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2 >J: A Single Cycle Processor
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2 >J: Multiple Cycle Processor
° MCP: —ANIIREFRAAE— AR R AT DABAE A 251K

PCWr PCWrCond PCSrc BrWr
Zero |
—_ 1
! j( f TorD MemWr  IRWr RegDst RegWr ALUSelA — Targe:I
I A

1
Z| 32
. , 32 | S
/ I\ <
o~ ”32 il Rs / %l L/Q \Zero
7 "0 a 7 ™ Ra c 7
2 RAdr SR R busd . <] 2 L > _I
33 ¥ deal o | [~ 5 I 4 ~ |
Z =, ol 3 Reg File | 32 T~ Cl
e Memory S Rtl= 4=—10 7
A {wradr ~ |32 |3 c Rw /, I 32
32 : | | © Rd[X 32
+—| Din  Doutf~ g e I_’ busW busBI 32
32 ITT _\y 2 ALU
| [1 Mux oN— 3,
| << 2 p Control
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Imm ¢ 32 ALUO
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B2

Timing Diagram of a Load Instruction

| Instruction Fetch | Instr Decode/ , Address ;Data Memory, Reg Wr |
) 1" Reg.Fetch I L L -
Clk | | | | |
J | | 1 |
'I b Clk—tO-Q | | | |
pc Old Value ! New Value I | | | *
l< | | | |
! I > Instruction MemoryAccess Time I I
Rs, Rt, Rd, | Old Value X New Valle I I I I
Op, Func | I , I |
I‘+’| Delay tprough Control {.ogic I
ALUctr | Old Value | INew Value | | |
| | | |
ExtOp | Old Value : ‘\ ;New Value ; ; |
I I l I I I |
ALUSrc : Old Value I : \ :New Value : : i
1
I } } } } A
RegWr Old Value I 4 |New Value | I | S
| le—2 : > Reglster File Access Time ! | é
busA Old Value | X |New Value T
Delay through Extender & Mux :‘—3—’: ! ! %
busB | Old Value X iNew Value I | =
D
| e » ALU Delay ! | 4
Address | Old Value XNew Value | | =
| Data Memory Access Time ::: :ig
busW I Old Value | New |
1 1 U ot0fansH -
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° Laundry Example

* Ann, Brian, Cathy, Dave
each have one load of clothes to
wash, dry, and fold

 Washer takes 30 minutes
e Dryer takes 40 minutes
e “Folder” takes 20 minutes

IR IRREBEYAIE, R zHE?

Pipelining: It's Natural !
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Sequential Laundry (B475)

6PM 7 8 9 10 11  Midnight

| Time

Rl e e I s i I s sl e
30 40 20 30 40 20 30 40 20 30 40 20

2 | @ [o]g;

L ® Oakh__

| © b7
@ Tiopay

° BATHIT, 4 #KWRFEMLT 6 NBT (4x(30+40+20)=3604%)
> NH#LAKMR, TFiEFTHIEE A Nx(30+40+20) = 90N
o WIR AWK E T YER AR, WITEZ A [a) e ?
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Pipelined Laundry: (Start work ASAP)

6 PM

7

8

9

10 11 Midnight

Time

30
|84
‘ Tk
i | © i
B e

||
40 40 40 40 20

AT A 6/NEF, NHEIU A 90N 434
H#E30+4x40+20=210%} (3.5/ME})
1R A NHEAK iR Ve ?

FrAE R A 30+Nx40+204344
e — P uf B M, WIELRAT
AR =AM !

7’

WKTTAT, Friehd 8] E 255 KHr B EH < !
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H2>]: Load$s<HISTHrE

WL iMER2 P BR3P BB4 P BES
Ifetch Reg/Dec Exec Mem Wr

Ifetch (HX3R) : NI FERREIE S It EPC+4 (F 2| MFLE 42 )
Ta & iEe% . Adder

Reg/Dec (BXEURIED) : FARanEXEL, RIBXTH4 24T RS (F 2R LEE4? )
RS HERE O, FEFMLES

Exec (PAT) : THE WA TTHAE (FH 2IMFLL 442 )
RS ALU

Mem (A7t as) : MNEIRFAERR it (FH RIRLEsf? )
B2

° Wr(Efifr#t): MEBURE S RIF AT (FHRIMFLEEE? )

FHHHETO
X H A2 HE R ORS00 & A A B 3 .

5 FIPATE R R A M BER "R ? AT LRI kT8 We ?

o}

(0]

(¢]

(¢]
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HURE TR SR B K &t e

° A NP EAERIERT B A .
HFg: 2ns ™

fﬁiii o | LoadfH4#ATRIFLEI4: Bns
e oo [ (BUEREBLETG. PCUI. S B RAALE)
T E: 1ns

> PR Y

o FEIRSE—I PN SE R
o FEAHETRKFIWES KT TE, BI: 8ns
o BATHUTEY, N&IESWIPATHIEIL: 8Nns
° WKL RE
o WP BIE TR BATERTEN: 2ns
o AL HIPIATHEA: 2nsx5=10ns
o NA&TRHIPATHIEI N : (4+N)x2ns
o ZENTR KR, HEfTHRImA 4 1%
o HAUBEAENEWIm, SHrEBHEZE2ns), WIS SH A
EV KL AT I 8] / LK ZEHAT N TH] = WK D REL
WKL AT, BEABRSWPATHEIARRYEE, HERXKRESRAHFLE
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MK S ER T

° BHHARIERITR S E/ R T MAKLHATIE?

« A KERE—B, FHTHILITE S 18RS HAE
MIPSTa & # =324, BRI ITHTES, H MHkvHEITE: PC+4
X861 MIFEWEIL7TFIIAE, [FHIRHIF A E A

o 158815\, BIRFHAFJOLEMRE, AR TIEIE SR AN BT B
MIPSTE 2 MRS HIRUALE —5E, fEIE MBI H AT S Rs MRFIE

(CEMERMIESAFETMAR, NFLFEEHEsL G4 R FFEEmT)

« Hfload / Storefa & A ReVi M7, AR TROBIEDE, HERAKL
A DU3EIw/swis 4 bk v S FZE H 3R S PAT S BINEELE F — N A
X86IzHRIE S MR T LR N EdE, WF vk, UifF. AT

o FUBRIRSTENTFTE XI5 28 BRI T ViR B /K 6 ) F1 %

B2, MEE, RN —EEREE N TS MKEIAT

TR WK AT T AERKIRE E TR T, IRTHEHUARR AR K L5 5
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Load 54 HImK £

: Cycle 1iCycle2 i Cycle3iCycle4 i Cycle5 i Cycle6 { Cycle 7

Clock | |

N o Y N I

1st Iw| _lfetch IReg/DecI Exec I Meml Wr

2nd lw

Ifetch IReg/DecI Exec I Mem I Wr

3rd Iw | _Ifetch IReg/DecI Exec I Meml Wr

o AR DA TIREERF IR AE AR
o JRHFRLAERE ST REIEE S TR
«  FMoadifF LR TE A TTE MK

o {HEFHH(throughput)iREmiFL, HEBWLT, H:

Pipeline.12
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R-typeds & HI41Br B

Cycle 1 ECycIeZ

Cycle 3 ECycIe4

R-type | Ifetch IReg/Dec “ Exec “ Wr

O

o

(0]

o

Pipeline.13

Ifetch: EX$g<& It HPC+4
Reg/Dec: MHFFAIE, RN T84 R8T PRY
Exec: TEALUSXRIESGHATIHHE
Wr: ALUHE RS RE 2| F T4
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& R-typefll Load 84Kk
Cycle 1 Cycle 2 Cycle 3 Cycle 4 éCycIeS éCycIe6 éCycIe? éCycIe8 éCycIe9
B [ I I I 1

Ops! \é\/e have agproblem!é

Clock |

R-type| Ifetch IReg/DecI Exec I Wr

R-type | _Ifetch IReg/DecI Exec I Wr

Load | lIfetch IReg/DecI Exec I Mem | Wr
Wr

R-type| Ifetch IReg/DecI Exec

R-type| Ifetch IReg/DecI EXxec I Wr

° FRWKLEF A B AERNG 78S
* LoadfE SR 5K Bt AF 7 e 5 1
* R-typefE 4 BLH &R S H
° FE—ANTIREFRAE[FI B 4% 2 &3 S IR #R N 454 B K (Struture Hazard)
° AT H/KEBEIA TV, ME:
o MATIREIHEAIESREEH—IX (: SOARHMREL L)
o MATIREERE LM R BT (. E0RRES LB
T DU LR PR AR 1 S L o
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T 1 FEIMKELF A Bubble” (i)

: Cycle 1iCycle2 § Cycle3;Cycle 4 i Cycle5 i Cycle6 { Cycle7 ; Cycle 8  Cycle 9 :

CIO(?I I I— I | I I— I I I

Ifetch IReg/DecI Exec I Wr
Load | lIfetch IReg/DecI Exec I Mem I Wr
Ifetch IReg/DecI Exec Wr

R-type

Ifetch IReg/Dec Pipeline |L_EXec I Wr
R-type| Ifetch | Bubble Reg/DecI Exec I Wr
| Ifetch IReg/DecI Exec

R-type

° #HA“Bubble” Blii/K&kd, PAZEIEF— BB HIRE S8, .
o BEHIEZHE L
o BESRMBRHBRASHEREM (CPIARL, Mk ER2)

T RAHAT !
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R TT 5E2: R-typeMIWriAE I J5 — A A HIPAT
NOOP!
1 2 3 4 5

R-type[ Ifetch IReg/DecI EXxec I Meml Wr

° II—ANNOPF B AREIR B #4E:
o {0 B AR ZHEEEFESH B, XFAFER-TypefIMem Bt A ZNOP

Clock Cycle 1 Cycle 2 Cycle 3 Cycle 4 §Cycle5 ECycIe6 ECycIe? ECycIe8 ECycIe9

R-type| Ifetch IReg/DecI Exec Mem J| Wr

R-type [ _lfetch IReg/DecI Exec I Meml Wr

Load |_Ifetch IReg/DecI Exec I Meml Wr

R-type| Ifetch IReg/DecI EXxec Wr
R-type| Ifetch IReg/DecI Exec m

ARG P B 45 a2 A0V A R 2B B!

Pipeline.16

20104F4 H5H A



Storefg < HI Y Er B

Cycle 1 Cycle 2

I I

Store

(0]

o

(0]

o

° Wr: In—NMNERIENB, K25 AL

Pipeline.17

Cycle3§CycIe4

Ifetch IReg/DecI Exec I Mem I Wr I

Reg/Dec:

lfetch: EUIE*FFiHHEPC+4
NI, FIN 45> RAD S AT AT
Exec: 16 BB 5y BESHFFHEMM, HHEEF UL
Mem: ¥ FasiL i MEEES 2 £47

NOOP!
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Beqg B 9P Bt

Cycle 1§Cycle2 Cycle 3§Cycle4 NOOP!
| I T I N o=l
Beq|_lfetch IReg/DecI Exec I Mem I Wr I

Ifetch: g4 IF1HHPC+4
Reg/Dec: N8, [FRT$8 2700088 21T 730G

O

(0]

° Exec: BATHIEL o HH PRI 7K 2 T8 %6 FP A B I AR

o ALURTEEBIPAIN B A8 IR/ (AB02) T2 J5 AT B I AT AR 2

e Adderdr T EER HihE £ W@+, FEReg/DeckirB
BHLHEAT TRk p v !

(0]

. SHZE T
Mem;n%;t_iﬁ;ﬁ, LIJ ] LAY Branch$ 4 i
- FB BRI S 2IPC S AT TR AT BRI 7

T W ARG B, KSR E ! KA, PR B 1< BATHr
L B—H#%, Branchif & LFH &N
IR EIRTT5(, ARSI ERE R o, BAFHEEERKTES.
“load” {82 BT & I LABrBOR Ry, ANFRE

IR B —AN“NOP” 4
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A Pipelined Datapath ( FHBii/K £k EdE 18 1)

Clgck-to-Q delay

—
Clk v v v / v v

| e <5 > | e > e > e
: Ifetch (IF) : Reg/Dec (I1D) : Exec (Ex) : Mem : Wr
I I I VB! FfFasE 0 <
I I I i I =
: : RegWrF : ExtOp ALUOp : Branch : g
I I ; ; ; I &8
I I I I I
! o
I 0 I I I I &
o™ o ... o o o &
g > > »| PC+4 > D_ g-?
(-% 53 Imm16 | =
'S > »| Imm16 z :i;
R o A = Rs i »| busA R g Zerd | Data = 4
= *| Ra = < Mem 3
— ) > >|'<|'| »| busB > 5
C e *| Rb - Exec [—(3 > RA Dof—,| S T
= &N |rFile| |8 Unit 2 [ wa o] I
@ > = | pi [S c
—+ . — < i > — X
@ Rt LRw Dj @ — 2] .| 2 .
I > A > 0 1 " c_2 "
B Rd _—— t < |
M4 TR EIX EReg ;
R ARIPITHIZR! RegDst ALUSrc MemWr MemtoReg I

ARTPC, BTAITFR
SHRRIEH, NEEAISEE  NEE - MRS AERK LB FRATIERE woorasim



Hig4 (Ifetch) Bk

° HI10BITIES: lw $1, 0x100($2)

/\/You are here!

IhRE: $1 <- Mem [($2) + 0x100]

Clk v (‘/ v v VIV
1 : lfetch Y : Reg/Dec E Exec o Mem E
1 1 i Tl 1 ol
I I I I I
| ,  RegWr | ExtOp ALUOp | Branch |
I ; ; ; I
| — I I I I
| | | | |
o O Ly o o | o
- _ > »| PC+4 > D_
=
O = Imm16 > »| Inm16 ‘
~ ~ S i »| busA | < | _Zerd Data )
= »| Ra = Z Me 3
— »| [T1 > busB ) S
G P R:Rb ;é Exgc 3 »| RD :é T
= =1 [RFile| |3 Unit 5 [ WA S| B
o 7 = 1 Di | o) c
2| |rt LRwD; | — 12 g = i
[ [=P| 4—4 < OI @ (= "9
— Rd - 1 I > >
f > L
T—H#s: &it1Unit
ALUSrc MemWr MemtoReg

BRRIGXTHE MEggme  ReeDst

MIPS#54 H bk ] 2 100 ?
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fa 2 ¥ Unitf ¥t

° Z10HILR<: tlw $1, 0x100($2) bt 5 TR @ FE 145 BT |

il (st S You are here!
a4t Clk | J‘/f)/
Instr <- Mem[PC]

Ifetch .\

PC<- PC+4 ! e

Reg/Dec

:I E
|
|
S UX | | TFi 145 2
i I | TCHYFE A 1
R 5 e o 5 AR
e 3 Tl | ikBAEEARS
! " S| B (— A
=" = P HIPATER
— 2| | BRETFAREEX
Address = J5 BJClock-to-Q5 A
PCHEH (14) # Instruction S -
Memory ‘A I ZAEER LA B IRAFZ
Instruction[r————b{=" |— VKB FFAFIF/1DH?
BIep B MR G 5 2 R ARAF 5 T M B2 F 31

A 41 |
AFEEBES, Wy, pm o on PO
ST, TR AR & 1R FIRESHIAT R FIR B Ry It e
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PERL/ENE (Reg/Dec) FrEX

° Location 10: Iw $1, 0x100($2)  ZhgE: $1 <- Mem[($2) + 0x100]

/You are here!

-
<«
<
<
[l
-
<«

Clk | | A
1 : lfetch 1: Reg/Dec 1 Exec o Mem E
1 o " T E o 1
: : RegWr : ExtOp ALUOp : Branch :
[ : : : [
| I I I I
L |o | | | |
o I O ... o o o
g »| = > — »| PC+4 > ‘
g S? 2 Imm16 Q D_
'S W) M »| Imm16 z
> > A . e »| busA R g Zerd Data boo)
|(;gp > busB % Mem i
c = Exec [—|{3 | RA Dd—|Z [
ST ELTE 2 RUIRFile|  |po Unit D WA I E
L ? >| 2. »| Di |
AL I g I sElmid RE JB W
AR Rd | 3 , L1
Reg[Rs],Reg[Rt],Rt,Rd,Imm16,
PC+ASFH AR A7 AEID/EXEH RegDst ALUSrc  MemWr MemtoReg |

Pipeline.22
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Load$54 Kbk &R B,

° Location 10: Iw $1, 0x100($2)  ZhgE: $1 <- Mem[($2) + 0x100]

TR OHFEN, A ESAT R RIS S ! YYOU are here!

Clk v \ 4 \ 4 k/ ‘.—'
1 : lfetch 1 :__ Reg/Dec e Exec iz Mem E
: ! i ALUOp=? |° .
’ ,  RegWr | ExtOp=2 | Branch :
| i i i |
| | | | |
I 1 I I I I
0
o I O ... o o | o
- g > i — > »| PC+4 > >|'<I'I D_
O S o = > s | IMm 1 6 < ‘ z
R o A Rs > 5 [==>] busa R g Zerd | Data >
»I Ra ~ t Mem 3
— >l M1 > busB |— ~
- *| Rb 5 EXec |=(3 {rRA D4 T
= RUIRFile| |8 unit] 15| | vA 2 E
73 \ : | -
Rt Rw Di % \ > g > Di . % > =
I > A A >l 0 ‘\ o » 8 '9/
Rd R 1 \ § < I
157 F (025 77 RO LT gt |
feBT £, SER? : |
HAbFE S HIRtYE A H L RegDst=0 ALUSrc=? MemWr MemtoReg

poiness by TERPATER! F—HFF: BT E A (Exec Unit)
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PATHA (Exec Unit) K%t

BT RE AT 4 2 jou are here!
GEWTAIES V
FEPATI B ThRE, Y \
. | o R AP
E‘@%&ﬁwm@t |t = L Mem
; d | Adderfl FHHE A%
AR EiR: | & A HIEE RS Hh
_ - Q = (o]
—REALUIZH — =
i N i Target Z
% 4 f o I IE
(5 S ? e #% 32 3
RegDes=0, ALUSrc=1 |g £ - C
ALUop=add, Extop=1 || busA 32 L
- Zero |
g 2 K 32 Y 12
RegDes=x, ALUSrc=1 |@| busB IS H" ALbout el
ALUop=abb, Extop=1 |= 7 " S|
Je? immi6 |3 sfALUctr  |E
RegDes=x, ALUSrc=0 —— g 1 %
- - 16 32
ALUop=sub, Extop=1 @ C'g‘rll_t%')ol %
Orifg %W ? _ 3
E =7 ALUSrc=? =7
RegDes=0, ALUSrc=1 ExtOp=2 g ALUOD
ALUop=or, Extop=0 R 40?2 RegDes=1, ALUSrc=0
ALUop="func’, Extop=x 201044 15N
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Load35 2 K72 32 (Mem) & #H
° Location 10: lw $1, 0x100($2)  Zhige: $1<- Mem[($2) + 0x100]

You are here! \

Clk v L 4 v v Vlr
1 : Ifetch 1: Reg/Dec E Exec o Mem E
1 i i T i 1
: | RegWr ! ExtOp ALUOp | Branch=0 !
[ | | | [
I [ [ [ I
1
| 0|, | | | |
o O Lo o o o
T - *| > »| PC+4 > D
(@ Q =| Immlé6 <
IS O > »| Imm 16| %
> > A N RS‘ "1 >| busA R g Zerd | Data 5
~ " Ra A e | busB < Mem| |3
= *| Rb 5 Exec [—{3 RA Do = [—IT
= RUIRFile| |8 Unit 5 WA S I
z Je. .| Di | [E
Rt Rw 1D} ("-D'. — - ff,, g vl O >
I > L&—4 < I I R 2 Q'_J'_ p’
LB BT, 154 Rd J o ' 3
HAK&EA AR ?
R MEANRE R M7, (B |
: vt s - RegDst ALUSrc MemWr=0 MemtoReg
ZHBA R INBIER, RS

B! LAENE. e e s
SRR DR BB KB VR Cycle > Ty smoremsin



Load#5&HIEE (Write Back) Wik
° Location 10: Iw $1, 0x100($2)  ZhgE: $1 <- Mem[($2) + 0x100]

_ N

Clk v v v v VIV
I Ifetch 1: Reg/Dec 1 Exec o Mem 1: Wr
1 1 ) T E 1 1
[ [ _ [ [ [
| | RegWr=1 | ExtOp ALUOp | Branch :
I i i i I
[ [ [ [ [
L |0 | | | |
o ll— o ..., o o o
o ) >| = > »| PC+4 > ‘
O Q 2| 1mmis D_
£ O > »| Imm16
R o A . RS‘ iis »| busA R g Zerd | Data c%
»| Ra R I_\n . bUSB (% Mem 3
c | Rb x Exec |[—|3 +| RA D4 | N
= Rt |RF; 3 Unit pe - = 1
— RFile S ni = >l WA Py r
@ 2. »] Di = S
Rt LRw Dj @ — 14 > z > > |
I : Rd il OI > = e 4
HERBER KL, 84 = L
FKGH H AR — .
N N 25 IR S
PEACTAEANGE R A AT, 12 RegDst'  'ALUSrc  MemWr'  MemtoReg*l
ZMBA R YRR, ATRES
SlEER! UENH. HHr B4 DataPathCF, #HME 55 2]?
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W/KEZ F IControl Signals i $£452

° FEELZ: FENHrEHESIE S, BRI T 2 &35 2 HIAPr .
« N = Exec, Mem, or Wr (REX=AHMEFEEIES)
 f5i: Load ®JExec BtH#E {55 = Func (Load’s Exec)

I Ifetch 1 :__ Reg/Dec e Exec o Mem E
; ; Wwr | ALUOp=Add | ° e
I i i i I
- I I I I
| | | | | |
0
o U= o ... o) o | o)
»(-% > ‘I:'I — > »| PC+4 > g D_
g IS ol — o| || Imm16 2 ‘ =
R R | |Rs | = | == | busA R % Zerd | Data >
i > A »| Ra g i Mem 3
_ »| [T] > busB r ==
g R:Rb >;<U EXG_C ->8 > RA D :% :1\
= " rrile] (& Unit] %[ 1 va 2 =
Rt LRw Dj % > g LD > % R
> A A | o > g ,y
I Rd D < I
- L 2 |
KAt 15t il 2nd Fy RegDst=0 ALUSrc=1 MemWr MemtoReg !

BB A EEIE 57

Pipeline.27

|FRTIDF BRI Th REX B 45 48 2 SR ULAR— A%,  HLABr BT RE &R 2oL !
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Load¥5 2 /K& K HME 5
° fEHVE/PERY (Reg/Dec) BrEF=4HATI8 BN B IAEFNIE S
« Execfg5 (ExtOp, ALUSrc, ...) ZE1A AHIJE 13 H

Pk, #EHlES

« Mem{&5 (MemWr, Branch) ZE24 & 85 18 BRI
. B s !
 Wrfg 5 (MemtoReg, RegWr) 7E34 & #i J5 18 H
: 3 Reg/Dec : : Exec : : Mem : . Wr
i g g i ]
| | | |
Q ExtOp Q ExtOp Q Q
ALUSrc ALUSrc
m
— ALUOp —| ALUOp X =
= Main RegDst rgn RegDst- % =]
O Control 1% 3 2
5 MemWr 5| MemWr D MemWr T
Q <. «Q @
@ Branch @' | Branch |z | Branch Q,
: E : :
MemtoReg | MemtoReg MemtoReg = | MemtoReg
RegWr RegWr RegWr RegWr

EATKEBFAAE — A1 A 58 R 45 48 2 R AN B AR !

RIG, 76 F/MRTENEIART, SEHAT AL B DR BT AL e 3R 0 5 T B B A 3 A 3
B 384 STEVEL HIOSAPIR) FIEHE B EIRUK R F AR
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WK Control Signals

° i X R FUK LR BB, 1SH0:

o FABAN IS SARPCHE, FIAPCAREEREHIGES

s MKBRFHFEBNMNBHEBEA—R, UAFEEREHIES

o Ifecthft BxflDec/RegM BXER B 5 5

« ExecHrBIEHIESH LA
ExtOp (¥ E2E1E): 1- TSV E; 0-FF B
ALUSrc (ALUKIB IRYR): 1- RIE T3 Eds; 0- RIETBusB
ALUOp (E#EHigskmt, HTHEIRIMALUEFIZHERK R EALUCKI)

- RegDst (16 H % F8%): 1-Rd; O-Rt

« MemBr&#EHIESHHA
MemWr (DMK E55): Storefg&mf 1, HAhFES A0
Branch (& A7 XTE%): XT84 EHN1L, HfhigSH40

« Wrir & #1551 A
MemtoReg (F A EAIR): 1- DM¥EH; O0- ALUMIH
RegWr (FHF#HEET): 4REFHAHENIESE AL, Hihig 440
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P85 Control) K

° WIKEIEHIZ BRI
o TAIBSWEHIE SR SPAT HEIEAZL
G/ R B 2 R AR 2 BRSO ? )
o 5 F IR HIZE R IR
(LS R R A 2 R G2 8 & 2 BRI ? )
o WitidiE
= 12 45 73 RGP B 4
— TEEIZHE. ERALUop A HAREHNE S
—  JAEALUEHIZ . BIFEALUopFIfuncF B4 BALUCTrI
FEMAEREIRLSFESE S Z RFIXREA
5 HEMEHE S HEEREKX
o EHIZBERHEIBIEIDM B, FAABIEIDIEXTAKBRFAET, ReER—1
IEHERE T8 R IE B N —RAUK B F 7o

o [FA—IZEARPrBHITARTES, B RBrBHEGIE 5 NAR KRS
o id R A 2 R R B R 2, B TR EM AR
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PCSrc

“xegz="

W R ERIE S

IDVEX
A B LE)UMEM
~{Control | M wWB
l'. III-'- UEMMB
. N\ AL—Ex M B
}A.}I - e \‘
4 / Add Add -
— . rasult Branch
= ALUSro | -
8 —
e g
Address 5 o | Fiead 5 D:D
i register 1 Read »- - E E
E Foad data 1 - g
Inatruction E *| reqister Eﬂag >AL|.| I:_rﬁ ) B Read
- o, T 22 T e = [T
Data i
Wirite X ] Dl 3
| data e, 1 L
N Writs
— v 7| data
Instruction / \\'
s-o 16 sign | 2 8 [ aw | g
| extend ™™ control Il— MemPFead
Instruction \\. /
[20-16] N s | ALUOp
M . .
Instruction u
[15-11] &

RagDst




Load$52 ik & HIEHIE S
° FEHUHUTERY (Reg/Dec) MrBE=HEARIg BN ERITAEGIES
« Execfg5 (ExtOp, ALUSrc, ...) ZE1AN R F 46 H
« Memf§%5 (MemWr, Branch) 72/ 3 j5 18 H
- Wrf5 5 (MemtoReg, RegWr) ZE3MNEIMIEMH R (XERTLHRB? )

FrLl, EHE S M BERAAERKBCT A ! RtflDatafERegWr/RNEIIE 6 471 ?
| | | |
I i, Reg/Dec | Exec g Mem g Wr
15 i i o
| | | |
Q. ExtOp ‘9' ExtOp R QO ﬁﬁé,‘ XH QO
ALUSre | [ ALusre || BHAHAE! -
= ALUOp _|5[ ALUG» |  |S— ) [
= Main m > — 3
O Control RegDst (¢ | _RegDst , 3 < —
.| Contro S b
ép MemWr | (;..E MemWr D | MemWr T Data
@ Branch |z Branch % Branch ccé).
2 IE 16 %
MemtoReg MemtoReg 17 MemtoReg € | MemtoReg
RegWr S RegWr . RegWr RegWr

RIFETUKBCT AT RE R (BRI BoAR @k BT i 4 %
REHIES) —@4LE s F— KR!
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Wriir Be BT 36 A2 — 1 SERR Y 1) L !

Clk | Clk l
1 1
RegAdr | X WrAdr ! X
I I i
RegWr 1 / MemWn /£ i
% :RegWr’s Clk-to-Q % : MemWr’s Clk-to-Q
—p] ?:_ —p] ?:_
—_—| . —_l N
| RegAdr’s Clk-to- | WrAdr’s Clk-to-
o g Q o Q
RegWr MemWr
< m
@ X
3 l < l
g @
S | RegAdr J  Reg S | WrAdr | Data
Data | File Data | Memory

° FEWKEZR P AFAERLEE A B R Al T A
o WrBtFFERt, W RegAdr’s (RA/Rt) Clk-to-Q > RegWr's Clk-to-Q, M4k 'S 257 4s !
« Mem WrERITEENT, R WrAdr's Clk-to-Q > MemWr’s Clk-to-Q, M4 S fEfiE 5% !
° NEEHZ AT RTE! A
RN 5] 2045 22 A B b R frT Kb 3 S5 4 (] LK) 2
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A\ A ol el 1)

o g AR Addr F1 WrEn 2 5] 24 ) 55 i 5 vk
o 1% NJEBIG AT, iFAddrEEgy Y RIEAddrE S7E
o 755 N + LA BLEWIENE %K

WriteEnablefZ 5
ZETRA

° ERITEAERUKEL AR, B

o FANERIUINGE® SRegister ——
o FANEB IR EMemory

cm?l_ |

Store Ifetch IReg/DecI Exec

R-type

° R] R ?

Pipeline.34
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e AR FIP A I R 2

° fRIRTTE: BWrite EnablefiFt$fE 54 5

J0H BT KRS R A e IR
(BA: Be&HEit“Clock™!)

Clk | I_ 1. Address, Data, f1 WrEn 55 4E CIkiZ1 ¥
L N 2R 5 2 /DI E —A set-uph[E]
| _Addr :
|_WrEn _:_/ 2.CIKFE H PR TE] KT 5 ARE
C_WrEn | /— Actual write —» '\
1
| .................................. WrEn
WrEn Q D&WrEn \
I WrEn \  Address | .
H - v E - Data Reg Flle
Data [ Data or 7 O Memory p—
e LMemory——

A 2 T B PR S5 e £ ) BT AR 5 77 BRI e 2
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Tk 25 FEE K DataPath )3 i3 1E A
Cycle 1 Cycle 2 Cycle 3 Cycle 4 ?CycIeS ?Cycle6 ?Cycle? ?Cycle8
Clock L[ LI T 1 | | | L1

0: Load| lfetch IReg/DecI Exec I Mem

Wr

|
4: R-type| lfetch IReg/DecI Exec I Meml Wr
|

Exec I Meml Wr

8: Store| _Ifetch IReg/Dec

12: Beq (target is 1000)| Ifetch \IReg/DecF Exec F MemF Wr

End of End of End of End of
» N\ £ ==Y .
FEUT LA REIRDL: Cycle4 Cycle5 Cycle6 Cycle7

o}

End of Cycle 4. Load’s Mem, R-type’s Exec, Store’s Reg, Beq's Ifetch
End of Cycle 5: Load’s Wr, R-type’s Mem, Store’s Exec, Beq’'s Reg

End of Cycle 6: R-type’s Wr, Store’s Mem, BeQq’s Exec
End of Cycle 7: Store’s Wr, Beg’'s Mem

V. R RO, ERIE S HEBEERD RS, AEUHERE SRR

(e]

(e]

O

20104F4 H5H A
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—

4500 14 RO PR s

° 0: Load’s Mem 4: R-type’s Exec 8: Store’s Reg 12: Beq’s Ifetch

.12:Beq’s Ifet . 8:Store’s Reg . 4: R-type’s Exect ; 0: Load’s Mem 1 9:¢ \wr
o] e o] e ol e ol e |
I i I I I
! ! 1 © ALUOp=R-typd ! _
! ! RegWr=? | ExtOp=x : Branch=0 : '/—\OEE?H
I : : : | HR
| — 1 Clk | | B Si-ke
| | | | |
° o ..\J o ° °
—_ . > — »| PC+4 »| M1 D_
8 Il Imm16 ~ X ‘ <
— —I—} m »| Imm16 Z @
1 o iy ) =
= | ' Rs | || HusA R Zerd | Data
> D1 [=»|Ra L B 5
@ o busB Mem =
— o =P 9 py) 2
- =| =R @, = RA Do - [—T]
> 7] Rt . 2] = > Q
~ = RFile o 3 1WA o <
S| I re lRwni % "% o 2 %
— 1 — > >
[ |=—p| 5 |= B " 2 0 Y (S g
> | |Rd (I_P L2 c |—
»| O L = - |
W R MemBfr Bt Z&Branch B l
Zerohl, SER? RegDst=1 ALUSrc=0 Clk—1 )} MemtoReg="?
MemWr=(

Pipeline.37 201044 H5 H A3



5 T 14 RO RS s

°0:Lw'sWr 4:R's Mem 8: Store’s Exec 12: Beq's Reg 16: R’s Ifetch

-, 16:R’sIfet -, 12:Beq’s Reg ., 8:Store’s Exec 1 : 4:R-type’s Mem 1 0: Load’s
| e ::: ‘e >l Wr

|

I

. i
' ALUOp:/AddIl/
ExtOp=1 | Branch=0

LI
>

< <
D D

v

»

RegWr=1
Clk

reia \J

Imm16

Rs
==| Ra

= Rb
Rt RFile

Rt LRw D)j

|sserpV S,9101S WIN/XT |O— -4

PC+4

v

|
|
|
|
|
|
|
O
T
@)

]

d’® vsnq s.bag :x3/a1 jo-

Imm16
busA
busB

i

BN
(@)

Zero| | Data
Mem

—| RA Do LN
—| WA §
— — Di 7
2y
D
(9p)
Do :
|
| |

‘ . | | |
FI—FAMEARTR. 5, WHEM?  RegDst=x a| ysre=1 Clk— ) MemtoReg=1

Y.
RIS G LT T RBEPIRR, R MemWr=0
BRI IANS, SRR e a0 S DA TR BRSPS R |

Pipeline.38

> p+0d

v

——

|

1

|

[

1

|

|
O
- [3
=
=
Py

vy

v
p—A?

nuN|

0]

v

i

9T ® uonan.aisuj :ql/4l |O— N

v

Rd

v
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B~ A G AR HPRES -

° 4. R's Wr 8: Store’'s Mem 12: Beq’'s Exec 16: R's Reg 20: R’s Ifet

20:R-type’s Ifet _ 16: R-type’s Reg .12: Beq’s Exec : 8: Store’s Mem 1 4- R-type’s
| ‘¢ ol ‘< ‘e < >l

> ] N | _ ‘e
i I : f o 1 Wr
I I I ALUOp=Sub' I
: : RegWr=1 : ExtOp=1 : Branch=0 :
[ : : : [
| I Clk I I I
o FYS U o o
- ~1_PCH4 R %I_; PCH4 | ™ D_ z
B Q | Immilé6 = X | @
O IS o >| [T [l Imm 16 2 3
I o =
=>4 = | Rs o 7y |_> busA |y % Zerd | Data §
_ a =z busB = Mem 0
S c Rb @ "B = rA D[
= o Rt . %) Q0 ct 1
= e, RFile o w WA =) Z‘
S c .| o ‘ Di = c
Sy ML NN p g W IE SEI A
I ——— > - E
99) i —
IfetchF1Reg AN & H14 : : :
FIRRXPATHIER —HE ! RegDst=x Al USrc=0 Clk—D- MemtoReg=0
MemWr=1
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G A B 45 R HIRES -
°© 8: Store’s Wr 12: Beq’'s Mem 16: R's Exec 20: R's Reg 24: R’s Ifet

24:R-type’s Ifet | 20: R-type’s Reg ,16: R-type’s Exect : 12: Beq’s Mem 1 8: Store’s
e Al e e o e

LI
»

R : i i | Wr
[ | I ALUOp=R-typd l
: | RegWr=0 | ExtOp=x : IBranﬁ :
|
[ | | | [
1 I Clk ‘ I | I I
L |, | | | | |
o O Ly o o o
T g - "5 »| PC+4 »| M <
< ? =| mml6 | O »| Imm16 % %
I IS — > >
O X =
§ * A ; |1{S Ra ;P —> busA > % ZeI‘( Data g
© — 2 < busB e Mem =
g E R Rb -8. EXE?C #g » RA D > % R 1\
Ems, | = 2 RFile| & Unit 2 { wa EA =
il = = : 5) — > Py > D1 — P>
)\JZerO #1 , ® Rt LRw T21 R > 5 & R 2 R 9/
1% H H B A 1) R T |
. . RegDst=1 _ Clk—] . MemtoReg=x
H% B ARt R %44 PCTT ALUSIe=0 ——~
fee FEEEHIE K !
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A\ VI ‘\ N, L \‘ :ED
Je G5 B THT PR 7K 2 AT I 2
Cycle 1 Cycle2 Cycle 3: Cycle4 Cycle5.Cycle6 Cycle7 . Cycle 8

Clock | | | _ | ] | ' |
0: Load _lIfetch IReg/Decl Exec I Meml Wr

4: R-typg Ifetch IReg/DecI Execl Memi Wr

8: Store]_lfetch IReg/DecI Execl Meml Wr

12: Beq (target is 1000§ Ifetch | Reg/Ded Exec Mem §f Wr
167 R-type [ ifetch JReg/Ded Exec | Mem | wr

20: R-type | Ifetch | Reg/Dec Execl Meml Wr

24: R-type [ ifetch | Reg/Dec] Exec I Mem

1000: Target of Br | Ifetch |Reg/Dec| Exec

° [EMZRIA BIERE, [E1EPAE
 Branchif&MiNHiEREHES? B Hirtat/ER LR EHK?
- FNAMER ZeroMEBHLE. B-UAMEHEE I RIPCI AN, 55 /\ AT

A BEAR R ot ENFR 4
- WRBranchi8 S PATE R EFTEEHE (FRhtaken) , M ?

*  Load¥5MTI REIEHIE SR F4%? BILAMIT R EHIE?
- BHAMBAN. BARMITIRA e H
- WREHER-TypeHI#IFHEload i< BT AN AR, T ?
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%%ﬁﬁj‘?ﬁ‘%‘é(B ranch)5 [ H)“ ZEIR" IS

Cycle 4 Cycle 5 Cycle 6 Cycle 7 i Cycle 8 Cycle 9 Cycle 10; Cycle 115

Clk | | I | | R |

12: Beq| Ifetch IReg/DecI Exec I Mem\l Wr

(target is 1000) I
16: R-type Ifetch J Reg/Decj Exec Mem J| Wr

LB | L /De} Exec I Meml Wr

24: R-type | Ifetch

Reg/DecI EXxec I Meml Wr

1000: Target of Br ||VIfetch IReg/DecI EXxec I Meml Wr

° BARBeqis &S VU R HIEH, 1H:
o BAnHiibAE S LRI #8502 PCHY S I
o« 35\ JE B GEEH B PRtk AL K48 S AT
. FEIHRESZH, BB =4&HESHEE, BUET =42
° XMIMGEFRAEHIE R (Control Hazard )
(FE: WAL EREFEZER (Branch Hazard) )
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HAFE2 (Load) 5K FEIR" L FR

Cycle 1 Cycle 2 Cycle 3 Cycle 4 ECycIe 5 i Cycle 6 ECycIe 7 ECycIe 8

clock LI 1T 1 | | | | | |

10: Load| lfetch IReg/DecI Exec I Mem I Wr__

Plus1 | Ifetch §Reg/Decfj EXxec Mem\] Wr

Plus 2 | Ifetch §j Reg/Decf EXxec Meml Wr

Plus 3 [ ifetch [Reg/Ded]] Exec | Mem [ wr

R-Typg lfetch heg/DecI EXxec I Meml Wr

° RELoadfg7E5E — B AEL, (H:

o HIERIEE AL KA E NEFHFH

o TEENFEBN, BAKREIEA seHH

ZiR: TfELoadiB 4R A A, CEA =K1 H

(2R FE 5 e ZH BLoad MEIE 1S, MHFELER =LA REH! )
° XFILZE AR A £i4E B % (Data Hazard) 845 #H><(Data Dependency )

Pipeline.43
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HHABRNG

° FRAMIPATIT DMBRYERIR—FE, HRKE s T
o WHRIES TR ENGG, EAREYEE —518 2 AT I [A]
o MKBHUBRRESIIFILRECITE (ARSI LEHMBEATERE) , &
AN B 5 B LA 2B B A I (R A v ORRE AT & M B3 i)
° PLoad$g 2 A#E, 4 ARAPIE
o BFRSE(IF)
B¥84 . tHEPC+4 (IUnit: Instruction Memory. Adder)
o BFAELE 743 (IDIRF)E
T4, BERsHMIRt (FEasiEO)
o PUAT(EXE)EL
- WEEZEfRMEE. ALUBE (Extender. ALU. Adder)
« fFiEER(MEM)B
ek 57 E ot (Data Memory)
o BEfran(Wr)E
ALUZ REN DML R BHRE B &F Fds (FFE5H)
° PIK T il A% B SEHR
o IFFID/IRFEAFEHMESEH, RFEXE. MEMMWrFHEH
o IDEBAERBTIEEGIES, TR RIEIE R M 54k Bish
° B AT AT AN I 3 4 ) ) T R B ME T SR AR R
° WiKk&ER: SGMWER. BHER. fUEER
(P = EEN AR RTLK S B B 208 18 2% ] &1t
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5 MKk B R R ab 2
FEARX

° VKE B R LR R
° HyE B RPN 5K
o« i B KRIRRR
MRIBIERALULR: Al LB R R Af
- HMHRKIEIERDMBE KN A : bR RITE < F B PH 2 — AN B
o Bl B MK
B RATI | e S Az
o BoE B BARH 2
R ZE Aol / BH 224251
° FEHIE KIS 5
o FRSDSIIPBA
o BIADSCHREA
o« FARE O SRR
© YKL A 30 3 R T ) Ak 2
° Ui IR BRI 7K 28 5

Pipeline.45
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Mg MAKZHR=M/EK (Hazard) fF

°  Hazards: fRWIKZER|TCIEEHPATIELETRQBPAT T A APATHITE S
o Structural hazards (hardware resource conflicts):
MZ: [ —A A F A R 2 BT e A
- A EESES R LR, H R g € R H
- WESNERM, DBRMR. MR FEAHIM MBIE AR DM I IT
 Data hazards (data dependencies):
WA JaTHTE< HEIRTHIE 4 RN, BHiE<S 4 Rk -4
- RH#¥ K (Forwarding/Bypassing)E A
- Load-use 5[ FHE—IKFHZE (stall)
- IRFEREFPIALTE 2P
 Control (Branch) hazards (changes in program flow):
NG BRERESCRPATHARE, WFHATTR-S7E B btk ™= A 5T S
- KA RGBS TR
- IFREFRAL TR ST (SE4T 43 L AEIR) SKIP

Pipeline.46 201044 JI5 21—



Structural Hazard (Z&#EK) %

Time (clock cycles)

v

Load ™17 % 5

Instr 1 Mem} [ Reg é Mem — Reg

Instr 2 Mem;H| Reg % Mem - Reg

Instr 3 . ) Reg
‘Instr 4 Mem-] Reg % Mem - Reg

WREEF —NFER, NZELoadTg4BUEHE R R B4 /8, MRAEMSR!
TRAST A S LM DS W B S, WRASR!
GER B AR AR RS BT 2 &35 410 .

Pipeline.47
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Structural Hazard fIf# ¥ 5k

AT RRGE B R, e K S SR E B T RE A B BB R U O -
TR E IR B !
#Instruction Memory (Im) 1 Data Memory (Dm)43FF
F B AR OIS DL Ik

(fn: ALUBFESR=FrBHH! )

Time (clock cycles)

I

0 Load

S

t (Instrl

r.

o Instr 2
r

d | Instr3

e

r
vInstr 4

Pipeline.48

Im F

[| Reg % -r Reg
Im L[] Reg % Dm
il N
Im [ Reg pu
>
|| Reg

Im L

2]

Reg
Dm Reg

E Dm Reg
]
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Data HazardEl %

2O LT HESFIF, FES1IKESREER

BT, WA LR EIE?
add r1 r2,r3 8 4% 2 BT HOE 2

subr4, rl r3  iErlft, add¥§4 EEHATINEEXE), Z{E!
and r6, r1 r7  Erlff, addig4IEEMAIENELS R(MEM), Z1H!

or r8,rl,r9  Er1ft, add¥§4IEES NS REIrl(WB), Z1E!
xor r10, rl ,r11 Erift, addfe4E&LEINELE RS2, FiE

- I 9K 2 P A S A
RAW: Bt (FEARKEFTELERE, W LH)D
WAR: FE (EARFRKLEHASKE, 2NN SKE)
WAW: BEE (EARKLEHFASRE, ZNEETHNSRE)
AN BEAGIKE, FrLUMEERAWE K
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Data Hazard on rl

Time (clock cycles)

IF : ID/RF \EX MEM: WB
>
! add r1,r2,r3 | 'm [{Re B,§JE4
> |subrd,rlr3 m ~fR' y}/% %_ Reg
; and r6,rl,r7 Im IRI 7 Em Req
v lor r8,r1,r9 Im R —E[% om | [Reg
? |xorr10,r1,ril im - Reg % Pm

‘A — 4 TE BIr 1A 2B IE ! AT R GRIX A 17 L 7
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JEL: AEREAE R, (AT 4 IR ST

o B Lamid 2 (stall) T LI R 8ER S3AT, TIRBIHEHHELUF !
ICFMCERR A K R, 7K 5 HiBubble”

Time (clock cycles)
IF_ID/IRF & MEM: WB f

add r1,r2,r3 | Im Reg| ¥ }iom 89|
| [add A o
| st o e
t
" | stall Im —@ ubble {bubble thubble-
0
r | stall Im —{bubble bubble Ybubble ubble |
d
? subr4,rl,r3 Im H| Reg % Dm Reg

i >
and re,r1,r7 im [ Reg | ¥ ) {Om
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TS 2: B EIBATLRTR S
« BREMME: HRMIFHFRBAZLZNOPTES, R =584 123 [AIAETH

Time (clock cycles)

, add rl,r2,r3

s | nop

t

O

r nop

d

" lsubrd,ri,r3
and re,rl,r7

Pipeline.52

|F ID/RF \ng MEM: WB
Im Reg >) Dm E:
(I
I i
Im Reg )9 Dm Reg
Im L[| Reg % Dm Reg
Im | Reg ? Dm Reg
3
Im | |Reg )9 Dm Reg
Im | Reg )—% Dm

N

=]
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7 %&3: FFHDataPathH B+ 8] £ 4
s FAMEG KI: MKBRFFSFEAEREREIL! EWNRAKBRRD?

Time (clock cycles) !
IF (ID/RF E>< MEM : WB
, |add rl,r2,r3 | Im L[| Reg ? _V\ij ok
" : :
? sub r4,ﬂ,r3 Im LR %Dm f Reg
N
r. S
and r6,rl,r/ Im L RI )Ej( Om || Reg
© L
>
L lor r8,r1,r9 im IR 3 pm | [Reg
2
e Im ] Reg % Dm
" |xorrl0O,rl,ril Z(

1. JEEE NGK B 7 77 2% P BB ALUR A, ~—00n #oA¥ R (Forwading)
2. BAFREREOAMEN/IGELAY, FEABEERY 259 (Bypassing)
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hE B LLSZFR B R Bk
« FIMUX, 57K B % 77 S IR AL UBI A 338

« REMKBEFFEREREFTEANE (BN, FEEZWE R
I I I
:< EXx >:< Mem ::
1 ! -
(@) *' @)
\ \
- addrs 12 11
> Zero? [—» Ilw r3, 100(rl)
‘ M SUbi5 12 14
Orre,r2,rl
ez g
>ALU 1y Sub r5, r3, r4
Data
=~ M Memory (el -
. >
| | ® >
add r3,r2, rl
Orr6,r2,rl
mEIASFEF L. | Iwr3, 100(r1) ﬁ“éﬁﬁffféﬁﬁ*ﬁﬁﬂ% Sub r5,r3, r4
orre ra 1| L BRI
L R B K ?
Subrs, 13,14 | B RIILIT A !

Pipeline.54
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8 2]: Loadig 45| RIERILS
Cycle 1 Cycle 2 Cycle 3 Cycle 4 éCycIeS ?Cycle6 éCycIe? éCycIe8
clock LI L_T 1 1 | | L1

10: Load| lfetch IReg/DecI EXxec I Mem“l Wr_

.
.
+*

Plus 1 [ ifetch JReg/Dec] “Exec [‘ Mem (J| wr
pius 2 [ Tretoh JReg/bed] Exec [J| Mem | wr

Plus 3 [ _ifetch JReg/Dedl| Exec | Mem [ wr

tfetch [Reg/Dec] Exec | Mem [ wr

EARREE R, AR A Plus 4
e FlLoad 54 4 3L
° Load8 @ Hm PN IK LT AR T ITEH R EE ST ERE?
schr b, FESRVUREMSTRE, BRATKETFHT oL/ E.
K EEF KR T L load 54 Ja TH 28 — 451519 2 pr /& H{H
{EAREME PRloadfa- MBE)E 58 — 4182 B BHE B K, ZIEBRPAT —FKIEL!

XFhloadfs > FIFHE G +E 4 A1 I EE B K, #ROV FEN- M %dE B K (load- use Data Hazard)”
20104F4 5 H A H—
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“Forwarding” Hi AR fLoad-use B & R F LR —A

Time (clock cycles)

I= ID/RE >EX MEM: WB

lw rl, O(r2) | m Rea| =
| g
! ikl
X sub r7,r1,r3 m Reg
r. p

and r6,r1,r7 Im bm - Reg
@) l/ %
r Im R 5= [~{Dm Reg
4 |or r8,r1,r9 c
: il
;

KH“ R RS 4484 SUB r7,r1,r3 NREFAHAT! FEHE AR
KA IN- EHEGEE R, FTEXfload)q K95 FHE—NI o 3 !

Pipeline.56
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&R AR P AT R Ytload-use

@R ZE A (FRSEE AT 80O

Time (clock cycles)
IF_ IDIRF g( g
lw rl, 0(r2) [ 'm R Z
| :
n ﬁ
> | stall Im =@ 3
r. ]
5 sub r4,r1,r3 Im AL Reg
é and r6,ﬂ,r7 Dm ( Reg
e
>

" lor r8,ri1,r9 % Dm : Reg

20104F4 H5H A
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&2 i EIEANOPIE 4 kfEthload-use

AN —LKNOPTES ! (FF UL PRI A SRR FH 2 A7)
filan: MIPS 1 b I3RAEAEFHZEAE, MHEAIERS (BULHERFR) KRAE,

Time (clock cycles)
IE_ ID/RF .

I lw rl, O(r2) Im HL| Reg
n
S 1
{ Nnop Im
r.

sub r4,rl,r3 —
@)
¢ |and r6,r1,r7 o | e
e

>

" lor r8,r1,r9 % on | e

20104F4 H5H A
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TIR3: ERPETIR Q72

g kB vload-use

CAR YRR PP T AL A P AN R AR, D4R AR PI8E L oad FH 28

a=b+c;
d=e-f;
fRE a,b,c,d.e fENF

Slow code: Fast code:
lw $2, b lw $2, b
lw 53, ¢ lw 1
add 31 $2f§ﬁ . i
SwW a, $1 / Nkig=
lw $5, e
lw $&LEET//
sub 34, %5 %6
SW d, $4

I s ML IR 2L

Pipeline.59
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g A DUA LAEE 5 P 28 i 1R DL TR A

[ ] scheduled [ ] unscheduled

gcc

spice

0
tex 65%

25%

0% 20% 40% 60% 80%
% loads stalling pipeline

AT L, AR S load FHZEIN S KA (L T 1/2~1/3

Pipeline.60
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5 B B R TT A
° J5iR1l: BE{PHZE (stall)
° Jiik2: BMAFHEANNOP" 154
° FiR3: ZmiFEfith: AEIRSINT, e A EIEERE?
° k4. ST ASMERNERE, BRI EEERE?
o FIEERBMEIE, JEAEER R
o FHFE—ABPINRITETES B ARSI EH & E s riegds, NAskAE
HiEE R
° F¥k5: ¥R (Forwarding&iBypassing %) BOR, BRI AEHIEERG?
- FEHRBUERALUL R, ManfT?
CIBGRVE= 387N
- HHEXEEL E&ATES DM NS, Wanfr?
Afel i Rk, PEfETE4 T HE 8 5L IINOPTE <
R A Load-useZ#E B [ !

SEEL Al BT -
(1 RPATR FRE A", i SEI Fe k.
(2) HrPufeyiefFHEE“FHEE”, FhfihselpHIE”

Pipeline.61
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RAW (5 HEERP K" %

#

EX > Mem |
|
& I
e orir3, r2, 100 w 3, 100(r1)
M - sub r5,r3, r4 orre,r2,rl
- sub r5, r3, r4
L C2
>ALU ‘—b—
Dat
P M Mer?lgry ﬁ & add r3, r2, rl
: > orre,r2, rl
sub r5,r3,r4

JETHR 4 FHALURI S5 3R
ClL HERFE —&IELHEF

C2: HAE AR &ML HIRT

(Bw: R-Type/siRR-/Iw / sw /beqZs)

JE T 482 75 F ADMiE HE ) 45 2R

C3: H& 25 15 A

(Bl4n: load¥g 2 EERR-Type / beq%)

Pipeline.62

MK BEFFRSREREREM (CILUEHRE)

Cl(a): EXIMEM. RegisterRd=ID/EX. RegisterRs
Cl(b): EX/MEM. RegisterRd=ID/EX. RegisterRt
C2(a): MEM/WB. RegisterRd=ID/EX. RegisterRs
C2(b): MEM/WB. RegisterRd=ID/EX. RegisterRt

X H f)RegisterRd Z+5
sEf B ER-typeRIRd 2% I-Typeffrt

20104F4 H5H A



541

5 (Write Back) BBt

Clk v v v v 4
1 ;. Ifetch 1: Reg/Dec i Exec i Mem a1 Wr
1 1 i i g g
I I _ I I I
I ’ RegWr=1 | ExtOp ALUOp : Branch :
I | f f f I
I I I I I
| ! | | | |
0
o I 9O peu o o o
S 3 1T > »| PC+4 |— D_
@) Q —=| Immlé6 !
IN O > »| Imm16 m =
> > A N RS‘ > 5 >l busA . i Zerd Data b}
| R | .| busB < Mem 3
— v v D
- >| Rb % Exec |—|3 o RA DA IS ~
-] Rt ] Py ] k > = 1
= RFile & Unit 2 | wa D re
7y 2. .| Di Q c
Rt LRw Dj o e - - § X |
I > 'Y (_1: > 2 ,y
Rd i

RAVE RN e TR R-48

FRbeqfs 4L E

Pipeline.63

2

L
|
! i
RegDst " ALUSrc

beq r3, r2, 100
sub r5,r3,r2

|
MemWr -

MemtoReg=1/0

F Abeqte SWH B LR, FRHATHR!

20104415 H 2] -



R — D 5%

beq r3, r2, 100

° DUFPIMELLT, RIBETTH R K& KSR AR IR
subrb5,r3,r2

« HYHWERABENHKFFARRIN
- B, BeqigSRXfrsFirtAlmk, ANEEREHMTHFH
- Bi: EX/MEM 5 MEM / WB /KB & F-85 IRegWritefg 5 40
« RAFET$0HS
- B, $54 sl $0, $1, 2 MRS RN (R[$1]<<2) , {HSEFr EMNi%ARO
° Bk, BuEERE NN
 Cl(a): EXIMEM.RegWrite
and EX/MEM. RegisterRd # 0
and EX/MEM. RegisterRd=ID/EX. RegisterRs
 Cl(b): EXIMEM.RegWrite
and EX/MEM. RegisterRd # 0
and EX/MEM. RegisterRd=ID/EX. RegisterRt
 C2(a): MEM/WB.RegWrite
and MEM/WB. RegisterRd # 0
and MEM/WB. RegisterRd=ID/EX. RegisterRs
o C2(b): MEM/WB.RegWrite
and MEM/WB. RegisterRd # 0
and MEM/WB. RegisterRd=ID/EX. RegisterRt

Pipeline.64
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B R R AR R A

’MMME@ﬁmﬁﬁﬁ%@ﬁ%MUﬁA%

i< gl ) Mem =: Cl&%%%
! : ! REETRLH
0 == O B 5 424 ]
B ™ C1(a) NI [ PSS
> Zero? | C2 fx B 2
M C2(a) AFIELM
L l;: |7 PR ?E%E—ZA%
ALU - 52 [A] ¢
> Data %%%\
‘F: ':jl Memory ——» —-0O
= > 1 ., 4
e CL(b) g C2(b)

Cl(@)FCL(b)FTAE I —AE&4ECL, IRt k& —RFRMNZEAOMBO

Bl: C1=C1(a) or C1(b), [FJ#f: C2=C2(a) or C2(b), ¥ KkZkAHEK

SEfn EAgM=gnl UG 3, AERBIEER P2 IHFE—RN. wEE?

H— P EiERES (EHlim MemtoReg) &35 2 F a8 !
FTUATE RSN — M FEC3E CLRIC24r 1] 5 e [ S R T 435 4 A D555 R IR 2

Pipeline.65 201044 H5 H A3



B R BRI R A

01 FHc2=1krt
ForwardA (ForwardB) =9 19 wc1=1pf
ID/EX EX/MEM MEM/WB
p—
—  —
— -
—
Registers A ForwardA >ALU
Data N
T‘ marinry il >
"--_..
BRI R C1 :
As TR AR 242
% EX/MEM.RegisterRd
Ad > ]
— l—a‘\:
-/ FG”‘J?{?'”Q 5 MEM/WE. RegisterRd
"\ / o
A

Cl: EX/MEM.RegWrite and EX/MEM. RegisterRd # 0
and (EX/MEM. RegisterRd=ID/EX. RegisterRs or EX/MEM. RegisterRd=ID/EX. RegisterRt
C2: MEM/WB.RegWrite and MEM/WB. RegisterRd #+ 0

F)ipe“ne.%and (MEM/WB. RegisterRd=ID/EX. RegisterRs or MEM/WB. RegisterRd=ID/EX. Re;glgﬁ&rggt% _



Ty 7R B 7K S 80 1 B

01 Hco=1ff [DEX

ForwardA (ForwardB) = 10" 4 c1=16F ’* . EUMEN
! A
—h-ll Control - M > WB MEMWB
i _—
IF/D \, L EX = M —-| WB
- —
- ==
_% =
Isters 4 ForwardA
= e >hLU - "'E:"tgr? - =
7] -
Instruction . = -
|  memory N
—= |
IF/ID.Registerfs | |gg l .
IF/ID.RegisterAt Rt
IF/ID.RegisterRt |  [p h/"ﬂ EX/MEM.RegisterRd
IF/ID.RegisterAd | |ag |y )
X I
*i Forwarding | MEM/WE.RegisterRd
. unit  j-
/<
Cl: EXIMEM.RegWrite and EX/MEM—RegisterRd—+6

and (EX/MEM. Register gis . Regis - RegisterRt
C2: MEM/WB.RegWrite and MEM/WB. Reglsteer #*0
and (MEM/WB. RegisterRd=ID/EX. RegisterRs or MEM/WB. RegisterRd=ID/EX. RegisterRt



|

SEINAR 2R I B B ) e

|

° ZEUUTIRATFH, KANRERFMEREMNAEH?
ij ii ii zg ForwardA (ForwardB) = 2(1) igi;iﬁ
add $1, $1, $4«2EBLX 3o rvy wisn 4 BB, CLAIC2HIME S AT 42
...... C1=C2=1, {fif3Forwardfs 5BUEARHE !
A RESF R R BIHILIR O NEERRBILROGER, MARF2LIBLSMEGR!
BN R &S MCLERAHC2? WiZ%ikC1=1,C2=0!

RENE R FMHC2A:

MEM/WB.RegWrite
and MEM/WB.RegisterRd # 0
and (EX/MEM.RegisterRd # ID/EX.RegisterRs or EX/MEM.RegisterRd # ID/EX.RegisterRt)
and (MEM/WB.RegisterRd=ID/EX.RegisterRs or MEM/WB.RegisterRd=ID/EX.RegisterRt)

LR AXALF I T — AR H
WRAZIGLSVREBRIELT LIS E T AR, WA K E E&ARSHER,
Mk E&IEASHE R (B): HE#C1=11C2=0)

ZEk, R T RAWEGE B ik A

BACK
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L oad-use Data Hazard (@#Bﬁ%ﬁﬁ)

Time (clock cycles) : R
IF  ID/RF EXE MEM: WB ]
| lw rl, 0(r2) im L Reg >?E> T{: Dm g
n /_ .
Se/ P :
g:, il Im ] Reg 1@1 ubble
r. —
subrdrlr3 PH 2E 5 — Im L Reg Reg
O :
(; and r6,rl1,r7 Elm [ Dm ( Reg
o :
r |lor r8,rl1,r9 % Dm ( Reg
iy 27V CIPE
(1) HWfT 2 544 T FHZH2E
ID/EX.MemRead > HiTe4 KLoad HH
and (ID/EX.RegisterRt=IF/ID.RegisterRs AT A e T W
or ID/EX.RegisterRt=IF/ID.RegisterRt) - g%%g;z\%i%zgﬁi?é

(2) G ey 6 e B3 A B >R SE DR FH 28

20104F4 H5H A
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Load-use Data Hazard (FE{EPHZEFR)

BELZE B B L
|
2 lw rl, O(r2)
ft- sub r4,r1,r3
? and r6,r1,rv7
% |or r8,r1,r9

Farin« PHZE” I FEH .

1) subfE2FEIF/IDEF A+, FFIERFEAS/IE, RIS MRs/RUKER S 2ID/EXBCH 7745

Time (clock cycles)

v

IF D  EX :MEM
Im | Reg >?E> Dm
Rl — fim | Reg [ z
BH 2E

| Im L

i

2) andfE<HUEAEPCHY, IEAZEU, BUHBIIE R4S 2IF/IDBUF A48

FERLIE S, AR LTI R

WB
g
D Reg
Dm Reg
R % Dm Reg

SZRFERR, HEER— NPT IR SRS

SR FAT IR T 4RSS TR E SR — A RRESERE A A

IWFELIE R IEHPAT T X

Pipeline.70

WALE, MBI SRR
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Load-use Data Hazard (FE{EPHZEFR)

\ Time (clock cycles)
Bﬂ%)ﬁm'ﬁ%ﬁ. - >
IF  ID/RF EXEMEM WB
rll lw rl, 0(r2) im L Reg >E T{: Dm g
/_ .
. M E [
] ubble
r.
o sub rd,r1,r3  mEx Reg
r
d |land r6,rl,r7 Dm ( Reg
e
" ior r8,rlr9 % Dm | {Reg
==

TERRZE R, DI ERPFIR S MPITE RIER, HER— N AHPITEPI4&IES
@ ¥ IDIEXE 748 BT B =415 5150

@ IF/IDFFHRFHIE BAZ, subtad EHFEHEHIT

@ PCHEMEARZE, andigSEFHEUHIAT

Pipeline.71
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7 e R R BHZE” wll B K S By i

ID/EX.MemRead

=1+

» ==

bl T
Pivsoz s R DEXMemAead  and (ID/EX.RegisterRt=IF/ID.RegisterRs
T or ID/EX.RegisterRt=IF/ID.RegisterRt
’ X J s s o g g )
E Y%SO, FHL 2 ID/EX
“Bffify B BRSS! =T
s = ki EX/MEM
'f;—?j‘jor @ _-|ronlrol' r‘l:l‘ M -
fFPCHI pro J * EEMMFB
2 / X A
E IF/IDANES IE' \_ f 0 => L EX —= WB |—
& el
~
©) : gl
u
| X
Reglsters o
Vr +— -
ALU
Instruction | | . T >
memory M e
g b memory
X
IF/ID.RegisterRs i
IF/ID.FegisterBt
IF/D.RegisterPt . bt M
I IFAID. FegietarRd - g
ID/EX.RegisterPt — J "
- = ﬂs ;/'W 1{ "‘.{I
ik, HOEHRA . romarang =
b A ER 5T R "

Fipenne.rc



Control Hazard &g 75 vk

° Fikl: M LFHE (stall) 4%E4)E =484 HIBAT
o R =448 TF0EL HiBEE57E0, LIEA=4NOPE4
° FiE2: B LEIBmA=L"NOP 54
(CAEPIF TR R KRG, TS A0 ST
° FiE3: 3TN (Predict)
° /I%ji (%%/j&) ﬂj{lﬂﬂ
BRI SR (not taken), Bl ZEEEHAT XIS KGR EEHE 4

AR R A FERF e T DL T B T AL (taken), AR DL s 2 B AN A2 .
W PSR ) F>CERBIAAHL GRL) o AEE65%-85% 1 FRIIHERZH

o ZNATIM -
R FPATHI T RE O, AT RS, FEI890% i Tl TR 2
A SRHE ST B, G 24 b JUR ARAE R TN 5 4 AT 45 R AN BE
R, T EL B R M IE A G2 S ik A FE B8 shiit /K 28 T4
° J¥k4: LR/ (Delayed branch) GREZRFREFIAIELSHF! )
o WX IRSHITH SN X544 LRKITES WS IS F AT, WIRERHEE
H—MEEEIER. b el B S Ak

Pipeline.73
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e E (BP0 >CH T vA

° BEAME
o MIRMISAEAHE (not taken), Bl: 4kEEHATH XIEOMELLTE4
Gyl & R

EER BB LT SR TR B (taken), A4 o8 B TRIAM 2
o TP KRMES, FIEFAKLZ S =80 R Tilli54 EZF7HE
¥=4FEZFRLNEHIESEREN, HHEEIETIITnopEIE
(VE: W AREIYMNLEIF. IDMEX=AERTES)

° PERE
o WRFERBMEZE50%, NITH ERHZENF50%

° TRIES R IR
o TSR G e e R EHBHE R, BEE R
o AL REEB T E TAERET, MAZEZFRIMEMBTEB A #iE

AR £ 5 0] LAFR Ay 2 RN B BEWe ? SKIP

Pipeline.74
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5 3] Control HazardIl %

Cycle 4 Cycle 5 Cycle 6 Cycle 7 i Cycle 8 Cycle 9 Cycle 10; Cycle 11;

Clk | | | [ | |
12: Beq| Ifetch IReg/DecI Exec Wr

(target is 1000)
16: R-typ! ifetch | Reg/Declj Exec Meml Wr

20: R-type | Ifetch | Reg/Deg}| Exec I Meml Wr

24: R-type | _Ifetch eg/DecI EXxec I Meml Wr

1000: Target of Br \!‘Ifetch IReg/DecI EXxec I Mem I Wr

° BARBeqt STER UM, (:

c RTHB EMemBrBHIE, HARHALAE S LA YR BIPCRA S

o SRB/\FAMA A B An ik Ab 195 AT

iR ERMHEBESZH, O =&MW, BT =44
° REWBH, BEARKEZTHERBeqFHMN=41E<, FHEEXE. ID. IFEHF
° EIEBURIE A C: RAEBI, /K dms RETIERAR K

XH C=3
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T 5 (FFRS) 20 STl TG i

° ME S IER, BRI
A] DU o i e e Mok v 55 A0 23 ST A AT R 4E 2 I DY Bk 4 L RE IR
Kt stk A s ANMEMBT EX B 2IIDF B, RTRAG ? gt A2
(RATRER): IF/IDFUKBLF 74+ BLHPCRAEMALEIED
- B A0 BRAEMNEXH B 2IIDBT B, FTAG? T4
(HZHaE N, SiRAFE, BEREAAHE)RE R HBRsMREE)
(TR AIWHZBEHE, SRAWT DR ET R4 ERFEAE)
(A2 46 A B4R 7 22D
° TRIEE RS IAILEEE GIRA Rl HYE” - Flush)
#Branch=13f HZero=1K, K4A## (taken)
in#EElfE 5. IF.Flush=Branch and Zero, BUEN1E, dHE M 5
T R W (SR ) N, SERCCL TIPSR (IR SR [A] i C=1/) -
O ¥F% H prthiiik->PC
@ HERRIFEHEUH RS, B BIFIDFETRASFE0, #A hnopis4

JFORENRRR=416<, HBERATFERR—FE<, BimREE—A
, BRI R R T P SR !

Pipeline.76
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T A A 0 S U Ak B B R A

sub $3, $5, $1
IF.Flush=Branch and Zero ’ A0H#3E4 beq $1,$3, 71D Bt - add $1, $5, $2
VF Fush beq $1, $3, 7
54 B bt | () |
detection I
(72)->PC L =) J |
|E:{Ex
| we
ﬁ
- u
x

= 2

TR
H tititik->PC

¥ IF/IDH$R4FIH0, ZAnopfe4

$:1 SSRGS MR, SlEARE? .

C EARAMEXER S BRARERER, 3le1mz (PLTRMANMIOE o) o

I

Pipeline.77



BN 53 S T v

° ] B R A 2 ST 7 VA B PO B Dh AN T, N BB A Tl
° FHASTMIEEA BAR
o MHBIEERREREN, RHW T —KA e &R ER
o TG, 7ESERw R AR B 56 E 1R 2l
o BRRAERDEBRICRAEBHTY (HENMARBILZH)
4332 7 EiE % #FBHT (Branch History Table)
7 IPEEHBPB (Branch Prediction Buffer)
2> BWZMBTB (Branch Target Buffer)
o BANRINH T SCIRS MU RRAL R T], AR IFHY Bt 7T LLE 2 A7
(AL LA R B 70 S HR- L E—ANRI, BrEL, Wl REE ) HoAh 7y 32
g HITMAL, AT A2
HTCH TN, BrAAZmPAT SR

MAE LA b B2 E R FH B A B (dynamic predictor)

Pipeline.78
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4% it F#EXBHT (8BTB. BPB)

S T RBHT
S
ﬁﬁ‘—<:>“——”ﬁiﬁéﬂm FURL | %% H brsht
@ #k
AR R ILE A
s R
Kb viH 42 "
B BLATEA 3 e Rk L
TiZ X384 IAFR P 1B he © &
Grh 57
SIFHATHE
et

A\ 4

ARAEFHMIAL, EFEFe R I A2 i 7 HY

ZNaliNE

OB, FIRATELHUE AR H st . A1dRtb B Az

Pipeline.79
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B S T FEATT %

° RA—AMIAL: SRR EIRSEER & A RIE SRR T X
: 1i§ﬂ?ﬁ'§zﬁga7yﬁ$ﬁiﬂ?? (taken) , OFRRAKAE (not taken)
o TRMIEF, #FAL1, WM FKtaken, A0, WHM FKnot taken
o SERRPATHS, FHIE, WZMEKR, BN, ZALAZ
o T FH—/ME] B[ LR 2 B R
o R HELWIRN S ENKEBARR, BEE R
B, TEARERS IR, B—RARE—RESRETNER, Bl
TS — IR B JG — IR B T3R5 S B O, T A B A TR) &4k
DRESKENL, ERFERFERIE, #HASHE.
° R AL Ar
o FH247 40 DY IR 190 SR 38 7= Tl F0 SE R 3% #5 1
o Fiz HETILAIIR 255 ] b AT ol R 1 2
o TEELWNIRD X RENFR, REF—RKBEHE R

KA W 2 12 A AL, A % AL PL_E R
. Pentium 4 HIBTB2K FH 447 T il fr

BACK

Pipeline.80
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—AL TR S B

%= EHf Loop: g =g +A[l];
£2 TR Hiig =
R if (i '="h) go to Loop:
% Assuming variables g, h,1,] ~
R R $1, $2, $3, $4 and base address
of array is in $5
° FRATREUR, F R IR BN 2 3L 36 2 @
o TRIRAER, E&F FHBE Loop: add $7, $3, $3  ; i*2
o AR RAER, M FRFHR add $7,$7, %7 ; i*4
o A Fh 4= o bk 455 4 A . add $7, $7, $5
B PATHS, IZSERRPAT &5 RAS Sl Az lw $6, 0($7) - $6=A[i]
o N RS BERHIT BN add $1, $1, 36 ; g=g+A[i]
add $3, $3, $4
° WJ}[IH: Xﬁ?*’l‘ﬂﬁ%ﬁi’i - bne $3, $2, Loop
— HIGRSAO(FHRIEHA I H0), WEE—wxFm | L.
B Ja — IR

- HVIRRF AL, MAA&RE R -
. REARM EXRKEERHAR, e HI— KR,

Pipeline.81 20104F4 5 H 2]



PAAL TR 7S &

J

KA IEAH

ARE iR %
KA EH

ARAE| iR
AKRAE EW

U FiAR% A
R R il
RRE ) Em

T A S, IR ER
PA S LI, B FEUFE

Loop: add $7, $3,$3  ; i*2
add $7,$7,%7 ;i*4

add $7, $7, $5

lw $6, 0($7) ; $6=A[i]
add $1, $1, $6  ; g= g+AJi]
add $3, $3, $4

bne $3, $2, Loop

° BA B HAPIRTNEE R A ST 7
o OORSH M AL EFER) , SHAKERN, #IREF0L (5HEE) , TRUH
AKRE, WERFRBNE R (KA RE) , AME TR AR AELL
° UFAb: EEWIREEAFN S 2RO, AR B EH
o Bltn, XTI SR
FB—IR: HIRAA00 (FRIEAEPIRESHN0L) , FlA4L, SEhrthxdE, EM
FilE]: RRZF1007, FMIALE, SEhRtkAE, 1E#
mJa—ik: REA“00", FAL, ELhRARE, #

Pipeline.82

BACK
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3 SCIEIR I 18] 1 B A
© BTHEMBHAR, hf AT EHE SRR

° %jSJEE\ﬁ:

o BHAXIBAFEM S XIS TLRNTBLS MBI X IELFHPAT, DUARLE
IRIE T (HFRS 2 EEEMEBranch Delay slot) , A& Fnop#fEE R

2545 st LR R R B AT 4 SR L ?

(e I 18] 92)

lw $1, 0($2)

lw $3, 0($2)
add $6, $4, $2
beq $3, $5, 2
add $3, $3,$2
sw $1, 0($2)

e

A B JE AT Re T R A R AT

load-useZi#E & &

Pipeline.83

0 SCFAFFI WA B ARttt o+ S IR AT 2

WL, WACIRRT L N

lw $3, 0($2)
add $6, $4, $2
beq $3, $5, 2
lw $1, 0($2)
nop

add $3, $3,$2
sw $1, 0($2)

lw $3, 0($2)
add $6, $4, $2
beq $3, $5, 2
lw $1, 0($2)
add $3, $3,$2
sw $1, 0($2)

RS, PR T 2 SGERHIR
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oo — PR E B SR A B

o SR & AR TSR
o RRIRSRIRHE, FEE K0 DRMERA L EAESUT

o BITMALUES RI“RiH" B, CERIEXMERERT, K, BiEHE
EEWAIESHATKET

°  PR/KEE PR B A A BE 2 (B8 U ER)
o RIS add r1, 2,3/ TR H
GiifE: MIPSHH b B2 e 1Y 5 Huhik 4 0x8000 0180)
® ﬂ‘ﬂ%‘xﬁ%:
* J5kraddis S LUK S EBI TR BERKE S K752
* {RIEPCE{PC+4 %| EPC
#* J0x8000 01804h FF4EEFE 4
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i HI AL

° W (HRHD E%*%?EQ%EXEM&%}%ﬁﬁ

T~ N O —

ﬁ('DQ_ﬁO

AL .

Time (clock cycles)

v

I

ID/RF

add r1,r2,r3

Im

subr4,r2,r3

and ro,rl.r4
FEOEEFETES

Bll: 0x800001804b#54

I R& 1 EXFlushFEXERHE & M hifE

BH.2E

P B0 (EEMFRegWHED) , B4

T THEWBE BS & AAar 1HI1E UL

m {5 i oni v

Lok

<
c
(@)
T
D
<~

>

[ Reg g

IF.Flushfff IFBt 35 & ZEIF/IDAF f a8 TIE A0, ZERinopfE 4
ID.Flush 5 %45 B K PR ZEA NS S HHE (or) /5, {FIDBIES HIEHIESIHO
EX.FlushfFEX B35 Kz 5 5150
¥:0x8000 01801/E APCHI—ANEIN, FHIEHIPCHIN G2 8L &% Ak ps i 45 5 E 5 25
Kt R (FTRERZPC. FIRERZPC+4) {RFFE|IEPCH
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HO8TO0008

- ')J.L, » ‘K N M2 A} E%
V= »
rir 7 s AL P B 7K 26 20 3 1
EX.Flush
FFlush —
5 ID.Flush
x
Hazard 4
— o detection != v
| unit J ! V.
\': ] (M
‘\}/f ID/EX u
F =y v
i — M = '”"LJ EX/IMEM
. I 1 M A
. IICc-nT.rDI : = u M i WE MEMWE
\ I.' X | Cause X L_
IF‘fID "1\.___.__/__;" 0 EX P EPC e ¥ WE
—AB N s— ~ Overflow
e 2 M
4 2
—r E%f')r_ * 3| =1u =
- = X
Registers ) bl r—\
4 Y { “ M
- = )ALU -
pcll | Instruction || - i g
memory M -
[ = = U » memory [ | J
X
{;\ ¥
M
= LU
" - o X
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Tk 277 2 B 57 AL I M A 1) 7

o

MKEHHESRIES, BEEMW—RRKEFT?
o RERE KERTKBRAHHELEBEIES, HAZKRE RENTRAKBRAR
* ‘i FEEXEBR H
* LIRS fEIDER
* “BRECHO ZEIDB B H
* “ERFeAHHE ZEIFBOR
* “TCREE AL ZELoad/Storeds & EXEER KL H
ShER R T SR TR A TEOC, WA B A A 7
o AI{EIFEXERWBE A THIIE W, FERIEXIIWBERIIRSREIEFTE, HAERY
Wik AR, BIOR T AN BT AT H IR S A2 P
° RIMEIRERN, BLCEREE4, HAPCRMECAEW S, BAT?
o RAHLHE (WB4? ) FMAERMKER, AR/ NHLHEERIEPCIRAE, LLSEIRRS i -
CAERB I P W A se R LR M &, T HBERGCRA AR S RET A7)
— IR BN TR 2R, %A ERAN?
o B WHREFALTIITAE, GImfEHMUEegsE? )
o T FEPWIE R TR Wit se ZHE R FE B 3T &)
RGP HE—AEPC, Z4NHHiIxER, —NEPCAERZ WA, BATR?
o BEEMASZEERIERIEPCH
° FEFFMEEESR, NERETHRFFERFW, BAaH?
o | F H 7 BE RSO R T iR AL IR Ab 2 JET =AM R NLEF AN H !

20104F4 H5H A

(¢}

o

(e}
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5 >]: Cache HI{ELFE

START

REEAF U] AT SRR AL L ?
BRRAGH

an SR 5 | S B
Afecache, R

Receive addriess
EBAa from CPU

1s block
containing RA

AR (miss)

Access main
o memory for block
containing RA

No

ﬁﬂ %ﬁi in cache?
DY =
{5 B7E
cache Fetch RA word
and deliver

i;jﬁ to CPU

i8]
(hit)

Allocate cache
slot for main
memaory block

I

l.oad main
memory block
into cache =lot

I

=liver B A word
to CPLI

DONE
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Cacheff R HE S5 EM/KEPHZE (FHD

° fEfFHCacheRGH, HIEEKEFHIMFAIDMSHIZCode CacheflData Cache
°  CPUMITIR S, BUIR4AERENEIER, WRKRAEGHEK, MIELSPATHFHZE
°  CacheBtkiRM Canfrf k4T ? /8 ? )
o CachedHMHMNIMNIZEE (Hullk&AI5Cachetr& LR
°  PHZEAFITFE
o HREA RN TFARNER R RFFRPIAE (Bl FBEAFEILRZE)
H— MRSzl b B Cachetit 2k, HITHRE (B e RIFLHUR) idHFE? .
- RAEFKKTESHAE (PC-4) FER A E X R F 57
- BEI—IRC PR BE, A EAER N (CachefT) B E
- BB — AN A B CacheXf MR T £ X
CE XNV RIS, S BERE—CSECacheF I EFH)
- HEHbhEEANLER S (BRid) EF|CachelJ“tag” FB, FHBE“ B
- BEHPMTIRSHE—P: B3RS
o FHRBUEGA, HAMSEMIESHRM
- NFEFEHEEEE, W BEC B—SHHEEFPATRTEL T
o EHRBHEPEGK, WIEZEEHIM SR fE o —S0H" B3
° WEEMAERE S X IR TR KL ER B, RERFIETAEAE
°  HrhsErHELEAR: NEEREFTI#H®
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TLBH R FER Tt &5 i 7K 2 PHL 2

° TLBHRRALHE
HTLBH A —TH B 5 5 EZIRK B IS HER, KAETLB miss
e TLB missUtBARI B R EU FHMIBFHLZ —:
- WAEANFF: REEEFP R ITRIEEEETLBH
- UAENFFGER): OSSN TAN—T, HEHEFIRMTLB
° B (page fault) 4
MEHFRERNTRIAP valid” 80" i, KApage fault
Page faultZ2—Fh" 8" 7%, LT EREAE (MIPSHEALE)
- fECausedFfras BEAHMNAL A« 1
- RABTKTESHAE (PC-4) EEPC
- 0x8000 0180(F# EWFEF A\ )iEPC
— PATOSHI R HBEWEST, B CauseF ES PN BT, BARAE T “B-IT
", RRE|EL AN ERE AT
page fault— & B7E K G R P E R EREN P R NHIRE], HE TP RE
WhEE, BN, SRAERIR.
- Bl Iw $1, 0($1) , HEA KEHEIR BE MAESLNA, NHEEHFPTZIESH,
Pt i A S o 50, R AR TR IR !

Kb Cachedi RANER T 1A [F] 2 AL FE MR L ? WA EBATRE P DI ?

~ =8| )
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GBRTT) 575 AL P I 5% f8 i) — L 4 1

° BRICHFHES ARG, [BR|REREHNAT?

(0]

Pipeline.91

BB EFHAT K AER TR

SR BRI -

- RHRIES (R « MBIRLSER, EFPITRIIES

- HMRS (BRUIFF) « WRESKEZIRRI, fFHSHEF ILEPEZE
BB, GRITAREE, WA EIBY BCARLEAT: T, R RAEA
PR PRI BLAR S

AW RER, XEKEHKRE, BAR?

FERMFH . BAFELHEERY, HERFEESITHRERRER X R
AR RE, WEANELEFNRYE, SERRKERERRSARSTRIRE
Wr SR, BTCA, N —PRALEI SR 2R 10 e N ) R A B (2 )
I W R SO RSAL (B W RE AV R RS ) SRSEIL?
/R AAFTORSAEL, TR (RIERE) . HOM Ak
(ZE\bRE) ?

OSHEIEESIHES KRB XM IIRE?
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= b B 2% SCIN 7 T HLER

° MR, ZRAM. RAKE=M KR

i & FEThRe BT ER VBB [A] A -

o fAfEHIT: 200ps

o ALURIHNYEAR: 100ps

o AWM (L/B) : 50ps

BEMUX, #ZHl#EIT. PC. ¥ RSB BRAWA LR, 8 HMN:

25%B0E. 10%FFE. 52%ALU. 11%%) 32 2%BkE%

W P IT A, BRAEER? b

(1) BRI BRI E R BRI A 58k

(2) ZRAMTN: BRI HCEE-5, FE-4, ALU-4, 53XX-3, Bki%-3

(3) WKE& T BERSTBIRS WEEEN. $UT. FHEsFR. SRR
(RERAEGWE R, 8RR KA, 403 ERMA1, TSR
HT75%; AFBRE. PR RERT RERRKEE KD
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=P Ab 2 8% ST SR ELAER

4480 x CPI x I EH AR

fi#: CPUPRATIAI=F5

=MOTRBITE 2 FEH—FE, BT L RZE LB CPIFNE o i BRI

Instruction

class Functional units used by the instruction class
R-type Instruction fetch | Register access | ALU | Register access
Load word Instruction fetch | Register access | ALU | Memory access | Register access
Store word Instruction fetch | Register access | ALU | Memory access
Branch Instruction fetch | Register access | ALU
Jump Instruction fetch

R RBIZRA I AN -
Instruction | Instruction | Register Data Register

class memory read nperatlnn memory write Total
R-type 400 ps
Load word 200 50 100 200 50 600 ps
Store word 200 50 100 200 550 ps
Branch 200 50 100 O 350 ps
Jump 200 200 ps
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= b B 2% SCIN 7 T HLER
Xt B R BA 7 5K
e R KT SR E, MixZload$s<, A600ps
Bl N£&$82 HIPAT I (8] A 600N(ps)
T2 AT
e R RS B Th e A S K B R A], M2 EXER1E, A200ps
RIE SRR LB, THE-FIIR 2R BAZCA
CPUR 4 & Bl=5x25%+4x 10%+4x52%+3x 11%+3x2%=4.12
BTLL, N£&$84 BIATIY (8] 4 4.12x200XN=824N(ps)
Xtk g 77 3
Load$54: ZkALoad-usefkHinf, BT 248, BNIANEEF, PR
AT B E) A 1.5 B
Store. ALU$E4: 1/ -EF4F;
Branch#§4: T EEThEt, 14N8R, TR, 24NE48f,
Fill: SE¥ZKR: . 75x1+.25x2=1.254";
Jump#a4: 20 A8 (RESFRFEEM B SR A /5 2B Hub)
SEFICPIR: 1.5x25%+1x10%+1x52%+1.25x11%+2x2%=1.17
FTLL, N&IR4AHIHATIE] 41.17x200xN=234N(ps)
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WS A= RSN TR M A A b AL
o Gty MR USSP BB, TR0V AU BB TT R R RO
o, T Bl PR S B TR R 5
o Etpl RS HBAERSUE SRR RE T, N 5308 M B TR ki B
H), K BSR4
o B B NI OE SRR SIS SRR P B4
o AURRFE S MR B WA 5 T 4 R AR R R B R v
& R
SR A B
o BRSO B R 5 T 4 R O R B AR
HIHSE
SRV AR R
i 2 i A4

Pipeline.95
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B

° WK B R i LR .
o WIRMR., FEEMR. BHAMEX (HRTESMAAT A M)
° HHEE RIS RN R
o HIE B R RIFR
FRBEIERALUSE R, FTLLRES S RER
FHRIEIE DML I, FEJE K384 R FHZE — Mg
o HIE B RN K
R R | ¥ R
o B B K FIFH 2
BH ZE A / FH 22451
o PRI E KBS AN IR
o FFAGTSCIRIEIAR
o JARL XIEIBFIAR
o FIAZIPEA
° i AN W2 — AR R R 1 B B
° PR (Cachefftde. TLBERZ. BLIH) &5iEH/KZRHE

Pipeline.96
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B BRI AKERFHAR

EHERETIKER - B RIATILP)EAR
o BIKEZL
o ZRHITAKL
- AL KRE (VLIWAREE S8 +2R F 2 5 S TH D
NAELZRE GBIrEAHE B+ KL HE)

o AL KRE (VLIW-BKIESFE)
o GRIFARFRSTEN TR T84T 8 N B R Ab#”
o MIPS 2-& 5t 7K £& 2504 18 B
s TEARHRSHE
o IA-64EPICH: A
° EhAERZ RS
o AL KERKEL KB R
o FIHZ K TMKERIPITER
WP RE . TRk
e Pentium 4 AL KK
UK. BiRE. S RE. TP RH. TrEk

Pipeline.97
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& 1= 1 e fr i —SE I TR S BIFAT

WKL TR WM FHAT, ZFIATIRATRSHEIAT LP)
°  HWMIESRIHAT IR
- #BH/KE (Super- pipelining)
BB 2 HITIK £ CPI=?  CPI=1
HARE LT, WK RMIE L 57K % E BE
(Bl BARFOT, MAKBRBE, NP EEE, 5o FEWE)
B, BERAWBR! BT LIS RBAR R ?
o ZRENRKZ: (Multiple issue pipelining )
Z4&IBS(NEBHIZE .. FHREHE. BNF#E) FEshHMAriET
Ariet: BE2ANPITEHH. W Ea. T AR, BRBUFEEHSE
ZEE. BEIABINTIMICPI, EXCPIREECHIPC
(Flan: DURKZ RATM/KLEHREARIPCH4)
BTN FEAESS
EITE: OWEN ARG 2% WLt AT AR I & 5 2
B AL : HIm PR TS RS & BRI 1T I e sk b 2
SEL BRI T BAR S IR RE—IE A
VR o S B A v
o ERAZ R HMTESREHRIFEN AT ST RN E KA
BAs 2 s AR EPAT I B AR SE e 2 1T Bk B R Ab 3

Pipeline.98
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SEI 2 R BRI Athi—FE
° FENBR: HgmEFERIUCESIFIIGSPATER, AR R ESE S PATHF,
fi$5-& BT REIE B B K FT BRI AT
o TETTRRIPRRMM T " K55 R
A AR Y TE- 8] AR S MR AT =
L AT TR AN HIRHIE-2 7] LR AT AT
AR 73 SR EAT HED
AR AT IAT 20 > H R AL HI$E%
PO FER", A AN R, SRR A eI BE oA A [ ZR AL
FENEE RIS, <3 INASNTH
o B HAAEN A BE AR Py
BRAFHEN: Jmidas BT HENRFF S ERRS (—EREM! D
AR . A BRASAEEAT B AN RS R E TR S

Pipeline.99
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° HRIFAALIRBENT, AT PTG T, DAFRASER 189TR" 5 B b
o IHLITE CHFENENHZ 4L EIFR—MKELST)
K— M RHAKH R ZNESER—F 2N RENKES, A KHa”
"R L R BV A BEKIESE” (VLIW-Very Long Instruction Word)
, SRR [ Ab B SRR A VLIWAL 21.25%

FEF—AN B A R 5T F8 2 2R B2 2 BRI
(B, HEeR—&KALUIES /432184 —4kLoad/Storefg4)

IA-64FKFXF 5, Intel#RHAMEPIC (Explicitly Parallel Instruction
Computer—ERXFF4THRASTHEND

- BERACE (EEZEEEE M8 R
fiEL: e hgm R ES MBS Anopts & RIHRITH B K, THREEAF
SCEL B B e U A 7K 26 FH 28
WE2: G A TR I T 20 SR AN ACHE R BRI B IR e 5 S i 4 T PAY S K
, BRI BdE B BT K S B2
Bl RIEITRIESCAMASHIAEK !
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B A 2 R AL P A% 5L

L

° 5Effl. MIPS ISA 82T SE K ----2 K 5T Ab B A%

ALU or branch instruction IF ID EX MEM WE

Load or store instruction IF ID EX MEM WB

ALU or branch instruction IF ID EX MEM WB

Load or store instruction IF ID EX MEM WB

ALU or branch instruction IF ID EX MEM WB

Load or store instruction IF ID EX MEM WB

ALU or branch instruction IF ID EX MEM WB
Load or store instruction IF ID EX MEM WB

EAFFSRFIMIPSAb 3 28 RE % 7] B ACER PR SR i K 28, 25090 0 % 7 LAk 8 gt 2
1. FINEREEUIFFEFH LIRS, BAM?
« KW ATE TR 64 KIES, BT MALU/Branch, JETAlw/sw
« KBBNFES N, FHAHnops &SRB
o KE6 AL K354 H I /MR MERD [F IHE BRI 28 (352088 ) HHTED
2. &R A RN ERMA TR (Flswlix i) 25 FFes (RIwEEXR)D) , BAa7R?
« WhHI—MEOFM—ANEO
3. iR RN BEMHALUMTIEE , B4/r?
« IN—MALU (EFE24 5N R &R 1H ki H B 2R

Pipeline.101
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2RSSR SRR CREESEMERD)

. e NS ik As BRALU
- ALV LI 2 AT ALUIE SR

Load/Storets <& B E bt

. Registers

|

(anr;){iu':rg}
B
c

>+| » >
| Wite

== M
Instruction —s
EOGGG1BD--v|u -r- memory E . /
X
A 8 . N data
/ Data
/ | Si I’ . }ALU .| memory | __| -
| Han | cf |
|x n II 5

T8 R T 6ARL R 5 A
FFX 38, BITHRALU/IT X

§%. IR, W
FInopfa &R BRRIR 2
BKIPI%TES, RS
EE iz a

7 28 25 ALUFIStore B /R 52 FERISS ARG T BRI B B ? }

Addrass

H‘E‘E )

ANEHER ENEIALUBE KB F BN E, BHES oG,
FlLoad4s RE — /& Fes




2y, & RS AR

° Rl WM R R4 (SEhr BIEAR]! )
° R
o NHBREME R, TN R
o WINVELER) R B RG] B kS 20K e 2k
f11: XFFLoad-use##E B K
—  BRGAKZ: RE—&ESER
— 2RWWKE: BN (2% &R
f12: XFFALU-Load/Store%i#E § [
- BRHIRKE: THEKHEARFALUGREREE K E|Load/Storefi 4
HIEXERT B
— 2RSRKE: WIELFNET, ALURSERAREEREH K, FARE
RS 5 HE S I Load/Storedg &, RELIEIR—ANFEH

AT BN 2 R A BESRFTHE, A SRR RS A,
REUS FE M H BRI R TR KB R, RS PR BIR KRR AT !
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fl. 2 FTMIPSTESHE

- W= AU i % BLATHIEH:
PR TR I8 4 EE AR T
Loop: Iw $t0, 0($sl) SWiE A BEA Y EATN?
addu zg’ itg’ TSZ SSIMEA, HswiB & R EChA

SW.  0(®s) e addiFIwWEC B — % ?
addi $s1, $s1, -4

Hk ! FNXYE—A R, A
bne $s1, $zero, Loop  WREE, WMpTHERIMRL

(REE HIXBREFHITIRERS ? ) #E3F P 3dEAT (K2 S A v i !
° AT BIE2RSIMIPSTUKE A BT, % EFEHHSIES
« METRWT: BHR/ASWAE, Hnopts

- ALU or branch instruction Data transfer instruction m

Loop: Tw $t0, 0($s1)
addi  $s1,%sl1,-4

addu  $t0,$t0,9s2
bne $s1,%zero,Loop | sw $t0, 4($s1)

P [ 2| B =

— MBI, FEIGSENAI SR ER, SLFRCPIXO0.8, B IPC=1.25
FEARSR T 5 I L S VA B R TR T

2010%E4 H5H 21—
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R (RER I AT 14

o FARM. BIFEHE, EREBANEIAR, ERIFHIESTHRERE
° LB TEAR BRI EHITE S FFI R 42
o AR, REBAPITIREZANEE
o “TEHR BT ARG/ NELIES (w, addu, sw, SHHRMERE) H44H
i E1%addifilkbne, 3£14%&$54
o JEABAETEFRHIMT : AME LIS 1R16? 5SOXBIIIE R AR 2

- ALU or branch instruction Data transfer instruction m

Loop: addi ,$s51,-16 $t0, 0($sl) 1
1w $t1,12(%s1) 2

addu $t0,$t0,8$s2 Tw $t2, B8($sl) 3

addu $t1,5t1,9%s2 Tw $§t3, 4(%sl) 4

addu $t2,$t2,%s2 SW $t0, 16(%$sl) 5

addu $t3,$t3,8s2 SW $t1,12(8$s1) 6

SW $§t2, 8($%sl) 7

bne $s1,%zero, Loop SW $t3, 4(8$s1) 8

144384 T8/ I4l, CPIIAZF|8/14=0.57., Ifkt: ZAFIFHIAT, BRI ATEH 5L !
WEHI  EaAFAN BA, ZHT = MalFA55t1,5t2,5t3, HERT RS
Kiioe R (AEESEHKH, HEFASZMERNE)

T RAT AT 2HT A G E%, FFMMTRBADS FEBERZEL)
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TEIARE

3:

Ja I mts =

_ ALU or branch instruction Data transfer instruction m

Loop: addi $s51,%s1,-16 $t0, 0($sl) 1
Iw $t1.12(%$s1) 2

addu $t0,.%$t0,$s2 Tw $t2, 8B($s1) 3

addu $tl1,%tl,%$s2 Tw $t3., 4($s1) 4

addu $t2.%t2.,.%s2 SW $t0,. 16(%$s1) 5

addu $t3.8%t3,8s2 SW $t1.,.12(%$s1) 6

SwW $tZ, 8($sl) Li

bne $sl1,%zero,Loop SW $t3, 4(%$s1) 8

° FH—&IELKSs 116, FIEPITE, $sIMMEZ R T 1A G R $Ss1E
° B LAEIMA N B EH TR BT 0382 R 2K IR
16 - AHILEL, 12 - BAHLK2, 8- HHIILE3, 4- FHiiE4

$s1-16 —

A A=A A R IwTE < K w2 5072

B uRS

Rl A 55 — AN B T (I w s A b4 T B bl
addifg 2 HPATE RiE B 53$s14, Frbd,

HH T3

BEHT$s 1A IR & JR SR B ?
KA —4%addufs & ANE S — A2

HAHITER?2

K Tt 4load-useFIE B !
AR IRBA AR ET,  IXHABUS A ia) B !

Atz

$sl———

A0 GRIEARAINLAS S DIMR ! RATEF RAAARH
TIPSR G | G as AP EEGE il as P RE !

Pipeline.106
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24 Intel 1A-64%28%
IA-64ZRLTF-640LMIPSEEHY, R Register-RegisterBIJRISCXAR 845
BRI BoRmiRds B MES BIE S A FHATHE, IntelBREANEPIC
Explicitly Parallel Instruction Computer—E X474+ HAML
EMIPS-64Z24 /) X H1
o HXHFA: 128D EBH. 128N ERH. 8N THAX. 64N 146L1F1H
« XFF
o [FIETRSHITESHRTETRSE (bundle)
o GIARFERIIBIRMEIAR, CASCHRAENPATRIHERR 3, REIRSRIFITE
EPICHISEIH AR
e 844 (nstruction Group) : M [AIEE F AR EIEKIB K52 T
sSHAKEERE, A Fibird” 3842 R EARR
B AN A TR L IFATIT, RER LB HIo WA EH8
o FEH: [N AN EKITESEFmILH L RIELE
KEAN128, HSMKIERFEER . = MUKEITE AR
B BN N T UL IR T e d i I =435 4
BHALU, JEBHALU (BAMZSERE) . Ui, R X
: KRS HPAT HiBRMERE, MAES 7 XI8 S KE
bipeline.107 Intel 1A-6472&2- R 7KL ? 3-RATHIKER ! S0 ars

(0]

O

o

(0]



RISCH#E H & 177

° RISCHLRHKEFF4%
° HHH:
o J/DIE P UT IEAE A AR IR
°  RISCHLEF 78 AR A B
o HEBHfFaEHNTEARORW (BEEFFE)
- PATEE R FRER, FIHFESRETA S HER R TS LS
- BAESHOEAR, R/RARGTERFIKETHARNE
- AIRKIE R TR RATHIE
o MEFFBSEEA REITIE
- ME—EFFaarLEE
- B YRR P R AL B SR 7 2 A B A7 R
- YmiFeas R AR EETE — %8 B B A A 5 2 AR 40 B A7 A7 48

BACK
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4= R A 2%

R,

Ry

AT APIR:

ERTFAAS: A TELE
HOFFS: HTEERM

EAAE O

RES

TR
BEEE

TEBAYE 7

BESHHFHEEOREAR (Overlapped Register Window )

ﬁi?

R.o A AT AR

51 MH B O
AL B
HFWED

NDHIE TP

H5#RA T
HHRED

Rag

., ACHLYETFEEE
32

Ry

Pr . M AEAERE

AFBIY, HT&BEAARKRHFFESE, Pril

AR RENY

AR )% &5 7748 W] EERIE 2 H0X 4B
MBIR[EI, BRHREIZFREBIHMATFES, AR
HEZEMRFBIR A 4R

Pipeline.109
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Intel IA-64ZE#) K18 iR FIHEN FAT HAR

° VB AMTE I AR
o 4r3FR2 IR A TR ]
o FANFHES —ANE 1R T AR AH R ER
o FEIRASE EREMFRN (6440—A0iB1E, HIB R F AR Kbr 5 H 64
FKon) HIFEFTAFARAERE, RRFEMARZETHE
° MIYHRRTEIR Wif-then-elseZr X (FEFF 433 AT HIEEF R 573 TH R D
. if (p) { Statementl} else { Statement2 } 4w i%Fmk:
(p) Statementl
(~p) Statement2
S REE AL, TR, BN, M Anopfa<
° AN IR AN IR A AR KR TE S, THER T 43K
° I IE 1A A A7 AR AT SR A AN AT

IA-64 KBS Z RAVHINREIRIESE, MmFERINEREKR

BACK
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&% R AL FE AR
° HERHEPITI BISTERFE TR B KA
° HHE B ABIEMIESE (Superscalar)
o E—MEBHAPIT LU EFES
° HVLIWAE B IR AR & s
o VLIWAEBESS: k4 RSVSBEMEVIMHER, SHFEERNIS EEEHTHRFE
o IR EAES: FIFERIGHTRASMNTRE, BEATHRAITE, HEARE
PLER SRR B — N AR SR L&F8 <. B, Zmid)s RS e AN IF]
SHIIPLES IEF AT
° ZEGEIFEAEBELE S BFRHAKLAE (Dynamic pipeline scheduling) AR

LRI IAIE S ST B, BRSO MUFHIT, %
RAVOKEBLIER, 7 BUBE H a4 kAT

o 25 Ui B B K R -
Iw $t0, 20($52) AR FHIH, W44 mT AR ATHAT ?

addu $t1. $t0. $t2 subfg & AT LR AT, AFEFIwMaddufs AT 58

sub $sd, $s4, $t3 WMRAKSUbHBIRTE, FREESRKNTE (wigdm
St bts ted pp | VIEBRMEREASECRY D MTIRMSIfE H T

BRAENTT REM A7
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AR £ P O T8 A AR Y

° BIFPUKER —ANERREE: HEFEAILERN, 20J51HEKE S RAHT!
° BAWKERITEARE.

o —NMELTBUNEM B IT: AR AN

o ZANIFIPATHITIREETC: ELFFIAT

o —MMRIRHIT: FFIRA

AT AT % IR B Instruction fetch In-order issue
FIF RAFR e BRI i |

L [ ]

ReH. T — H5E ) | Reservation
, NH%?S%H 3% | station

HA R G R
PR U FNERAT H T
Functional ;
units Integer Flpolt:t-lg lé?:?e Out-of-order execute

Reservation
station

Reservation

station station

Reservation ‘

i Rt fEReorder
R HLITTEAT A TCTE 4 R ¥
It R A A % e p— /B“ffer*' B
, ®XAReorder Buffer ~—— unit
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° Thfe: FRPATREERBIMERIE
° MHERE: AT ITTRAAELRNEREMNRE, HAFARBECkZE
« PATAH (Latency) : SERUHFEBRAEFTIER B HA%L
o RATESIE (Ilssue Time) : &4k, JhSLERAE 2 18558 A A%
PLF ZPentium 1l B AIHREERAF )14 B

Operation I atency Issue Time
Integer Add 1 1
Integer MMultiply 4 1
Integer Divide 36 36
Floating-Point Add 3 1
Floating-Point Multiply 5 2
Floating-Point Divide 38 38
ILoad (Cache Hit) 3 1
Store (Cache Hit) 3 1

M EREHEH, BREEThREE AR LR ? BRLe R BRI AL 2
o« BERUIN. BEETR. AN, AL FEIX TR R R KAL)
o VF SRR R R A T Kb
« BERRAE NIRRT AR RANL
CPUR I —ANERN: AR 2 B NS T ReER A 2 [T P ! REIL KRS HHIEH
T BB MERE G RERERUERTFHAT )
M EREHREREH: MR REENEIE? WEREANEHR?
BROINERSRYE . F R BUnE s 2 EE A ERAE
BRIEAXT RN E I, T B4 5 X DL SEI K 2%
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B IK SN LR AT AL
° RUREIATKEIE S RIS RIRFE, 0400 ZFHITHR

BRAORST BT BRIP4k
(1) RSB AR B AL 2
(2) BEAEQEENTE S 52 BHT 73 AN

Iy i sise
ReOrder Buffer EHFZEM: g?ﬁ%ﬁ:%iﬁﬁmi AR IER T

HTRAFEBRAITER SR, T’fﬁiﬂ? E%‘

SFRETREN BRI F a1 Instruction
Cache
Instruction Qusawe
n_ A n-1 [ m-3 | I_ S E— instr Fetch & MLB ==
Dlepatch P & "
L Hp T and H |-|/-=. E
£
T T — o oy T E;
- — =
Register| Eranch —
File /3 =
i .:"-l: s Lindt & CITLBE- -
Buff - =  Data _ _
r Cache

R, HERAERT REAE F AR HERROB Y, WAL
BIR BB R, SRR F AR RE R

IRES: FHOREERRIER S« FRAERRE SR ERROBE, T —E AR 24
—AThAEEILTH A LR, BEAERE AR IIRERIG, R
25 RN\ 55 it 25 A7 25 S il 2UOR B b
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1% P R 1% P 5E i

o 2. 2K HHEMAFE, 4NEEE (F) . ¥ (D) . $UT (BE) . BE (W) .
. D. WEBHE—/ ISR ER (TRNERERSEX=Z1TME) » ERE=
ANPATERE: Load/Store 52 liEidE Cacheili M BE A MIEE, BEALUSE K
BALUBAETR 24N 8, BEERESS S i RIEE B H E3M 8. $ATER R
KA TR o
e PR R ST SE R R I H B AR

4= HhEB e

lw $1, A
add $2, $2, $1
add $3, $3, $4
mul $4, $5, $4
lw $6, B
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il. i2[EIRAW; i5. i6[AJRAWFRIWAW, [i5] 14| |
PHIE— I PP A, JF—E BIPE ! [i5] | i

AT HFPER, BARISIERNSP6 A TE R D
B—HH#EE 245 05K SO P4 5 ] L/S ALU  Mul !

WNRIEH —45TIEIES, WS AlH =4RIER < RN ERAT S S
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° X5 2K HEIE, 4AEFE (F) . # (D) . $UT (BE) « BH (W) . F
« D WERE—/ANHREATER (TRINERFIESEZX=Z1ME) ; ERE=
ANPATERME: Load/Store¥ g i Cache iy ) BE 1A K8, BEALUZ R
BALUBAE R T2 08k, BECRIESR TRTRIEIEE T EI 8. BATHMHRA

AR TT 2.

P RS IO SE R I T
i1 lw $1, A

i2 add $2, $2, $1

13 add $3, $3, $4

i4 mul $4, $5, $4

i5 lw $6, B

i6 mul $6, $6, $7

%?%&W,iﬁﬂﬁ%%aﬁ%&,ﬂ/////

i3, 4B AMIM:, TUAFEES. 45
BlEHSME, BrLAa]sETid5E k.
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PRI
i1 | i2
i2
i3 | i4
i5 | i6
i6

HAT BRI W

2

i1 3
12 i1 4

12 i3]|i4 5

15 i3i4 12 | 6
14 16 13 | ,i5 7

B i4 | 8

_— |  i6 9
L/S ALU Mul 6 |10
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° X5 2K HEIE, 4AEFE (F) . # (D) . $UT (BE) « BH (W) . F
« D WERE—/ANHREATER (TRINERFIESEZX=Z1ME) ; ERE=
ANPATERME: Load/Store¥ g i Cache iy ) BE 1A K8, BEALUZ R
BALUBAE R T2 08k, BECRIESR TRTRIEIEE T EI 8. BATHMHRA

AR TR o ﬂ%ﬂ%i@@?ﬁﬁkﬁ%%ﬁﬁﬁ%ﬁ
T KW, TooE8 4 AT ST R RISEAT 5

ToF5 R 5t o e 52 B e A o o

i1 lw $1, A P PATER HEgk e
i2 add $2, $2, $1 i1 i2 2
i3 add $3, $3, $4 i3 | i4 i1 3
i mul $4. $5. $4 is | i6 [io Jia i1 4
i5 lw $6, B i7 |is i5_li2 i3|i4 5
i6 mul $6, $6, $7 i3lia” i6 > |i5 |6
R R, S A W e — 6y | B 1M 7
Ao A 1 [ o Bty A5} i6 8
U ERIESE AT . B s AT St B R 6 |9
LTI, SAGESE RS, SEUEFHED s ALU  Mul 10

BIRFER: paiin, i2Ris. (640K RISSRIGFEIT
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BN aSTK L B A E

° UmEes Al MR IEBHRAKE S R R EARNE, AT AREBIr 2T RIS E?
o HFARITEMHEMGEHELHE, SISREETEMER, RITHITERIES
#ilan, Cachefiss AN A] T L HFH 2

o BRI ST T EARPEPAT B B S5 Sl AT T

o KB TE B AT 1S A1 AL BLAS 40715 B i >R
(AFIEIBZFI RS RE . TUKKRIENEFT AR, T/KELREHBSEmIER
FETFHIGRE . B A EEAFIS 02407 BRie ok, Y RKITR L FRE TR —
RS ERAN R RKITHN A mESE, JFH, DIarrARBE ] EFr A3z k
21T, THEEHRF)

T ARRE PR RE

Pt REBUL B R AERF ST S A TR A 10 RHT, TR

(1) AT RIRE T 542 IMIFTIGT, HRLRR A RER T

filan, fFRFEEARIEER, AFERE
(2) x| TNE R
() WHVIHTIEKIFHZE (CacheltRk. BETEE) [FEU KM LI T i
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aiii: Pentium 4 B2 ES A6 &

Aﬁ““ﬁé\% L1Z#Ecache
MEEO L2 cache
%Z&Eﬁuﬁlﬂ‘ @
BRI
ERIBHESE o BiAR
Streaming
SIMD
Extensions 2

&
Trace cache FRIzE S
(L1¥g4cache) MMX
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Jii: Pentium 4 AbFEESH)Z 8455

BTB 1H# Tl AL 2477 ﬁ?ﬁﬂ}?ﬁé\

/\ > 64 BT S HBETEL
Al
i Y FEIG A EEEME BTB2EIAT
pit s e I LR /1~4%%‘;5lﬁ'%1’|3; H7&g  Mtrace cache
" Y " SIBIBROMFI (TR
v . HAT IR ERcache TSR TR 4
ABROM (1200044 F) - 5
i O Y ¥
T eIVl THERAEB\T
5 ) 8 YV Y Y Y Y Y Y YY VYV VYV VY Y Y Y Y Y YV OVY
BHEEFRA -« BEREER4A <
LNV T I 7337337 37 33 |75 ,
BALU 2xALU| | [2xaLu] [2xacul [2xacu
\ R | ssE/

L2 A Ea)ﬁ\ﬁ ey MMX
cache gams || |meme || [meme || amae || soss 2 || g | SSE2
(48GB/s)

L | | + f + ﬁ |
< 2560, AR > L 1%#fEcache(8KB)
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Pentium 4R IBIrE 551 H 2%

BH 5 HFHA FEEES4 -
Y Yy V y v vy Vv y Vv 3 v T v
EALU 2xALU | | [2xaLu | [2xacu | [oxacu
g |, SEL
B i B TR B - Hh By bkt - . Br%id SSE2
4 4 4 R | SSE3
— ' ' v ! } |
L1%#Ecache(8KB)

R E (superscalar) itt), —HAEOMNMESHEIM, ATFEN TIE, PrER2iAHE

o 2\ EIEBERALUEA N S0 R BB T 20k 84E), T 58l S BSOS (N, i)

o IMEFEBHALUGFEEZANSEA B RLKERE), FATemEfior. Kikes

o 2R (AGU) , AT HESESAE YL, BrA sk 25 H T AN
FER AR BB WA IR FEBRAE S R

o INMZEE AT 58 B R E S T

o INBE IR T 58T BN, Feik MR E

o INBEEEHTHATHRAKSIMDAL B (SSE/SSE2/SSE3#H4)

o INBHEMHT RS EAGESEE (MMXIES)
EIBE AP PAT R R TUERE, MARIES! BEHETIBRIERHRAKT !
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a|Jiii: Pentium 4 WA P 7] LT EeSAH

%ﬁ%ﬁ%&Qﬁ P4 Pentium 80386 80486 8086 8088
fEPentium4N 5, BHEFTE S S x| on oL
HH 1284174 GPR2 | EDX DX |  DH DL
AR ERIE: AP NS I — o
AR IZ R A A B R A R R A cona | com -

e
et ant, EHie LK N 5|
Wik fE 4 F R OB
4T H}‘ﬁf‘ﬁﬁglﬁl RV & A7 R Bt EIP IP
REBAH R R E TR FEFER [ e
7R e i
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Pentium4 Jii 7K 2k 451738 43

H/MOPH 4 F—4RISCH4

R4 BRI RRA R T 4 MR EMOP

(AECAE T BAH A FF Instruction prefetch | TraceCachef7iiFa4 5t M i 1k 75
Branch = and decode ’ *%ﬁi’iﬁﬁﬁfﬁf?ﬂ%?@*ﬁ\ﬂ%ﬂﬁ (
prediction I _trace) , TCHH Z4trace, AT

ROB & T HEH Trace cache | WB4ktraceiMOPRA%1(12615ROB)
XS P
MOPHI A B E ! ARHIE (WHFER. B HEN

%ﬁ/y$ﬁly\ﬁu%nﬁﬁﬁm Microoperation queue z}ﬁj%MOPﬁ%U%%/I\Z:ﬁMﬁU

S BRI, AT : / Register file

ﬁww%ﬁ,%ﬁﬁﬁjiniTijfm@mwm :

|
| ¥ i | 1 — |

Integer and floating-point operation queue

Memory operation queue

netragtion| | "mever | | imteger | | PSS Load | | store
Commit
unit
Pentium 4£“CISC5%. RISCH” & —
MTCHEIMOPHLE, HAMOPHI20%% & s EREIK L cache
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Pentium 4¥J$52VE0E — X152 ThE#HAT i

© SEA R
« Thfie MR LB —SEARIE, FRVBERAEMOP
C A RS
i BORAE (RIS

#l1: addl %eax, %edx HIFERSLEEAH A2
— AR B R — AN EMOP)

#]2: addl %eax, 4 (%edx) KL RIE?
DA B Ot R P AMHEREMOP)
“HihkitE” . Reg[%edx]+4->addr
“BN": Mem[addr]->Reg[Rtemp]
“Inik" . Reg[Rtemp]+Reg[%eax]->Reg[Rtemp]
“FHE : Reg[Rtemp]->Mem[addr]

—MUABAEMH ST —&RISCIES, FHENNMIRIEFFIHAF K 2| Trace Cache
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Pentium4 K202 /K2 (Hyper-pipeline)

Microoperation Functional unit Reorder

queue —— queues buffer
buffer Scheduling Register
STHE =M He [ -
register unit ACCess
renaming
5 4 5 2 1 9

B HWRIERKZE N 204, FRA29% (HUTHBIKEARD
AN drive B H T i ARSI S 5 K3, AL ORIERK R R A%
1,2, 3 4 6 7 & 9 10 11 12 13 14 15 16 17 18 19

TC Mzt P | TO Fetch Alloe Rename Cuwe Sch  5ch Sch DOisp Disp RF RF Ex Flgs_; Er CE

- 7 - - 7 -\ -~ J\Yl| ] \. J

/ "R

i P —/ANFIHH3AMOP  FABAFIHFIFO 3 REHH — BOSIARRERE
N . PaN) A Z—\‘n .
%%fﬁ%ﬂ % %ROB. ROBH  WMOPRFI&EH MOPJH %&g ,E?F/C/Ei,
ey 12670 R R, W IR e oA
DI | MOPEARMMVER [rmhitTaE BT iy, RanE
EROB/AlloC/Rents  TAITIRGS, MRAE ARIERN, % KERE g4 ;ﬁfﬁ;qj

e B EbMop SUARERET AR B SN T o
o DONLIRIENIOP SEREaLE, 4N, KMOPR BHMELL gk DOVERL
;cg puvie B3 ATHERA o ik B L R A
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° HLUFHMIELSFZHAATILP)EAR (Bl: EHEEERKEERD
o HHWIKE: FEHWMAKLEL
o ZRIVIKE: RN RFEZNMES, F2RIKLENFIT
AL RS (VLIWARE 3 +4m 28 B0 A D)
HEZ R GBIRELHEZ+BIASTRKELRE)
o AZRE (VLIW GBEKIESF) ki)
o HYmiERSTFAMENSRTHC F824T " - B K A2
e MIPS 2-%ffDatapathHH2MPATEA:, K2kt 6, FHRINFEEHAT
o RAMIFETHTIESWE, RAIIRGFRMHRE
o IA-6AKFIVLIWEEL, IntelfFRENEPICE AR, 34&E41TE
° FBRLRE (GEIFEAFR)
o FEAPATH HEEESISHEN, ZANPATEM, FIN K282 BIPATEB 4
o 3FPBHAL REFKEFIPATHER
- P RHETEPTE. BE R TR RS TR
« Pentium 4 &L EKHHKE CERFEST. TRER)
*ﬁﬁ?‘ﬁé}ﬂaﬁﬁéﬁ%ﬁ R 4% 4 HIEEMEROM F=4: MOP

A%t R FIMOPAEIAE trace cached, & —4ksktracefFil ([F—4%¥64

E‘J%?ﬁﬁ'@f’ﬁﬂﬁ%ﬁﬁiﬁﬁ [Flffjtrace )

20 VA KL . 3RMEIFE . 2BAIIZIAFRE . 126 5 bR R I AT

BTN + W ESh AT
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AEHE]L

° IRL UKL

Pipeline.127

R B2 T8 HIPAT HEEAL 0 25 T R RR A SRR B B
FAVKH B BISHAT I 8] —#F, AR T — i B
AR E, BN —FESHEATKE, B - FEIPITER

FUUKBP RIS EH S BB INEF AR, HE@Br LR RAER ¢4
KRR FAS (. BRI FMETES. KEFESS .

BB Z B RFRK S Fas, FHLLOCRPTAER P BUE M 2%
PEE, AWRLENE?

EHIES. BLRRE. S2NEERRIER. SR, FeRERE
B TSRO, FFEE Dbk, FAE8sHik. FrPCESE.

T2 LA B R HIE 5B RK T A AR 2 R TH & R/KE A
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jg-%‘ e /EI
BRI, 2 A A K Z LR

Cycle 1

i
A

Cycle 2 >
Clk| | | | —
Sianle Cycle Implementation: _
Load I Store : Waste

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Cycle 7 Cycle 8 Cycle 9§Cycle 10;
Clk | | | | | | | | | | |

I\/Iultiple Cycle Implementation: : 5
! Load : Store i R- -type
Ifetchl Reg I EXxec I Mem I Wr l Ifetchl Reg I EXxec I Mem I Ifetch

Plpelane Implementation:

Load Ifetchl Reg I EXxec I Mem I Wr

Storg] Ifetchl Reg I Exec I Mem I Wr

R-type Ifetchl Reg I Exec I Mem I Wr
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ARER4ES

° TRSWIKER RFR T
o FHFARBFRLSHAMRZANTKE
« HFARBNMRAKBHR—HK
« FEERKLRERRN, FAKLEFFSKINTH At X
« IERTEREM R BUEAHREFE BRI &k ERKL B &
° FRRVIKLRIPAT R
o R HARRAKLT N T RKRR
« IERPATHIE: AN FARRAKLTT, —FKIBLSHPATHREIER T
° RRIKLEIE LRI RPIAKLEEA
o BIKE: FBCEZHITKL
« ZRGTKE: RN AN 2 5&EHITKE
HASZ R VLIWEH . GaiEas i
WAL RS BARELH . BEFSh AN B
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° G ER (BRFEMR) « L& RBHEH E—AThaesif
o MEFNINREFAAE—FKTES T REEHEH—IX
o MEFA-ThaeE M R se e AR € HIBr Bea H
o 18T fEss(Code Cache) M7 as(Data Cache)sr F
c HIEER (BIEMAR) « BIHTESHERE G TS S HERER
o BAFFHZE: (. YmiFEES) ESEHEIEIEHERIE S I ANOpTE S
o MEMFFHZE: 785 THEEEAHRTE 2 BT E LK BGadE A R LA FHZE” §5
SHRUEIGT, BB T R L
. ;cf’?/\ﬁ (FE) « BRI PATIEREF B RNEIRE EELIE RS
HY o
o NMTEEEHBMEHPEN (. Loadfe>HH FIEHE ZRE G HEH
5 HIERAESO , WK FHZE N & 177 M 235 B ke
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ARE R4ES

° EHIER (FEHHID . BERS. 23XI8SE A RERINTEEKPCH,
T IREE R H AR B ARG, /S E H dnsthtik = A T D& 154X
BlyAKeH, MREERHPITHIES AR IERRIRES, WAREEH B,

o BAFPHZE: (. gwiEAy) FEEHIMSCIE QB M AnopiES

o TELFRHZE: 7RISR R HRITE S B AU R, ke
s T Bl BRIEHIMRIE BRI ERPPCEN I

o KA AR R (FES) MR LG RE—HE, BUR
W SCARRPAT I RRAT BT, BhaSTHHl REA2I90% LA _E KT

o RHFEIR > CBAR . RHIH — 45 50 SRR TR LB 8L )6
AT, XHE, WKEASKAEMERSR . ZXPRTE-SFEEAT AR
TAEAERE P4 M B e i
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