HERT—XTOF YRR
* (Advanced Computer Architectures)

9. 7TOMTA—Z IOtV
AT—hEFISEIE

i BRSO —) 0T (TIMETA—FEIT)

(1) DIV.D FO, F2, F4
(2) ADD.D F10, FO, F8
(3) SUB.D F12, F8, F14

= DIV.D LADD.DDIREMN /A TSAEXR—ILEE, SUB.D
BHOETERE

= SUB.D /81 TS5/ DEDHFITHT—HKRIEFELAL

» TOUSLIBFIZH>THSERTTHEVSHMERYRKRL
LT, COFIREREE

Adapted from Computer Organization and Design._Patterson & Hennessy, © 2005

i 5% (exception), EliA# (interrupt)

s (FBIDORETIFELLLLGDARUE
« DEFHTX

« EE
EinEEA—N\DO— /7 4 —o0—
s R=T:T—LE(HDDADTHER)
» AEYREER
« REBEWTOERA
« AHAW/O)ISDYYIITRE
» TL—ORAUNT YT SINRET HEIAH)

Adapted from Superscalar Microprocessor Design._Mike Johnson

i B HAIELT (speculative execution)

o REEIRST

o BRAARMREELGVNELSREDHET, FRETTVFHELY
ETTHETERUVEREZERS.

[E118 (recovery, repair)

o BROTAREICE SN TRITSN -G OEELRYHETLE.

BH (restart)

« EEOHIC, ELLGSIEEVETLE.

= IERELREA
s BLABERES LA RLURMOBRIIEET
o BApERESEGRURERE BH

Adapted from Superscalar Microprocessor Design._Mike Johnson

i HTHMALTOEYHOEITETIL

s IS RS ERET IHENGTO VY DERTETIL
« ERELELAA

» BIRAAERESHERSEIYHORRIIEET

» FAAEFRESE-HRUEREZEE, BH

Processor

Start End
/ﬁ\\H\HHHHH\HHHHHH
MBY REEMH DD _ ,

= T ﬁ t A7y TR
Processor
Start End

q\\\\\\\\\\\\\\\\\\\\

Adapted from Superscalar Microprocessor Design._Mike Johnson

i SOy OERTETIL

= BHOGREAIINET SEMHETOLYYORTETIL

Processor
Start ; . End
HHI:IH!HH\\]\\\\\\\\\\
NI IR DU JAVrIVRFO0E
ﬁ t 2 FyT
Processor

Start End
|

I W LT[ [T
P 1 I

yfpmmz; JOVRIVROME
A H

6

Adapted from Superscalar Microprocessor Design._Mike Johnson




:-‘ MIPS R3000 Instruction Set Architecture (ISA)

= Instruction Categories Registers
= Computational
= Load/Store
= Jump and Branch
= Floating Point

RO - R31

. coprocessor
= Memory Management
= Special o 1
3 Instruction Formats: all 32 bits wide
[ op Jrs [ [ rd Jsa [funct |Rformat
[ OoP l rs ] rt ] immediate ] | format
[ OP l jump target ] J format

Adapted from Superscalar Microprocessor Design._Mike Johnson

i MEDEVEIEERT—MER

o HEBLORADHDRE(RT—MEEZS.
. ERBERESAAEEHSED O TREDEITEFA

= HERIVEIEDH, PEEBL2MDRT—MERLNBE
» RHICBBEERTLOEE
» BISNRERICHATIRAT—FOKS

Adapted from Superscalar Microprocessor Design,_Mike Johnson

A2 F—H—-XF7—k (in-order state)

» (5,7,8) ODE@MTITNEHR, ZOMIFETLTNS.
= ETERETNLHESE ELRVERBFIICLLIZHOKAR

EIZE>THRINSHIKEE

R3 := @ R3 := 1)

R7 := 2)

R8 := 3) R8 := (3)

R7 := 4) R7 := (4)

R4 := (5)

R3 := (6) AV F—H— 27—k

R8 := (7)

R3 := (8)

w5l 0

Adapted from Superscalar Microprocessor Design._Mike Johnson

F# B AT —F (lookahead state)

» ZPDRETHENSHRINDEKEICEDEFTORARBREDOTA
THHEHENERAT—H

R3 := (1) R3 := (1

R7 := (2)

RS := (3) RS := 3

R7 := (4) R7 := 4)

R4 = (B qot—s—z7—+ R4 = (5)
RS = (0 R = (O
R8 == (D) R§ :=  (7)
R3 := ®) R3 := (8)
a5l

£RRF—H i

i F7—XTUFv-AT—h (architectural state)

» RERTHOGRIDKENSHTELORLTHT HEFTORA
BRENSBEEINDRT—H

R3 := (1) R3:= (1

R7 := (2)

R8 := (3) R8 := (3)

R7 := (4 R7:= (4 R7 := (4)
R4 = (B)  4qvr—5— R4 := (5) R4 := (5)
R3 := (6) *°t R3 := (6)

R8 = (7) R8 := (7) R8 := (7)
R3 = (8) R3 := (8 R3 := (8)
Ll £ERTF—F T—FTHF v

AT—hk 11

Adapted from Superscalar Microprocessor Design._Mike Johnson

i 3DDRAT—hDEZ

Our-of-order processor
Start T 1 End
_____________§i § EEEEEEE [

g? : g; R3 = (1) F—%FHF 0 RF—h

RS := (3) RS := (3)

R7 := (4 R7 = (4

B @© 2 GATT me= e MTO

RS := (7) R3 := (6) -

o RS = (7) RS - @)
3= g =6

w5l

Adapted from Superscalar Microprocessor Design._Mike Johnson




i Exercise

£ A B Advance

K&, 2BES, : i
BERS T HH(ERT)

Adapted from Computer Organization and Design,_Patterson & Hennessy, © 2005

13

AT—hEROHEK

’ AU F—F—RF—, FRRT—F, F—FT5F 1

R3 := (1)
R7 := (2)
R8 := (3)
R7 := (@)
R4 := (5)
R3 := (6)
R2 := (D)
R2 := (8)
R7 := (9)
R \ FBOWIEELTETLTLEL

14

Adapted from Superscalar Microprocessor Design,_Mike Johnson

AT—hEROEK

‘ A2 F—BH—2F—h, KRAT—h F—FF0F v

R3 := (1) R3:= (1)

R7T := (2) R7 := (2)

R8 := (3) R8 := (3) R8 := (3)
R7 = (4) R7 := (4)

R4 = (B) R4 := (6) R4 := (5)
R3 := () R3 := (6) R3 := (6)
R2 := (7) R2 := (7)

R2 := (8) R2 := (8 R2:= (8
R7 := (9) R7 := (9) R7 := (9)
wmH5l 1;_7]—"_9_ FERRT—H /?(;fz——gq_,\.,.

15

i DT RZZ MDD EIEDH

ETIERT
R3 = (1) R4 := (B) R7 := (4)
R7 := (2 R3 = (6) R4 = ()
R := (3 R8 = (7) R8 = (7)
R7 := (&) R3 = (8) R3 := (8)
R4 := () FERRT—F T—FTIFv-AT—h
R3 := (6)
Branch
BSALIz/ SR T
\ﬂ‘ B R4 = (B) RS := (3)
R8 := (7) R3 := (6) R7 = (4)
R3 = (8) Re—=—7)- R4 = (5)
—— R3 := (6)
RRAT—F  F—FTHFYRT—b

16

i BINEEDI=HD/INYTT) T Fik

s FxyPRAMEIE (checkpoint repair)
s ERKJ /Ny T7 (history buffer)
s YA—4-/3yT7 (reorder buffer)

s Ja—Fx-T74)L (future file)

Adapted from Superscalar Microprocessor Design._Mike Johnson
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i FrvIR4AREHE (checkpoint repair)

s DERFOERITT—FTIF Y RAT—rDNVITVTEER

s BENRTTILVICTRTOEMEEH, N\VITITOTRATOLYR
ANBEFHINDEALF—5 - AT—h WD,

= BISDRELIIGEIZIE, NvIT7vyTOREEIE—LTER

amHRTER

INOTFyT1

‘ N9 F7vF0

F—XTIF -
AF—h
@mEz |

/ Ny o7vT 2899

Start

| End
CCCC (iR 0N iEN NN NEEE NEEE

Out-of-order processor

18




FxvIRAkEIE (checkpoint repair)

= FERT

RF—rDAE— (VI YT DER)SRVEHEET 2.
RRENSL.

= EREEASHBILTAVITYTDHHEXT .

BAETRE
Ry 7v71
‘ N\wHT7v7T0
[aisan S RurTyTREvY
Ead
@wEzE |
FRSUR |

19

Adapted from Superscalar Microprocessor Design._Mike Johnson

EXRJ -3 T7 (history buffer)

s LORBTFANIZET—FFTIF v - AT e RE

n RAVIDEEEHOERN Ny I7 (ERRAT—NERE)
« BENTI—RShBETvasnd.
= BISEFIC, BIStESETRYILTEE
» AVA—ERTF—MNMIBEENSIES I/ VT SHIER

RyTLTEE
ﬁl"%%'i’ﬁ%l l ‘ l
LORET7AIL
(F—%55F - Py
27—H) 7
FRTUE l | BUHENEE

Start | End
CCCC NN B0 iED SN NEED BEEE

Out-of-order processor

20

Adapted from Superscalar Microprocessor Design,_Mike Johnson

EXRJ-/3y 77 (history buffer)

= KT
» LORET7AILOR—EOEM (EEEMA EICEF 5 LALY)
« EETEHOFEMBMNED. EREDORLITESTHIILEDL

#my 2.
RyFLTEE
n‘n“%%"‘rﬁ%l (% ‘ l
LORET7AIL
(F—FF5F - o
ATt
RS l Nr BUOHENIER

21

Adapted from Superscalar Microprocessor Design._Mike Johnson

|)ZA—% =73y 77 (reorder buffer, ROB)

s A2 F—HF— AT R RRAT—FEHELT, 7—FTIF v
AT—h RS,
s FIFO¥a1—#E%EE DA —4%-1\vT7
s BENTI—FEINBEIUF21—TF5.
s AVA—FRT—MIEENIHHETF21—T 5.
= BISEFICIE, TOWMSLUBEOIUNEYA—F - N\I7HLHET 5.

17 lﬁ‘%%ﬁﬁ%
LERETFAI . "
)A—5 1\ T7
A A—H—- Z
25— (ERZXT—)
. L] .
ARSUF A F—H—RF—F ARSUF
ISBINY 57T —%
Start | end
-]]:I:I_-\HI\UIH\IIHT

Out-of-order processor 22

Adapted from Superscalar Microprocessar Design, Mike Johnson

1)A—% 13y 77 (reorder buffer, ROB)

w UFA—=F-N\UT7ICE, BEENEDEERROEENBE

R8 := (7)
R3:= (6)
[ = Y5159
R7:= (4) (RRRT—F)
L RET7AIL R8:= (3)
(Lo F—H—- R7 := (2)
AT—hk) R3:= (1)
T SRE
FRSUK A of—H—ZF—F FRSUE
I8Ny 57—4
Start

I End
EEE EENE NNEN NEEN

Out-of-order processor

23
Adapted from Superscalar Microprocessor Design. Mike Johnson

Classical RAM (random access memory)
Organization

bit (data) lines

S Each intersection
A represents a

6-T SRAM cell or
a 1-T DRAM cell

RAM Cel
Array

word (row) line

“—moooo0g sSO0X

row | Column Selector & -| column
address /O Circuits address

] One memory row holds a block
of data, so the column address

data bit or word selects the requested bit or word

from that block 24

Adapted from Superscalar Microprocessor Design._Mike Johnson




EEAE!, CAM (content addressable memory)

s PRLRZEANELT, ERAEVFERBOLEZDTRLRE—HT

1)A—4"+/\v 7 (reorder buffer, ROB)

iapted from Computer Organization and Design, Patterson & Hennessy, © 2005

Adapted from Computer Organization and Design._Patterson & Hennessy, © 2005

« fEFT
PLOBRLT WILTHT—5EHNT 2. . EERROWEADELRS. IUNMOBAAER.
Address « R
) i . WRIEBLORAES
Data Address *:D*H't / Miss m% TAIES
7:D— Hit / Miss Reg #| Data
7:D— Hit / Miss [7 MEETHER
HA_—Hit / Miss - 1
=) Hit / Miss e YA —5 Ty
FH ) Hit / Miss ATF—h) (ERRT—H)
H Hit / Miss
ﬁ}m/ Mi ARV l A2 A—F— 27— J FRFUE
[ Hit / Miss ST 57—
H_—Hit / Miss :
- Hit / Miss
= LARTUE
Comparator P 26
AdaEied from 51129/‘505/.9/‘ M/cmzmcessm Desrgln Mike Johnson AdEEled from Suﬁlscﬁ/ﬂl M/tmgmcessal DES/E/L Mike Johnson
Ta—Fv-T74)L (future file) BFINEED =D /INVTTI T ik F&b
o AN TFEARSUFERIELAEL. « FyIRAUNETE
= LORET7AIVERBDBRDT1—F v I7/ILEEBNT 5. « T—XTOF v RAT—bENVITYT
» Ja—F¥ IFAIIRT—FTIFv- AT eRTE . ERRYNYTF
s UA—EN\YI7DEBBRREHBRTES. . _
s ERRINYTFPICERAT— D BEEZEEMH
= BINDGEEICIE ZOBAETOS T —F AT EBELT, LU RAT7AIN=T —% T HF 40+ AT — P EAE
Ta—Fr- ITALORBEBEMLT S, P AT AN T 7 "
s JFA—5-1\yT7
lﬁ%iﬁ.ﬁ% 17 lﬁ*%%ﬁ.-n% s LORBIFZAINCAY - —F — AT — R EHH
Ja—Fv- 7740 | | LORETFAL Uiy o VA= O7IRRRAT
(7_Z$_7_—?~;F‘V. (4;'21-_5_' (BRF—F) n Ja—Fv-T7AI)L
Z Z o LORETFAIISAD F—5— RT— M
l l Ay A== 27—} o A=\ IFIZRRRAT R
FRIUE FRIUE R v TA—F o T —FFIF AT —NEIH
27 28
AdaEIEd from Sueerscalar Mlcmemcessur Deslgn, Mike Johnson AdaElsd from SUEISL‘E/EI M/L‘/ugmcessul Des/zn Mike Johnson
Out-of-orderR—/S—R A5 FOtyH T oA TA—EETTAEv Y OERK
— i WEV1URY:
Instruction flow SavkIUE OE A
[ Branch handler o————] Fetch | PN ALUO
’KATS54> AR
e 56 TTyFazul  LYRE T4V
Rename -
————{ Register file_|———{ Operand Fetch LIRS
— — 7, Memory dataflow PO I7 I
\R\S\ | \"\]te\g\er\ 11 [T \'::O\at\ln?_\p\(jl\n\t\ [ \hf?m?r): 11 ﬁ“&%lﬁuf;g x‘rgl_a
7 1 1 1 1 7 || %
ALU ALU FP ALU FP ALU Adr gen. Adr gen.
k:l il | N B
e \l\ Instruction  Instruction Register  Dispatch O00FEfTA7
Reorder buffer Store Fetch Decode Renaming (F—20RE)
) — queue Data cache
Register dataflow HATIVF, Fa—K, Ym—35 NyHTUR
29 30




T TA—FRITT O DIERL

= TAR/NYF (dispatch) : RV R IIHBEIENT DENME

BEHEEI=YNIEYH S BIE

T oA TA—FETTAE T OERK
» FAT (issue, fire) : M/ VAU IDD, T—RKFELNFEHSNI=6G

= COBIC, LORET7AIVDEERAETIENDS.

Adapted from Computer Organization and Design,_Patterson & Hennessy, © 2005

Adapted from Computer Organization and Design._Patterson & Hennessy, © 2005

Issue
ALUO
AT s | A% SAT5A
SdTzvFizur LPRE ‘é Hj'ff"rj At S 4 TIyFazyk  UYRE
.g LIRS
714V
SeErysa, 7 A2 SeErya,
BT RE - BT RE
%
—_ T - e —
Instruction  Instruction Register 000FATA7 Instruction  Instruction Register  Dispatch O00RATA7
Fetch Decode  Renaming (T—2OLE) Fetch Decode  Renaming (F—20RE)
31 32
Adagted from Cnmzule/ Olzanllallan and Des:gn Patterson & Hennessz‘ © 2005 AdEEled from EHmEuIEI Olgan/lal/vn and Desgm Patterson & Henness* © 2005
T oMATA—EETTOEv Y DER T oA TA—FETTAEv T OERK
= 33 (commit) | BREOEFHERICEOTF—FTFIF v RT— = UEAT (retire) : MBORTRERI=E>TIVA—F X7 —+EE
FEEHT DB (JA—F v T7ISEEEEAL) HTOEE
» BYBTEHEL DR 2%FEIR
ALUO
RATSAY Ll ’AT54Y
HeTzvFizur LPRE H}'ffl\rj ALUL HHTzvFazur YRS
LIRS
T74IL
BeErysa, 7 a2 FHFrysa,
BT AL P PEFALE |
% —
Commit Commit
- -
Instruction Instruction Register ~ Dispatch 000FATA7 Instruction Instruction Register ~ Dispatch 000FE{Ta7
Fetch Decode  Renaming (T—2OLE) Fetch Decode  Renaming (F—30LE)
33 34
AdaEIEd from CD/UEUIE/ Dlganllamm and Deslgn, Patterson & Hsnnessx‘ © 2005 AdaElEd from L'Dmguts'l Dgamzal/ﬂn and DE:/E/I Patterson & HEnnESsZ, © 2005
H#IZ12A9HDRS(F
LR—F (1) 8T RIORE LFHE FFHIVR
= gshareFIRPRZREL, TOFRAIRELZAELE K. Fi:,
bimodal £} F 8l & D FRFEE Q0AXDALFI—I DX RAED St o = oS SE a1 —
> p = , PR a—)b
EHF) Qi e L] nﬁﬁx7’r|“ nﬁﬁlef/ )
. N—EHz7E% 2KB 4KB, 8KB, 16KB, 32KB, 64KBL L TH S5 = Www.arch.cs.titech.ac.jp
ZHilT.
» gshare B FRICIXZHEL (HBHLIE RELAXOFRZE
REL) , FRAIRELAEE K.
= N— Kz 7E% 2KB, 4KB, 8KB, 16KB, 32KB, 64KB& LTSS
ZHilT.
= PRI REHEL (HEEHEL) ERES.
= 186 BDERDHBEEICLAR— FZRE
« I—FOHEA (A—FEIDHEWNFEAT—) , TRLER
« N—For7ROMRAZEEHAT
= SREDTTT (RTREVDTER)
- BRERE
35 36




