Memory access
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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: SIRSERKEPRESIITH, RKEHIHEN
FIRSIE/SIRMEANIRRE, EZ2ARFEIEFRKEIRR
R, X1SSEEREX.
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AND X12:

SUB X2, Xl ’ R3

X2 , X5 7] : x2 B9 IEBREAERR ?

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

90



ADD x14, x2, x2
OR x13, x6, x2 SUBx2, x1, R3

AND x12, x2, X5
) x2 B IEBE AR ?

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 |—

S

add x14, x2, x2

oM e

:> 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
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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

‘<‘> -&)\:‘itf ﬁa '53?5.55.
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RAWHIH RN Q) reAsasxs

OO K &GRS 7S
v'e.g., ID/IEX.RegisterRs1Ez R ik 17es
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 RS, SISERN (RZKZ& B8 Interlock)
v RIERON, BSEON
- FEANOP
- BELXIES: HAMRE FIARA “ERE" HETRERRE)

——» 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

& FEPC6, HIEATH
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 (ERIEEES, )
v RN SR O B B S R BB

ct c2 c3 c4 , ¢ . ce , ct ., cs

ADD MEM i REG : Im : MEM : REG

SUB ' | MEM | ' | REG

REG

MEM | MEM | REG

AND

R | | . | MEM | | | REG | | MEM | ! | REG

"“ &As&fxﬁt—% s
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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 L EX — M = WB—
-_m
- L
5 i
> X
SH— - \_/
"G -
S Registers ALU———,:E | et ' M
E g e u
Instruction| = > E , o X
memory - N - = Data
1 - memory
>
—
C
" o =
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 CC6 CC7 ccs8 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 | DM H HReg
or x13, x6, x2 M FHReg | J— -[ DM (Reg
add x14, x2, x2 IM {— 4 Reg DM [ [HReg
[
sw x15, 100(x2) M Hq{Reg | DM Reg
\ 4

i - P
ForwardingZ J5 &/ i 8 A B AR R AT — % F8 4! P irebapamtel
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F5F, EHNHEG?

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|

Reg

add x9, x4, x2 IM — Reg

—[DM— — Reg

slt x1, x6, x7 IM — FHHReg[_ DM Reg

’ 2 BN RS

EMBEDDED SYSTEM LABORATOR



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
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PCSre
l 1
Add 'l'}
ALU 5
0
4 = Add oquit
egWrite
J ft 2
Instruction Read
R Read jster 1 dgigaf MemWrite
address In on [20-16] Red ALUSrc 1 MemtoReg
Instruction regisigg2 Read
— -
B1-0] Write data 2 1 Address Readi_,
. regisf M data
Instruction Inuction [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
— - D
Add “un
X
4 —» 1
Instruction [19- Read
Read i MemWrite
| o PC o> gister 1
ROCkEY 1gg@®ction [24-20) Do |
ALUSrc MemtoReg
Instruction regigr 2 |
[31-0] 4 B . Read
l Instruction [11-7] Write Reag 0 result (9| Address o = n1l|
nstruction regis M
memory u g
W ¥ 0
egisters
Instruction [31-0 32 64
[ ] |g|m U
en cgtrol MemRead - =
&) \E‘t-ﬁ'\: ﬁt’% —%i
Inst: 30,14-12] ALUOp EMBEDDED SYSTEM LABORATORY
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FCsrc
" e 0
YCC] E— " -
X
4 —> \ dd Sum 1
RegWrite
L 2
Instruction [19-15] Read _
Lo PC &+ aﬁggﬁass " register 1 o4 Memirite
Instruction [24-20] | Read  data 1 - |
: 1 register 2 ALUSrc Zero MemtaReg
Instruction ALU |
B0 Tinstruction [11-7] | write €89 [ g 1o(0 r;“s'ﬂ]{ Address H;aatg
Instruction register 92t2 2 M
memory u
Write | . # ]
i Data
£ Write
et memory
Instruction [31-0]
MemRead
Instruction [30,14-12]
ALUOp
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O RIS 32— RFHEBIES
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'

MRIKBRIGSE (freeze) 5HE
(flush, ¥%IREO0)
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o EREB(WO) HHERFATFME.
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Branch Hazards

OWR 7 325 REMEMRIRE

Time (in clock cycles)

CC1 CC2 CC3 CC4 CC5 CC6 CC7 CC38 CcCo9

Program
execution
order

(in instructions)

40 beq x1, x0, 16 EI.—I—D

44 and x12, x2, x5

Flush these
instructions
(Set control

48 or x13, x6, x2

values to 0)
52 add x14, x2, x2
{72 1d x4, 100(x7)
“ BN R HRIEE

EMBEDDED SYSTEM LABORATORY
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ID/EX

W8 LEWMEM

> WB
Control M MEM/WE

—
I

EX M WB [~
IF/ID
4 I . AddSum|
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] _ _
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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)

“ BN RS
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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

AKX KRR
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~ ~

(F e Id x4, 50(x7\ | Bubble (nop) | beq x1, x3, 16 | subx10,... . before<1>
Flus ' ! ! !
J ez 5 5 5
detection | T I I
\ b L unit  / ] \ : |
M EX/I'{IAEM E
* u wl MEM/WB
X
76| IFAD |

4
8 It
| u
76| |72 ) X
| : Forwarding T |
: : it R . |
Clock 4 \ ! I '
' | Wi AKX Rgesie s

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
v (FRAPZEIIESER (NEIEE)
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

;‘

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

jump:

SEIRF R R — Mk R A H P

AR Tt R R [ ) — A
We BHHATEMBRERE
HREHNES, NERBR
BRE. BHERTEE—%FHF
HHESBEARXIME. HARRK
2E HELMERBEHIEREA
NOP#§4 .

B AR HS E Hr
ZHW T

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

BRNARARIEER
EMBEDDED SYSTEM LABORATORY
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MBIEE ) FRAZHELX S

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

YRR
a. From before
: :
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 iﬂﬁ}ﬁ
Taken (43 2)): Not Taken (73X A ELDD):
if $s2 = 0 then —— 1 IF 1 IF
2 ADD 2 ADD
add $s1, $s2, $s3 3 ADD 3 SUB
SUB 4 ADD
ADD— "‘ &As&fxﬁt—mﬁﬁ‘i
A Ermsoore Sreon LasemTen o
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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 (432 ETh): 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 Bh): Not Taken (7 X 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 >CATh):
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:.
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FEHITER = >3 = >R FHH () = >IR3 (3K)

B | WEEWER | SRR
B i’fg@;m* RVERERSE | (xateR

MBFR | IR ED SXKMETHIT | /e rorhims
R wszﬂxm#a/\ semme | XA

MKW | DITRIEE D STRDORS AT | o :
WRE | BRI A A | 5SS

B3 A DS RIS FEEERE R RS !
AR ARFERIANES \ﬁaxﬁki};

E‘z)\;‘itf ﬁ—?& Bﬁ‘i
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O/o)RE . ANEREESIRBIAIE D S EE I, SKREHENAY
¥aHE, TLUESMEE,
O >zZFullFzK (Prediction)

v 5T BAEAIT (Speculation)
« Taken
* Not Taken
. [Of5%5#5taken, [AIEUEEFENnot taken
v IHATN : 9 ZFNEE (Branch predictor)
« —(\IEFNLTELEE (saturating counter)
« WIEFOTTERES

" BMAX R RER
Uit L0
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a I, JRIEES

O KZHRISCHAMES—AERR A T 3SRl 3%4:
v TR B AS R EEERE Tl SZLMD)

« XERERREFHEBITNSRES.

- EEBLIAREZE], eSIlESHITRINFRY.
v FuNEER R 2R E Gl sz mIn) .

- REERIESELFRTHITEBIIR D IEE TIRE K ELBRIBNR, X
BTN SRES A LIRS RI (.

v ST RENERITNERSRE, FRIRERTTNERASRE.

© IXFFNREE SEMRIGSHIFE LE. EEHT, MRRASENEBRETIER
, FRIRVERATIREER., HTEURERZ, MBRHAE R, BAX
TR F R AT,

“ BN RS

OO pSe ZA AN TR RGN 12 A U4 S 2 P«
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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_ L _|Reg
44 and x12, x2, x5 IM | [HOReg[ | _|:DM_  IReg
48 or x13, x6, x2 IM | | JReg| | _|:DM__ | Reg

52 add x14, x2, x2 IM 1 |-Reg DM | | 1Reg

72 lw x4,50(x7) ¢ v - HOreg[ | :B, DM Reg
v —_—

"’ BAKX RS DRI

B s e A evoror usre] 32
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O Z&S Rl =T SEfrz TR REh S -

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 .

. PN ERRERERNT, MEEETEL, SRR,

LB S ZR BRI AN, sl il AT LA IR S e TN .

Ny &As&iﬁﬁ—m '53?5.55.
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Figure 12.18 Branch Prediction Flowchart

WEE: TP

2L TR %

5
=
Mot taken
Predict
taken
11 h Taken
7N
|"f Taken \‘u'
) Not taken
Predict taken
OO Taken
Not taken
Taken

Not taken

Mot taken

-

ke’ /10

Predict taken

Not taken ‘ Taken

Predict not taken

REE: AR T25T

cEo STuoY OF USTE

Mot taken

01
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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
| |

TORY
usTe

*
|—]
i
l‘I;II E
Hit/Miss

' :
|
| — = Array
Branch | —
—H
Predictor I
|
|
|
Return : I.TLB
o Address , Arra
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

N s X Roemie®
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RIS IR ERH Y SRR Lk
O5> AR, FUEmRZRE]IA90%LA L

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)

OEETEER:, 1R ZTmNAE RS

“ BNK RS

R -
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and Techn lthl

O ZStEX

v [REA: EE1¢L§7‘)§Z¢EF$E’\J)EP§§ (R RVESRAMAYIR]R)

v BRIRE
v BRIRE

O ZWEHER

v [RE: £
vV IBRAE:
vV BRAE:
vV BRAE:

O =HtEx

FTF (R miFEss, EEstall)
l]’\% At (FFhEsEX)

R (R RESTEMRRYIR)RR)
F5 (Ri4gmides, HE{4stall)
EMIFE (RAWEX)
KR (LWHES

v [FE: D35S SRERIPCIHR (R 4RYAR)

B ISES

v RIRITE:
v RIRITE:
B ZISE S

EHF (M4imiEes, 4Stall)
RBEPC (&iutlt, H&M) PEEER=1
SEIRDY (ZMEERZE)
oIl (—z. L)

‘<‘> -&)\:‘itf ﬁa '53?5.55.
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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)
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;ﬁi7j{g§ EI:' EI\J g Egj‘j:ix icg oﬁngnﬁhnology ofCh%

O SR ik e S IR ERE
v'CPI (Cycles per Instruction)=1
v'IPC (Instructions Per Cycle)
Oa{alF1§IPC>17?
vV E— T EEINREH S RIES
OF WAYZ K53 (Multiple issue)
viEfRER (SuperScalar)
vVBIIESEIIN (Very Long Instruction Word)
ViEERIKERN (SuperPipeline)
v’ SIMD$/N (Single Instruction Multi Data)

NN s A Roemie s
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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
I, #«}é&gﬁ\%ﬁ%ﬁ% ez, LUERESCINERHRITS
R
O9miFes 5
D Ej]lu\j:g/v\§<u§.|1
v IEDHE

v Tomasulo

i
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A TWO_Way Superscalar Pipellne University of Science and Technolog yofChma

Fetch
unit 1 l

con Instruction queue _
| ‘ ‘ ‘ ‘ | Reg Reg Re
FEBRONLYS e

e Reg  Reg  Reg

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

Load/Store
unit
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Ok G=RE K%

Cycle1 Cycle2 Cycle3d Cycled Cycle5 Cycle6 Cycle7? Cycle8

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

|Fetch| ALU | Mem | WriteI
|Fetn::h| ALU | Mem |Wn’te.
Fetch| ALU | Mem | Write |
|Fet::h| ALU | Mem | Write'

|Fetch| ALU | Mem |WriteI
[Faich| ALU | Mem | Write

Feich] ALU | Mem ] Wite
|Fet::h| ALL | Mem | WriteI

E— I AR SR S AT K ER

"’ BAX KRR
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3. BEIES=ERA Q) teasasxs

OIS

N i e e AN

I 1’Eﬁf_'1—7—ExE’JfF_JLt$E FESEKAILBMN),

jfL'IKTEA Z=HIVLIWATL A /l\ﬂ_L_J’IEEI’JI)J‘ﬁ‘EE‘WF

F— MREB=EIEH— N IeeskMeE, BT E
Hﬂﬂﬁﬁ?z-?a Zo

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

/|\H9“%EFJ%HJ§ 2 ﬁmﬁd%@%‘h%\

v LS Tt
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R FMEE R

'
>+ ] »- » M
u >
4 —| g
. ~ JALU .
> "
- > » M
>|M Registers u -
1C090000 <+ u _, lnstruct|on:: — . A%
X memory v |
- " = —| Write
\ . = data
Data
Imm ALU - - -
"\ Sen Imm | = memory
N ™| Gen > N
U Address
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1T B9 1

IF ID EXWR

lllllllll}
5 6 7 8 9 1011 1213

(a) HEHK
C1I EL ]

IF ID EXWR

I‘Illl.
01 2 3 4

'llillllll'lll}
01 2 3 4 5 6 7 8 9 1011 12 13

(c) HBIKL

T BN ]

IF ID EXWR
.'rllll.llll.ljlll
01 2 3 4 5 6 7 8 9 10 11 12 13

(b) HEIRERK
I ] IIHI

IF ID EXWR
-'Illlllj_llll i lI}
01 2 3 4 5 6 7 8 9 1011 1213

(d) HKIELSF

W HRANRARITE
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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

BB ESERE A
Pentium Pro Pentium I I 1V, 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 p >
64 bits
@ 16bits
*
Operand'1 | | | [ 4 operationsiin 1.cycle
+ T + T SPEEDUP: 4X?7?
Operand2 | | | N
= = = — Called SIMD:
Result | | | [ : - .
< > single-instruction!
64 bits multiple-data parallelism

ZEEERN °::voU INSTITUTE FaR Aovanceo STuoy ar USTC
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SIMD Instructions

MD-technique

I:II\/IuItipIe data operands per operation

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

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(r3)
e > RIEE
'A Evazeoro SveTey LasemaTor
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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:

% FIHAMBRK 238 < R BERA
K, HIRKEENEY “R
H” —%HEL.

"’ BAX KRR
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%> . ER[EHA vs. ZZJEHR vs.fiuK )ka ¢@ @éﬁ 'ty mé

O l: BRSEBHIEIRMEM=2ns, R-Type ALU=2ns, Reg=1ns, Hfth

SRSOEER, SRERIRAER1008I5S, HALW 20%,SW
20%,R-Type ALU 40%,BEQ 20%, SRAMIPS/RISC-VII5 7k E:,

FESLIWESFIOSFER T, EFFre.

v B—FRILWHATIRAR-Type ALU, REILFRZEHI11EHEE;
v DERN1ANEER, “'ﬁﬁ TR,
KIXERUIBEEREHE. ZEHE. KE=ME TR EEERTLL.

D IU\EE
v BEH: SN WER=-"EXESHTES VA RHEESD
ﬂHﬂ')
v Z[EH 8P IWER=-"ERESTES VA RHERESD
FHE? LW=? SW=2 R-Type =2 BEO-?
voimKe: SITHER=? TERESFES VAR LWEE

SNED? HGERBENEL?




. . OV ‘ T X
BAFEIHASCIN vs. Jukggige © FoA 284 %2

OfFZ: IRMEM=2ns, ALUFJ0;Z88=2ns, Reg=1ns,
HAEMF R B IERT,
v EHEH . FEHI AR 1RERYBlZF0, 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 K FEEBIIRERRISRIKAIMERENX,, 2ns

. H14T1004%=10+99*2=208ns, HNMEEEIRS2ns*10+2ns*20=268NnsS
v IEBEXTLEL,

- Z[EHA=ER[EHA=800ns

o« FKZERE=268ns, NMEEL=2.99

NN s A Roemie s

¥
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O CPUIRIT/DIA: ISA, SUEEE:, ZHIES, S, WASHE (3088, 14E88)
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

“ BN RSB

A 56
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nd Techn lthl

v IBARFRIK R INERE=? IPC=?

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

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