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» RISC-V: @I “£i7=" AIRISC-Style ISA
- ERIVASIESE. AIERLES B, (RIENEEISS

& (B vs. €H)
— %L*&E’JTE 1% Eﬁ ﬁaﬁ, EI’J—:thT:TT ...... IEJE)

— Ec%% 7—? %ﬁﬂmﬁ—ﬁx E-—?F UG $’JEJZE|’J
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Chapter3 EARimKZ
3.1 BEXFiRIKE

— TKERIE RS
— TIKZHPRITER
— KRR RED T
3.2 BERIKERY B
- FEAME
— ZEHRRERL IR
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KR RIE A

» —MESTLITHER L DNFESS

- KM FESE KA EMER (EREAERIRIR) 1517
- BN FESPITEZEI N RMAIE
— BMIESHIRTRTIE Y KIZERAATIE

+ KEIITIRINEESNITIRL
- KRBT TS
- BRI N A — MESS

12| = |k 1 (8] o | £
112 S & 112 k
1)2| -~ |k 1|2] - |k
Serial Execution Pipelined Execution

One completion every k time units One completion every 1 time unit
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B¢

+ nKERZIBR BTt RI A SR 3G
(clocked registers)
- B3t EFHGEIER. ..
- Fre S frea AR FRI—IMKERHNEE
- KERERESIZEABIE
» KT R EZ ERENI S

o] SRR = R — | SEP
PN .n:"\ P FAN
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/K EHIIERE

« 1% 7= time delay in stage Si

- BI¥REHA 7 = max( ) ARIKARKERIEIR

- BITSRZR f = 1/7 = 1/max(7)

* RIKERILATEK +n- 14 B R HI RS RN MESS
- FTERE—MESFE KT H/EER

— Hftin-1'MESFEn- 1M IS EETThk
K-EZift/K L RIIEENMELL (1HXIFHITHIT)

Serial execution in cycles nk

S, = S, — k forlarge n

Pipelined execution in cycles ) k+n-1
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HAPJRISC SEHESIMKEL

o SNIKER, BERRIZEIR/311 cycle

» IF: BUYBPRIER

— UEiEEMENE . 585N, EERELE

o ID: iFEMER

- RERHNES ANSEFRXETENEFRE

- EX: }11T

— Load . Store: TEABNBLL

— Branch: jHE4EFEHEHH

eSS

- MEM: =fi#izgginla ({XLoad#Store)

- WB: £ 5|0

3/8/2020
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I I
Fetch I 4, Decode | EXecute , : Memory I Writeback
I L H :_
! £ w
I E O e
3 ’
3 - \\ f Data —
(%2)
Instruction | % o | | |2—L 5 Cache —
Cache |% 21 =
; Bl | 1
)
A ¢l |< P T
i i' - : B
l l I H
I J I
I I I
l l I !

This version designed for regfiles/memories
with synchronous reads and writes.



K EHIRT IR
. BRISONITSMIHEN

- 1BSIRERFNLEITHS
- B ER 7B EERIRRERE)
—TH? ST ERCEIRBTH

T ime (in cycles)—+ CC1 1 €2+ CC3+CCA+CCO+ CCo+ CCT+-CC8 —
|

w ré, 8(rb) M -EZReg _f-[Dm].i_Reg

2 . - - - - i i :

© | : : a : : : |

?Y addr9, r8,r7 iH IM Hi[Reg[]! ALU-E-[IDMp--;:-Reg | |

O i i i i i | :

S 3 N i i I[_]? ':

; ori r4d,r3,7 ;- IM -jiﬁiReg:gﬁ-'}" DMMHiHReg|

S J £ l . : E

= I 1 T T ] M

a : : : s ! : 1 T [
subrb, re, r3 | 5 | = M -iFiZReg:Eg DMiHReg
sw r2, 10(r3) iH IM -[Z Reg@-i-DM
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SRR

- BRIFERD:
— B I EERIE S B FRRYI/KER B!

EV%W?%HEmﬁ&MﬁETMM 715!

e\

Up to five instructions can be in the _ _ _
pipeline during the same cycle |- __ ALU instructions skip

Instruction Level Parallelism (ILP) e the MEM stage.

| | Store instructions

8 * sk|p the WB stage

S w r7,8(r3) IF | ID | EX |[MEM| WB .

r. f’ '

S Iw ré,8(rd) IF | ID | EX [MEM| WB | - :

= |

2 ori r4,r3,7 IF | ID|EX]| ="lwB |

LS

2 sub r5,r2,r3 F|mD|[Ex| - [wB]

S sw r2,10(r3) F | D | Ex [Mem| =

l "CCl CC2 CC3 CCA CCb CC6 CCT CC8 CC9 Time
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BEH. SR, FUKEEEIMARLLR

» RS BLIR Q@ PAT I K £

Instruction | Fetch | Reg Read | ALU Memory | Reg Wr | Time

Load 350 ps | 250 ps 350 ps [350ps |250ps | 1550 ps
Store 350 ps | 250 ps 350 ps | 350 ps 1300 ps
ALU 350 ps | 250 ps 350 ps 290 ps | 1200 ps
Branch 350 ps | 250 ps 350 ps 950 ps

- SRR

— 20% load, 10% store, 40% ALU, and 30% branch

.« B =MPATE

3/8/2020
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M. SR KGRI

Single-Cycle Execution: T, o = 350+250+350+350+250 = 1550 ps

IF |Reg| ALU | MEM |Reg CPIl =1, but long clock cycle

<+<— Each instruction=1330ps —{ IF |Reg| ALU | MEM |Reg
«— Each instruction =1550ps — |F |Reg| ALU | MEM |Reg

Multi-Cycle Execution: 1, =350ps +— Each instruction = 1550 ps —>
IF |Reg| | ALU | MEM |Reg| Average CPl=05x0.2+4x0.1+4x04 +3x0.3=3.9

Pt t————

350ps 350ps 350ps 350ps 350ps| IF |Reg| | ALU [Reg
= P Pt————P———»

Cend=aeees 350ps 350ps 350ps 350ps| IF |Reg| | ALU

«— AlU=4cycles —>+«—

350ps 350ps 350ps

Pipelined Execution: e = S EeE +
IF |Reg| | ALU | MEM |[Reg Teock = 300 ps = max(350, 250)
“350ps| IF |Reg| | ALU | MEM |Reg One instruction completes each cycle
350ps| IF |Reg| | ALU | MEM |Reg Average CPI =1

“350ps 350ps 350ps 350ps 350ps Ignore time to fill pipeline

3/8/2020 13



Recap: /K& NER

/KRR LS

- ZMEFBEE (FR/FT) T, EBERAFENSIR

— TWKERANIRESENERANEILER, Feedaia R MISaINITRE

— EEERINNGERLY = KA 3R

/K& IEE TERBER S

— NS FE SUHRFHERIREEE T —BREVEHEFIIEHIER

- EEFSNFHEST TR

im/KZ&RItHK (hazards)[a)RR

- BFFEEX(hazards)afl, SSEAKESR

— Hazards [AfR: FZKGRIHRITRIBESSEIEIRRGAELTEE, SARIARS
Attt ls2
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TRt (Hazards)

. AR FKEP—RIECTHEES 5
IESEANEE

- FUEFNIEFIEK: —FKIeSnlgeikEiTF Bl
BRSERBNAS

— BUEAEX . (KESCAHESTANGER (XUR) &
— IR mﬁ%%mmﬂth SZAESHEHE

(branches, exceptions)

o WIBECRI—BR A=A bubble, S5
CPI>1 (B2 &Z5JIBZECPI)

16



TIiMme — Measure from when first instruction finishes

to when last instruction in sequence finishes.

3 instructions finish in 4 cycles
CPI=4/3=1.33

3 instructions finish in 5cycles
CPI=5/3=1.67

SURDIE
L1 | | lnst2]
| | | [Bubbled |
L instB] ]
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- SRRIESHENEEHBENEHE=ERN, e
ZELEEE (H3E)
- 35l BIEHIESEREE—KIESHITR
(BB&RE) T
— 7352 EINFERYSRIR
» E.g., WRMFIESRINEEER/EFME=E, TLABEEIE
| NZ 1lﬁﬁ§Tx1’ElﬂﬁE|5EL% ETVANIERS

. 28849 RISC 5-FRERIHFKSETIRITRIIL
B SMAEEX
— IRZRISCELINE 2 B HRIRERT R EEITEX

15]%]7 JHAERAERYmultipliers, dividers, floatlng point units
. BF8ES N SEEHERO S5 &ihsE
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=MEANR

- B5iEtEX(Read After Write (RAW))

<::I: add x1,x2,x3
— ETFSERRRYEEE IR KM 5 [ #EHY J: sub x4,xl,x3

- EEFBtEX (Write After Read (WAR)
I: sub x4,x1,x3
J: add x1,x2,x3

— IRiESEmE B TR 9 “anti-dependence” (RIBX) , EHRHTESFERSH
175842 “x1” 3 |}2HA).

- BE5E{E%X (Write After Write (WAW))
I: sub x1,x4,x3
J: add x1,x2,x3
— JRIFEEREEFRZ 9 output dependence” , tHRHATEESFEAZTFEES
“x1"5 .
- EEENEFMIKETEITESEE WAR FOWAW 1EX

3/8/2020 chapter3.19




IHIRETEE R A =Rl

- BXiNE (Interlock)

— fEissuebTERIF 2 BITEKS

5, SAHEKMERR

- RESIEEMIEER (Bypass or

Forwarding)
- RE4ER0]

], BUSRRIRIEIER

- }5#1 (Speculate)

R -

[

WNERENEE T BEIE

20



add x1, x3, x5
sub xé?*xl, x4

add x1, x3, x5

Instruction interlocked
bubble in decode stage

bubble

X |l Ml wl| sub x2, x1, x4

Bypass around ALU

Mi{| W
bubble
D
FI| D
FI| D
\IVI w!|l add x1, x3, x5
\‘X Mi{| W

sub x2, x1, x4 With no bubbles

21
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I Writeback

- < s
> I .m
— c O
2 | 88
]
= |

— | 97015 p

EXecute ,

—— ] W

4+ Decode

—— | JD1SIS0Y “ISU|

Fetch

Instruction
Cache

——————

)
(a
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Fully Bypassed Data Path

| |
Fetch I , Decode | EXecute , : Memory I Writeback
1 L H :_
! £ L
| c Of—
o A
3 \\ ‘i Data —
2 —_
Instruction | ol ||@ Cache
(a'ed 03 =T > >3 e
Cache |- 20 | = —
%) do| | P
£ ) 43
of < et % H
[ i ﬂ -
I | —
I I I H
| . — -
FI{| D|| X|| M[| W . .
! [ Assumes data written to registers
Fi{|l D|| X||I\M \ W in a W cycle is readable in parallel
'\‘ D cycle (dotted line). Extra write
Fi| D 1 \\VI W data register and bypass paths
\
FIL o % || || w

required if this is not possible. |
23




PRI ESFEERANEIR T

+ AEEFEESRIESFEE, BEEN—ME
SRS

« XA, (NEREBER TILMEA:
— o
— IR
— FhEsstbERRIE Y. (Memory address disambiguation)
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KIS SRR EIEERX

” Try producing fast code for

a=b+c
d=e-f;
assuming a, b, ¢, d ,e, and f in memory.
Slow code:
LW Rb.b Fast code:
o v
ADD Ra,Rb,Rc LW Re.e
SW  aRa ADD  Ra.Rb.RC
LW Re,e LW Rf f
LW Rf. f SW a,Ra
SUB Rd,Re,Rf SUB Rd,Re,Rf
SW d,Rd SW d,Rd
1%

1. EALoadMERPEIZEZR D 1ZIESHIEIIE
3/8/2020 2. BEHER, EAHNEGEELEELIXRIESHIENRE chapter3.25



Control Hazards

I E F—FE<SHEE (next PC)
- THRHERED

— Opcode, PC, and offset

- BFBUISEFRIITFRMELER

— Opcode, Register value, and offset

. SRR
— Opcode, Register (for condition), PC and offset
- Hittfg <
— Opcode and PC ( and have to know it’s not one of
above )

26



Control flow information in pipeline

Fetch Decode EXecute Memory Writeback
PC known Opcode, Branch cqnditior;,
offset known Jump register value
) known
A A A
= L
é-‘ 2
(Vp)]
g I \\ ' Data —
(V)]
Instruction | 80 bl | Cache
ot oc ) o L
o Cache : 2 . ><T:'
+) -
b4 a0
£ aqg |
, || |« / .

—
\
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RISC-V Unconditional PC-Relative Jumps

[ Kill bit turns

instruction
into a bubble ]

PClumpSel FKill Aump?
()]
i ®)
@)
(@)
5 -
O 2
(a1l
|
Iii — £
O
s |8 I
q“_’l.. Instruction | &0 Eé .
O Cache oc i
Q- + Qo
n (¢))
c of
| | I
Decode

Fetch

28



F

D|| X|| M

Ml wll 3 target ;FRF jal x0,offset

pc +=sext (offset)

bubble

W

target: add x1, x2, x3

29



Branch Delay Slots

lf:/\ =
E < IU\ZE

— 0x100 j target
— 0x104 add x1, x2, x3 // Executed before target

- BEHINY RISC?l‘ILa%EI’JLu ERAR—DZISATE N, ?_ D3/ e E
HYZEIRTE

EHIRREZHZEIHIT

— 0x205 target: xori x1, x1, 7

o G
LHINOPIES

F\D

%ﬁﬁE’JIﬂfiE?EL # (delay slots) , SRERE
IHFTIEIR

‘El

J target

W add x1, x2, x3

M|| W|| target: xori x1, x1, 7

30



Post-1990 RISC ISAs BUH T aEjR e

TE8EIR)RR
— MIERfERIEZE TNOPSIESTS, 0T I-cacheBU4ERE
— BIERIERERRE—NOP, |-cacheFNESHW8F T

+ (EFHAIIP RIS S
~ BIANAKET0RRTAKE:

Eﬁ&?%ﬁii‘ﬁi}ﬂﬂ?ﬁ*ﬁﬂ"?%ﬁﬂ@E’I‘EE‘Z?KEIQE}J
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RISC-V Conditional Branches

Fetch

DIFANCN f i
PCSel : DKill
FKill A ACond?
9
S 3
o ]
O = 5 | o
o O | P-o)
O 2 ol _[<
(o
LS .
L 17;-
- }C.% .% ST \
— H & Instruction | a0 -
o' Cache o i . -)
— 2 A L |8 [P 3
T Gg
I of < /
Decode | EXecute

32



FIl D \X M|l Wil bea x1, x2, target
: \ bubble
\“ bubble

FI| D{| X|| M{| W|| target: add x1, x2, x3

33



Pipelining for Jump Register

« Register value obtained in execute

Fll D Ml wll 3r x1 (]¥RF jalr x0,0(x1); pc=0(x1)

- bubble

bubble

k,/ /><

FI| D|| X|| M|| W|| target: add x5, x6, x7

34



ING . REFRIEHITERIVTD A

- #1: Stall EEIS XA ERE
. #2: FRiM9 KM
- BETEMES
— WD T SEFME AN T
S SRR GRS TS

. MUFEEH K S AT

- BRI DXERERZBIARBELIETAINE,

T

LME—BI55ERT, SIEYEETS

o RERIHIIRE.

» #3: T 5332 LN

- Bl SERIED BN, |
- #4: FEREEERA

3/8/2020
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A AR BRI ET

15 S ABEE B EHAEMR
. RELEMEETEANASHEELH

- BRRULEFERANERRERER

- —W AR BEFERANERRE SIS EENKE, MK ERE
{KCPIAYEFAL

Loadi{EB 1 AI#hEHEAYZER

— LoadiB S [ERIESABES L{FFHLoad VAR

— MIPS- ISA XE X T REIRFE, EX{4 0] WAVZKE PR (RYmiEssAE oK
IS S EIBEANOPIES B MZE) |, MIPSIIREH TIEREIEN. (F8
4 _EIEANFK Zinterlockstflil)

* MIPS:“Microprocessor without Interlocked Pipeline Stages”
Jumps/Conditional branches AIgE&SELRIK &R
(bubbles)

- MRIREERE, Nistal/F£EAVIES

A PR N R R AR EEHIT RENB R IFIFEAN
NOPIES:

NOPIERIFIETCPI, EREBMTREFTHITHIEREH

36
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EXERSY: BiE, MEk, B

HITE: ERMEINRKETTEEESEES
HZERAVEE.

n: {E55#1

Ty SEIRZER MMESSFFRIRTIE]

LI

3/8/2020 chapter03.38



KLY IERES

- BRESSE: &I, ELkk, #E=E
- BIER: ER(UMEIRRKEERSERENE
SHENRLERIIE,

="
TK

n: {E5%8

Ty SACEEZERk M MESS R FRRYRT ]

3/8/2020 chapter03.39



1. SERAIEIESFATKE:
— FERATEIIRFAYUK TS E

236 A
S 1 2 3 n-1 | n
28 1 2 3 n-1 n
52 1 2 3 ve | =« | m-1]| n
Sl 1 2 3 000 cee n_l n
>
ST - s | wm
' (Bhr: AD
T, S
chapter03.40
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u KT
fﬁy}(

z-\kEx

%) LESFhRERYEETE (Rig—

Tk = kAt+ n-1)At = (k + n-1)At

— ulb7j<g£|;|/]7k|3_ﬁ§ui’—‘?‘—‘ TP — "

(k+n—-1)At
Eak I13R: KGR EEERIAE IR EIRSERT
’f-?.F:zél.l /Jéui’z‘ n 1
TP .. =lim =
oo (k+n—1)At At
S4 1 2 3 4 5 . . . |11- n
S3 1 2 3 4 5 [I\ n
S2 1 (2 |3 |4 |5 ? n TP:k k ITPmax
+ —_
S1 1 2 3 4 5 ?- n 4

3/8/2020
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TP5Tpmaxgyx&

- BAEIRSGLIREITRAIRR

n

3/8/2020

TP =
k+n—

TP

1 max

o KGRI REE=NTFRATILER

B T7T5E

NERRORHEVE RN, E SN AR U BINE

/K ZFRIESS £

« RBE&Hn>>KET, 71

BX,
5TP~TPmax,

chapter03.42



2. FERAEA R 2HEFRTKE

RAKE -5

(EREEFF)
Atp 3Ato At &to

5,"'.‘ 1
z I O I [ = I
33 1 2 : [ T )
52 1 2 3 “_‘... n
51 [1 [z E ] o -

* B

—

Jato

~ ZEEAFRRKEN;ERTE
- —FKARRRIRIKEG
« S1, S3, S4RERRYRTIE): At
« S2HYATIE]: 3At (GRINER)
— K EHIXF Y Bl ER RV ERFR oK AR IMER

3/8/2020
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— ZERIT B AFRRIK R AISE R I =R
( M ASEIERRIRTE], HBEKMER)

TP = "

k
ZAti +(n—1)max(At,,At, -, At,)

i=1

— TIKEAR AT

TPmaX — 1
max(At,,At,,---At,)
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— R0 —5RAERAYAIKZHR, S1, S2, S4RER

RYRTIEJERZAL, MERS3SHIRTIRIZSAL,

AN — & —> S, > S35 > S4 —

BAEIERN
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i

3. FERIKZHRINARRRY 5 FE

) Nl

- HAoHREER
{olan: TRIERI4ERRIK S
JEHRIERS ;A D T3 FiKEER . Sz, Sab, Sac

MtERRkEELE: p L
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- BEEIRERRTER
- TRe: IBHIBELEIREZ,
o FIG0: XEIERIAEGRIKES
-  EEIREHRIMERS3: S3a, S3b, S3c

At

At

RYAN:

Y

S1

Sz

S3a

TR HYREAHIEI0 T,

Y

3/8/2020

S3b

At

S3c
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S4 1 2 3 4 5 6

S3c 3 6

S3p 2 5 8

S3a 4 7

S, 4 5 6 7 8 9

St 5 6 7 8 9

>
B T8

3/8/2020

ER W E MBI T E
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- MLELL: SSRkFEISE—HbESS, AMERIGK
P ARYRTIE S iRk PR RRIAYEIZ

Eb.

— % AERRKE (BDRF#RIT) FrARYIE
HTs, (ERfKE&ERTAERNRTERTK, Uiz
IKEZRINNIEEE /9

T
§==5
T
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1. KESENEEE (EB=2At)
— KERK TN ME TS R ERIRT A S
Tk = (K + n-1)At
— AT MESS P E /YA 8]

Ts= nkAt
— FKEEHISERR AL, »
g —
k+n—1
S —lm—"* _4

— SR ANMELL M ek tn—1
— >, S= k
BE: RIKENERAESEN?
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2. IKENZENBIART2IEESN
— R KB TIK R Se Ak M IELEAESSHISERRINEREL 9

nzk: At,
S — - i=1

D At +(n—1)max(At,, Aty -, At,)
i=l1

3/8/2020 chapter03.51



+ W fKSPRNEFEIRERARRSE
MEITHERELE, BlRKEiRSERIFIB

- AT kAR EAHEERE, FrlAEE
RN MIESHIBTEAN, BERAHAZR HRAME
iﬂz {E.
- ZEEIEESE
— BRI it

Al

nAt n
T, k+n-1

=6 = =6 =
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— BRIMIK R

e te,+--+e. ke knAt

E — — —
k k kT,
LA R .
E =
k+n-—1
E.=lim—" =1
n—» o +n—1

2n>> kg, E=1,

3/8/2020 53



—%M%&QEWE@%W,ﬁKﬁﬁﬁgﬁﬁ

ITERpYIELL. ) n

E=TP2t Ce] [ —

* IKGRIERE RIS RIERRIELLS 52
HIRAKIMELLKAILLIE.

g nk E:§
k+n-1 k

SHE=1RY, S=/k, EFRILELLEZIRK.

3/8/2020 chapter03.54



- NEZELLES, METEHREn™MES QBRI
= EFRF kﬁ\Ei.E‘EI’JElj?EE*,\Zl:B
AMES SR 5 I X

E —
S 4 s ~ /N ELRL 4 afq
24 &% ER A E) AN AR 2 A kA B, I 2 X
.‘
od 1 7 3
§3 1 2 3 [
52 1 i 3
4 | 1 V. 3 X
— -
Jato H'ZAti

E=

k
k{z At, +(n—1)-max(At,,At,,--
7
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Summary

- SEPREMER: BZkER, TEnMES, B
(RSB PRr=ChR5EREEYIESSEL.,

- IhEEL: KERFIKERNEESEFINEERVAER
IKGERNEEZLL.

o WEE: TIKERLSFFIAZE,
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P, =

" max{At,}
TP = — !
ZAQ + (n — DA,
=1
k
n- Z At,
S — p =1
> At + (n - DAL,
7=1
k
n- ZAtJ
EF = P i=1
k-[> At + (n = DAL,]
=1
k
D At
E=17pP =

k
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K ZBIIIEREG TR

CPI = Ideal CPI + Average Stall cycles per Inst

pipelined
Ideal CPI x Pipeline depth Cycle Time inelined

Speedup =

Ideal CPI + Pipeline stall CPI Cycle Time, iined

For simple RISC pipeline, CPI = 1:

P |pelme dep‘l’h CYC|3 Timeunpipelined
1 + Pipeline stall CPT Cycle Time

Speedup = .
pipeline

3/8/2020 chapter3.58



S AEP SRR EEN A

- (la0: MEBRIBESFINHEFL.3 IR, B
MY EERRBEBTF—IR, BBA
—- EEERITRE100% R FHRVRIRE N, 15 CPI >

1.3

3/8/2020 chapter3.59



{50g0: Dual-port vs. Single-port

+ #128A: Dual ported memory ( “Harvard Architecture” )

- §188B: Single ported memory
- FESISEXAINEEBRIRTFSHZR B 2R ARIBIRERERAY1.0565
« lIdeal CPI = 1
- {Etl=eBRloadiES &S IRGIIEX, FrAiTRIIESHLoadsts
S 40%
Average instruction time = CPI * Clock cycle time

FLRFItERAYINERA:

Average Instruction time = Clock cycle time

FESIItEXAYNERB:

Average Instruction time = (1+0.4*1) * clock cycle time /1.05
= 1.3 * clock cycle time

3/8/2020 chapter3.60



PR 90 STRBAIRER

Pipeline speedup = Pipeline depth
1 +Branch frequency x Branch penalty

Scheduling Branch CPI speedup v. speedup v.

scheme penalty unpipelined stall
Stall pipeline 3 1.42 3.5 1.0
Predict taken 1 114 4.4 1.26
Predict not taken 1 1.09 4.5 1.29
Delayed branch 0.5 107 4.6 1.31

1.14 =1+ 1*14%*100%
1.09 = 1+1*14%*65%
1.07 = 1+ 0.5*14%

Conditional & Unconditional = 14%, 65% change PC
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