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» —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 (2] = | f
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

5
a8 S, D
A

ter

Y S, [IITARLY S, D) BL Output

o o
i £y

P> Register
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/K EHIIERE

+ 1% 7= time delay in stage Si

- BI¥EHR 7 = max( %) ARIKARKERIEIR

- BITSRZE 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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HAIRJRISC  SERMKEL

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

3/23/2025
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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 =1
; 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 CC2+ CC3+CCA+CCO+ CCo+ CCT+-CC8 —
|

w ré, 8(rb) M -EZReg _E-[Dm].i__Reg

. Iy gl

© : : : il : i : |

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

O i i i i o | :

S 3 i i 0 ?[_]? ':

g ori 4. r3. F ;- IM -};ﬁZReg:;@-? DMMHiHReg|

S J | i y 2 !

| I 1 T T} ] M

a : : : ! b : :-| |!
subrd, r2, r3 | 5 | = IM -iFiZReg:Eg DMHiHReg
sw r2, 10(r3) H 1M -[Z Reg@-i-DM
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KRN R

° ”“l7kﬁ;§*gl\\\
MESFEE (Fr/F1T) T, BEBAENSIR
— ,{mEJ}ng%TSEKTE B N AFEHNELER, ReedqEmBENMESEIH
j- \
— HBERIINELL = KRRV EL
— ?/I]r]ulbﬂdjzl‘i E"J*?
. EISRIAB—ER
. I)Ib7J<EXﬁﬁﬁ'ﬁE__I-|E—I_IZ_ & FHEINELL
o« TUKEFERAREFIAESATE), (HENNELLRFHE

— BF=FEBX(hazards)[Ef, £SHR/KESEI

=A™ o By i UL A SO
e A P UTRI RS SE IR

- MIKEIEETENERSFEME
— IS F=s R FIEREER T —ERISIEF ISR
- EEESHFEET TR
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SRR

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

EV%W?%HEmﬁ&MﬁETMM 715!

o,

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

i x 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| I

l "CCl CC2 CC3 CCA CCb CC6 CCT CC8 CC9 Time
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K I BT ERELE IR

EREEA. Z/EHA.

Single-Cycle Execution: T oa = 350+250+350+350+250 = 1550 ps
IF [Reg| ALU | MEM |Reg CPI =1, but long clock cycle
<— Eachinstruction=1330ps — |F |Reg| ALU [ MEM |Reg
<— Each instruction=1550ps — IF |Reg| ALU | MEM |Reg

<— Each instruction = 1550 ps —

Multi-Cycle Execution: 1,__ =350ps
IF ALU | MEM Average CPl =5x0.2 +4x0.1 +4x04 + 3x0.3 =39

‘+—t———Ppt———————Ppt+————————>
350ps 350ps 350ps 350ps 350ps| IF ALU [Reg

- < ————P———— P ————
+— Load =5 cycles — 350ps 350ps 350ps 350ps

«— ALU =4 cycles

Reg Reg

Reg

ALU
350ps.

Reg

IF
> 350ps 350ps

il
-

Pipelined Execution: o A= SRS &
IF |Reg| | ALU | MEM |Reg Teock = 390 ps = max(350, 250)
“350ps| IF |Reg| | ALU [ MEM [Reg One instruction completes each cycle
“350ps| IF |Reg| | ALU | MEM |Reg Average CPI| = 1

3/23/2025

o, P
350ps 350ps 350ps 350ps 350ps

Ilgnore time to fill pipeline
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TZKZRYMEX (Hazards)

o« GRS iMIKER—RIESHIRERERT —5F
IES{ERANEEER

- FUEFNIEFIEK: —FKIeSnlgeikEiTF Bl
BRSERBNAS

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

(branches, exceptions)

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

- SRFRESANEEHERNBEE RN, e
REGIEEX (H3R)
- ARl BRI LIDERRI—Is SIS
(BRRE) 1T
- 73iR2: BIIFHHEIR
- Eg, MIRMEIES AN BB A, AILUBTLN
BFH A S R i LR S 454
- 28R RISC 5-FRRRITRK G @I R
ZREEHEX
— IRZRISCELUEZ AR FRITFELS X

» lanZ [EHAERFRImultipliers, dividers, floating-point units
%, BT REINTFEEXHEIRO 52 &ihpse
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=MPEAREHEHER

- B[GiEtE%X(Read After Write (RAW))

(::I: add x1,x2,x3
— ETSEPRRYEEACIRTE RS [ECAY J: sub x4,x1,x3
. EESH% (Write After Read (WAR)

I: sub x4,x1,x3

J: add x1,x2,x3

- IRIFERIRSE L /3 anti-dependence” (RIEX) , RHETEEER
EFeasa x1"5(iEr.

- ER5MEX (Write After Write (WAW))
I: sub x1,x4,x3

J: add x1,x2,x3
— RIFSRREETRZ N output dependence” , tBRHATESFERASE
2845 “x1"5[F2HY.
- EEENEZITKEHEESER WAR FOWAW 185K
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IHIRETEE R A =Rl

o ZEHINEl (Interlock)

— fEissuebTERIF 2 BITEKS

5, SAHEKMERR

- RESIEEMIEER (Bypass or

Forwarding)
- REERD]

], BUSRRIRIEIER

32l (Speculate)

R -

[

WNERENEE T BEIE
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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
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e
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X
LL]

~~——

I Writeback

- < s
> I .m
— c O
2 | 88
]
= |

— | 97015 p

EXecute ,

—— ] W

4+ Decode

—— | JD1SIS0Y “ISU|

Fetch

Instruction
Cache

——————

)
(a

17



Fully Bypassed Data Path

| | |
I Fetch I , Decode | EXecute , : Memory I Writeback
I I L H :_
I I c Of—
! ] X
F_J, \\ Zi Data —
2 —
Instruction | 80 o || |2 Cache _
- o2 i | NG o -
a Cache |- 100 I ><-,:' -
v a0 .
£ ) 43
or e G s
| | I |
I I ‘ I i H
| | — -
FI| D|| || M|| w S
: [Assumes data written to registers
Fi{|l D|| X||I\M \ W in a W cycle is readable in parallel
Iw $t0, 4($t1) '\‘ D cycle (dotted line). Extra write
addi $t1, $t1 Fl| D o \\VI W data register and bypass paths
FIL o % || || w

addi $t0, $t0, 1

required if this is not possible. |
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PRI ESFEERANEIR T

+ AEEFFESRINESEEE, BEEN—ME
Sk

- XHERA, (NEREBR TILMEA:
— 3T
— MEIRISETEEAT
— FhEsstbERIE Y. (Memory address disambiguation)

19



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: Fast code:
LW Rb,b LW Rb,b
LW Rc,c LW Ree
ADD  Ra,Rb,Rc AL\V[;/D EZ’gb Rc
SW  aRa LW Rf f
LW Re,e SW a,Ra
LW Rf f SUB Rd,Re,Rf
SUB Rd,Re,Rf SW d,Rd
SW d,Rd

3/23/2025 chapter3.20



Control Hazards

IR F—5a<iRiE (next PC)
FrEEEE

— Opcode, PC, and offset

- BFRUISTFRLRIEE

— Opcode, Register value, and offset

. RIHEETE
— Opcode, Register (for condition), PC and offset
- Hittig$
— Opcode and PC ( and have to know it’s not one of
above )

21



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
o r oc ) o L
o Cache : 2 . ><T:'
+) -
b4 a0
£ aqg |
, || |« / .

—
\
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PClumpSel FKill

Alump?

—>)

Add

1Kill | {>PC decode

PC fetch

1l Instruction

Cache

nst. Register

mm

[ Kill bit turns

instruction
into a bubble |

Fetch

Raoacictarc
"CEIotetS

Decode
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F

D|| X|| M

Ml wll 3 target ;FRF jal x0,offset

pc +=sext (offset)

bubble

W

target: add x1, x2, x3
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Branch Delay Slots

lf:/\ =
E < IU\ZE

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

- BEHINY RISCma%EI’Ji_u 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
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Post-1990 RISC ISAs BE 7 3 R

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

+ (EFHAIIP RIS S
~ BIANAKET0RRTAKE:

UFRY53 STFFIAR R 7 K R RIERARRITN 7]
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Branch?

ACond?

Fetch

PCSel FKill A DKill
° o
= ‘ o
o O
8 B 6_ o)
© © | p-o
O | = 2l (<
(a1
+4 ' =
4 .
I _l_;-
o (V)]
c Q
- || 2 , @ :
Ll Instruction | 8o m
| o i
| ||V Cache : T ,
a- 7 P
= o
T Gg
| TS
Decode | EXecu

F
AYU //'

~—

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

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

28



Pipelining for Jump Register

- Target address 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

29



ST AL HINAEGRK T

I8 ABEEE A EHIEM D A& (CP1> 1)
. RALEHEETERNARILELN

- BEEHSEEANERRR
- —EARREERERREURERIENIERKE, Nk

{ECPIRYEFAL
LoadiFEERANRIHHRIHARYIEIR
— Loadig</RRIIE<L A EES LERLoadiYER

— MIPS- ISA R X T SEIRHE, TRFR] WAYAKZaT5R (IR AR TR
HIIESEFEANOPIESEEZHS) , MIPSHIFEGE TIEIREIEN (R
4 1Ak Zinterlocks#LHl)

* MIPS:“Microprocessor without Interlocked Pipeline Stages”

Jumps/Conditional branches AIgE&SEIRIK LT
(bubbles)

- WRRBILERE, NstalfF58<

AR N RER A REEEHIT RENB S IFIFBEAN
NOPI§ 4y

NOPIERIFIE T CPl, (EREBMTREFPHITHIESEH
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FeaBAAO =Rk

AigiREB

- 7#m (Exception) :H7TE
SRR

FHRITIIRETS [ehY

— E.g., page fault, arithmetic underflow

 fEafH (Trap) EBRFEBERMEIERS

A LE TR

— Not all exceptions cause traps (c.f. [IEEE 754

floating-point standard)

N

» Al (Interrupt) 1=1TERZFMYIMERE
ST HIN AR RiEtE R
- [EPHFNPEME = HRFERYTRIK SIS 1

=

31



R A RS

+ B—1waEMiEM (traps) BFRHEUnivac-l (1951£)

- B EE adt BmWLE
- L7EMBhF oAb A — NSRS SRS EBIFERIHIT BiE
- 2IRIBIEFRANER, FiFEIELE
— EE*AYUnivac 1103, 1955, &0 7 FMERR R
- FIFSCRTSRENXFEIE
+ EB—1EB1/0 FEIRIRFAEZDYSEAC (1954)
- B NERITERES, FFEI/0(ES5 X PCERITIHE
— EHESE—/ s BDMA (direct memory access by 1/0 device)
RS
- EfY, BES—EBITEN (Mae¥EES|5E, 12tons + 8

tons)
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DYSEAC, first mobile computer!

e Carried in two tractor trailers, 12 tons + 8 tons
e Built for US Army Signal Corps

[Courtesy Mark Smotherman]
33



- /O gFEE L LREERES KIS KLIE

» HAIBESIRTEN M2 FRETRY
— FLESFHE<(NATHYT , FUTSRITIE<RIE
HUE< (BT 1)  (FEHARRiRT)
- Rt THIPCIERFEI S| )& F=7(EPC)H
— KB AE R B R RNz THITERE
iRl N E S
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Interrupts:

BUESIE F R

l ‘,

O/

] i interrupt
program o) \H2 ) handler
\ .

A 4

()

!
FEZHFZ N (RE) EFLERINERARESF. NEFNAERE, £
HEEEEIHFE Y.

HI_
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Interrupt Handler

+ RFERERERRY, EHPRETZBIBEHRFEPC
—

- EEHITIESIEEPC A GPRs
—~ é*:ﬁl{azl,]:ﬁgE PCZRI, BB ARG
- ERIZEALCRPEIRERNIASSFSS
- ERRETIREEMBEEIESERET (return-
from-environment) ix[g]
— FFehiR
— B ESEIRE R AR
— ISR HIRSTDIEHIAS
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Synchronous Trap

- FESHRESER ST N

\

- B, ZESETIET, FEELIERE
ZIREFEE

~ BERB— 1TSS T E D ITRIRE SRR

- ERFEBAPEFRINER T, ZESHEIAS
E&E5ehk
- HMSTRIOBGIES, BB




Exception Handling s-stage pipeline

Inst. Decode \ Data
Mem o+ Mem
PC address lllegal Data address
: Overflow .
Exception Opcode Exceptions

Asynchronous Interrupts

» AR AEFKERRNS N H AFR?
» AMAILAR (EMRER LIRS NER 2 it

38



Inst. Decode \ Data ;
Mem >/]+) MemE
PC address R Opcode l OverﬂOW ata a . ress :
_ - wn
> X %
= ©
. o
/ . @)
Select > i = i
Handler Kill F Kill D Kill E Asynchronous
PC Stage Stage Stage Interrupts
Kill
Writeback
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 ERKEHIRF RIS IRE R ER

- PNE—SEENES, BEiKMERTFNREEE
IZIESHIEESR S

- ERRZHEAFAREHRERER (BER AR

- MRIBZAHENR 7 =E:

- B RERE

NEPCEHFaR

— ZIFFMEIRIKER,

- FEEGEREFIMINENPCEFaE, HEEEIIEREF

AT
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7 HIHEN

- #f?,%'\xztlﬁix DR, RTLAEE

E%E7\¢Eﬁ—l—— 'ﬁ:
» HEEFHLE
- T_ e SHUTHISEM BA TR R

& ARG AT = Fhss

I’IE#L THl]

— WTzT:—_ggl%Bu

RN SR B R E

RS

AUAIERERE

BRSBTS,
ﬁnmi

— RFETRIKEE

A—

° zEDE*fz?nﬂiﬂfmfFFéiEﬁ?

I8S4

Eﬁilﬁﬁi 3ZHY
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KLY IERES

. BAEESH: BME, NE, W
. BIE: PRI
SRMEIEHE RN,

TP ="
TK
n: {E5#

T SCERSER M MESS T FRYET(E]

T
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1. SERAIEIESFATKE:
— FERATEIIRFAYUK TS E

2] A
S 1 2 3 n-1| n
28 1 2 3 n-1 n
5 1 2 3 e | - | m-1| n
Sl 1 2 3 000 cee n_l n
>
PR LEL e (n-1) - At | wm
' (Bpr: AD)
Ty >
chapter03.43
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uu,7J<Q E SEEZFEERNERTE (Rig—
Q%G MK Z%)

FKEZ
Tk = KAt + (n-1)At =

(k + n-1)At

— KGRI REIR po "
(k+n—-1)At
- BB SOk RN B R R
1?3512U %gsiu "r' ] n 1
TP .. =lim =
oo (k+n—1)At At
S4 1 2 3 4 5 n- | n
1
S3 1 2 3 4 5 n- [n
1
52 1 |2 [3 |4 |5 n- |n TP = ki TP
1 k+n—-1 "7
S1 1 2 3 4 5 ?- n

3/23/2025
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TP5TPmaxgyL&

- BAEIRSGLIREITRAIRR

3/23/2025

n

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,

chapter03.45



2. FERAEA R 2HEFRTKE

RALHE-=H

(& BB {E A5
Atg SAto At Hto
— N — -
,-,.,-_‘ 1
z I A A I A 3 I N
33 1 2 : [ T )
52 1 2 3 “_‘... i1
81 | 1 | 2 | 3 B .
] LF.
——
sato

~ ZEEAFRRKEN;ERTE
- —FKARRRIRIKEG
« S1, S3, S4RERRYRTIE): At
« S2HYATIE]: 3At (GRINER)
— TR X F Y Bl ER RV ERFR O/ AU R IER

3/23/2025
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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

RIETBIERZAL, MERS3AYATIEIZ3At

A= S ™ S > S3 > S& — Hi

SN S
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i

3. FERIKZHRINARRRY 5 FE

) Nl

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

BIERRKEHELE : 7P, - AL
4
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- BEEIRERRTER
- TRe: IBHIBELEIREZ,
o FIG0: XEIERIAEGRIKES
-  EEIREHRIMERS3: S3a, S3b, S3c

At

At

3At

Y

S1

Y

S2

S3a

TR HYREAHIEI0 T,

Y

3/23/2025

S3b

At

Y

S3c

S4
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Sy 1 2 3| 4 S| 6

S3c 3 6

S3p 2 5 8

S3a 4 7

S, 4 5 6 | 7 8| 9

Si1 11 5 6 7( 81 9

>
B} [

3/23/2025

BER R EMIABUE I =

chapter03.51



» NELL: SEpkEF—HLESS, A(ERIKE:
i ARYBE) S {8 B2k & FR FBRYRS A Z kL

—Rig: ~MEF
B Ts, (&

JimKke (BD)

NFHRAT) FrAERIRT

K2

K ZAIN0EEL 9

=1

s T
T

JRIAS IR ATk, Wiz
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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, »
S =
k+n—1
S —lm—"* _4

— e ANNERLE Ry S
— >, S= k
BE: RIKERERSRESEY?
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. KGRI ERINEIAT2EE
— —HRAERKEeTe Rk M MEE IS AISERRINREE /T

k
D At +(n—1)max(At,, Aty -, At,)
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+ W fKSPRNEFEIRERARRSE
TETHIEIRILL(E, BhifKZ&iSSEaI7FIMA

? utilization,

— FH7 uu,7J<f£'%J_J_EITIEWIIIHIE’\HTIEU FTLATEIE
S N MESHIET BN, SEFAR R
iﬂ_’, .

- ZEEHtESEF

— ZERRVREReitE

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,

3/23/2025 56



—%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.
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- NEZFE LS, S=EHREMESSRNN
FHATK MRS EIRZEL.

A 55 S B o FH B 25 X
\ Eh NED e
2l 42 BR A i) R AR SR K BUE IR 221X
od 1 2 3
83 1 2 31
$2 1 i 3
sl |1 2 3
I 3ato
n-zk:Atl.

E =

k
3/23/2025 k{z At; +(n—1)-max(At, At,, -+, At, )}
i=1
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Summary

- SCRFEME: BigkER, TN M™MES, B
(RSB PRr=ChR5EREEYIESSEL.,

- hEEL: KERfIKERNEESEFINEERVAER
IKERUIEE Z L.,

o« WEE: RIKERNSSRFIAE,



-Review: Pipelining

- IBSTKERIIESESR/ CPI
» R FIBEIERBR
- HJRHESHTEY, B T™—518<S
- B pe R T ZR AT B e I<AVER
— 1 MFTERRIER
- MNABFIFiRKERARIMN
- FTERIIESEREFK
- RARDPAESIET
— R ALoad/Store K TiFi#E=S1H10]
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K ZBIIIEREG TR

CPI = Ideal CPI + Average Stall cycles per Inst

pipelined

Ideal CPI x Pipeline depth CYC|3 Time,icelined

Speedup =

Ideal CPI + Pipeline stall CPT Cycle Time,; .iined

For simple RISC pipeline, CPI = 1:

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

Speedup = .
pipeline
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S AEP SRR EEN A

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

1.3
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{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
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R HIEREN DA

- #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

3/23/2025

ELChss-T=4%
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PR 90 STRBAIRER

Pipeline speedup = Pipeline depth
1 +Branch frequency xBranch penalty

Scheduling Branch CPI speedup V. speedup v.
scheme penalty unpipelined stall
Stall pipeline 3 142 5/1.42=35 1.0
Predict taken 1 114 5/1.14=4.4 1.26
Predict not taken 1 1.09 4.5 1.29
Delayed branch 0.5 1.07 46 4.6/3.5=1.31

1.42 =1+ 3*14%

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

Conditional & Unconditional = 14%, 65% change PC
branch: branch target address (ID), branch condition (ID)
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% [FIRRER FRYALIE

YJEERIpipelinelShliZ S5
RISC-V
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2 [EIHAR FRIALIE

+ [A)RH

— FREEEL ~ 20 cyclesTEpAINSERY, —

N BT B

— FEMIPSHRYN{AI4 I
- g FPIES SRS KAERBIRYTK
%, A
— EX EREEEINZ IR FPIRE, TENRENEN
IR TR FSERY
- B2 FPINeeEkt, MR ASTHAIIESEHE

A

3/23/2025

SUEEX, FEEF
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0/~ ThREFR 1

StMIPSHIF 78

- Integer #{F4b¥#: Loads, Store, Integer ALU

EA/ERMBranch

- FP/Integer FeiiiifF: AbH

- FPini%ss: Ab®

- FP/IntegerfRiiifh: AbE

3/23/2025

IFPN, JRANREIFEH

chapter3.68



7R IMIPSI K £

3/23/2025

R ERpHRRRKEL

EX

Integer
Unit

C. E’.}{j

—™  £piint

IF 1D

Bt Multiply
EX

FP

C Addisub :

EX

FP/Int
Divide

ik
BHRIKEZFZER

Initially consider:

complicated instructions

MEM | WB

Unlikely the real FP-EX
units will be iterative since
throughput would

truly suck!

Real method s different
pipes - each having
different latencies (depth)

kL& 5

using iterative EX units for

chapter3.69



Latency & Repeat Interval

- ZERJ(Latency)

— If latency=x, then (x+1)th instruction can use the result

fEIREPE (Repeat/Initiation interval)

— RETHERESREAIRERTERVIEIFREIEAEN

o YIFEXERERIKICAIFREIMIPS

divide and FP sqrt)

Function Unit Latency Repeat
Interval

Integer ALU 0 1

Data Memory (Integer and |1 1

FP loads(1 less for store

latency))

FP Add 3 1

FP multiply 6 1

FP Divide (also integer 24 25

3/23/2025
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IF ID

Qutstanding
Instructions;

4 adds

7T mult's

1 int

1 divide/sqrt

3/23/2025

™
®

Not a real
pipeline

If Latency = X,
then x+1th inst,
can use the
result,

MEM | WB

Cycle time stays
short but what

other complexities
are now possible?
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FHTHIAERANER (AR

- LEigrpseits
— JER/KBUDIvidegRM Y, (FIBEXERIE24 cycles
— E—NEHIRRIReE Z " S 1Fee 518 F

- OJEEieSELETR (ELFZEAWBER) BuEelF
EWAW

- BFEIDEE, EASHE WAR HHX
- ALFERSHFELIES R

. g??E@MEiEDHkQHMW tB<hYstallEgig

- BRTHESHAMFKIENERRERS
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FTHYSSIITER

Instruction | 1 5 H 7 s 9 10 11
MULTD FO,F4,F6 | IF | 1D | M1 | M2 | M3 | M4 | M5 | M6 | M7 | MEM | WE
IF | ID | EX |MEM| we
F | 10 | EX | MEM | WB
IF | ID | Al | Az | A3 | A4 | mEM | WE
IF | ID | EX | MEM | we

I ESLE EE
LDF8, 0{R2) I l IF l o | Ex [mem| we

- YPEEEIESREBRIZEIR
— 810 cycle, =%KI5<SEFHEAMEM, {EEFMULTD
FIADDDFEMEMERG S BSLIRaE, XFPERIZRBXEA
— 11 cycle, =HRIESHEITAENWBEL, FEEIHEK

ADDD F2, F4, F6
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RERTT A

« Option 1
= EIDEQEEE?%I#‘E HERER, LUMEREE S
SHIRSS
—BERIMER, HEIRHETHAS
Optlon 2

- FEFEAMEMBWBERRY, E(S/HRABSL,
%?txtti_ETE’JTE T, 1XER ﬁ?lcxtti_HTEI’J
5<, RS EE S5 IEiﬂiJ,RAWdﬁ?é, M0

S EZHstalls

AN
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FTHYRRIR

* GPRSFPRIBIBYEIE(S XIS RARIETHEHEK

— MOVI2FP and MOVFP2I instructions

J %ﬂ%ﬁmﬁﬁiﬁﬁ*ﬁ*ﬁiﬂﬂ. IR RTINS

— ZSHEX

- BN EIPEra

- HESFes5in 2R
— RAWFEX

- FIRATEHSHIERNS T

« FEGLSESFRIEAREFHRINIES, HAlatencystall
— WAWEX

« BRI cyclesdsd, (EAHLIAMTSEFeR7R

. KFQU‘%B&E S FRR ST 55 Feny RTHHUSSEWAWHSE

AUE<, &R
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FetR R SRR S

- 5o
+ DIVF FO,F2,F4
+ ADDF F10,F10,F8

« SUBF F12,F12,F14
- ADDF FfISUBFEB{EDIVFRIZERE
- WIEDIVFEHRE, Silfn?
— JEXERE T
+ ldeas???
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iR SRS E ST el

- FEfArRER

— WIERFVKE R LIERIEES [RREISSRIFIESEIT S, M
PSSR RILAEFIIT, NFRZAK SIS ata e

~ IRRIESHIEEFLIERE

- HEIER, SIESEINIESIRESENSRAPRE

- BIFARRIMBIXEEREBR, YIRIESIEESA~ERFR

- ERENEL, FRERE

- TKEEEZ, ERNEEER, BIEREIESHMELRE TER,
EXFMER T, BIETINELE,

- REEMEETEN, Alpha 21164, MIPS R10000F 3 FafEeHT,
(BiEIHEIEIE10+E, —MRBEMEEILIE, RERFERGH
SRRTiRT,, NIEEE FPAVERMERERR, REIUEIERRS.

- FRIRFRETY Rk EM S, A2KXMEM

— IEHUTHIFIE BN 2RI
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MIPSHRYR &

. IF

— page fault, misalighed address, memory protection
violation

« ID

— undefined or illegal opcode
« EX

— arithmetic exception

- MEM

— page fault, misalighed address, memory protection
violation

- WB

— none
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QL IR FRRT AR R BERYIN A

- BiE1: ZEXMaRE, HIEEHmad R
— [RKRYsupercomputerfJsTiE

— (BRI EYIXIIEEE ;ZRtnERIR AR, RE
7(?11%%’]L%k- *%Xg ET*EE%E IE

- BiX2: EFRESER, BIIRHATIRIES
175
- SIEIETTHYEIEAOSAT, BufferXIRK
— Future file (Power PC620 MIPS R10000)
« BEHITER, RIESHFIA
— hlstory file (CYBER 180/990)

SESTEDN
EI’J _sxﬁﬁﬁl)?EEE’JLd’E*ﬁZ MRSEERE, BEREE

3/23/2025 chapter3.79




3 & AMHIE

-+ 73 LHERIRAIVLE, REERZIE

— NEHEIERFEBHPRS

— 1B EEARFITRIESHIIT

— {5an
* Instruction 1 - A FYTRTEIRIS, SlEEFEENHES

« Instruction 2, instruction 3, ....instruction n-1 FxH{TH9ES

 Instructionn BEHITHIES

« BFENFRIESENITR, BEFINREIGNEN+1FZIESTIRAT, W
REBAMRFEIRKERIPCE, ABAKME] LA EInstructionl
Instruction n-1 B94T

- BiE4: FiER5, BRRESRRIIESEHUTRENTEMK,
BASTHRES.
— TEEXERRIBIERFRIA (MIPSHZKERIERI=1NEHAH)
— MIPS R2K to R4K LAK Pentium{sERIXFR 54
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- J +-convert
[l compares
#stalls
[0 multiply
o = divide
E‘: = M divide structural
;

Stalls per FP operation for each major type of FP operation for the SPEC89 FP
benchmarks
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FIIEFRIE<SHIstallZ)

view as % ol performance reduction if CPI=1 is the ideal

FP result stalls

FP compare
#stalls stalls
branchiload
stalls

FP structural
stalls

el

L]
=
=
=
=

mdljdp
SUZcor

hiydroZd

The stalls occurring for the MIPS FP pipeline for five for the SPEC89 FP
benchmarks.
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MIPS R4000 (1991)

. SCBRAY 64-bit #1322
F41100MHz ~200MHz
RIRBUTIKE: (REERZZ) (BRITIRA

superpipelining)

TC «»  WB

|‘|"|E
1

1 I Write back for

: t : : loads and RR
\Data Caché Data Cache ' ALUoperations

[F « IS + RF : EX . ['J[*'; 15
I

!
1 1
lbmn Mpmalr v

1st half Znd half

FA, ALU, branch tgl.  Taq Check - data
ICache Fetch comp., condix eval cagcne hit detect

Inst. First: PC select RegFetch, Icache hit
start ICache Fetch  detect, hazard detect

Inst. 2nd: finish

3/23/2025 83



MIPS R4000098 ZREEEARIKE:

. |F—E!?|E|JJB‘ SRR, EIFPCE, RKIES

cachelt

. ;S—,E!?alli‘ﬁzl:ilé*l!ﬁ FEFZIBIAIES cachely
- RF-IEZIFE, SFiFamigil, AXEMNIRES
cach EI:IIJ$ _lfl)l

e EX- &% auhil, H1TALUEE,
vl'% E’,tﬂ:ﬂl Sl §mﬁ:

. DF—E!%SHE iplaEiEcachefYBIEER 5
- DSHiBaERcachefliB 325

+ TC-tag 18, HELUEcacheEHB A
- WB-LoadiZ{EFIR-RIZF{ERIE RSO
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=T

EERAEREANIBR T, Load FEiRA24 cycles
— Loadf IS5 EERAUES B /INE 25515 E M Moubbles
— [REA: loadAVZEREDSEEHRAT A A
ﬁiLLy\cycles
-5 \ﬁ'ﬁﬁﬂ‘ﬂ SBIFEEIFKIES T3 bubbles
— [RE: BRIt EEXER S serE
. R4000EI§;12|T‘,7J<?§FF. ZALUSG NinB Y1 EME
— EX/DF, DF/DS, DS/ TC, TC/WB

IF =« Is i RF + EX . DF DS : IC:« WB

: l . l
]nr Memor i.-'HFmg' E Ibmu Mt-man'}f I_l:_lltog
] I [ 1 I
1 1 I
I‘ : ) ! I Write back for

| |
| |
: | : : L : | loads and RR
1 ! ; ' ALU operations
Data Caché Data Cache
15t half Znd half
Inst. Z2nd: finish
ICache Fetch

FA, ALU, branch tgt.  Tag Check - data
comp., condix eval cache hit detect

Inst. First: PC select RegFetch, lcache hit

3/23/2025 start ICache Fetch  detect, hazard detect chapter3.85



TWO Cycle
Load Latency

THREE Cycle
Branch Latency

(conditions evaluated
during EX phase)

Delay slot plus two stalls
Branch likely cancels delay slot if not taken

3/23/2025

IF

IF

1S
IF

1S
IF

RF
1S
IF

RF
IS
IF

EX
RF
1S
IF

EX

RF
1S
IF

\

DF
EX
RF
1S
IF

DF
EX
RF
IS

|F

DF
EX
RF
S
IF

DS
DF
EX
RF
1S
IF

TC
DS
DF
EX
RF
1S

IF

TC
DS
DF
EX
RF
IS

IF

WB
TC
DS
DF
EX
RF
1S
IF

WB
TC
DS
DF
EX
RF
1S
IF
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ALUEINImAYEMLR

RA0006 % KE FALUBAF OIAZ 4 &

I
EX/OF DF/DS  DS/IC  TC/WB

IF: IS : R i[|[/[EX ¢ DF { DS i TC i WB

B iEse Reg
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MIPS R4000 ;Z ra253E

« 3MINEESR(H4ERY: FP Adder, FP Multiplier, FP Divider

3R/ ERNRE—SZE(ERFP Adder
FPIZ{EEE2 (negate) 112/\ (square root) cycles

8 FhEBIAYFP units:

— Stage Functional unit Description

— A FP adder E#{ Mantissa ADD stage
- D FP divider Divide pipeline stage
— E FP multiplier Exception test stage
- M FP multiplier First stage of multiplier
— N FP multiplier Second stage of multiplier
— R FP adder Rounding stage
- S FP adder Operand shift stage
U

Unpack FP numbers

Each Stage has one single copy
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L ICES ek i %53
A T RINEESR B v K B
D F R i v i Tl B
E F R IRVA 1) b )3k B
M 5 R IRk AR et g — NI AKE
N F R IRE SR TeyE 2R EE ATk B
R F RN R ENEBE
S F RInEES BIES 2L B
U JEITE B
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WIS EIZ REURIFIER R AIIn L BlfRE

Bame | ot R R Rk B
. & 4 3 US+AA+R,R+S
T 8 4 U,E+M,M,M,M,N,N+AR
% 36 35 U,A,R,D28,D+A,I%+ R,D+A,D+R/A,
KPR 112 111 U,E,(A+R) 108 AR
B 2 1 U,S
R4 X g 2 1 U,S
U7 5 R 3 2 UAR
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MIPS FP #t7KER

FP Instr

Add, Subtract
Multiply

Divide

Square root
Negate
Absolute value
FP compare

Stages:

cCwLwI =T

3/23/2025

2 3 4 5 6 7 8

S+A A+R R+S

E+MM M M N N+A R

R D2 .. D+A, D+R, D+R, D+A, D+R, A, R
(A+R)08 AR

cccccccachk

> owmwm >

R

First stage of multiplier A Mantissa ADD stage
Second stage of multiplier . .
D Divide pipeline stage

Rounding stage .
Operand shift stage E Exception test stage

Unpack FP numbers
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Clock cycle

Operaion Dswestall 0 1 2 3 4 5 [6 17 8§ 9 1 1 I
Mitply Isee UE#MM M M N [Nl R
Add Tisue U S+A AR RS

Tisue U $A AR R+

Tesue U S-A AR [RS

Stall U 54 [ AsR| RS

Sall U |sA|l AR RS

Tisue U [ sA AR RS

losue U  S+A AR RS

FE i 2 Taddig S A LATEN cyclesfa#i & 57

3/23/2025
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Clock cycle

Operation lssuefstall 0 1 1 3} $ 5 67 8 9 101112

Add [ssue U S$+A AR 4§
Muliply [ssue U E#EM M M M N NA R
[ssue U E+MM M M N NA R

A multiply issuing after an Add can always proceed without stalling
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Clock cyele
Operation  [ssue'ztall 25 26 27 28 29 30 31 32 33 M 35 36
Drivide smedm D D D D D D+A D+R D<A D+RK A R
evele 0.
Add [zzue U 54 A+E E+5
[5zue U S+A A+E E+5§
Stall 8] 5+A A+R ER+5
Stall U 5+A A+R R+S
Stall U 54 A-R E+%
Stall U S+A A+R  E+5
Stall U A A+R E+5
Stall U $-A A+R  E+5
[55ue U S+A AR
[zzue U 5-A
[zzne U

3/23/2025
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Clack cvele
Operation ~ Issueistall 0 | ] Yoo 4 8 6T 8 % o on
Add T IS4 AR ReS
Divide Stall U A R D DDDDUDTDTDD
s U A R DDDDTDDTDD
[sqe U A RDDDUDDTDD
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R4000 t48E (2)

SN I‘xilw lLoad Branch | FP Res. I'P Struc.
CPl Stalls Stalls Stalls Stalls
COMpress 1.20 0.14 0.06 0.00 0.00
| eqntoft 1.88 0.27 0.61 0.00 0.00
I espresso 142 0.07 0.35 0.00 0.00
I aee 1.56 0.13 0.43 0.00 0.00
l l 164 0.18 0.46 0.00 0.00
IIHTEGER AVERAGE 1.54 0.16 0.39 0.00 0.00
I doduc 2.84 0.01 0.22 1.28 0.22
I mkljdp2 266 0.01 0.31 1.20 0.15
[ ear 217 0.00 0.46 0.59 0.12
I hydro2d 2.53 0.00 0.62 0.75 0.7
ISI.tEn‘:{H 2.18 0.02 0.07 0.84 0.26
IFF' AVERAGE 248 0.01 0.33 0.95 0.18
IG‘I.I"ERALL AVERAGE 200 | 0.0 0.36 0.46 0.09

FP result stall
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----- because of FP RAW Hazards
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B AR mIK S/ NG

. MIKEEIR E’JIE;EQ-:;E (HIEE) , MAEREFR
?Evﬂﬁmﬂﬂ_r_

- fEKERH T iRk L IEEERI AR IE

- SSAEX: FEBESHIRTER
- FAEEX. FEEM, mFEAE

- T::?EH*E?& REMmNSEME, iTEBbiL, RS,
Fil

BT ERRSIEMERXRERIRT BETE
- B8, ZFRIEE(EERKEIEEIEINSE R
« %R %E_JB?E{EE%HE*E**ﬂi:efﬁﬂ?ﬁééﬂflﬁ’f'ﬁ

— Load ZEIRFE
— Branch IE1RfE
— Branch¥igl
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. RKEBAH RS MESIRITRE,
CALMER S, RAREIE

- ZMESZERHRT, BERAENSIR
- MIKERIERED . BILER, MNELL. ¥R

— K& RIRI—= BRIV —ER

— HBTERYNIERLY = 7K IR EL
— KR PRI (Bl A g B IIEREY
— TKSAAER NI BFIHESHTE, (EE IR

- BFFEEXEE, SSHKEEm

— SSHER. 2L
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/
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