a2 —X7—FT77FvB
= B 5 E5Rt

KB hunga@am.ics.keio.ac.jp

% IZCPUD LD mH b DR AR L ET,



SR DA

ALy FL~RD Simultaneous
=E{E Multithreading YAFATH
BHGSORFRT
AL (R="=2H3F)
miE{t
NATZ4 %D L
(R=N=NAL TS5 4)
RISCO &5 RiEBO[L
INA 774 /14 ﬁ..%a)ﬁaqzﬂ'yl—fb‘
</FIAT
£y
2003-2004
1980 1990 2000

BRI ETITHEN LT A 7T A AL 1980E D CPUD M REA EAH% L L £ L7,
LML, QORI 72> CINMIRFUTIE T DL, KA Zetin i L ~UL i@ s LR 3 3
ELFELZ, RAUNMI. SONA TV 2FOFEEZHETDHIEITHVFEL,



CPUD &R FIE

WNATTA VDI EEP L TLL
—E{ER IR E LT3
A== A T 74V ERRIFZELH D
A DBEEX[EET S
ERHS ORI
e X—/NN—RHh7F
« VLIW
DD S 2= Y
=TT ra-YyYry
«RIITFHEHTD A
I PDENR T a—Y T
« XBERETT (Speculative Execution)
o 7l TR

ZZ TR T AFEZ, VLIWEHHI A Y 2 —) o 7o, Bifish/-a—R
EEOFEEEFNTDHOOFIETT, BIEOEMEEOCPUIZINLEETHIHL,
IO TaTAEN S CNVET



MIPS RAOOODERF— /N4 T 54~

IF IS RF EX DF DS TC wWB

o)
Instruction memory Reg | \—{ ><J( |

Reg

Data memory [ ‘

Figure C.4]1 The eight-stage pipeline structure of the R4000 uses pipelined instruction and data caches. The pipe stages are
labeled and their detailed function is described in the text. The vertical dashed lines represent the stage boundaries as well as the
location of pipeline latches. The instruction is actually available at the end of IS, but the tag check is done in RF, while the registers are
fetched. Thus, we show the instruction memory as operating through RF. The TC stage is needed for data memory access, since we
cannot write the data into the register until we know whether the cache access was a hit or not
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Figure C.42 The structure of the R4000 integer pipeline leads to a 2-cycle load delay. A 2-cycle delay is possible because the
data value is available at the end of DS and can be bypassed. If the tag check in TC indicates a miss, the pipeline is backed up a
cycle, when the correct data are available.
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Figure C.44 The basic branch delay is 3 cycles, since the condition evaluation is performed during EX.

DIRICDONTHIVAVIFLLBNERVEETRACENATEFTE A BEDIKRE
RETHEGEEROVIMNIIOVIRRYET  TREHEEDEIDAKREIZEY
EX I



A—=IR=XA T Z A

AT A VEENELHESHIEE
« BERREIIS A D
s TFT—ANY—F, Qb= —FIZLEBRF—ILHAEZE
— MEERLEATEITE !
e Pentium 4 TI5 R 7 —RE £ TEM. £ O&BAMERI(IC
cBEIORT—CRRENZ N

AR AT TA L DB THASEREMA TR T TA L B 3BT H L A—
IN—=IRAT FA L ERENET, BT BT AUT T DI EEMER BT <0 £
D, T =AY =R arhma— P —RIZEDAN—/L DM % | PERER] BIXEEFTD
2720 EF, O TPentium 4 TIXISAT —V DIRA T TA L B ffio TUONELTZDS,
DIZNTORCBAMEANZHY . BIAEITI0AT — VR EN L L > TWET,



g L LA A ALTE

 BEROGTEREICRITT 2 S EEBAICIER
« R—/X— R P FZ AR : mipsess
e N—=FYxTHIEICK VERDOGHSERITAIREICT S
s AVNANLETHREN L BHOEBEUNTFLNS,
-WT%@%EE?%H—FWI/b@% %%
 ASIEENRE
s BEHRTIEZFEA—/1N—XAZITHBHNBHE T, HHPALBICEVLS
Do
« BHDIEFEANEZ S (Out-of-orderm) R—/$—2RH 7 ZHH0EHH
17, BB L EAEDE TEHECPUTHVL LN S —H% TEN
« VLIW (Very Long Instruction Word) 75 =: mipsevl
c BROBHEVELEFLEDICLTRLVEHICT 5,
. {Z(T‘Iﬁ@%l EIE A ZHT 5, BAV /A LDORELRH Y, 5D

7< /J\fd\l,\
. 8 EHIREILTIRE T—RNZADNERMT HA8EMELDH B
. DSP*EfD?ﬂ@ﬁﬁ7 D'ﬁ vi) TE<RALWLNEH, —ARDCPUTIZA
L\b CLL\

s SEDa YT R MIHF ARG

PCHEL RTINS TR, EDRDMG IRDIR DA & BRI TS 725
IXEITLED 2 9 EAIRFICEIK 2N TE U, miE (LA FEB TEDIT T T,
IN=RD =T OEFEBCTINEFREBT D EEA—/ = AN FZ LM ET, 2O FHEIX
M DIRIFEBREE T D120 D NN—R =T NEHE 725D T, 4nnnﬂﬁ#§éﬁ
<BEWNRZWNTT, Ll 5 ETOMBEEZ T NA NV LR BI72W T b TE5
DT, t‘*‘/“*%%ﬁ‘*“M:E< IS BIEDIZEA L DO EPERECPU T LT
WET,

— B OMEEOLEELDICL TR WA EL TR 7% VLIW (Very Long
Instruction Word) J5 =%, IKEMED BB AL /AT THH 728, il EI0] #E 13 f B
(2720 8 A AR T< OV ETHIAM BLIZFZIETEE T, Ll fFav (L
THUBENHDHZENHILHACPUDE Y R AET /UZH LT, 2L TDSP((E B4L
B myt) CEbET,

ZHHOHEIN T T ANTHEIZ L TEE T,



EAY R —/8— X 51 T mipsess

O2HBRABRTORA—1—2hZ 70ty
2DDHUHNINA TS A IE. EEEOHSEEITAIRE
« ALUZE2t v +
o rfilelZ6R— b (4FR—FFRAHEL, 2FK— FEEAH)
e T—RXAEYH2E— b
IFAF— /T@@@ﬁ?%ﬁ# 2@%(@% mal) o
B->T&T, 2unm§%ﬁ‘9“%7b 15T 2D % RE
L ur:-not T 1‘ fi‘i?‘b fé«\«\
¢ 2BBRIT I N T A 0ICEHH0, AT 54 UEHSL. pcE +8
KELDH D
« 184 4 754 2 01cHS0, /34 754 ~1iENOP, pck + 4
. KEFBNIE, B 1170y 7 BELI2EBLEL
o« KYEIEIAEY DEBIEIIREVDTIDRERFIRLS KW
o DEBHDEICIT2HEONOPH HE
« EBHEXOy MIFABETEARWL
cAvE—aOYy 7EIEREIZ2DOD /M TS5 4 v HELE
7T —TAVITEETORREMETITo TV
c NTHBEBHH. . . .

}

mipsessiL. wm DNEFZ2 AFVE R RWEI)IRA—/R—2A 1 F7 7ty T, /31
TIAE2REFD | ENE IR TOREO MBS FEITNAHETT, 2078, ALU
X2t b, L AZ T 7 A NTAR — e AL, 238 — F%%ﬁ%f€?~&%%d%2
n“’ MIIERLTHV ET, ia“‘lin‘w‘/“fPC@/?a“%éﬂﬁﬁ%zéﬁ%%(nn =0
1) Bl Tl T, 260D AT Al RE 17T T A0 Z WL E9, 24545 [A]
BSR4 T Al REZR DIT A 0L 1D [ JZW?EQ%%#;“%E\T\ Z DK ié\/\oa}/w
TIAL 0T, F1ESIATTAL NN T, PCE+8LET, IERHIUE, /A
FIAL O TR ANT, AT TA L LITIINOPEZ AL, PCE+4L£4, Ak,
MBATYOBIENRKEL, HEVHELVHIWT 2SI EDE7) T A VSR T/ TLE
INFCIARIEZRDHDIZRLZZND TN, ZO%AE . £, LEIDRWNWTLEY, 7
Iz iy 55 DIZIL, 20D AT TANZ[FIRFIINOPIS AV Ed, [HEIZRE T 5720 i
EAIR TR NER Ay Ao Z—au 732D T ITA L ZRRFICAN T L, 74
T —F 4 NI TOr —AZB W TITo>TOVET,



mipsess D 1S

instrl

Instruction

Memory
Data Memory

mipsessD 7 1y aRUET, AT TAL0, 1BV TVAZ T 7 A)b AEVEIH
LTCWET, FFA—/N—=ZAD T T2 A [RIRFRAT/R DO T, O L LT,

10



BB © mipsessHEIN L THh LD

« 74 L7 kVUldmipsess
+HITEDT7O4Y Z LAmultasmeE

« 0FH D LIFEM F TOWE DO % K Saddarray.asm
PRBEhTWS,

» make Tiverilogz £{TL T{ 5D T,

« /asm.pl mult.asm —o imem.dat T4 £ CRKRICT 7T 3

«./a.outTEITT %, TIHFEMICEZEVTKRT T %,

e & count: EfTLA7 Ry I stallAb—Lirnoy s
. 2slot2@SRIBRTLZ7O0v 7#HERRL TN,

cETLTHRFERL S,

TliEbrobmipsessz @)L TEE T2 R EL XD,

11



Word) A=

VLIW (Very Long

Instruction

WB

EX

EX

EX

EX

RF

IF

ADDHHEFORVEGS

429DRVWGSE—2ICLTET

VLIW (Very Long Instruction Word)#! Dz b 2 — X Tlk, A—/X—2h 7R E
T HIENEE OB HES TR T D72 | A DIKAFEZT R L TR m 2 31T 9254
LT A NATRRRH LT, ZHEL S DT TRV S ORI TEITLET,
MEDLNENDT 4— ) VRIE, W O—a 52 ITHEY LET N, ZNHEHALIC
T Il TEEE AL, BRI ENRNGE, TDT 4—/LRIZNOPTHLY %

_a‘o

12



VLIW= > > mipsevl

cdin oD a1l mIC/Ny 7 LTEIT
e BHAEYIZ128E v b
o in%slot0/ 1 [ZFALUBS S & Hlkdss ALUIZ2tE Yy &
e 5 5slot2/3IFAEY TV EVRGES T—XAEYF2HR—F
-rflet;tlZ/‘J'—l\ (87]' nJL%’*HjL 4_1'_}‘2%1&57‘)
« EXAADOEHEIEEICA->TWVS
o 2k F—T 4 F T EX>THHER
« 4X4=16 BY DEAEDEHVBETN—F Iz THERLT 2780
e LALETBOVLIWSY Tl Z n%:\boTLﬂ
« I, IKREBEROH ZHSHEICII2HSLDOERIANE
« NOPE B IFICH>TLED

mipse DVLIW it CéDmipsevizfEN £ 7=, ZAUuFdtn S0 a1 37 L CHELT
T 5720, R 13128bitl ﬁ@iﬁ‘%jv%hﬂhnﬂu$&§¢6*ﬁ\%zﬂ/Fk
Eoia“ Ay RO TIFALUM S &I a4, 2+ 31, AEVT 7B A5 % 51T Al

HECT, 2D, T —HFAEV[F2HR—MI, 1//;@774/v 13878 — RaE]RFRE A
L\ 4nﬁ“’~%%-‘é’<ﬁﬁmzﬂf~wzmﬁbﬂ\i% ZD7h FEXFIASZORIED
BNz TNET, ARIOFEE I TFHRETTIAT—T 4 T 0o TWER A, 20D
TeOIRAFBIR OB Hm A ICIF2a B 57 DR L BT ET, HlOVLIWIE
A= IR EIRNINCAT D 2— VL ETH, 74T —T 713> T
7,

13



mipsevl T Maddarray.asm® E{T
slot0 slotl slot2 slot3
addi $1,%0,0 add $2,%$0,$0 nop nop
addi $3,$0,8 nop nop nop
nop nop nop nop
lp: addi $1,$1,4 nop lw $4,0($1) nop
addi $3,$3,-1 nop nop nop
nop nop nop nop
add $2,$2,$4  nop nop nop
bne $3,%$0,Ip nop nop nop
nop nop nop nop
nop nop sw $2,0x7fff($0) nop
end: beq $0,$0,end nop nop nop
nop nop nop nop
Z7ANLBTIEIROY FIfTICAS>TLWEOTER !

g I AT E o fn A sk Haddarray.asmamipsevi CHEIT T A2 R L
FT, KDDL M DORIFEE 2 DZE T 72T T/ bieniah  Aay MNIb E0HL
FoUEEEA,



BIRE :© mipseviZBIA L TH LD

s 74 L% kVUidmipsevl

cHIIED70 4 7 Amultasme

'% i’@(f)\j '559%%&‘6@10.1033‘&0)%7‘.5*!]%3}?&55addarray.asm7)"ﬁﬁ?§
p o

» make TiverilogZ ETL T N5HD T,
« ./asm.pl multasm-o imem.dat 45 & CRERICT > 7T 5
s MHMTHN—DDWHHIZHR D,
s BUOZDIFALUE - IZHEGS
¢« RDZDIZLWAHSWa S
 REDH AHESEIZIF2OHSDEREE <
s ZDL—ILEFHEWES E(ETATERN]
« JaoutTERTT S, MHfEHICZTEZENTRT T3,
« &, count: EfTLAr 0y sH, stallAb— Lo 0y ZEL
instc:NOPLIA D@ S HARTL T ND,
s BTLTHRTFAERE L D,

T, 2077 T LEETLTHELL), HEVTHTIFMERED 23> TRNIEN

2}975>Di'§—o

15



I—"TTra—1Y T

* addarray.asm  addarray_lu.asm
addi $1,$0,0 addi $1,$0,0
add $2,$0,$0 add $2,50,$0
addi $3,$0,8 add $6,50,$0
Ip: lw $4,0($1) addi $3,%$0,8
add $2,$2,%4 Ip:  Iw $4,0(81)
addi $1,$1.4 Iw $5,4(81) //224rlw
addi $3,$3,-1 add $2,52,54
bne $3,$0.Ip add $6,$6,$5 //22>5HME&E

addi $3,$3,-2 // A7 ZIF2ROT

zgg addi $1,81,8 //HA v 2 38 3
sw $2,0x7fFf(S0) boe $3.50.1p
end: beq $0,$0,end Hap
. nop
o add $2,$2,86 //Z D4 AT

sw $2,0x7fff($0)
end: beq $0,$0,end

nop

nop

BRI B ZRIRRITT 27 0ty OMREZ LI 57201213, SO UM LAl
TR FBIREFF 72 W AT TELM A OB AL TRODD NIRRT, =
DI=DIZBLHNNDT V= I BNV —T T =) 7T, ZOT 7=y 73
BV — 1R T1OEIT T DA L — T BRI CEITTHZE T, IKTF
PEDIRWNR B Z T 7 =73, e @Edaddarray Tl D/ — 7 TR
—@ S ERLELET, CNET L a— L LD DI —RT, 1S O/NL—TF T,
TOOT —HEFoOTETUNELET, MET AL VAFI2OHEL, AU 232
HHL ., RAHIT8HED F T,



mipsevI TDI)IL—7 70— 7
slot0 slotl slot2 slot3
addi $1,$0,0 add $2,$0,%$0 nop nop
addi $3,%$0,8 add $6,%0,%0 nop nop
nop nop nop nop

Ip:  addi $1,$1,8 nop lw $4,0($1) lw $5,4($1)
addi $3,%3,-2 nop nop nop
nop nop nop nop
add $2,$2,%4 add $6,$6,$5 nop nop
bne $3,%0,Ip nop nop nop
nop nop nop nop
add $2,%2,%6 nop nop nop
nop nop nop nop
nop nop nop nop
nop nop sw $2,0x7fff($0) nop

end: beqg $0,%$0,end nop nop nop
nop nop nop nop

T, 7o —U T U R A A P a— L L TR ELLD, T2VV5, nopD ATy k3
o T=Z D30 ET, Sl32055 D7 va— LaRLELTED, bos %D/ —
THETra—)V (B TA5ZE T ARGFEOR OISR T IENTEET,



IN—TTra—Y v 7oFEEL

=W
« MW ICRITTERNEBIER 2R —/X—RH 5, VLIWIZEF]
s W—THIHDEBEL (WT Y RZDET RAVEDA T ) X b,
DEESREREE) HES
s L—TRHIKELH BBEBERHIEL W
LIV RREZEMEET S
o« 7ra—LTBEETIL—TEENE Y PNt EE
e BEICK > TIIBRNEBLAKREICK S

. B8 :
e A== A FR, VLIWKR, ZhZh7>ra—I L1
addarray_lu.asm%zE{TL TH &

N—=T T o= TN FAT CEHM BB Z D72 | A—/8—A N7
VLIWD i IR F T, FI721T T, AT ZR0RA 2 OH 7R E
A—THIH B IROBE IS TZENMTEET, LoL, —THITIRIER S D5 E
WZITEHAPEELWNTT L, LYAIEE SN EERDES, 7o —/ LA CL—
TR ENE 20 o720 FHFED L — T RIS E 55 A 72T
LR SCAZALBE AN M BE L 72 ARG HV E T, RO T 7= 7 Za /"4 olL
HEHLBMLELROT, Bifillza—REZ0OEEHETH, LVIE TV RRAET VI
2T LRV TT, SV A, b — T G DS A S AL, B LR 2 & CIEIE
WIZHN2OT, BE<HWSIET,

18



MO OERIR Ty 2 —Y T
Tomasulo® 7L 3 1) X L

s ETAIRER G S A, KERICKYVETTCELRLSSZEBVLET
—Qut of Order=E1T
-%ﬁ&—VEVXf—Vayéﬁofﬁmﬁ\%%mﬁéaﬁmu%
%%ﬁ L7 S2EBTREITLIE-GESINEVEL TETTHZENT
o Out-of-order=E71T

A 7’5_4 N Issue, Execute erte result0)3Ex
« ZOFICHBIEFetchE NTHEF 2 —ICA>TL B EIRE

AT FTALINEL o T ARIFEDR S DM B IZLDB RN K ELRDGE . KA
ODfotb\é\/\ﬁ?ﬁkﬁ I BT TERVI D Z BV THRICFEITTHZENTX
THEREM B2 R 2N TEET, ZOIINCFETINEFZB A FE L CHEh)
ﬂ“ﬁ—iﬁﬁﬁw_k%:om of-order3Z{T RN, H5- 2 BB T o &2 32473 5in-
orderZ1T&XBIILET, Out of OrderSEAT21T57-H DRI J5{E7) Tomasulo
DT NVTVALTY , ZOT NVITVRANIVFR— g AT — a2 ORI
RAFPED B ZATHOZE T, Bk &2 IS W OIRAF AR L ET,

19



it hane Feoter — ——— o
P RED FTV 2O VKD W ANIH

&G e e @@®Nse - o [ BFE -

3.4 Overcoming Data Hazards with Dynamic Scheduling 173

BEDTY A TH—HEFT
f=—=Z2Aa—0O7ILIY XA

From instruction unit

Instruction FP registers
queue

Load/store

operations
Floating-point Operand
operations buses
Store buffers
3 Load buffers

Hennessy & Operation bus
Patterson
Computer 5 )
Architecture I 2 Reservation ———
Gt U Data Address v )
A unit FP adders FP multg
Common data bus (CDB)

ANFREDTHANMIEH > TS TomasuloD 7 /L2 X ADK T, T8N SN

T2 (FP adder), FBI/NEUS TRIRH 25 (FP mult) ORTIZSH D DAY HF_R—
AT —2ay T, MAFa—0FOMmBE, VFR—al A7 —1aroficEx
HiL, COB (3Ll T — X\ R) & HLC, B3OS 7T — 2Rk TV HAIZEN
ZH D7 4 —)VRIZEIABRE T, [l 7 DOT 40— VRICA NNy RS-

BT, T AREICARY U R— a0 27— a0 ONE IR EERITED I,

HEANEITSN, ZIXCDBIZELNE T,

20



Tomasulo® 77 )L 31 X L

e A== A Z7 EHHAEDHE R LBESHDIEZTEY

s DEDRILTEDNEIDIDIT-ZT Y T EBETROBEDETH
TEAGW

—  HIEFE
- BREOET

Tomasulo® 7 /LY R AT, x~/€~277§jifkn4ﬂ77t/\bﬁé<‘: %Eiﬁ(@lﬂﬁ%ﬂi
FRITESNDM A E) P R—2 g AT — a9 (ZE0 Y CTAHINTHEE T IUE., 3N
WESNET, LD > THliE OS] imﬁ_@ mk/%@/ﬁ:_*%&foeoﬂ\i
9, —J7. TomasuloD 7 LTV X LIRASHVET, EEEO T vl T LTI
B D> CZIVINRIL T DNE DD DSR2 | FAT TEX DM DI HIFRS
noz &’C‘ﬁ‘ FZTC2ODFIENPRINELZ, — DI T HNEINETED
T IEMEIZ I T 50508 FHITHY, 59— DIIZOF RN E>TEAE ATk
FATLTLEW, PRI TN H00E S 1R 51T (Speculative Execution) T
7

21



Reorder butfer

ﬁﬁa"]iﬁm f:UJ(D From instruction unit

s

—VA—HRy T 7%k

L. BRE—FKEWH el L
Instruction

b= N - ﬂf: EEIC A FP registers
L’ :/# Z a ‘:E 3 i&&' Load/store

operations

Operand
‘Address unit Floating-point buses
operations

Load buffers
Operation bus
Store 3 2
address 2 Reservation[———1—
1
Store stations
data Address

R FP adders FP multipliers
Load Common data bus (CDB)

data

Figure 3.11 The basic structure of a FP unit using Tomasulo’s algorithm and extended to handle speculation. Comparing this
to Figure 3.6 on page 173, which implemented Tomasulo’s algorithm, the major change is the addition of the ROB and the
elimination of the store buffer, whose function is integrated into the ROB. This mechanism can be extended to multiple issue by
making the CDB wider to allow for multiple completions per clock.
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Figure 3.21 A branch-target buffer. The PC of the instruction being fetched is matched against a set of instruction addresses
stored in the first column: these represent the addresses of known branches. If the PC matches one of these entries. then the
instruction being fetched is a taken branch, and the second field, predicted PC. contains the prediction for the next PC after the
branch. Fetching begins immediately at that address. The third field, which is optional, may be used for extra prediction state bits.
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