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EX: Execute/
address calculation

ID: Instruction decode/ WB: Write back

register file read

IF: Instruction fetch MEM: Memory access

4—

| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
> Add | |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |

> ADD Sum
Shift
left 1
0 M Read Read
u Address register 1 data 1
x Read
1 register 2 Address

Instruction | Registers ‘ Rdeaat: |

| Wri_te Read | Data |

Instruction | register data 2 | memory |

memory
: Write } :
data i

| | aats |

| | |

| | |

| 32 I 64 | |

| \ S N |

| S Gen ] |

| | |

| | |

| | |

| | |

| | |

| | |

| | |

| | |
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Instruction
memory
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ID/IEX

Shift
left 1

EX/MEM

} =
'% - Re;d Read
2 register 1 ea
B data 1
= Read
register 2
| o i Registers po.q
o | Write data 2
" | register
Write
data
82 | imm
T Gen
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Address
Data
memory

Write
data

Read
data

RS FER?

MEMWB

- 1
M
u
X
0
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lw x1,100(x2)

Id

Instruction fetch

IF/ID ID/EX EX/MEM MEM/WB

Add Sum) >
Shift
left 1

A

|
[DdN |

>Add

[ 2
0
M =4
u Address '% Read
x = register 1 Read >
L B data 1
= Read » —
Instruction register 2 .
== i ead
memory > ) Registers pggq _ - Address Roa ] g
;U Write data 2 > B diag .
— register Data y
Write memory .
™ data 0
o | Write
o © | data
32 64 >
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ID/EX. A op ID/EX.B: EX/MEM. B <ID/EX.B: 1:

=13 EX/MEM. ALUQutput <

EX/MEM. ALUOut <« ID/EX. A + ID/EX. Imm:

EX/MEM. cond <

ID/EX. A op ID/EX. Tmm; EX/MEM. cond < 0 (ID/EX.A == ID/EX.B);
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ID/EX.RegisterRsl1, ID/EX.RegisterRs2

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

n 2a. MEM/WB .RegisterRd = ID/EX.RegisterRs1
OMEMEE 2b. MEMWB.RegisterRd = ID/EX.RegisterRs2
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EFRRAW OAEETIEY:

O Stall
v R, SRR (7KZE S Interlock)

v ORIERON, BRSO
- JEANOP
- WELKES: FEMERE GFHiERA "EEE" HAEARR)
—= 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

@ik FEPC6, BIEATH
NOP F D C M W
NOP F D C M \\%
Subtract R9, R2, #30 F D C M W

O BRI SEI R X 5



*@ ALK

and Techn lthl

Oforwarding, bypassing (RERELEES, E4)
v EUBRMSCIR B E B EEEIE %EI’JC‘L%

ct c2 c3 ca cs ce cr cs

: : ALU] i
ADD MEM | ; | REG | . D :

SUB | MEM | ' | REG
REG
AND MEM
s 4 MEM | || REG

99



Forwarding

ID/EX EX/MEM MEM/WB
L W]
> U >
—_— -
' )
— B
Registers ForwardA
g ALU -
— > >
m Data
- u > Lol L M
X memory u
>
| f - X
ForwardB
Rs1 -
% EX/MEM.RegisterRd
~ FO”:?[S'”Q <——'| MEM/WB RegisterRd
v\

S~ o
~

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 8 0 1 0 1 1
sd 00 1 0 0 1 0 X
beq 01 0 1 0 0 0 X



ID/EX

Forwardino e EXIMEN

M ~\WB MEM/WB
WBI—

\ i

IF/ID EX - M

> U >
> X
» - ™
Registers ALU— |

E | Instruction ] - ~m
memory o, o u . Data
x memory

Y

| Instruction

¥
\

IF/ID.RegisterRs1 Rs1 . o
IF/ D.RegisterRsQZ |Rs2
IF/ID.RegisterRd ; Rd EXIMEM.RegisterR_q

MEM/WB.RegisterRd
\ 4

xc =

Execution/address
calculation stage Memory access stage Write-back stage
control lines control lines control lines
Mom— Mem- Memto-
ALUOp ALUSrc | Branch | Read Write Writc Reg
R-format 10 0 0 0 0 1 0
Id 00 8 0 1 0 1 1
sd 00 1 0 0 1 0 X
beq 01 0 1 0 0 0 X



R-Type+ R-Type IDIEX

’_' e EX/MEM
———.| Control - M -WB MEM/WB
IF/ID L EX —— M >|WB
= 5 (0
ko) * >
S Registers ALU _»I R . %| u
) » > ~ W) u
In;t;;cglon . =] > ~(u by x
ry o @ lu R Data
T x - memory
7
IF/ID.RegisterRs1 Rs1 ° ;I
IF/ID.RegisterRs2 |  [Rs2
IF/ID.RegisterRd ; 'Rd . EXIMEM.RegisterR__c_j
m-._ MEM/WB.RegisterRd
> unit I
ADD x1,x2,x3 IF ID EX ME WB
SUB x5, x1, x7 IF ID EX ME WB
XOR x6, x1, x7 IF ID EX ME WB

OR x7, x1, x7 IF ID EX ME WB



LW+ R-Type ID/EX

’_’WB EX/MEM
— | Control [ M —WB MEM/WB
IF/ID EX —— M —WB—

 J

[V ]
( ez )

Registers t ALUl—

H Instruction | |: I
I memo g
Y s ) > mzrant:ry l

\/

xc=

[ Instruction
|
 J
1InoN1v
|

1non1vy

IF/ID.RegisterRs1 Rs1 ° -
IF/ID. RegisterRsz: |Rs2
IF/ID.RegisterRd ; Rd N EX/MEM.RegisterR_g

:RForwarding «— | MEM/WB.RegisterRd
> unit N

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

WB

EX/MEM

L

——» Control

IF/ID

EX

Registers

| Instruction

Instruction
memo "
ry |

IF/ID.RegisterRs1

Y Y v

F‘(LE)

—

ALU—

IF/ID.RegisterRs2

IF/ID.RegisterRd

> unit -

- Forwarding T

Y
Y

MOARN [HAW |

A\

xc=

noniv

\i

EX/MEM.RegisterRd

MEM/WB.RegisterRd

ADD x1,x2,x3 IF ID EX ME WB
ID EX ME WB
ID EX ME WB

SUB x8, x6, x7
LW x5, 45(x1)

IF




LW+LW

EX/IMEM

|

——» Control

IF/ID

Registers

| Instruction

Instruction
memo "
ry .

Y Y v

F‘(LE)

WB

Y

ALU—

IF/ID.RegisterRs1

IF/ID.RegisterRs2

IF/ID.RegisterRd =

> unit -

Y
Y

noniv

Y

1non1vy

EX/MEM.RegisterRd

- Forwarding T

MEM/WB.RegisterRd

LW x1, 30(x2) IF ID

SUB x8, x6, x7
LW x5, 45(x1)

EX ME WB
ID EX ME WB
ID EX ME WB




ID/EX

R-Type+SW =
’_’ EX/MEM

—— Control > M —|WB MEM/WB

IF/ID L EX ——| M > \WB—

Y

xc=

[ Instruction

Registers ALU . -
Instruction | i >
memory " Data
" - memory

IF/ID.RegisterRs1 Rs1 -

v
19 |
1
xec=
BIOAREN AN |

IF/ID.RegisterRs2 | Rs2

IF/ID.RegisterRd _ Rd N EX/MEM RegisterRd
-\Forwardiﬂg <~ | | MEM/WB RegisterRd
> unit /=

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

Y

xc=

’_’WB EX/MEM
— Control [ M —WB MEM/WB
IF/ID EX — M >|WB
=
o
Kel > _
"5 -
E Registers ALU . ~l=
w > ) D
E Instruction | | |5 - = 3
memory . @ ~|u . Data (]
x memory -
T\ >
=
> - -
2
IF/ID.RegisterRs1 Rs1 o=
IF/ID.RegisterRs2 | Rs2
IF/ID.RegisterRd ; Rd " EX/MEM.RegisterRd
-\Forwardiﬂg <~ | | MEM/WB RegisterRd
> unit /=

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



R-Type+SW ID/IEX

’_‘ e EX/MEM
—-{ Control [ M ~WB MEM/WB
IF/ID EX — M > WB—
> U >
=
c
.0 >
5 .
E Registers 1 ALU L] . -= >~
wn >
Instruction =] ;UU :
memory - E M Data
1 [ u
X memory
IF/ID.RegisterRs1 Rs1 _
IF/ID.RegisterRs2 |Rs2
IF/ID.RegisterRd ; Rd . EX/MEM.RegisterR_g
-/ Forwarding = | | 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

’—’ e EX/MEM
——» Control > M L »\WB MEM/WEB
IF/1ID L EX —| M > \WB—
X > u
X
5 . > v
é Registers ALU ] . L .
w >
Instruction | | |5 >
memory " N - S Data
§| ) i c memory
- - >
> > —
cC
IF/ID.RegisterRs1 Rs1 - ;|
IF/ID.RegisterRs2 | Rs2 =

IF/ID.RegisterRd z Rd . EXJ’MEM.RegisterR_q

_\Forwarding - | |MEM/WB.RegisterRd

> unit /;

xc=s

LW x1,56(x2) IF ID EX ME

SW x x3)
SW x1, 45(x4)

E WB ]
ID EX ME WB

IF
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Time (in clock cycles) >

CC1 CC2 CC3 CC4 CC5 CC6 CC7 CcCs8 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

and x12, x2, x5 IM Reg D — Reg

n
or x13, x6, x2 IM Reg_ j— —[ DMMH HHReg

add x14, x2, x2 IM Reg

[ I

—[DM— — Reg

sw x15, 100(x2) IM — Reg DM Reg

Forwarding 2 JE A i 6 A BIEBEBUT — KI5 &1

110



Instruction
memory

IF/ID

F5E, TRAEG?

| Instruction

Y

ID/EX
’_’WB EX/MEM
—| Control = M ~|WB MEM/WB
EX L M > \WB—
- m
N "Im
4 > [ X
Registers t ALU|— . >
> > <
A —
> 8 O
o @ _lu R C Data )
x = memory
-
“L >
_ - —
> > c
o
IF/ID.RegisterRs1 Rs1 e
IF/ID.RegisterRs2 |Rs2
IF/ID.RegisterRd Rd . EX/IVIEM.RegisterR_g
:forwarding | | MEM/WB.RegisterRd

> unit I

xc=




LW+ R-Type

Instruction
memory

IF/ID

——» Control

ID/EX

3

L

[ Instruction

Registers

EX/MEM
~|WB MEM/WB
| M »\WB

Y

ALU—/

mnoniv

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

Data
memory

Y

.

EX/MEM.RegisterRd

BIGARN (AW |

=BT

LW x1, 45(x2)
ADD x5, x7, x1
ADD x5, x7, x1

~ Forwarding |

MEM/WB.RegisterRd

> unit /

xc=

IF ID
IF

IF

EX ME WB
ID EX ME WB
ID EX ME WB
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v

Time (in clock cycles)

Program cC1 CC?2 cC3 CC 4 CC5 CC6 CC7 CC8 CC9
execution
order
(in instructions) B B

lw %2, 20(x1) | IM Reg[ | > DM |— Reg

and x4, x2, x5 IM H HqReg| | DM ¢ Reg

or X8, x2, X6 IM = HHReg| j— DM FReg

add x9, x4, x2 M | F9Reg[ ] DM Reg

, X4, X — H —[ — —

slt x1, x6, x7 IM — H Reg DM Reg

113



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

‘/ ;/ \é:é:/:\ﬁij = EI\J;JZEJZKEQ: IFI ID
o IENIFRMMRENESS: PCWriteFIF/IDWrite
—  PBLEEEFPCHIIF/ID
— ([EZiFEEEERERRE
v [BIEXi/KEFEASIE
« ZIDIEXRYIEHIEE
— (FINEEEMEEE— 1 REE], BEFHFALET

Clock cycle 1 2 3 4 5 6 7

Load R2.(R3) F D C M W

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




Interlock

freeze up

/N

ID/EX.MemRead and
((ID/EX.RegisterRd = IF/ID.RegisterRs1) or
(ID/EX.RegisterRd = IF/ID.RegisterRs?2))

_.interfock .

PCWrite

T IF/DWrite /

\\ *

d
u

’ A
7 AY
/7 \
. / Hazard \ \
1 -
ﬁ\ etection |« L

bubble down

ID/EX.MemRead

Ll [ Id?

/
ID/EX |

-
_-

H_

Instruction
memory

WB
EX/MEM
m . /
Control u /M/ »\WB MEM/WB
X

U 0 —» EX > M

o
3
l

| Instruction

m
> > M
> u >
> X
Registers /
JForwardA - = M
. ~ ALUp-| u
N M Data - X
: memory
ForwardB

IF/ID.RegisterRs1

\

IF/ID.RegisterRs2 N

IF/ID.RegisterRd Rd .

A

Rs1 Forwarding —‘
Rs2 unit I
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PCSr
l 1
Add nlq
ALY s
0
Add result
egWrite b
Instruction Read
N Read ster1 Read MemWrite
address Insefon 20_151 Res datat ALUSIC : MemtoReg
Instruction regisiy 2 Read
Wl Write data 2 ! Address Readl__/
. ) registe, M data
Instruction infkuction [15-11] Write u
memory e ,‘;
RegDst]
Instruction 1‘5 Sign | 32
L u MemRead
coprol
InSuction [5- 0]
ALUOp
PCSre
0
Add NJ
X
4 — 1
Instruction 18- Read
Read i MemWrite
> PC [+ gister 1 oo .g
address | Ction [24-20] Wiy [
| ; reger 2 ALUSre Zero MemtoReg
" o]
" | Instruction [11-7] wite || Read 0 ALU | ool Address 50 (1
Instruction regis data 2 M result data M
memory u g
e ¥ 0
egisters
Instruction [31-0] 32 [ 1mm | 64 "
et corol MemRead
Ins! 30,14-12]
ALUOp
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PCSrc
= {0
m
DAddl_ u
X
4 —= 1
RegWrite
L
Instruction [19-15] Read .
Lo PC Lo Read * rEgiEtET1 Read MemWrite
address . ea i)
Instruction [24-20] | Read  data 1 - |
" register 2 ALUSrc Zero MemtaReg
Instruction ALth I
3101 T instruction [11-7) write  Read | o1 /0 r;;';h{ Address H&:aatg
Instruction | register 932 2 M
memory u
Wri-te - # _.,_,-"'"F
— Data
- “g‘gﬂ memory
Instruction [31-0]

|_k.‘ MemReaad

Instruction [30,14-12]
ALUOp




Rscv E R R AR

Destgn of the RISC-V Instruction Set Architecture of Science and TCChnOlOgy of China
—AFRIEL RAIER

by

DAVID PATTERSON, ANDREW WATERMAN

Andrew Shell Waterman

A dissertation submitted in partial satisfaction of the
requirements for the degree of

Doctor of Philosophy

& ter Sci
PIIPHILED Seemes B DRE. BR. R

R B8aK
in the
FtHE EREES 69
Graduate Division 7L B e e 69
of the 7.2 RV32GC, Thumb-2, microMIPS F1x86-32 HYELER .oocoooocevevrrcerrerrernerereeesseesssss s 71
Uni'lp'c‘l'&ltj DI’ Cﬂlif':'rni-c'l._ H(.‘rk[‘l[‘}' 7 3 %iiﬁ ............................................................................................................................................ 71
TA T RRIIIR oot 71
Committee in charge: S M 1 w1 1514 1zn £ 7 6 0
| funct [ 2 [l [ fancdd | id [opeode | R-type [Bizma Sz meiptt |
Professor David Patterson, Chair | imm[11:0] | =l [ func | e [opcode | lype [ BDEIYifFload |
Professor Krste Asanovic | fmm[11:3] ] w7 [ »l [ funed | mm[@0] [ opcode | S-type [ loadigd
Associate Professor Per-Olof Persson (2T [ w0 | — T et T [T opeode | B-ypdFHRETES
[ imm[31:12] I rd [ opeode | U-type[[K sz B0 |
Spring 2016 [imm[20] | imm[10:1] [imm[I1]] __ imm[19:12] | o [ opeode | J-type[EZEFFBER: |

2.2: RISC-V $854# . RATAERNLINHME PR E (FIAREH RS HORF A E)
(imm[xFFRidE LB TR, BHERRETEHRSFEEHESEM 1 ARRMAR R #EE. (R
EE-T Waterman F Asanovi'c 2017 {5 2.2).



}%‘%ME;& ) FRAZLL XS
I o=/ University of Science and Technology of China

O RIRIEIZ—FFMERIES

v ,WM—HE 2RISR BIG (%7/\ETIE3$TG) ZBERE F—5:I5<S 24 (
FIEARHE, no taken) 15 (SRR, taken) .

—

B4 1
&% 2
&4 3
544
g4 s
fe4 6
a4 7
&4 15 |
g4 16 '

slot)

WMIKRIRLS (freeze) 5HZE
(flush, RIREO0)

o HUig(FI) : ATERE BB — K184 T E AT BHRE MK,
o 354 R0 (DI) 5 P41 B 2R 4E ROt bk BT R T Ao
e S RMESOBNE(CO) H R A R bt , W B F A A A T 4k 0 B AL ARk
4k AN F AL &Rk R
o BUERMER(FO) : NFEGEES PHURIMES (B RIEREFFIHRD, Mfﬁiﬂtb’f&)o
o PATHES (EI) WFFH 4 Fm MR, B ERET AN R(FFED),
o EIR{EH(WO) ML RFAFMHER 119
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Branch Hazards

OWR 7 325 REMEMERIRE

Time (in clock cycles)

University of Science and Technology of China

CC1 CC2 CC3 CC4 CC5 CC6 CC7 CC38 CcC9

Program
execution
order

(in instructions)

40 beq x1, x0, 16 EI.—I—D

44 and x12, x2, x5

Flush these
> instructiong

(Set control
values to 0)

48 or x13, x6, x2

52 add x14, x2, x2

—

72 Id x4, 100(x7)

\i
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ID/IEX
we LEXIMEM
Control WB
ontro M L MEM/WE
EX M WB [~
IF/ID
4 l . AddSum
N Shift Branch
2 left 1 L
= \ ALUSrc D_
(o))
o |
) @ 7 o
M = o
u PC »| Address s Read % %
x 5 register 1 Read > 2 €
1 S data 1 (5}
& »| Read ZeroH— | =
Instruction = register 2 ALU a1 U Read
memory —e Wite Registers_ _ -0, re,s% > Address data ™1 1M
»| register data 2 u 1 Data u
—| Write X memory Ox
data -\l
Write
. o data
Instruction
[31-0] 32 imm | 84
2 — MemRead

I t t ‘ \Gy ‘
nstruction

ALU
[30, 14-12] control
Instruction
[11-7] _

ik BEQIR S FESB =M AN B ? 121



AL

RIE S STHOER - ALARLEL,

DG RTRESRIVEGZEIID
v BiRibinAsE
v ES5FestliRes

OExample: branch taken

36: sub x10, x4, x8
40: beq x1, x3, 16 // pPC-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)



9332 B TIRITE?

- afimg2, x2, x5

IF.Flush

\

beq x1, x3, 16

sub x10, x4, x8

FRBEZLL% S

University of Science and Technology of China

before<1>

/" Hazard \

48
44
4

Clock 3

detection I

unit

—
(9]
%)

X e )e——

|
ID/EX

WB

EX/MEM
[wel

EX

x1

x3

M

x4

MEM/WB

WB

Data
memory

10

Forwarding

unit s :

before<2>

xec=s
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s~

Id x4, 50()(?\

Bubble (nop)

beq x1, x3, 16

FRBEZLL% S

University of Science and Technology of China

sub x10, . ..

before<1>

(F.Fush

Hazard

7

. (" Hazard
N -y

)

|

pr-—|
76| 72

- 10

1
@r—
unit /
T

Clock 4

BEQTEIDERLSSR, H3ZIEIR=



ARAE E X CER

T3 ST T 3H

O ZE1R95 Sz (delayed branch) : Z@iFEE
=;z—xEEI’J7I‘ETI‘]L RfE (delay slot) FIEANFLES
TICDEANY, ERERIIESEREHHNT

O LJ_ \ﬁEI’J;I%,}?
v (ERDRIREIER (MRIEE)
v LD BIRES }E (MBIREERE)
v STTREERI TSR (NERREE)

University of Science and Technology of China

| RIS i+n |
Y i+n+1
S i+n+2

— A XEFE? )
NEERMEY +1
NXBEPEY jt2

| S %IERIES i+n |

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

?

A RAIRE] 43 mzhet
— S DEELY WIS
ANEIERIED 1+ l l
:”ﬁ A T S3HY i

E #mLﬁé1+q

| H3IERIES i+2 |

AR

| 9 33ERIES i+n|
AXEIMES j

X BHES jt1
NEBHES jt+2

;‘

125



5% "?#?%2315\9% ORLLEE AT

and Techn lthl

10: .F.2“1-+R2—>R3
- BARE EH
11: BRGT R5,R6, jump: ~
o R4+R7—>R8 ZHAF
jump:

FEIRER 2 — ME REMRFE.
500 A e R K B 2 [B] ) — B — . |
W. B SRITAEIRERS :Cl) BRGT Riigg e
HOREIRS, TERBR SRR
HERE. BHARAE—F%F '
38 HGKAME. BRI A
27 FI 15 4 BB R jump:

NOP#§4 .
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O i_l_ \iﬂl];'%lﬁ
vV FRSEINESER (MNBIEE)

WY
a. From before
- h):
add $s1, $s2, $s3 Taken (4332 BT0): Not Taken(7 XA B2h)
1 ADD 1 ADD
if $s2 = 0 then —— 2 IE 2 IF
Delay slot 3 STALL 3 STALL
SUB 4 ADD 4 SUB
ADD— 5 ADD
Becomes %g}ﬁ
Taken (4332 B3h): Not Taken(43SZ A aTh):
if $s2 = 0 then —— 1 IF 1 IF
2 ADD 2 ADD
add $s1, $s2, $s3 3 ADD 3 SUB
SUB 4 ADD
ADD ~—

127



- :, G *
M BEFRANERE Q) ¥EAZLL xS

O i_l_ \iﬂl];'%lﬁ
v DD HinESER (MWBRGEE)

b. From target

o s VA EE R
b $t4, $t5, $16 <
> Taken(43>Z & Ih): Not Taken(%3Z A pTh):
1 SUB 1 SUB
add $s1, $s2, $s3 2 XXX 2 XXX
if $s1 = 0 then — 2 'IAI\:DD 2 'IAI\:DD
gl 5 STALL 5 STALL
6 SUB 6 YYY
Becomes
TAEE
sub $t4, $t5, $t6 Taken (432 BIh): Not Taken(4)3Z A EIh):
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



} A%mﬂﬂ\.iﬁ }E icg Oﬁnfnﬁhnﬁ gy of Ch%

O i_l_ \iﬂl];'%lﬁ
V DD ARERNB T —FIESER (WNEBLEE)

c. From fall-through iﬁgﬁﬁ
add $s1, $s2, $s3 Taken(é}iﬁEIjJ): Not Taken(ﬁiz:ﬂz]jj):
if $s1 = 0 then —— % 'IAI‘:DD ; 'IAI\:DD
Delay slot 3 STALL 3 STALL
sub $t4, $t5, $t6 4 YYY 4 SUB
vy - 5 YYY
Becomes “lﬂg}ﬁ‘
add $51, $52, $s3 Taken (432 Bi3h): Not Taken (73 3ZAEeZh):
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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and Technolog

FEHITER = >3 = >R > FTHEE) = > TR D3 (3R)

RIS UASNER | SR
e | ERERROEMSESE | rapmn

MBrR | DIRRIEED SKRMETT | o rophme
WNEE | Eie S e eaptmn | 79X

MK | IRIRUEE D ST RV EIET T | :
WNEE | EENE SRR | DX

L_u 3PS RIIFESIERIE R ol !
Al AElRRTAES \ﬁE"REJZ J?
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OR)RA: WNERBEBIRRIANE D SZEE I, KEHENAY
ahit, ALURSERE,

O3 3ZFulFER (Prediction)
v 5T IANEAIT (Speculation)

* Taken
* Not Taken
- [mfeF&#Btaken, [EREIEEFZNOt taken
v SIS : 52 FUNEE (Branch predictor)
- —(\IEF0ITENEE (saturating counter)
o« F{IEFOITELES
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aroTll, dmiFEas

O KZHRISCHAMNES—AERRA T s3SI, 3%:
v NSRS RERERE Gullo 2K .
© X EREERETHIEEETUNTRES.
s EEBIIAREZR, eTlESHITEINFRY.
v TNERR R R RE Fullos2mk) .

- REERIESHELRTHITERRIBE D Line TIRERELRBRIER, X
TSR AT LAMREFRYTAE,

v T EIeRIEERITNERR AR R E, RRREERTINER AR E.

© XFRFUN SRR STRIARIEAEE LS., EERTR, NREFEBAETIEN
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I S ZA AR TR 2R PO A2 AR A 4 TS 2
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Program Time (in clock cycles) >
execution cc1 cc 2 cc 3 cc 4 cc s cc 6 cc 7 cc s cc o9
order

(in instructions)

40 beq x1,x3, 72 IM Reg| | _|:DM _V_Reg
|— — — n _
44 and x12, x2, x5 M ] [OReg[ | _|:DM_ _Reﬂ
48 or x13, x6, x2 IM | LJrReg| | > _|:DM_ __IReg
52 add x14, x2, x2 M | LOReg| | _|:DM_ | _|Reg
72 Iw x4,50(x7) l M —| HrReg| | DM Reg
v Bl
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O ZS R R T SEPRa  TRTHYAE R 52 -

v AR TINEIRRR. BRAEBIESHIUIMA— M EPSSHEE—MRE
URATICRXFIRESRARETER.

- LB —RIAEBIESN, BEETERETEXAIES. NRXKIEOTEEME, &
SHITUREIESFHHESHRSRHENNERE TS, MRIESTHEEPSES, RIE
IUBTASTIUIXARISS. NRFTUER, BEEITH; BN, FREPEFICRL

PAVESE ST

- EERNSESIUER, RERHEMRSREREEH L.

+ RESESFORITN AR 7 S BT .

- AN ENEERERN T, MHEEMEL, SIHEER.

LA SRR T, siSEere Tl ] AR S TN AIREE.
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Read next Read next Taken Predict T Predict
— | conditional — 3| conditional taken - taken
branch instr branch instr Taken

00 | 01

Taken

Not taken

-

Mot taken

10

Not taken
Predict
aken
11 . A Taken

o~
£ L

Read nexi
conditional conditional J—
branch instr branch instr / \
"" Taken \'w'
k b ) Not taken
Predict taken Predict taken O 1
O O Taken
Not taken \ } Taken
Not taken
Predict not taken
11 Taken 1 O

Not taken

Figure 12.18 Branch Prediction Flowchart
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1 1
| |

: Next fetch address : Fetch address : Instruction Cache : Instructions drive :
| prediction | calculation I ACCEess | to decode stage |
| | | | |
| T | |
' Branch ' N L |
| T':““Et | I-Cache g - 2 . |
| — "B | Data H o 8= 22 |
' Buffer | Area o = Z = |
| (BTR) S = k= |
| | |
| | W\ |
| Next % I |
: sequential : :
i et adde I-Cache 3 i
I | 5 T E !
| | = a8 =~ = |
| | = Array T |
| Branch | — | |
¥
: Predictor I : :
| | | |
| | | |
| | | |
I Return I | |
| | I-TLE ! !
| — Aufkinezss : Array I |
| Stack | I I
| (RAS) | | |
| | | |
| | | | |
| | Next fetch address from branch misprediction or exception |
| | 1
| | |
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PR T 4514, %&ia%ﬂ? HEXE R GRS

~ Cache missthZEEstall

Imm16

HImm |
©

ALU result 32

D-Cache 0
Address
32
Data_out 1

o] Data_in

32

/E

¥
A

I-Cache

w
@
>

b PC__ |
Instruction
y 3
A
o
Register File
o
' &
o
H
(o )
\/
cCrX»
| ALUout |

Rs 5

i

Instruction jmps
Address

Rt 5

|
B

3
-
(w )
!
D
brd4a —— WB Data |

A
b =

BusW

- L -
G o |2
R W 2 2l -l

clk ®

e |2 o 3 ?

S E [-Cache miss or D-Cache miss N E

< 2 9 . . - o m

kN E causes pipeline to stall g S| s

m |2 £ m o (a

a4

%
-
<

Interface to L2 Cache or Main Memory
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Latency Numbers Every Programmer Should Know N\ university of science and Technology of China

n ins C Main memaory ref@ Send 2,000 bytes over Read 1,000,000 bytes
100ns commodity networl: sequentially from SSD:
0.0ns = 0.2us 200,000ns
( L1 cache reference: D EEmEmmEEEE 10000 = 1ys
q S50 random read: Disk seek: 4,000,000ns ~>
16,0000 s_i.a.; 4ms

EEE i ot
Branch mispredict: 3ns ========== Compress 1KB wth Zippy:

2,000ns = 2us

o Read 1,000,000 bytes u Read 1,000,000 bytes
L2 cache reference: 4ns > sequentially from memory: sequentially from disk:
B EEEEEEER 10,000ns = 10ps = W 9,000ns = Sus 2,000,000ns = 2ms
]

| L1 ] .
J Mutex lock/unlock: 17ns EEEEEE Round trip in same EEEEEREEEE Packet roundtrip GA to

m datacenter: 500,000ns = = Metherands:
B 150,000,000ns = 150ms

B 100ns = W

EEEEEEEEEE 1,000,000ns = ims =™

http://www.eecs.berkeley.edu/~rcs/research/interactive latency.html
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b4
\

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, W, T, N, N, T, T, T, N ...
= TINTTTTNTHNTTTN ... (EF EFRE#HLEIM - BIEFAM)

T = & iEp

N = iZaTeailxE

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 ...
= NNMNMNMNMNHN ... NNNNNNNTTTTTTTTT ... TTTTTTTTTT (GRESHITIRM)

OXUETRAER, BT SRR
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O ZEH48<
v [BE: BERRRNESENTR (FRRERMEYER)
V BBRAER: HF (BM4YmiEss, HBEStall)
v BRI TS (TRiEs81EX)
O Z9EHEX
v [RE: HEEKER (FRREITERRYAER)
v BRIREE: T (BHmiEss, wEstal)
v BBEREE: EAEEE (RAWIEX)
vV BIRGE: FUKEEM (LW+HES
O f=HlfEx
v [BE: 9ESsRPcihse (Rt An9a5)
v BBEREE: F5 (UHmiFEss, EEstal)
v BRREE: RESPC (Bl E5M4) FRIER=1
vV BRAER: RO (ZMAELIR)
v BRIRGE: o3l (—(Z. #AL)




HTBiESEFHNPRHERIRE
VA= - il

cpf
\Y
[E|

xc

— — —_ —
. A’E e
c M
£ > U
‘ NE o
2 Registers \Ti |:E Data <
Instruction || _ > ALU—> —]
PC memory 8 memory ;DU
] : 0 P
> '\J — -
RS >
=
IF/ID.RegisterRs Rs e 8
IF/ID.RegisterRt R Rt =1
IF/ID.RegisterRt Rt
g ~m R EX/MEM.RegisterRd
IF/ID.RegisterRd R Rd -~ J
> X
> FO"VL‘J’ﬁi';ding < MEMMB RegisterRd
N i

SUB x1, x5, x4 LW x1, 45(x3)
ADD x1, x1, x4 ADD x1, x1, x4
BEQ x1, x4, Offset SW x1, 5(x3)

#®X: SUB->ADD: EX/MEM.ALUOUT->ID/EX.A
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OE SR KRS IRt e
v CPI (Cycles per Instruction)=1
v IPC (Instructions Per Cycle)
Oa{fsEEIPC>1?
vV E— TR EEINREH S RIS
O WAYZ & 59HAK (Multiple issue)
VEIRER/N (SuperScalar)
vVBIKIESEHRIN (Very Long Instruction Word)
vilEimKE&ZN (SuperPipeline)

v’ SIMD:?

YN (Single Instruction Multi Data)
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1. BIfRERAN ( SuperScalar & L) FOAzLL %S

O (TF—BIZIEGE
AFRERNESE"  SimpleScalar

fRA "EE

OEtnE: 18ES

SIS

v RGEEEEK: N FPECE SN IDREEM e SIS

TR RIEIERAV SR

AR A B RS HUTE

i, LRSI FFaEmOMNEs, LYEESSIERHRITS

TME(E

OmiFEes~ i

Oz E<SE

B Taysyii

i

<1‘J§.|J

v Tomasulo
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A TWO_Way Superscalar Plpellne University of Science and Technolog yot(hma
Fetch
unit l
Instruction queue _
|“ “l Reg Reg Reg
7 at H A
Reg Reg
PEAG FE 2% Arithmetic

unit

Dispatch L

unit ljJﬁE%B'ﬁ: Write

results

Load/Store
unit




NEDAZLEL XS

2 N S u p e rp I p e I I n e University of Science and Technology of China

OBk S=RE K%

Cycle1 Cycle2 Cycled Cycled Cycled Cyclet6 Cycle7 Cycle8

Clock \ { \
FPhase 1 2 1 | 2 | 1 2 1 i 1 2 1 2 1 2 1 2

|Fetch| ALU | Mem | Write'
|Fetn:h| ALU | Mem |Wn’tel
Fetch| ALU | Mem | Write |
|Fetch| ALU | Mem | wnteI
|Fet::h| ALU | Mem |Write.

|Fetch| ALL | Mem | Wn’te.
[Feich] ALU | Mem | Write]

ALU | Mem | Wiie]

E—/ B EHA ISR SR YRR ER
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fe’m '*f ¥
SEFRAN Q) FEAZLAL% g

DRSS ERE
OVLWIEEESEFHTIMENIES Ban S RAZ Y
BFIORAA IS (SO P RABALEND)
REES VLWL N e

F— MR FERIEH— 1 heeskMY, HETE
HTT}M TERIES.

OE KIS 7 (VLIW) R AT RS AN EbE R 5%
IESES MR HITUIERIR RSN, £—

MNETEREIHRA ﬁbuzlil_jg%j:lﬂ Sa
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VLIW datapath

VERE: T MEES IR R

" Y
Ml . .M — I
u >
4 —»] Nk
. N~ YALU .
> N
> > > M
>|M Registers u .
1C090000 4+ u __ Instruction :: " %
X memory — ) |
- " = — Write
\ . = data
Data
Imm ALU B _—— -
"\ Sen Imm | > memory
N/ Gen N
U Address
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T B9 1

IF ID EXWR

L L I i i L L i

"llll.
01 2 3 4

(a) HEHK
T -

IF ID EXWR

—
5 6 7 8 9 1011 1213

TII’I
01 2 3 4

(c) HBFKLE

: »
5 6 7 8 9 1011 12 13

T BN ]

IF ID EXWR

L 1 L A L

L 'l 1 A Il 'l 'l }
1 2 3 4 56 7 8 9 1011 12 13
(b) EEPRENK

IIEI

IF ID EXWR

L L L I 1 1 L L

1 2 3 4 5 6 7 8 9 1011 12 13

(d) HKELF
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Superscalar vs. VLIW conlogy o

DECKEE  DEKER
OFSE OB

ORI S CIERS, RS SRR ITIE S
REGIESEIOE . O/RiEEE L

O HFIFRSHT OTHBIFRSHE

EI?JJ#I)J%F%.—_. O A DOFE(R

O HE O’ A TEFR/N

nUJ#ﬁJzzlsm O A A AN
OFEEZS 7 OFEEF ST 7=

HBHEELERE BAEE
Pentium Pro Pentium ILIILIV, ltanium
AMD Athlon, MIPS R10K R12K, Transmeta: Crusoe

Sun UltraSpac, PowerPC
603,G3,G4,G5,Alpha 21264
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16 bits
. E—
Operand1 | ' ' ]
+ 48 bits are ' wasted!
Operand2 | ' ' B |
= Can'we'use'them!inlany way?
Result L | -._
64 bits
@ 16bits
+—h
Operand1 | | | [ 4 operationsiin1.cycle
+ + + + SPEEDUP: 4X?7?
Operand2 | | | N
= = = — Called SIMD:
Result | | | . .
esu < . single-instruction!

64 bits multiple-data parallelism
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SIMD Instructions i

MD-technique

OMultiple data operands per operation

OFFEMMX, SSE. GPU, DSP. R
N TN 7"

Vector instruction: Assembly:
for (1—0 1++ 1<64) set vl, 64
c[1] = a[l] + 5*b[1] 1dv vl,0(r2)
mulvi v2,vl1l,5
c = a + 5*%b 1dv vl,0(rl)

addv v3,vl,v2
stv v3,0(xr3)
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Cycle 1

Clk | | |

Singie Cycle Implementation:

Load I Store Waste

ECyclelECycleEECycle3ECycleﬂrECycleSECycleGECycle?ECycleSECycleQ:ﬂycleill)
vy A I e 1 I e Y s T I o B

Multi:ple Cycle Implementation: : :
{ Load  Store { R-type
Ifetch I Reg I Exec Mem Wr I Ifetch I Reg I Exec I Mem I Ifetch

Pipeléne Implementation: R

Load| Ifetch I Reg IExec Mem Wr g}ﬁ%iﬁ]ﬁz}(%fé’é}ﬁ%%ﬂm
Store| Ifetch I Reg | Exec | Mem %‘&’ {Ecﬁﬂ(%ﬁﬁ\%% “‘Iﬁ;
H” —%HEL.

R-type Ifetchl Reg IExec IMem I Wr

154



%3] BAREHR vs, ZEHA vs puke @) ¥R AE L L X

O 5): (RIgSPHUIEIRMEM=2ns, R-Type ALU= 2ns Reg=1ns, Hft
SRGETER]. SIERIRERL1002IES, ELW 20%,SW
20%,R-Type ALU 40% BEQ 20%, SZAIMIPS/RISC-VEUSZ7KE:,

FHERLWESFIN SEERAIT, ETFFFE.

v B—FHILWHITIEAR-Type ALU, REILFEEEH11E;
v OSEIRFINEER, REBFEHRES,
FOXEHACIBTEREEE. ZEHB. mKZ&=F AT RYEEERTLL.

D ILJ\EQ
v %HHEH ST HER=-"BRKESHEZVEHRHEFELZ D
v Z[ERR: BN ER-BRIESREZ/ VA RHEFES /D

HHH? LW=? SW=? R-Type =? BEQ=?
v OIKE: BANETE J'E-_HH ? THEREFEEZ/DEE? IWEBE
BN ? SFERFEZEINZ/D?
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%”«&. % MI_EM =2ns, ALUFOIN;AE§=2ns, Reg=1ns,
HithZM g B3R,
v EA[EHE: FAHRAFTEE(ERTIEZF0, 8ns

» P1T1005515 S FEEAYAYIE]/58ns x 100=800ns
v Z[EHE: FEEREREISRKAIMERENX., 2ns

o LW-51EHH=10ns SW-4/[FHH=8ns

o ALU-ANNEHR=8ns %937-31&HH=6ns

« #1171005%=10*20+8*20+8*40+6*20=800ns
v K R ERTBISRAIMNEREN., 2ns

« H}1171005%=10+99*2=208ns, JNMEEEFRS2ns*10+2ns*20=268ns
v EBEXTEL

« Z[EHB=EA[EHA=800ns

« FKZEBE=268ns, fMiEREY=2.99
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O CPUIRITEIA: ISA, HIEEIE, =HIES, WS, WSS (Thee. 4ae)
O ISARYSCIIES
v EEHE: 59 (BK) B—M1ssEHAERK.
v ZEHR: 18<SFEE (TK) BSWI=SERRER. S TeeEME RIS e =SEHEINI T,
v ke 1ESEEE (BK) BESAWIERERE (k) Bk, 818N ARESHY
BRI ERETHAIT,
e
ER EIHRFOR/K AR &K ?
K& — 1N EREE (BUdE, &) BURRSKERAA?
TKEHITE—SIESRT, IFEEUE, EHABEREMTA?
KBRS S SR RS TER?
SHERAAISCEIRY? BRI ATESRKE?
WNRR-typetsSHANEE, NNIHEgiHRKkEE?
MIPSEERRA "BUE. 1¥F18. T =ERiAK%E?
Stall[RESFIERLN? fn{aIscilstall?

O

CH

D N N N N N N RN
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v IEEIR/K S IMELL=? IPC=?

v ARIERERR, ZEHBRvESIESAFE R buffer, TORK
ZHEHIESF Ebuffer?

v IS Rl BeiE Ak ik estall, BIBLRRIRTER?

v %ﬂlﬁliﬁﬂ(i)% FREARIFRY

e

REL, ATLASK AHREE=

ERimy/ X R =AY ?

VI8 K ER N ERETE
SIHF/RISC-VAJIZESHE
%N

v R{EIMIPSREI-typetg
v BRI AR IK A2 & 5T

AT ARER?

SIRLe?
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and Techn 1th1

O>J7R:
v'COD5:4.16.1~-3
v'COD5: 4.23
OF=ER: (&, F32)
v - IK M BE A ERY R ZZ B RLE ?
v --J{AIRVER B Load/storetg$iH1F

v --EH[EHE. ZEHRRIEFNS S o/mbuffer, MiftZKEaY
TRl ESEEbufferflRE

v -tk et eRHYSEIN 5 2
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