WO 01/50254 PCT/ US00/ 31460 Method and System for an I NUSE Fi el d Resource
Managenent Schene Field of the Invention The present invention relates to
conput er systens. In particular, the invention relates 5 to a resource
managenent schenme for caches and buffers. Background 1In general, early

m cr opr oce¥¥MEMtocessed programinstructions one at a FIGFSOY46L hese
early m croprocessors, the architectural programm ng nodel exposed the
atom c nature of, -i ructjon ti.on... To i ncrease performance, newer
m croprocessor s%@ﬁ’%ﬂ%ﬂ%ﬁﬁ&%ﬁ%%&@&%?%@e %ag%‘gﬁ‘éﬁ‘%ﬁs and
executing sone parts of the instructions in an order different fromthe

order in which the arrived at the processor. The process of overlapping
t he procesdigldofthe Invemtion ctions is called "pipelining" and mcroprocessors

i cr opr oceseor s 1he A P BARE Ao bl idte, FrerRE thei g s
differemnt ft6 @ FespuRe rafagemeRt scheincfot dahks afdibufftks. Or der execution.” "Program

order” is the order in which a hypothetical non-pipelined processor would
execute the instructions. However, the newer processors still maintain the-

illusion OfBaE gﬂgial and atomic instructions in order to nmintain the
exi sting pmg%r‘rm‘ng nodel. 20 FIG 1 illustrates a sinplified block

di agram of a pr hogenaral, easly mizpoproessors praceised gecgram istricionsenzuit @ tiniee I nt el

Architecturg éIA!-yBZ instruc% .as defined in Intel Oo(wgrat i.on Manual ,
I ntel Archi'tee earl IuGEpProgRsFUs: PragPrREFATEIME MAGE eXpoSFa the RLOFERAre

publ i shgd L¥Rétruction BReehtididSt ructi on process 110, which is also referred to
as an instruction sequencer, is a state machine and branch prediction unit

t hat buil ds theTplinsreast pesfosmance.orewef micheprodessoryhegansevedappir; the procesding suppor t

page table yi { }l Cr oprocessor .1 I nel.ud an

I nstructi 0ﬁ*ﬁ%ﬁ%ﬁ%&g@ﬂ%ﬁ§§!§§§%Su$}ﬁg$}n§ﬁf%ggs @fﬁ.ordleﬁ g‘;lff n‘Eh'ngﬁ%des
page t abl e opder i ®bich they kirivediit th©probassorC The procse6Sovieriatiingithe progessigofll | y t he
page table _entrjes, reﬁr esent, the nost recently used, page tr.ansl ations.

| nst ruct i ofSTHENONS i @Hled RRFERIDG,” FSTBIFTPPIDGESSarp 41 phich pf pﬁ%vs/is igplemented or 115
from a @emtyca il diftiingd RfcAsHRodetofs.” TR %géég UPE%e@;Rin mctﬁdn%pﬁﬁ:%dlrm' The

30 ICACHE 114 is physically "addressed. pres of 1nStructions wthin nmenory
104 are st diffecent fwomprogranmerdeniscalied toubef ocder bxecttiot.” ‘{Puegramotdedtisthapwdet aken f:

orn 1 St rUgkL gt £3he k1o I5801eY ook SPSTLT S SRS LARAE. e
the newer processors still maintain the illusion of sequential and atomic instructions in order

to maintain the existing programming model.

20 FIG. 1 illustrates a simplified block diagram of a prior art microprocessor 101
designed to execute the Intel Architecture (LA-32) instructions as defined in Intel Corporation
Manual, Intel Architecture Software Developer”s Manuat “ Vols. I, Il and 111, published 1997.
A next instruction process 110, which is also referred to as an instruction sequencer, is a state

' machine and branch prediction unit that builds the flow of execution of the microprocessor

25. - 101. To _sup‘pért page table vi_ftual memory accesses, the nﬁcroproéessor 101 includes an’
instruction translation .loo-k aside buffer (i’i‘LB) 112. The ITLB includes page tablé entries
of linear to physical address translations. Usually the page table entries represent the most
recently used page translations. Instructions are fetched over amemorybus 124 by a memory
controller 115 from a memory 104 for storage into. an instruction cache (ICACHE) 114. The

30 ICACHE 114 is physically addressed. Copies of instructions within memory 104 are stored
within the instruction caché 114. Instructions are taken f:'c;m instruction cache 114, decoded
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by the instruction decoder 116 and input into an instruction pipeline
within an out of order core execution unit 118. Upon conpletion by t he out
of order cWIO0IS®SEution unit 118, an instruction is ret FCAISHPII
retirement unit 120. The retirenent unit 120 processes instructions in
program order after they have conpleted execution. "Programorder” nmeans 5

t he order cti.on re. received . e out o rder core
execut i on ni W‘g‘m@q&? gﬁg }S)E‘ge@ YR E}B"é’ge (“,’ilfg’(‘,‘lﬂ“r?é't f’%)?’%@'xcept i ng
condi t i ongoraexkcatuNirit1i18Y U@b@&gﬁ;ﬁenohcby@sec&u: bE6Ade Hre &lctdtfon uhitAl18] & the out
of order core execution unit 18 executes instructions which can be

conpl et el PSHuctioMds parest By 1thy rr@rmmpmtblﬁos hdheriretirerpent aits B30 processese

except i ng; as recognlzed
5 Uht or ¢ et roiin GREHNEPAe) e Bl Sleb LS Croblint o5 i

di fficul tthbordmmntlmmhe instriictienseesreceieedid the yitaTorier aute exedatidn dﬁfttlll&nS, i.e.,

sel f-nodi fyl ng code operating system nai ntai ned TLB

consi st en%%} PrasE f“gd%ﬁhﬁ%f &W’Eﬂg oK SXGeptine qonditians apd qommitting chappess

associ at e@mn&&t%tﬁ@dnfa@fstm@sﬁ oTBldet Aird BlcthoR il 778 ﬁ&aﬂgﬁn%tcﬁ g Property
known as "inclusion”. In genera I ncl usi on"™ nmeans at any st ruct i on

bet ween t Wbich Sam be momplstelyn uodnmp(he&mt beingl ontpet bgtthe emiemprocesser ifrsotrise
processor

t.h th t ¢ ¢
o the. | vt B AEpESREREh i Trireiiam SR Bresbentting "t hat the o

i nstruction b)lﬂxﬁ‘srtﬁrﬂfelﬁﬂ)b ildsdnr dfGkduehtial ROMIERBtridABnLH AR I rhidaih CACHE and
retirement wl be in the |CACHE. ICACHE inclusion is used in PentiumPro

to perforh téﬁ/ﬂ?“ﬁé‘icéc? | GRayc: srde predificationsy depisgEmpdiringT pede2(SMB) sind a
addr essesoﬁéfatﬁ%kysf@?r%&hﬁﬁu ?Dﬁ rglsfgﬂ r'yhe%tgl (géré&%gcgpl’efnﬁ %\hﬁm %Q&E 1i4 by

the out of core unit 11 on t e snoop he addresses
found t heth¢ @ableiEs assodidted waﬂe&'jzlﬁmsésaﬁsvarmmmmﬂ TLB donsistentic with apkcpetycor e unit

118 on t hit/ng. s bU§ a. 1 order _core execution
unit 118 H"raét |“|] 3#] %e“%o H’F’émf”és B ‘E?‘@WWWF%WUCQ%@G modi f i ed
i nstryct l&%&x t of BRoMPHehtRdRAOrefFnMRhE LS inl hé\ és&%m%e% tHhéSdo &-g,oﬂen\“ ctim
cache. he victimcache is expensive in hardware due to the extra

har dwar e <her aauaealsm@npearerﬁmncettm@remrrme to inplenent the victimcache

"hst uot on_ TLGREPEHS i hRLber HGal B b Rorfin 38 TR b o

tsﬁhemgt t cbteev?u {“ﬁc m:n?n @frll?; aﬁdgHtESanﬂrnaﬂtﬂﬁinaﬁtl mtn HthttBélll(é%OHElr lu@glc}m Pﬁt Wﬁ? EB
e out pu 0 e an er L renen uni W e ln e

112.. 30 HErondyised in 8‘“8?1 Prodf Psfré]%'ﬁbﬁ\dcé‘efﬁ%mﬂfﬁhﬁvmtwwre pippliiendhe he | CACHE

114 fz"oom 061 SdRdisesi oT Sl ndaifitR ’ and
wai ting fdg? t he reﬁsrement uni {éﬁs %8“%0 ??ﬁaﬁidcgtssﬁgé?w&%éﬂf@( RULE 26)

out of order core unit 118 on the snoop bus 128. Ifthe addresses found the ICACHE, a hit

response is returned to the out of order core unit 118 on the hit/miss bus 126. On a hit, the
out of order core execution unit 118 and retirement unit 120 are responsible for flushing the
modified instructions. The Pentium Pro maintains ICACHE inclusion using a victim cache.

25 The victim cache is expensive in hardware due to the extra hardware and area required for
the hardware to implement the victim cache and the associated control logic.

The Pentium Pro also maintained instruction TLB (ITLB) inclusion by using a
serialize on replacement scheme to ensure that any address translation for any instruction
between the output of the ITLB 112 and the retirement unit 120 will be in the ITLB 112..

30  The “serialize on replacement scheme” involves stopping the ICACHE 114 from providing

instructions to the out of order core unit 118 and waiting for the retirement unit 120 to finish
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WO 01/50254 PCT/ US00/ 31460 retiring all the instructions that remain in
the out of order core unit 1] 8. Wile |nexpenS|ve to |migl enent and
ef f ect i va¥@P/308$4nt ai ni ng | TLB inclusion, the serialize SHFPEMRIEEent
schenme has detrinental inpacts on processor performance. Therefore, an

i nproved nethod and system for maintaining a macro instructionina 5

pi pelin | r har dwar e
a1 o [Snae AFAERRtruddRS Rl itinis uld ol ol ol LR, W SnoB S  smmar y
of the tnimplkmenh amhbiestiveat maoftaining I'pLBsmhsmnmlmtemhzepwmwpﬁeexﬁentret hod for

mai nt ai n lnstruction in a el i ned processor using nuse fields.
The met ?1‘%‘89? ﬁ%‘%"&%"“ﬁﬂ‘@%ﬁsﬁa p&°¢§8ﬂgaﬁ’gaﬂ5§t for an instruction, sending
the i nstructTivfefore, drﬂﬁﬁﬁ%@nfeﬂ:oﬂhﬁd§ﬁﬁdxf6€ﬁﬂiﬁﬁim§?m§&&ﬁds{}9cuoﬁ@né“USG field
associated with the instruction to inuse. Brief cription of the Draw ngs

15 The Dipslingdprosessarihat groyides highar peréormeangs, wges kessthardwanrandjigiesscomplext by
simult ription, which follows, and the
acconp?r!’é?ﬁ’gﬂﬁégﬁvaﬂ%gg%%&ngﬁgg&gl G lillustrates a sinplified block
diagram of a prior art mcroprocessor coupled to nenory in which an

enbodi Ent of gEe !Eresent invention is utilized. FIG 2 illustrates a bl ock
di agra uter in which an enbodi ment of 20 the present
nvent i on | SErbddifflof e predénd ln'v&ﬁﬁ)ﬁﬁ%rﬁﬁdé‘ abhfemfaddﬁ?%mﬂ ngdad YPi cal

0

central processing unit in which I ment resent I nvention is
ut i 19 z elstryction inpinelinadarecesses usinginussificldls aGhemetbod mvolyq:ﬂ necadwmgd tteaghr ocessor

central ch_an enbodi ment res .dnvention is
utili Zegﬂﬁ%ﬁﬁﬁ?f&ﬂ&ﬁ&ﬂ&f, Ise'{ V{F mg{ruc ?'b'@lges@f"ésﬁ ?%Fhedfa (A é@g&%r sin a
mul ti prmmdﬁbldaymmmdvambém&rﬁmoﬁtmmry in which an errbodl ment of the
present invention is utilized. FIG 4B illustrates a bl ock diagramof a
plurality of mcroprocessors in a nultiprocessor systemcoupled to a
menory gﬁeﬂﬁg&_ﬁﬁaﬁloﬁﬁpmlﬁg of the present invention is utilized. 30
FIG 4 ustrates a di agram of microprocessors in a nultiprocessor
syst®em coupihedvariouss fertamesr 9f the imprintion awilh tbese rbecaripostiateinby simuttireops esent

L vent | @die Wit iéEfprion, whith b Tl asdonyanying drings, it Whihe >

PCT/ 13

FIG. 1 illustrates a simplified block diagram of a prior art microprocessor coupled to

memory in which an embodiment of the present invention is utilized.
FIG. 2 illustrates a block diagram of a typical computer in which an embodiment of
20  the present invention is utilized.

FIG. 3A illustrates a block diagram of a typical central processing unit in which an
embodiment of the present invention is utilized.

FIG. 3B illustrates a block diagram of a typical multiprocessor central processing unit
in which an embodiment of the present invention is utilized. |

25 FIG. 4A illustrates a block diagram of microprocessors in a multiprocessor system
coupled to a memory in which an embodiment of the present invention is utilized.

FIG. 4B illustrates a block diagram of a plurality of microprocessors in a
multiprocessor system coupled to a memory in which an embodiment of the present invention
is utilized.

30 FIG. 4C illustrates a block diagram of ;rxiéroprocessors mn a muitiprocessor system

coupled to 2 memory in which another embodiment of the present invention is utilized.

3

SUBSTITUTE SHEET (RULE 26)



FIG 5 illustrates a flow di: igramof an enbodi nent of the present

I nvention of the nethod for maintaining an instruction in a processor
using | NUSKGOI&I284 in the I TLB. FIG 6 illustrates a fl oRCAUSBHIUAOof

anot her enbodi ment of the pfesent invention of "tthe nmethod for maintaining
an instruction in a processor using INUSE fields in the ICACHE. 5 Detailed

Description E ' ts of.the methad and system for an . NUSE field
resour ce mnaﬁ%d%ﬁgsq?i%mwa 'égrﬁ'&og?ﬁ' B’Eﬂ‘?ds"_%/‘ﬁ’_ttoﬁ]g’efp&fsf’?}\ﬂl‘%“ %tlctg? ption,
for pur pasighodor MiRtadiiidnMibtrubt i 8 ProcesiBiaing INUSERId f 18 eriget forth to
provi de a thorough understandi ng of the present invention sot o that the

present i nventfl@rp Husirages aflowdiageas of gnpthsuembodineat ofthe pricsent guention of | n ot her
i nstance . 0 | | di agram
Form Furirmfed of Rl i o M BE G iinE 3 B e RREHES T e
perforsmed are illustrative and it is contenplated that the sequences can

be varied_and Eti || remain within the spirit and scope of the present
i nvent i ori2¢tailed 1%nts of the present invention are described as

alternatives ' r NUS f{gﬁﬂ.@g] %:Qﬁﬁ?s such as
t he use of thtégﬂl\?isgiﬁeﬁgtgggﬁe an ﬁggﬁﬁﬁgﬁon rgp acerrgl%qéaga me. In

accor danschemietane dascrihetdo b tire fitllowingtdescriptiens dortpurposesnifiexplanatidve ntuhktchs f i el d
schenme, _as. Qﬂled t8 caches and -hl_LBS requi r(§s aﬁﬂll east one .additi onal
state bi FPEE FeafEarssetdofy o fron OTOHE SRNRE PHNSPTEIPT PYGEORSG r ent | y
"inuse. "t the pésedt idvent@iRg ba prkticed withti (Rise§REfic BEMBN 1 RRerinifahede | NUSE
field lengths of at |east one bit and can, therefore, be alternatively

i npl ementwedl kuews syueryTes apdydeycep jare showarin bloclsdizgram formi tHurthermereythe of nor e

t han one Ji | t..0f ' td : tiple bit
field |eﬁ€'%° fie Séé‘?\k"g% iﬁrs@ﬁmt R ar?%lpéérsregﬁ?dafg’gfﬁ‘i%’ﬁ’g%c e“‘%ﬁa“%éﬁ P f1 ushi ng
as a resugbnteroplated chat the asqukmes eanrbe yiieddind stéibre@bin lwvithinabe spiritdhd $c0pe of Or ease
of explanation, .the.termENUSE field will used herein to refer to both the
| ' MUSE RETEFCYHRYMMRISE bit i npl ementations. Regardl ess of the specific

| npl g@ent at i OBmbEEMeRS Df RS biesén itveRton hittlestiibed 38 ARMARBHYculb@nt €ad i Nto
the pipeline, the INUSE field for the entry is set to inuse. In accordance
with an SHETEPIORRSPAr refourqsamanageneent schamessuchas theause ofithe vigtimaaths 4ridne 30 s
read fro USE field associated with that Iine is set to

I nuse. As%ag%oézngg@%bmé{c}%ﬁnn%ﬂes, nore and nore lines in the | CACHE are read
by the proceshakcadshct vith anlendbimentléf e présent InveRidothe BYUSE field scheme,

as applied to caches and TLBs, requires at least one additional state bit per line or entry to

20  indicate that this entry is currently “inuse.” As a result, embodiments of the present
invention include INUSE field lengths of at least one bit and can, therefore, be alternatively
mmplemented as a single INUSE bit or an INUSE field with a length of more than one bit.
In an embodiment of the present invention, multiple bit field lengths can be used to
implement partial cache and pipeline flushing as a result of, for example, a mispredicted

25 branch condition. For ease of explanation. the term INUSE field will used herein to refer to
both the INUSE field and INUSE bit implementations. Regardless of the specific
implementation, as each entry is used, that is, as each entry is read into the pipeline, the
INUSE field for the entry is set to inuse.

In accordance with an embodiment of the present invention, each time a cache line

30 1s read from the ICACHE, the INUSE field associated with that line is set to inuse. As

processing continues, more and more lines in the ICACHE are read by the processor and the
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WO 01/50254 PCT/ USOQO 31460 | NUSE fields associated with each line read are
set to inuse. As a result, unless sonething is ‘done to_clear the | NUSE
fields eVEROUERP4 al| the instructions will be marked afSFS1499 no new
entries can be allocated. When this happens, the processor nust be drained
of all instructions. Once the processor is drained, all the INUSE fields
are res LA : ! r the processor pipeline is -
dr ai nedfmygrﬂ ﬁé@gﬁéﬁ ‘en?égﬁvew‘rﬁl egé]{t;’l}ﬂg%% “""angg?‘g’ | C:tﬁl‘st(;ll nrcguclztc eSS SPWE&%USE fields
are al sdis dope & cleay tidiNUSE ficlds evedtuallyallitiecinsirietions will petnark@d asinasddmdoccur

of ten when conpared imﬁilt,takes to fill the I CACHE, the | NUSE

to . 1he -
field PRMEVEITES G be ‘?“té?F%F , thischappine, the pragesserompst B deaimediaf alin
enmbodi MaRtruétions. NONEE 818 PrdcebsdY Rdrhifel, B %@a&k&? to A%t BGSYT S, that

i's, when the desired instruction is not in the any rnstruaction in
t he 5| CAmparlyamheatvers theo pracesser pipslinebis dwinedt fut emmpley i whenma ashchenoved to

make ro C e i nstruction,. This ensur.es that . no jnstructions
current ﬁ?fgpliéna;ctuhg nglu%s e ﬂl:éﬁ@i%%eﬁepg ﬁ{)e\f'lgs& Tesehio “8% P ISI? ,theﬂfé‘pef‘ﬁ{EEelF‘F el d
i ncl usi dmirs cbamefies whiieamiarddio kiRrthiat Rkésta HIHRCICACHE, The AADSE gagd hi gher

i n perfgrmance_thap fhe serialize on any replacenent schene. "Snooping" is
the 15 B‘?"d@%?s '“6?":{;’9'581"’6@"?“& contents of either a cache, buffer, register

or pipeline g ' ' ' | .da r nt. Wiile the
above erbodi Ak rBiel AR an oSl ot st e e Y R U s |
enbd@li neeruss, thae isc wherethe desired ifstructioi is gott inehd MIASEHE] slydiastiuttionin theB.. |1 n
fact, i her, .enbodi nent of the present invention INUSE fjelds are

i mpl ene&"g{d?ﬁfiﬁmﬁlbefiﬁs PorInYse sgn be sﬁ‘%ﬁre‘ﬁ 3 g ﬂd%?mvmt‘é“\a myfoethgs are only
needed idquestddimstrutticn. TEAGHRra@thd heinkthicBoasurreidly in the PRERIBR feRBvedNUSE fi el ds
in both the | CACHE and the I TLB permts their use as a resource tracking

nmechani &faresulithe INURE figld uglysion schemeis eheapraickardwarn than thawicti pashe of t he

present sidWaHk inYHerfofndded helsBk ' .&@!15 I !;ith |s.as.follows: 25
1. Each ent% t? S gn ass@%?gfg%ﬁggﬁé#é?e |@Isg£ eg}ééo ac "setﬁf'ry can be
a | ithe, progess iof seading theoeonteatst ofxithéraa dacine, beffer, registev\be piptling teeteymingé used, t he

entry" lated INUSE state field is set to inuse, for exanple, in one
enbodi ng'ﬁlt%ﬁ?%ée%ucg'tog?%r%y%?rﬁpfeg et to a logical one (1) to indicate that the

entry is in Whie thi3Cabdve ebSdiméntededsrives Usike tid BNUSE! fdfae i bt ICARHRES known
that entrjies are not inuse. 4. No ent rgl which i s marked inuse, can be
r enpv e dcMpdiments are contemplated for using the INU E fields in an ITLB. In fact, in another
embodiment of the present invention INUSE fields are implemented in both the ICACHE and
20  the ITLB. While INUSE ficlds are only needed in either the ICACHE or the ITLB for SMC,
implementing INUSE fields in both the ICACHE and the ITLB permits their use as a

resource tracking mechanism to maintain resources.

In accordance with an embodiment of the present invention, a general inuse inclusion

algorithm is as follows:
25 1. Each entry has an associated INUSE state field. Where each entry can be a line,
an instruction, a translation, etc.

2. When the entry is used, the entry” s associated INUSE state field is set to inuse,
for example, in one embodiment the state field is set to a logical one (1) to indicate that the
entry is in use.

30 3. INUSE fields can be cleared when it can be known that entries are not inuse.

4. No entry, which is marked inuse, can be removed.
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SUBSTI TUTE SHEET (RULE 26) WO 01/ 50254 PGI/ US00/ 31460 Any entry that is
not inuse can be renoved. A nethod is provided to clear the INUSE field
when an entvowiisesknown to no |onger be needed for incl uSFEYSEA#%as when
the pipeline has been drained or flushed. |In enbodiments of the present

I nvention, the entries can be | TLB pages and | CACHE 5 instruction |ines.
In some applications, the INUSE fjelds y not see enough incidental | NUSE

field cl earsWieﬁwg‘ﬁHsB%tdg‘Eeﬁ@rtPed'FWﬁ | oss due to INUSE field demand
clears. An exa\Rbfo@ls prdvided 1o SleRINUEE RIPWHG RlcAfie R kﬁ@@ﬁ’&ﬁ{dﬂoﬁﬁm ts in

the pipeline never fully draining on a mspredicted branch and USE field
col oring can be beswadeddonioehisicarsueing when shepipdiihehas bt drgotdoer flughedi s a

accoct ot an ReR RS FHte i Yeon ity Aa SEITED BB M IGACHE o

when the pamdidsitnes! |y | ast instruction in the group conpl etes executing
and is retired. the processor knows that all of the other preceding

i nstructions imsemappheationssthetNYSE dields may aohise enagh ncidsntgl Bfeld pe
retired. . I ' I | NS ' | group can
IS be resce{l&%%%@&rg%gee&%@é%? %4388%%0t]ﬁg§?5n%@rdg@#&§éeaﬁdﬁen ‘%’%‘F‘Hrgg’ I rement
of i nstruskiiowben Bggdréssive Yranchpreesery teaditsgh thehgipelink maver duliycditining @f at he

i nstructions may, have occ d t-of-order. Fig. i 11 yst.rat a bl ock

di agr am df“s%fe‘BFtF‘?)F’aﬁ‘s{a”ﬁi %@gﬁ%‘g‘?ﬂngﬂ‘}ﬁ%%&ﬁﬂltgd”? a&’“ﬂaﬁlﬂ? 9"’%%2‘: A next

I nstrpet "Q'fblcﬂfr%eeﬁsa freERanidrhOused P Bran8f S&coedy tif wisich gﬁﬁ&#%i’ k&pemfaflyencer,

Is a state machi ne and branch prediction unit that ds the flow of
execut i orassuciatedpingustiensr are 20natked” With shepporet “@dayé. t Ablacrewult. twheh thenory
accesses, the.qi qLoprocessor 101 includes an i.nstructi.or& Ehr ansl| ation | ook
asi de bufSPRYen(t 8] MFUPTOR fp the-EFQUP CPBIPIEFFS |y TRuting, s TR tRERRFREE of
linear t Wy sHat all ofhdrotldd prdcadifig MEtn@iidny Ntk SBEP Mmstldhs. hakls bethpisted he page
table entries represent the nost recent used pages a nmenory 104, which

; h |y :
poi nt t o exeqyingansibe retivedsr Yhusnthe INUSE fields fon albeftheingtruchienspy the BrOuUpcARt r uct i ons
are fatc . f 5 for
mem)rf;5 18%%58};6?{%?3%%? P%’[s%]et Zh%ﬁé#ﬁ"cs{g%{%chngacﬁe é’%f?%#ﬁl‘gtc’kg&é&é 114 is
physi cal |growgoeetheegh théd\aghin) execationad thedsgructions may haveesturied vel-ofaskderes s
transl ation and pajnts to.an actual physical l.ocation oci gted with
physi cal | har b d. 1siates, 3 Hoek djaeraim of A peipr st apcseRtoeesati J0L gapReL . oo at ed
Wth a praghaied. Qhdestrithioh PRése lIPY DAY, alstR2Eredb ashhétRietiby seB@énbér, | Nt O a
menory, cache nmenory or other physical hardware. A linear 30 address is

| i near r d$astatg maghineandbranchpradiption unit thatbuildstis flomt of sreculpimsErpeicessas t r uct i ons

Wt hi Cﬁémi ;rﬁ’swp%naﬁaﬁe ?Jbﬂer\ﬁr‘?uatl nﬁmt)%%se]s,lﬂm nld&%{xro&%gérol'?ﬁ iftifded g{(en from

t he |

instruction transiation look aside buffer (ITLB) 112. The ITLB 112 includes page table
entries of linear to physical address translations into memory 104. Usually the page table
entries represent the most recently used pages a memory 104, which point to a page of
memory and instruction cache (ICACHE) 114. Instructions are fetched over the memory bus
25 124 by the memory controller 115 for memory 104 for storage into the instruction cache 114,
The ICACHE 114 is physically addressed. A physical address is the lowest level address
translation and points to an actual physical location associated with physical hardware. In
contrast, a linear addresses and address associated with a program or other information that
does not directly point into a memory, cache memory or other physical hardware. A linear
30  address is linear relative to the program or other information. Copies of instructions within
memory 104 are stored the ICACHE 114. Instructions are taken from the ICACHE 114,
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"~ addr ess of

6 SUBSTI TUTE SHEET (RULE 26) WD 01/ 50254 PCT/ US00/ 31460 decoded by the

I nstruction decoder 116 and input into an instructi.on pipeline not shown)
wi thin t NOB{028f order core execution unit 118. Upon cBRFVEWRL#LY the out
of order core execution unit 118, an instruction is retired by the
retirement unit 120. The retirement unit 120 processes instructions in

Pr 00" AThflel AL lonb K BB S AURLERGN (R85 YRR B e 0L, % B 0SS! N0

i ncludes ¢ excep I'ng con I'ons

sel f - nowithigitiegout (Dﬁdﬂi)ar eorel exsoeunio unitrig Sc hmage@nlbletldinrb;'hhé @zﬁtdf bder 86ret €. That
is, the out.of orqg core executlgcp Hnlt 118 executes instructions which
can be ARt 1§ AndRstrashens sctied bythe ratisgmenpymit 120. Thegetgpmentamisor i f sone

except | 1 e atic SR R BRHFESHAUUNE ol S GRAL il R e 20001 200

10 In "out of order™ processors, such as m croprocessor nunber of
i Nst¥ ucprioesssing lnnlumhemfuccxcmtmg icpreitione (sacleasswcgrenat of setmddifying

| mpr act I ns ti.on t.h | ine of the |
mcr opr%%&séd%o %qslto fi‘fﬁ‘f“&%lﬂ%nﬁ%‘r'&eh‘p&égf U feTFRrRF*ECWIgN be cert ai n
no changssi ]Weﬂé&aﬂétftﬁdons%ﬂﬁcaﬁ%e‘b@nﬂbl@teiﬁﬁ:ﬁbﬁﬁ:&&@ bEHE Bu(?ﬁ{[' ge. In the
prior art mcroprocessor 101, this Erobl em sol ver having store

i nst r ucTICEIRE0GESSOR i WmegxceptmE sondition has oxcuwed adhichuthe aetirement ubkehas whi ch
woul d' eppsdiifeqga store instruction into the nenory 104 or into a data cache
(not shown) wthin the execution unit 118, trigger a snoop of the | CACHE
11410 Addi t i dnamutpfotdav:\cﬁr&esm stech anmivesprodessor (@Y theamabeibfinstakinency of the
I nstruction cl usi.on rrea{]s t hat tBe i nstruction bytes

i pel i,
for an PH% 'Pﬁ‘ﬂcf)%h‘l’?ﬁmfﬁ@solgﬁ%af B’ﬂ&’f IS dmPTaetiral to,samparg all instructionsm e ay i n t he

| CACHE piigetine!5f tht miidi6prbétsédru01 with all fodificdtBROSTa p?&r%%ﬁﬂrw {icBrdin e
instruction pipeline, that is, retired. In this case, IfT cache coherency is

mai nt ai Meehanges davapesarredie Te dasp avanld Iegulmﬁontfwmé@rdqu him thE€atibiEart ncl usi on.

Recal | tg fﬂézﬁdﬁ 101 is
physi ca'f#f/gpr%cgﬁ%gzlé er efcsg&gq"s?%gﬁﬁsg eﬁ’lr'gé%gtr'e eﬁecugcfig’géﬁq‘?éf’?uct ions
| Nt B neordenyexédition aait 1DEM}mhrwmﬂW&edmtacstdmmsﬂm;ctﬁﬂﬁmatheﬁ@erﬁd’t? 1ppysi cal
trugﬂv@ns st'glred WLt hin ﬁge 25 |CACHE 114 with the

addr es<™G é‘h c“f*ﬁiff‘?‘& vaithin the expoytionpingt 11§ drigger gsnogpaf thedGACHE pages  of -
nmenory 11d4 AdditiohiIB{ BCAGHBInch &S prévideld to hisul*eﬂféh&@ﬁc?%f thGhstAich&Or Y

| ocation was modified. In the case of an address I ndi cati ng an SMC
condi t {RWwFImg. h JCAGHE: elupign meang: Hhat thesingtrngtion ftes lﬁt#’bwsm%@hllnéhar e flushed

by the lﬁs‘?ﬁxhﬁ&fﬁﬁghnyﬂﬂegug:%ﬁe&f%@}lnﬁleri@WCHEnl% }Lthé)ii\itﬁlﬂl %ggcbn%d from

mermory 104 for storage Int I nstruction cac
i Ns20r ucstaresh withintthe instrhesion Qlyetifie, that inretirethein diccadedf bache kehdreigy ligict i on
decoder r:lltamed then pipeline coherency is maintained by the ICACHE inclusion. -

Recall that the instruction cache 114 the prior art microprocessor 101 is physically
addressed. Therefore snoops, triggered by store instructions into memory 104, can perform
SMC detection by comparing the physical address of all instructions stored within the
25 ICACHE 114 with the address of all instructions stored within the associated page or pages

of memory 104. If there is an address match, it indicates that a memory location was
modified. In the case of an address match, indicating an SMC condition, the instruction
cache 114 and. instruction pipeline are flushed by the retirement unit 120 and the new
instructions are fetched from memory 104 for storage into the instruction cache 114. The
30 new instructions within the ICACHE 114 are then decoded by the instruction decoder 116

an input into the instruction pipeline within the out of order core execution unit 118.
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an input into the instruction pipeline within the out of order core
execution unit 118. 7 SUBSTITUTE SHEET (RULE 26) WO 01/50254

PCTI USO0/ 3WBE/SOPG. 2 il lustrates a bl ock c.iagram of a RGHH%M®onput er
in which an enbodi ment of the present invention is utilized. In FIG 2,
conmput er 200 includes a central processing unit (CPU) 201 coupl ed to

extornal ot or Ja0° §AISRESEIIGR I B £30icR cORANEEE I SboRie et 0
as, ? ](c:at ﬁhe;ifesem;nverﬁxonmeﬂx%m% FIG, 2g¢:<ﬁz|m1nteirso?lime]mtite:ya)cemlﬁuq:‘mocas{‘mgldnﬂ\?\;1 r ath es a
Sl 1T ram O a centra eSS ng unl N I C an
enbm;dl men&P g‘b 35 E §%WP“‘(‘?%%{I?MW‘§CS&OPI s,u%@, *CFFD@"E'@fﬂ’P dam. prBteLs si ng
uni t 201 e;a:aﬁdm@ﬁgew&simmﬂmmﬁmt O,Eesii%zbﬁ&h Fhsiekatif gfpodi ment

of the present the present invention, sk st or age 3 and a
menor y5 104be {CRT)<r graphigs @snkybam i nstruct ions to coupled together. The prine

not ati on used rejg, wth t £ desi.gnat.o [ i cates bl.ocks
having siml aﬁ&uﬁ%m"\gﬁﬁ?ﬁt Mf{gﬂ%{oﬁl‘g&g g @L@“%%Wsmgn%f?er, t he
bl ock maywhibtearbértiidinhent 8f thepRsent Mviiod 'réjfﬁllﬁéép pﬂktccﬁtﬁﬂl prd8sshgaR 204
mcroprocessors of the present invention. For exanple, nenory 104' may be

consi der pthydes a avanced ucranTenessor 30 inkhedingan embodiment of the presentihdpreseatd addr ess

space pr 0] devi ce
303 may DA Ml oRge B8 RS I ol Horig et RRERRF 001 Ca
di sk, 10f | ashpledmgetheor Thetpnee mmnewoéeaﬂweﬂem ssi}omagﬁexdﬁcel designatdre irriébursced
m'cropro ssor 301, t he disk,é storage device 303 can both read and wite
i nf or mat ﬁg‘?’f’?‘f hanf}%mW@ﬁgW q@&yw él?'esa‘i“%ﬁﬁ frencs Pymbichossxer. thablock BBY h t he
advanced g SHERBS ARPSSQ préfide aiHoktTer %@Rﬁ%e&“ﬁ‘ﬁbﬁ?roc%@@l’s %’%‘%@E&E& ¢ TENOry

| ocations withi'n menory 104' during program execution. In ord or 20 the
di sk st orramnm\/lfqum@mm 104" saylbe midyrabfwthrgﬂahmmwow ddsivecont rol | er

ther cby radr By A ERRet el AR h R P TR TS ooy

it is1san sear@aﬁeencefsoamdy b@a:ﬂommk,yzlﬁﬁﬁle&l}vn Gﬁk@ﬁardﬂﬁﬂtrewﬂabﬁb feyi ces
havi ng di c{@gccess to store inf orrratlon into rrem)r% are al so DVA agents.

Menory 1 PeHeRLArothen e yolatie storapgdsics c £ aasad pycrompgesgor ot may 25
be ot her ah&(ﬂr%%nsﬁgto?é?é’fdé&&tﬁogcﬁi%‘iﬁ%ﬁ?ﬁﬂ%ﬁﬂé%fdﬂ)‘n&'ﬁﬁ:e%ﬂg)fﬁfr&'\}ért o herein
as program nenory because it Is utilized store programinstructions. Upon
initial é&@memqﬁrmusﬁo‘?a Tﬂlmgaothrﬂre gdvenasd niieroproeessirsi | smbﬁagmrm\dmee 303 or
stored i oth urce S as_| devices 202 t he adv

ni cr opr ocr}’e§§‘{‘ograal L E}ﬁ%ﬁﬁﬁ‘?‘?ﬁ’&f ﬁf YrigE Prograp EXpepn, ﬁ'émg g Rr st or age
devi c@  3RBdisk stotage ﬂe\ﬁMGBetoadhdtthiﬂe&@ thigeRded aQdidkediatryllet Qdould &gt or nore

pages or fractions
memory access which can perform stores into memory and thereby modify code. Because

the controller can directly access the memory it is an example of a direct memory access
(DMA) agent. Other devices having direct access to store information into memory are also
DMA agents. Memory 104’ is typically a dynamic random access memory (DRAM) but may
25 be other types of rewritable storage. Memory may also be referred to herein as program
memory because it is utilized store program instructions. Upon initial execution of a program
stored in the disk storage device 303 or stored in some other source such as I/O devices 202,
the advanced microprocessor 301 reads program instructions stored in the disk storage device
303 or other source and writes them into memory 104'. One or more pages or fractions
30 thereof of the program instructions stored within memory 104’ are read (that is, "fetched")

by microprocessor 301 for storage into an ICACHE (not shown). Some of the program

8

SUBSTITUTE SHEET (RULE 26)



30 thereof of the programinstructions stored wthin nmenory 104' are read
(that is, "fetched") by mcroprocessor 301 for ‘storage into an | CACHE (not
shown) . WEN/58354t he program 8 SUBSTI TUTE SHEET ( RULE 2B§T/Y{995314680254

PCTI USO0/ 31460 instructions stored in the instruction cache may be read
into an instruction pipeline (not shown) for execution by the advanced

m Cr opriRGRRs i e L1 | .ock di mof a | ti processor
central pr oc‘seHss ssl?ér%d ll,lnil tg nllggﬁi%af &éfl{]%v\ﬁ i%g %e‘{ahﬁe%p?ne{é'e ﬁ{':%f"r‘u W’ﬁ‘.”fegﬁ°{ s

uti | i zesowiiter exengtionl byphoadyamwied qicroprocedfor'30incl udes nmultiple 5 (N) :
advanced m essors,. 301 Jncluding the present invention |abeled as
mcroproceséﬁagjr%gﬂs Fﬁsaaéﬁ%é'ega?m?ﬁ@%mpé%e breatjal ressssing wgin 28nhd nenory
104"  convhiRf thelpR@Rht1BVentisn & hlikl RheCntrll frbébssintRumit 04" i '

m cropr ocessor 3&301. t hrough 301" and the lJf’di sﬁgggtmér age1 J@%?ﬂﬁ% can both
read ar®)weidvaacednfraierpprdcessoisnt3@1 minebidingl Ole  presant t ingentioe miabglebuss 304' . That

IS menqgy. ' 1271 h:GI QRrocessors 301 through, 301 " 1 o Any
one of gi,%%ﬁslsgllrgggr?gggg%hoir@ ’%{& '@h&%&ﬁﬁ%‘ﬁar ar‘giﬁge'mr!&g%t"&‘ﬂﬁ‘s devi ce
303 canogutheeis illuserated in Rig B! ThEN adidnbéd mitRipRséssbAB01 itbhghBoRY RN
executign. I n order r the disk staorage device 303 to do this directly,

f ) V1 C/
it incl e5§°réged‘i1%°é(93t%lb9@rfe‘éﬁ and writeapiormatins, iptoamemery, 104pver lthecan per f or m
St or €S phdindrBus'HR40 Mhafi Y \ ntraller can
directl aéégesss thgﬁﬁgﬁg‘@hﬁ{@smgﬁgg g‘r?qu{e#ﬁ(r) ‘gg%%é%g%&ﬁ(ﬁ%%@r' devi ces
haviong Aftyrone of the Naicroprocessors 361 thravighl301 hdrahediski storagedevicaB0®ean altére al so DVA
agents._The Porcggentwi' nvention 0 i,g each of the advanced, m crqQprocessors 301
t hr ougHSISD* GFRTME 2V THun msroRty 10, dyring Rrogiam exseyhion; 18 R dpeieydisk, a shar ed

Menory storigdeideviec30336 o ehisdirRtlly, ft ircludés' it dohtrbRdr Qth Airbdr Aeknofy) £g6am Of .
m cropraogessors 301 A through 301 A" in a multiprocessor system including

an embdgy perforonss ghememanyaanditbsebyspedifycgde. oBedause thocangmoliery 104" .
M Cr OPI-QE GRSy acobsd tHe L LA igj G s.of ..t he

mul ti pr ocessg*asysgeﬁ]na@rg%\?hﬁ?%ﬁ&n%?ﬁ I ns uctlag{ncp%ﬁ%géasvénrgd("f’g) 110", an

i nsir u@cgesmio starawith informatibw ko memoky aneidifeDMA dgel)s. he preashtiinvedtionct i on cache
(I CACHE ne .controll 415 Jnstructi on decoder 116" an out
of or d?rcaé%?@hg% (ei‘(':al?g%) d(;'¥n"°ﬁ°r?|r EEFrE ﬁé\r{ﬂm&gh SQ][ iPRHR caﬁﬁ‘? ?‘ﬁ!‘ffe"}f and,, { pe
advanc ipelifiecobgrensyds s shiarélrhemor) sultipeddesos system. be stored in 25 instruction

storage el egﬁgts g‘for ex le registers, buffers, etc.) fromthe |TLB 412
to the retfiEféhillusates 2 blpck disgrameof microprogessers 3044 dhrghigh 30 1AEn@s within -
the i ngfultirddeor SREAT 84 hi]dlr%' ok r . t] | }118", the
reti rerren?ﬁur?i tr%%ql : and ot ner | ngﬁnﬁgf?%nprg#@relgg%%}éld@ﬁ@ﬁ{fg& Q’Fe

cor?8i darcawryt d0be Micropresessorc80bh pi welli asethef othkre nadupecessonsi ¢ff ther ocessor
301 A

multiprocessor system, includes a next instruction processor (IP) 110'. an instruction
translation look aside buffer (ITLB) 412, an instruction cache (ICACHE) 414A, a memory
controller 415, an instruction decoder 116' an out of order core execution unit 118" and a
retirement unit 120". In the advanced microprocessor 301, instructions can be stored in
25  instruction storage elements (for example registers, buffers, etc.) from the ITLB 412 to the
retirement unit 120". These.instruction storage elements within the instruction decoder 116,
out of order core execution unit 118’, the retirement unit 120', and other instruction storage
elements are considered to be the instruction pipeline of the advanced microprocessor 301A.
The instruction pipeline needs to be coherent (pipeline coherency) as does the ICACHE
30 414A(cache coherency). Generally, the instruction decoder 116' accepts an instruction or

operation as an input, decodes the instruction, and perforns the instruction processing needed
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The instruction pipeline needs to be coherent (pipeline coherency) as does
the | CACHE 30 414A(cache coherency). Cenerally, the inst rgg@sgﬁlﬂ&coder

116' accepW™O®™AF0354st ructi on or operation as an input, d&EGE e

i nstruction, and perforn is-the instruction processing needed 9 SUBSTI TUTE
SHEET (RULE 26) WO 01 /50254 PCTI USOO 31460 to formthe instruction in into

a. m cro-ope which i s und . by the
out of or RapRR e mlestifhifho it isRba (0BE] B hllpRap ML AR Y,
i nvent i onexeclred by shie ot tof@pdep coeerecutivontit A% Infedénbodiheny of thersesenthi ch are

backward  conpatible with software and decoded into %i whi ch, can be
execut ed BYeHtRE. Hist NSWUGOR S epegatiopy, @i MAwA; Pstughons, | Aregbackward: yct i ons

run on theom@ggﬂg wiHAsBR e de%%%g%@rrtg HOPs Whith calbeQxERADY (R BRGYS o

exanpl e, an 6 and Pentiu y processors. |In an énbodi nent of
presens i exeentiorounit 11GACHHE 14432 Anstsictions inysorctht [ntel £niparaontR0X86 FQAGHE

t ai ni hysi dd whi .used . f . Ho o
Chi's. s oProReRS 8 SV Do APHE ) DR A0 R Ry s BRe: i ne. coher ency
are preferabl yipgrdneiodRsbni Of prédefOinteior, TERCAEZ 14ASS & pRysRhIl MRrpGpRI cal |y

addressabl e | CACHE 414A in order to avoid conplications of arbitration or

dual por t IGHCHE ceniginingploysicaladdrasses. whigh pande pad feysnegips.t HeweveGAOhis case4 A | s

shown in E A i . ' 1 Ss bus

158 o 1 naoplarehiifing BRE ity bCHBOBRRORYGCY Bt RHErabl) peftbimdd >

i ncl ude i asidg theITIOBY12 hsteadafithdphysitdlyadedssable IGRCHEM 1A iwoxder tocavoid

execution unit 118" _to. execute some function rocess. |If.the_.out of

order exeEQqRsHIHs Of arg‘i’@"ml’ HefiHat %@1’%"&% ’(9‘%&'&5 8 ﬁ"‘?’lof‘ ﬁﬂﬁ] PRTtivet RE the

i nstructi h S : ' ' eeds to
m?@ﬁﬁ hmﬁ‘i’s‘&ﬁowrbﬁ P‘i‘@} N@ﬁ{}?f/cdﬁg% Jrfgfilsg§%4%?29 ARAURHF 3

be fetched from nenory 104 ordinarily i1 nterfaces
to the | CNEHE tHA MM CHE di4er store instructions therein. In the case of a

m ss, menory controller 415.f esired instruction.from,renory 20
Toa and pr ovi SRemPe By BTG P CETHE R {FS T QR BRlECHRO L GRS 15 Y anc
the | GACHEed bt the oulMbIBdey c6r@ BkdctidnRmit 4 185 taekdinte el fluyctioR Bt protess.t ichemenor y

bus 304" to detect when a store has occurred into the rr,em)é% 104" and
reads t heowofanderfxeqnap uak! I§frequirss anipstractiqnyiot witlhin theynsirastiopgashe 4 ext er nal
devi ce sugh. VA G - [ | 3) ,QEIFI,a

di fferent g%“%?‘é%rooces?ggﬁ@ gd%ﬁsgls&?ﬁ‘g&ﬁl)&Z%%gg%ﬁé%gﬁyﬁ?bcg%| on within
menory 10&ontroRér 416 putinariyonterfares wrtheITAGHE §fie i8 oxdes stopnstiuntions tlend#odi nent  of

e P S ok BAERFh S, oy AT B 443 AR e B0 0
conj ungt i ooy Mdiphovidke itREYRH Bloubstdf RS Sork ExePitdimit 019 4rdIBEIC ACHE 414A.
Memory controller 415 additionally monitors the memory bus 304’ to detect when a
store has occurred into the memory 104’ and reads the physical address of the store. In this
manner when some external device such as a DMA agent (such as, disk storage device 303)
or a different microprocessor (such as 301A") alters a memory location within memory 104',
25  memory controller 415 triggers a snoop. In an embodiment of the present invention the
memory controller 415 communicates to the out of order core execution unit 118’ that a store
into memory has occurred in conjunction with the physical address in order to trigger the
snoop. The out of order core execution unit 118' processes this information and causes the
ITLB 412 to perform snoop using the physical address read from the bus. In other
30 embodiments the memory controller 415 may directly communicate to the ITLB 412 to
perform a snoop using the physical address read from the bus. In other embodiments the
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snoop. The out of order core execution unit 1 18 processes this
informati on and causes the |TLB 412 to perform sneop usi B e _bhysical
addr ess WOH¥/5256ém t he bus. In other 30 enbodi nents the'ﬁgﬁ%P/gggﬁtroller
415 may directly comunicate to the ITLB 412 to performa snoop using the
physi cal address read fromthe bus. In other enbodinents the 10 SUBSTI TUTE

SHEET (RULE 26 / 4 / USQ0Q/ 31460 controller. 415 may
ai r ect MPrETYFElR ARy tte e B M L APL S R8Tl o e S o
addr es phesical hddréss of the stofe I'Eath aicdeprocesss 301 8fddughtBooUshhisitipficedstie

mul ti processor system 201' operates jn this fashion to determne if a

snoop ri¥EerE 201 oparates indhj Hodetcpningifa snoopnesds 19 bedrggareddnedo gamest at e
change...{ r t ' i : forms a
store ieﬁiiégla?rgerr%%h(:lééﬁr' &atht% ?i'lfg(re'e?tf @f%fdmg&t oge %’%Fﬁléndflglﬁ!t E)l%grp orm a snoop
and 5 pgegesnsAmye gud mandryd9d4’, b ddiredily informsahe IMB 4 1218 pdrf@nraosipep msd page t abl e

address _transl atjans fr linear to physical addresses into nenory 104'.
These FAHE P _Fﬁlaag'&fse%fgﬁgﬁl%{_ﬁ‘sl ations maintain an inclusion wth all

i nstructi onghe MTLBe412Nedni4iss! pae @Ble AR trhidations FomChirie@N td pRRicane. _
"I'nclusi on" 10 neaning that any byte that went into making any instruction

has it ddressgs inte memens 1Q4.i dhesgipegs tableraddressTirmsiptions ragintainggn) igclusione | TLB 412
accept s, ' ' r I LAassoci at ed
ot e al BBl beriohd 7 neiihigh bibfe 4 A4 BafhudiOl lefing, SAIGRGAS PO L3 PO
t heigphyndaning thabgs bytkdha seaSntemihkingahyinstauttion hagite vrigingl trahslatioawithén used to

perform snoops . for detection and mai nt.ain che coherency, and pipeline
coher e%?ﬁ%&u@“%’%ﬁ‘gﬁ@f‘ya% YR {eshachress gﬁﬁ%‘!‘ﬁ‘é?p@ﬁ&a{]he | TLB

412 or di4AREd ds¥ocRHt<RtiFthe ocatibnl dTRistrudioht WRRHh meRidey RS BabdkSiTRBS i Nto a
physi cal address, the ITLB 412 is additionally formed as a content

addr es dabthe phsinal page@ddnessehandieclysiongs preividedidi can be ysedTh penfamBngops al so
i ncl ud dd).1 | . ' f t
or oy apSNE, iG] Sdrait DR horE LORACD B Bl ChCECT o Belala BB 000 "

or reve ns
addrses JersSiCodetettibh arecphysicdlland the ITh@0o412 srdinatilygecepes, as2h infua aplingad cal :

address .of the store into i vi ded .th noop port and the | TLB
per f or 998’53%8%‘355?2549 Wi{yﬁ@%&%ﬁe&ﬁ%g%m é@@%@ﬂé&%@@ YCQRtEted within
t he | TlggarbdshbleOmerdSiyq CAMYCon IS tphfNicaR addrBis&s. | THOITIBPIY allfimcREE gssed a page
whi ch may be stored in the instruction cache 414A. |If a match is found, a
st or e @dditipradinpprygasuarisonpoftdreferiag4o agnp s1Hon PR op IRyerse fransialiop pert) ns t he nay”
be stor L £ hi L L: . C t.he. 25 jnstruction
pi pel i r?gg?r'\awf/&g%&? %%hé%sglrﬁéétﬁ% l?ﬂa%%%f%} e%]rg'% i ﬁgﬂ ﬁ%ﬂ%%@%@% the I TLB

41220us ithgphysieal pidgesscefl thastdreasts msnay isqrovidedatofths snovp pottang tieiTis SMC

detect Ip%ll}or?rrcsda g%pg:[isrgn%th all the physical page addresses located within the ITLB 412 to

determine whether a store into memory has addressed a page which may be stored in the
instruction cache 414A. If a match is found, a store occurred into the memory 104' within
a page of instructions the may be stored within an instruction cache and the cache and the
25  instruction pipeline may be incoherent with memory. Searching the CAM within the ITLB
412 using the physical address as a key is a fast way to provide SMC detection and determine
possible cache incoherence. This process of providing a physical address to determine if a
match exists with a physical address stored in the ITLB 412, is referred to as a reverse
translation. The ITLB 412 having the CAM to provide this comparison of physical addresses'j
30  may also be referred to as a reverse translation look-aside buffer. By moving SMC detection

to the ITLB 412 in the present invention, a snoop port need not be included in the ICACHE
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possi bl e cache incoherence. This process of providing a physical address to
determine if a match exists with a physical address stored in the |TLB
412, is rewerasees#o as a reverse translation. The | TLB X£2 FEIRIAEY t he cam
to provide this conparison of physical addresses, 30 may al so be referred
to as a reverse translation | ook-aside buffer. By noving SMC detection to

the | Caceton pRLSE RAERSACu DSSRLR e BrianR DRl HAAL R BRI 51 "
and, thus dlrﬁdnﬁorls@ﬂmbﬂﬁrdﬁﬂhgxhﬂs‘m Rieber dfeiyﬁbbﬁlstﬁﬁgﬁbcadohh smal I er physi cal

di mrensions while providing the & ne nunber of hytes of ,staorage |ocations.
The 1 TLB 412 f theiEBAdZ e F’b’%qf'd@§V'ﬁ?ﬁi!“i§‘§FQ9rf°1Tb8Fh theinsiructien pln%mﬁ acvelbn

i peline M LB maybe
Pe? erred tg%thggéq‘lgill‘%ﬁagll on. éaﬁdd%glﬂté;?kdg p?g‘\:/llqﬁhg&gg?ﬁB r{1]'lii"§ir")r1reans %/hat
i nstrueti dxrtldsyahqmowﬁdnd ynthe iIFEBrmoeans okt i instabtéoni b;sasrbchny)msmthnmeheor t he
| CACHE 414A arg ante hei r ) ve original age,
transl ati Hﬁ“‘é‘i‘%} ‘F‘T[(LBRQ@ 43?‘!‘% e $"T‘}E’m§f§§ *%'Fél?f“’ %?F HYet are no

| onger st gy mmﬁdw s&ytxﬁﬁ,elmﬁhw@hhmwasmdtaﬁmﬁkm akSno bofiger 5@ed and are
no | onger stored in the A. For the ITLB 412 to provide

i ncl usi onwithinghe ipstepection amsﬁrm (tbin i$, mﬂrgﬂemdarp m\ngs@rfﬂtm@ int e dgAGHENi ch an

I NUSE st a 0] et o e

fol |l ow ngk?ﬂ\%éé g{ea{?gb I?% g‘ﬂ%ﬁ‘PC usﬂos"é%laﬁ “g%r“ °nl“¥ﬁ§ {%‘MFE&% For each
i nstruot i aporf veiiehantINVISE sfmlgdrﬁlﬁn&upﬁgesétroaalﬁirahdMSEﬁh&l IThe Bolloningy used to
performthe translation is nmarked inuse using the IINUSE field. Since

i nst ruct | SNUBE state algpritha isjysed torreyidn T nelusiony Foreast mstrustion ftehatbatne rust
have been Oniai 113 ?E YrafsBliGh ecﬂeafﬁg%n#g‘?id tg%ﬁ?ﬂtheﬁnﬁlﬁﬂﬂ iSharRy Hage 19

transl ations are replaced t I nuse, each instruction byte in
the instr ugtg o RBSE ficldn Binaesostuctianobytesi ipahé metrwditioh cheheguid risgrdction t he

FNUSE field nt Repl acene MWL ver a page translation
W th a noRPEISem Y syt Amh pEnRdly, FRARE sutf wbe PP aRE, & RBPcsaie Press wil)
get nys ked'anslﬂti&% ar&tbREdH thed BRIrirked finfse, clelifsthueti6l 1@ in tHRanstibfonzattiee| ds,
eventually al]l entries wil] be marked inuse and no new entries 20 can be

al | ocat edand/meniction pipgling yelh be gwée%h%wyégs@ﬂr ertiest Replaggrognheeanst a |

i nstructi rﬁ'{ﬂﬁﬁi‘i ion) and the | CACHE 414A

fl ushed (Qﬁﬁ“é&%%g%%t{:@%:]%n I nes %a%al %ﬁ) Once the processor is

drai ned and thﬁsulmsgoﬂs(bwmreamttmrefdlmhwdl gcahiarkmﬂ mubee Udledb)SorBethingisds in t he
| TLB can he rese a not US E state for, each e transl ation.
| 1 Gne' A U el St oM i SRS Feiid i A BE PR b pel | ne
i s dr abneganedliddaRd2 Wheh &is Mﬁbén@ﬂh&ﬁ:ﬁ:?@réc%ss& HE§ee dfaied 3P4 iRRFucti@@SON, such

as a process switch. In anot
(that is, all executed to compietion) and the ICACHE 414A flushed (that is, all cache lines

invalidated). Once the processor is drained and the instruction cache flushed, all of the

INUSE fields in the ITLB can be reset indicating a not-INUSE state for each page translation.
In addition, the INUSE fields can be reset anytime the instruction pipeline is drained and the
25  instruction cache is flushed for another reason, such as a process switch. In another
embodiment, selective invalidation of cache lines can be performed when a page transtation

with a set INUSE field entry is replaced
When a miss occurs in the ITLB, that is no page translation exists within the ITLB,
any pot inuse page translation entry may be selected for replacement since only entries with
30 the INUSE field set can have instructions in the pipeline. Generally, the inuse inclusion
algorithm provides: 1. Each element has an INUSE state (the INUSE field). 2. When an
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enbodi nent, sel ective invalidation of cache lines can be perforned when a
page translation wth a set INUSE field entry is replaced Wien a m ss
occurs iwobhs0284TLB, that is no page translation exists RGWYROH3HEL | TLB,

any not inuse page translation entry may be sel ected for replacenent since
only entries with 30 the INUSE field set can have instructions in the

pi pel i ne. General |y, the nuse inclusion algorithm pI’OVI des: 1. Each el enent

has an cleRemtas wedqitis mapked inuses- tAILINIYSE felds gea e glgared whensitsénpw thet SHeeT
(RULE %ﬁkle)ﬁanglaée‘i&ﬁ%mﬁ’@i/ YROOERUOQ mr?tser%ﬂéd infse 24 h:blabﬁ rwﬂg,ked i nuse.

3. All 1INUSE tields can be.cleareo en It nown enents are
not inmkmenﬂhathbn@llmnmbwmplandls mar ked |nuse can be replaced. Any

el ement that, s, got, i nuse cgn,b | aced. , Fl L1 lustrates -a. block

di agr am of gl(lfjl ﬁﬁ f“l“ t{fH aﬁﬂ rd Hhﬁalg' ‘grBﬁ’Eﬁr?WrB?"Bﬁ"e%%r system
coupl e%lﬂﬁpracemsyem BowHdaB adierfist) GfliWARA lan @MbHAIMESRBE pré¥i@Thvetion | S _
utilized. In B, a plurality of mcroprocessors 301B through 30113" in

a nul t§ }Bﬂhﬁésséﬁ Fﬂ?st“@m qpluralgy mfewicrepresessone 481HY thoweh 31Brenta of the

m cropr e of the
1 1 prEatsor SherurdYdipltlb e ilpord 107° Merhc B BEMIERRERRALE, B, O
cache 401B, arswrmﬂneahmthe\M}tehnméprnmsdryoﬂhhhnelapmdesiomystaat inFiG. 4B, cache
414B. he me t hi s. enbodi ment bei imlar.to the enbodiment in
FIG 4 G] c?‘i?% £9 nstpctiopgachs 4148 ig,rop ?Q%B‘fl’l‘f"@t ad‘éearb’eé‘gcﬁgséeq nst ruction
cacjpe %ﬂdﬁ%&lﬁ'ﬂ% NOtRP¥IEMERS ot Eﬁﬁ&ﬁr%ent%@iﬁ% SIHMANS tRniveammRA:

mai ntai n_cache and pi peline coherency need e perforned by the | TLB 412

whi ch doRiGidAcare fpsiianally equivalent Returitte FIGAB, beqauseliostrugtioy caghs4 B i near
addr esscpltltglng%éh%ryg%all idﬁ?e% csaq%r S’l%?gs g’é r%eé ]t4 Bmglqt%nt a%hélghc? P 5htf'e12 Memory

control eet's ex er nal P e et pon det ecting
an ext ebhééncyne¢dtoi betperformedrbynin JITLED41 2, whitiecomaing phyeneﬂtaﬂddekyes THS

conmuni cat 0 th t of order c r exe e a store
into tMEXt rtgﬁrll)ﬁt’ VT H%‘é“ﬂ{dé pé@tl}lg %f‘%f‘ﬁ%ﬂ@%ﬁﬁiﬁ:el address
in @rdeyat MeHoh‘jB&ﬁﬁrollHQHS Bt etdiaﬁm sthes Rt m@tneﬂ.bgenrozr QRiefingd 1 on uni t
118" receiving the signal fromthe nenory controller 41 that a store into.

20 menwngxtegw! storeduip ithedmerneni1 @4 ¢hangmory spntealiar £lScommuaicsies tpthe out r i gger ed
and t hesQu OJon?fg%ﬁHTg%f fﬁ'?eﬁtﬂtt L%Porg b diié%nen%xi‘ﬁbﬂ'e}?ast SRl § cal

addr ess to hé out core execution uni 118’
itself cpgnﬁmn’edthttheplgtsmaleadﬂns mmiu-yo ﬁ{ggﬂ th¢ srmopuUpoh therahe of ardere

execution unit. irectl |nf he | TLB 4 rf orma snoop and
passes cptfeexwgv B 1St g ] BByt B et £ S8 2 Sl ko™ %P

20  memory 104’ occurred with the physical address, the snoop is triggered and the out of order

core execution unit 118’ provides the physical address to the ITLB 412. If the out of order
core execution unit 118" itself performed the store the memory 104", the out of order core
execution unit 118’ directly informs the ITLB 412 to performa snoop and passes the physical
address of the store to the ITLB 412.

25 If it is determined by the ITLB 412 the physical address of the store into memory is
associated with a page translation contained therein, an SMC hit is signaled to the out of
work or execution unit 118’ sigﬁaling the instruction was possibly altered on a page stored
within the ICACHE 414B and/or the instruction pipeline. An advantage of the linear address
ICACHE 414B is that latency of the instruction pipeline can be reduced

30 FIG. 4C illustrates a block diagram of N microprocessors 301C through 301C" in a

multiprocessor system, including an embodiment of the present invention, are coupled to
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25 If it is determned by the I TLB 412 the physical address of the store
into nenory is associated with a page translation contained therein, an
SMC hit is wooneded to the out of work or execution unitpdl8Soosi4gnal i ng
the instruction was possibly altered on a page stored wthin the | CACHE
414E and/or the instruction pipeline. An advantage of the Iinear address
[ GACHE 414B is that | atency of the instruction pipeline can be reduced 30
FI G 4C i Imewgry d0d's MistapeddessondPhGn of wellnisc thepotitic siaeproagsorC of though 301

C' in a odl t esent

i nventi on, ar%igéeg%??ig&? g%ﬁ‘fg%%gflﬂ #‘@T@qgﬁt %E“ﬁé‘} % %/1%2%4

PCT/ US00/ 3@6&chmmr w trhbnext MtaicHOT pro6esor (B9 11@?6 adfiery bortfolleNA sQhM | 1 T

m croprocessofs ,of the nultiprocessor system i ncl udes a next IP | 10", a

| TLB 412, 9ho order core F’&ﬁ“‘&éd@aéﬂs'ﬂéafatlfem?fzidléltd%hérhamguctéplt Fterage next
instrugt | %M@Qﬁaﬁmhe(#nﬂucg dec@EETTRY ¥né a4 &?Jfggm&# out, & ra} &tmé’f or der
core execution unit a reti rerrent uni t | NSTruc

st or age 5 esteatomuait Wil §'hiha retireméint st U2 ad ctherdideructidbstotage elefreme agache

414C, out of r core. executi.o t. 118, the retirenent unit 120", and
ot her i nstcmfé‘ff‘%ﬁ°stfeoﬁh5dré“r§‘ft@megn%n°t the JPSEIPERSFSAT + Begse: the adyacsdict i on

pi pel i ne ficrop@cesbd’ S CoGRASAa trRQCAUIRL4 14T8 wRidY WRERI frofl ShAPRQARAGPT 301C

enpl oys a trace cache 414C vhich differs fromother instruction caches,
prior art csbes. pEeeart SME detectiorcthedscsuches l@@ﬁsmmglcmgm:mmd Ple used.

The 1 gt C 4 |.e uences. or traces
of i naPr uSEE neFRLoH SR AETR SEE malie ShAbRSSt el SITRRRER
bandwi dt h diffecent program atoedes yo providd Highet ma@1dmm>we41aﬂéﬁcy i khe tiabécabhd St
I nstructi fo({{lh ri.es of ructi ns for program (a ' tra"ce") has an
addr ess agg‘gg' %ﬁ‘e st‘l’f‘sf"’t‘moﬂﬁggﬁlié‘?‘ﬁfé dnstrpetions fog progsam (e ttrasey has sy ed
within t hﬁd&rés@%o@nﬁﬁb%th‘gtl%‘seaﬁ&cé’f)ﬁ%meﬁrﬁ? ftﬁ;n?EtBPeq \h‘f?\lftﬁe fracd daPl"

t follow 15 the

instructions. The other instructions - rst i nstruct | on
are si npl $#14G ¢ eflenfimentefernet to as p Scasetalinstruations Tetotheninstagsions that &dlowxt er nal

Furt har « S8 AHBRAAER el Pl ik EF RO F QR AL afroishosof St ol F1 &

and t he baddiedisdislh ad&ntage teaingdhe tiek ¢idhe 394C,ds fhhGhe thency RFrthes tdaabs ar e
stored in UCP fgég%]mﬂ] he trace cache 414C after being decoded by the

i nstructi SFTHEE & addpgsed IGACER A1 48 indil G 4Bandithn tapdwidthds inereased 20 | TLB
412 and the i nﬁétﬁﬁmg'te R QRO HSiruckibfs ark &o&qu{? VAP o En%lgpﬁg:s&r%f:%?lhﬁgrsm 'rg

their UOP forminto the trace cache 414C. In the case o
cont r ol | eafter being despddddy thelrstruesion dexbder Il 6t Mentarpeontroberdirs imerfacdsdd theand

Dot 983 i B R B B PR P BB R RS N OE
nto the trace cache 414C. In the case of a miss, memory controller 415" fetches the desired
instruction from memory [04' and provides it to the instruction decoder 116". Memory
controller 415" otherwise functions as the memory controller 415 described above in
reference to FIG. 4A and, returning to FIG. 4B, monitors the memory bus 304' to detect when

25 astore has occurred into the memory 104' in order to trigger a snoop using the physical
address of the store. [fthe out of order core execution unit 118" itself performed the store the
memory 104', the out of order core execution unit 118' directly informs the ITLB 412 to
perform a snoop and passes the physical address of the store to the ITLB 412.

In the trace cache 414C only the first instruction has a linear address associated with

30 it. For this reason the trace cache 414C is referred to as being linearly addressed as opposed

too physically addressed. Because only the first instruction is linearly addressed and
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reference to FIG 4A and, returning to FIG 4B, nonitors the nenory bus
304" to detect when 25 a store has occurred into the nenory 104" in order,
to tri ggwoows®soop using the physical address of the R@USIPI0 t he out of
order core execution unit 118 itself perforned the store the nenory 104",
the out of order core execution unit 118 directly inforns the |ITLB 412 to

perform a snoop and. passes the physical address of the store to the ITLB -
412, | fubsgeent ﬁ&%ﬂ%'a_ | ea&%&&rﬂ%ﬁ Sile. dhe trage Facte ¢ Ynisialie referihear
addr es o 356y sphRely Wldrissatlé) THe trac@Eachdd (T i€ ARelfly AdiReskd Gy foARdEs? 14C i s

referred to as being linearly addressed as opposed too physically
addr es destructBacefiasigacgn [Sybseqeent inswuctionss within titrage ars adiresssd by theehmtreked and 14

ot udBR N pace G ) el R i Enibud s, Bt REBEUE 1< o1 oo

r ef gr r eld4Cliglimarhpaidwpaseln hddrbsged 8aops Sabp&forrifydicabadiress ebparkdhs | S
linearly addressed only to the first instruction qof a trace, Subsequent
i nst r udthen taegaredi by, stares i the mempory pre Bek upblsybecanse of the ek of physicak t he trace

cache nagk L I cache 5
1190 | R B¢ BadRa A S WEASS B e BRRGUBAS iy 1B 20
addr es saddressed by shenfirst ingtmction ingteace abf Ingtrsdtions; subsaqueneinsteuctions are @onot usabl e

because of the. ] ack.of sical _.addresses in the t e cache 414C.

Siml ar‘l"';?,'“ah%edﬁ&%sé&’ﬂ%‘8 P%I} °°6‘5’8H%°“&-1i@‘5'r @eﬁfvaﬁ%‘ggﬁ‘@m‘éﬂ 3%% ed by the
firgt ip@‘% SPIT detection. ace of instructions, subsequent instructions are
not externally addressable to perform conmparisons. Thus, the trace cache
414C i s not Beeguse @orpbysical gdgresses arei eraployed withine the ace @ebmdi4C.nbiphysi cal
addr es éfp% | L 0 - Lot ol @ggﬁsary to
snoop E’géeﬁg _°§mg ys?‘gatﬁﬂg @%&ééﬁg&%@?ﬁ?nﬁﬁfm#ﬂj@& gélt c‘tsglfrgg ct self

nmodi f yicnde. Metdery vemnoller dbhtletedts exterhabstoles @td meenoner bipbn siewetérg annt o nenory.
Upon detecting an _external store into nmory, . the nory.cqntrol l er 415
communiEETEL T HiR TN, BF mEPaSIORSP s 415 EREBERER o g it SIAOEReE e vi ng ¢ he
si gial ekécatibh it TESRERivirRthe SihA Troflfhe inkbRdorPcsritdNler 413 Rat ARORY Mol 04" i s

bei ng executed, a snoop is triggered where the physical address of the
menor y MesRazy 164 Sibesing exeruted; asBooR: isuFiggsied where dhe plagicaloaddrrss PfER 412 to

per f or s ' Sbded m@ PR ds bNES el | f the out
of ordg}rIe Co e%ﬁ%@ﬁe‘génkﬂuﬁ?% ?‘%gﬁc??sgg f pgrt[figir}énnggs‘%]gr@rﬁ%'Jt?ogn menory

104' , icomganisens with physealwsidicsses catit&inetiitherein. 20theant of onder emoexecativh passes t he

hysi cal . ress of.the store, If it is,determ ned that hysi cal
gdér es é'"ﬁfalqg' h'gseétpcfffgnﬁ'sn? ST remery h)@att'&&“%"‘rﬁ?y d"fg eﬁ\Mitr?‘ﬁ ‘N;s%a' page
t r agos| eiformn a SiicUpathd Wasses thetphgsidal hddirdsd Of thictstdrs. POS i deteemindathad theSMC has

occurred for a decoded instruction . i
physical address of the store into memory is located on a page which has a page translation

stored within the ITLB 412, it is possible that an SMC has occurred for a decoded instruction
which was stored within the trace cache 414C and/or instruction pipeline. In this case, an
SMC hit signal is provided to the out of order core execution 118’ indicating a possible cache
25 incoherence condition. This causes the trace instruction cache 414C and the instruction
pipeline within the out of order core execution unit 118' to be flushed by invalidating
instructions (instructions ignored or disregarded and overwritten).
Similar to FIG. 4B, the INUSE field may only be implemented in the ITLB 412 since
the trace cache 414C can not be physically addressed and does not contain the necessary
30  hardware and control logic to enable searching the INUSE field in the trace cache 414C.

FIG. 5, is a block diagram of an embodiment of the method for maintaining an
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whi ch was stored within the trace cache 414C and/or instruction pipeline.
In this case, an SMC hit signal;is provided to the out of order core
execution Jyolgisedsidi cating a possi bl e cache 25 i ncoher en®ET3ISAII00N. Thi s
causes the trace instruction cache 414C and the instruction pipeline

Wi thin the out of order core execution unit 1 18 to be flushed by
invalidating instructions (instructions ignored or disregarded and
overwri t t BstjuctiSn inial processor i accord)ce wiith tiaywSentfinehtonrdy Fibl § mlotkiifiSerent ed

inthe ITLB 412.sin¢ frace.cache 414C can_ hpt i Jy. addressed
and does ?laftq“%%ﬂ%? W%Fﬁé@%ﬁéscr&e%‘gfi&' onétg'e R gn QPI%R ggon{)?%%ﬂﬁ%é? Bt o enabl e
sear chi NgmheastbIWhEther & dddiess tidielatidriforthe aahtcibh4Qocdtedin the ITLB. Af feoCk

di agram of an enbodi nent. of the nethod for naintaini ngq g}r;n 15 SUBSTI TUTE

SHEET ( RUaddress jrangfasipn 6or thsuipssmctinori losatesl wtheTLB nSlork e mbleckstBcessor

| 1 rccof dapg s eld 18sdUaBS O YAk Bstdln B iPbiob s Gk 15 0se 2 T eUESE
for an”instruction I1s received fromthe processor. In block a

det er m naBy markirg theradiieessranstatiodast imese, thentradbitiesis ptotertesil fedn being replatdde
instruction. ig located in the ITLB. If the_ .,addresg translatiqn for the
st uct | IS el BERED rin HOPPHES o fatieocKhis Eutes heth PRABFGER 888 s he

| NUSE fi ejhehu@Sis OFhel fbIMeK $55tHe idRiliRA % dehPfiShdtd Qithd RIIM prételoPfdr 510 is

set to inuse. By marking the address translation as inuse, the translation
is prot ecmmﬁommhbgipp@e%mﬂanéu adduksis transfavion inrtke K& found in Hlock StGandpi pel i ne
or caghe. This ensur I pel i-ne cache inclusion.,: i_n bl ock
555 tﬁg i WPty egﬁmgtgs' ?%énlf% “r'egl%otfﬂ‘g p?%%ﬁénvg trl(}“’ln Re C%P%ég.g%geg r“-’r gl‘rgh tﬂgx ecution
i n the pi@gehd e bbimgddnentedafieplasicilyaddressed IATHE A lihdurly bédrésseITATHE] i n bl ock
510 and i o proces%i ng term nates. Enbodi nents of the present invention are
cont enpl afndd trace fpf Eh the cache can be inplenented as a physically _
addr essed 'CAGHEnbgciSftﬁﬂre'a)dd&sid&ﬁﬁ_ ffish i5 GO GhThe ITRBIthEn I BI6&R N8GhFer T, 1N
bl ock 5 10, the address translation is not 1n the iTLB,.then in block 515
ei ther tthel THB & ICACHEASKS a8 onerpalagadeoquest frakheraddrdssitransiaion. Indlock520,addr ess

transl atign. .ln bl ock.520, .15.the address translation is receiyued in

res por\ge &’8 a?‘h&ssgwpé%ﬁwglls 'lregﬂﬁﬁr“é&eﬁg%‘is? {9 tﬁe 5’%’8{; r%egueatefxgpﬁchgﬁgn i s made
on whet hegetériifrfationts @nade ¥n RAkthérnthére arCaly a66inlkidealdrest tianklatidng i the ITIBB by
perform ng a search of the ITLB to find any address translations w thout

t he | NUSEPYRegforming asearchiof the AT ¢ findsmy addsess tragsiatiansovithoyhidie INUSE §eldi t hout
the I NUSE.figl: 0. . ot - i
b e e s I i

address transl ations Is new addr ess
t r ansl at i block B0oeadf theoond foe-ifuse Bldress pimaltorsts salested t Theni mblorki§43, the

speci £} ed by S, ElaS! a0 firts 2AEbh O AN RL QRS IS Ma PRk Nues

selected address translation and processing continues with block 550, as described above.
If in block 525 all of the INUSE fields are set to inuse, then in block 530 the processor is
stopped from receiving any additional instructions into the pipeline and the processor is
serialized to guarantee that no instructions remain in the pipeline. In another embodiment
25 ofthe present invention, the processor can be stopped and all instructions flushed rather than
serialized. Then in block 535 all of the INUSE fields associated with the address translations
in the ITLB are reset to not-inuse since no ITLB entries are guarding any active instructions

in the ICACHE or pipeline and processing continues in block 540 as described.
In an embodiment of the present invention, the ITLB is implemented as twice the size
30  ofprevious ITLBs and, as a result, the ITLB rarely has to be dumped due to all of the address

translations being inuse when a new request needs to be read into the ITLB. Likewise, the
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If in block 525 all of the INUSE fields are set to inuse, then in block 530
the processor is stopped fromreceiving any additional j Lons into,
the pi peMA®/S8d t he processor is serialized to guar aangﬁ%@égwﬂo
instructions remain in the pipeline. In another enbodi nent 25 ot he present

I nvention, the processor can be stopped and all instructions flushed rather

than serj ] I SE fields associated with

t he addrgéésrémlgfsgesr?g?%@%g&pﬁh&%ﬁ%ﬁﬁgpfﬁwﬂﬁe&?%@? é-s 0 not-inuse since no | TLB

entri es are @lﬁth_rédiimg f_aoqkbldiagmmeo' 54ﬂ0atsemhmilmd it emzofdé n:etﬂmd fof>AviaiiEainin _' i g[a'npfelt ihne and

processing continues in.bloc as.,described..In.a odi.nent._o e

D1 osont TBRYAERR FAPrOReTON rHSBOTIante e FESEP H R df FIfG & MAOA0S o

pr evi oug rdghbdBFordf Ghstrarion i ReeiVdd frdrh thel phodssor” &l Mokle61 0t Ddddinsliafiped due to

all of the address translations bei n%sl nuse when a new request needs to be
t .

r ead5 i nmade asdo whether the jnstincsion istlpeatedis the UGS CHE S IEthe Isrwctionus Isca@d in\\O

01/ 50254 P 460 .openrat | L 1. eal fl ushes
Comp ot B IGAGHEIPLIBACEHD, 18R 'olck 850 M MR R Rnlid VG A MRIERCEE, rhen, )
met hod fntlodkedsS] e MNUSEdield dssutiatedokittothe fitractiohGn @RICACHE B6aapkedance Wi th

the present invention. In FIG_6, in block 605 a request for_ an
i nst r ucUEMaNdsPrPEsSHNg, EIMmatss BYInFkEedas wstruqtion s dayse.athe metraeliat, i nation i s

5 made éc&d"%%’i | S ITAN ' Rl t he
i nstruc |(t)n S Io%hgtgge %\ﬁ%lg“ﬁég E‘W%r?kﬁgéég%lwd{eh?ﬁ}eng&??%ﬂt%k 650 t he
i nst1p ucICAGHE dnchision, the oethod doesanCiemureTHEB inclisiorh| ock 655, the I NUSE field

associ ated wt.h. & he jnstruction.in,t i s .mar ke ' and
processi ng ﬂ&r'ﬂﬁ?glf%fsdqﬁ’lgl Sﬁﬁ?tfanﬁsgn QItWE{ﬁ? @%Ettt‘%ﬁnngfgdf %@@e lq‘ﬁtﬁﬁnst ruction
IS probends atefiérpanr&d roguesicipt e attrabtidne 1h bicck 620, thelCACHB redefdiE. Wi |

this nethod ensures 10 | CACHE i nclusion, the nethod does not ensure JTLB
i ncl usi @etrugtion i TespeRssAR the eternahead regpest cIniblagk 625 4 determynation ismeadedr, t hen in
bl ock 6 EAQ_%;; ] i b dle 100aH v&sdhi ' ruction.
In bl oc%ﬁ%‘izlgﬁh%r é‘ I @Eﬂg%c@?ﬁé&tﬁﬁe%ei lnst r chtS ?on | hﬁg?ges?o@dﬁgem? % t he

ext 48 napick gaittimetgusstpladed byl fadingamSnstrugtion withert tthe INWSE feldsconlf, inhet her

there a not-inuse instructio I n the cHE arching the ] CACHE,
to 16 pPBRERLS M LS Pt ol Byt R 570 S o R XER B e nout ¢ he
| NUSE f hddrebs $@hslatiohs isl selecfell.0 Othef Zh blok 1845 the e inghaikfisiClsiroad info fheund, then

in bl ock 640 _one of the found not-jnuse, address translations is selected.
Then, i HCASHE @ rlass of the victim and srocessing sentinues with plock 450t agdescribedabpvs.  pl ace of

the Vi cigipReK 60 AF 65t MIUSE Heldd WRSsettd Hudd! ek iPHIfck 60 Weprdckhgdisabove. If
in block 625 all of the INUSE fields are set to inuse, then in block 630

t he 2pr osteppedrfram reegiving Ao @dditiprphinstruetions injo akeypinelinctand kg progesseruist i ons i nto
the pi pseelnjaﬁz%dqg gugrgrﬁcéo {hgtcr?osl‘?la;'ucitigns remain in the pipeline. In another embodiment
of the present invention, the processor can be stopped and all instructions flushed rather than
serialized. Then, in block 635 all of the INUSE fields associated with the instructions in the
ICACHE are reset to not-inuse since no ICACHE entries are active instructions in the
25 ICACHE or pipeline and processing continues with block 640, as described above.

In another embodiment of the present invention, the method uses coloring for
mispredicted branch recovery to prevent the pipeline from never going empty as a result of
the aggressive branch recovery working to prevent the pipeline from becoming empty. In this
embodiment, colors are assigned to a sequence of instructions as they enter the processor and

30 the instructions must leave in the order they arrived. The: color that is assigned to incoming

instructions changes on every branch misprediction. As uresult, when the last instruction in
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serialized to guarantee that no instructions remain in the pipeline. In
anot her enbodi nent of the ‘present invention, the processor can be stopped
and al |l i ngiogassaspns fl ushed rather than serialized. ThE@RT/USH/IBEck 635
all of the INUSE fields associated with the instructions in the |CACHE are
reset to not-nuse since no | CACHE entries are active instructions in the

25 | CACHE or pipeline and processing continues with block 640, as descri bed
above. | He£alor BRICRSSSHES e RiPeBTe thercthpdkuas thatall pravions Wstectivas Reke uses

col ori ”gc&&fs ﬁ@nﬁ@éﬁgbﬁéa‘ﬁé 11%%’()?@ ﬁEﬁ?%!&ﬁéfe&ﬁd% \é%&u{%{&ﬁs Binekdsge from
never goil ng as-a resu e aggressive branch recovery working to
prevent tdm:t-mtpel Thaesrz‘eromﬁﬁrelm'ﬂsmﬁnlgaedrmmsthdnmtbmdcoler#ocmhb&ﬁetbmuncﬂ ors are

assigned, to eque ce i nstructions as t ent e rocessor and 30
the | nst PUBPRBRE QPR e e r\zféﬂrmt#;?oa?vm&dt SHESF hat | <
assi gnedpt GetinBf QI BAEH oﬂﬁ&kﬁ%épké&ib’ﬁo%réﬁ%ﬁ aFH“tr:g% ﬁﬂ&ﬁbd@ﬁ ggli ction.

As a result, when the last instruction in BSTI TUTE SHEET ( RULE 26) WD

01/ 50254 thR@Téses80yestiars the EINIISE: feld fs tsmkfmemé apx wabit fieldsssasiatedecithbre et hod

knows t hat aII us | uct i r.e gone and
the" T nusEth ResngBeg LR AR BE i R n0fe oo raRf BHERES LG ARCT

not - i nusmU@ﬁetaus&efeﬂédm&s bANORESE bie Rdgaidss of i huinbé off INUSE biw‘use@toor s can
be determ ned by whichever nunber of q%‘roupl ngs that are to be tracked. For

exanpl e, TePrsens the SNSEgRId 8105 ope og flj Ficthe JYUBESHY @ hﬁr‘ﬁ%ﬁuﬁﬂk‘ffr edi cti ons
or Ogof Mo 5%&&?&&' BioF o t@mﬂﬂat@'?ﬁkqgﬁ @{e(ff ea;; ggopﬁrﬁs %aﬁ\éﬁntn' on, the

I NUS errente as a two e ocCl ate vmth each
page t abthe twn bit Iembd'dlﬁemrlf withehordathbitsiareesset mmuﬁﬁtaca,(slaem d?.ag:hnl one)itkéndual bi t

inthe INUSE field.s re r an I N f the
number ofh"lﬁ%ﬁ“ﬂl"ﬂ“ﬁ‘?&&“q 'gi’msé’ﬁp‘éé‘@ﬂt’“stﬂ@gﬁggés Ff‘é‘?ﬁ éjr %6%@' or all of
the | NUSEheRiabé o Bt Renot-ffilbe/ | Uhtainhet s@ite @ﬁéaﬁdékéﬁy dmfpt&ﬁ:tg é@h@m}&r off to
indicate the inuse state of the page o in the two bit

F
embodi neAYUSE pitstpan OR gote lpgic pirpsityre, saf#eth%tetart]teeeﬂ@gg etet)ﬁg{rmﬂ%é b@et mpss a | ogi cal
one) he[he go Eb%t Rffe Ok ig!éﬂg RN oﬁtg&xﬁ#jﬁwglcﬁn ¢ tB ;Pd?éat‘e 81fe| Iagg of e Rlfuse are of f

(that a | og I S not-Thuse. The
i nuse StSirmlaﬂ}iyfthOmbn’t(ﬁfeht o) gmatsmlbg;wlgexeamhx th‘é pagea)r lihdlig®bt nugdes to an OR

gate |l ogic styuct suc ast one of I NUSE bits is inuse
15 the out putf§¥° hr’u%f gﬂé“ ch!°%*@th‘$” H’E"ﬁl’td%t‘fe“ af’EFWE?fF’EWe t he page
or line hﬁmly"ih'&@ms oS8 1%ieYnenicf:l sbidBoRUEHRsH skﬂfcdtlmﬁe SR wiRkRogriizeithat00i cal
zero, then the page or line is not inuse. It should, ofcourse. be

under st othg pringiples\pf the invieetiosrmaydeet uspd edwantageoubly svithedtarmatascenbodirentsai nly i n

ter M5y .Of in {)ﬁhﬁg' JLP:L%EQ e&té q'lLlﬁg Ozgtgs‘ﬁmte%%@rssg ueﬁd J\gco;cnrg%%l r%hl chlhl

recogni ze € principles e i nvention advant ageousl y
W t h al t iiplenbanationsyisdith fdhwshin the spirit and the broad scope of the appended claims,

will be embraced by the principles of the present invention.
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20 i nvol ving data caches, dat—a——'FI:BS'Her’Wbuffers as well. Accordingly,

all such inplenentations. why I Mm\j he spirit road scope
of the apONG¥§4cl ains, Wil IW‘L\W\‘“ VAT he pri nci%‘ﬁz(gsog/?ﬁf'ﬁe pr esent
invention. is SUBSTI TUTE SHEEt (RUL'E 26) "WD 01/50254 1 11111111111112

PCT/ USO00/ 31460 11U C LMS What is clained Is: |I. A nmethod for maintaining

I ncl us'w:mu'h m%ﬂﬁl i ned processor using inuse fields, said nethod '
conprisfﬂg%rvi ng a read request for an object; sending the object in
response to the read request; and setting an inuse field associated with a

storage location for, the object. to inuse. 2.. The nmethod of. cl.aim 1, wherein
sai d sendi ng théwmgfmmé@&‘{s@“tlﬂé Pipelined PEOGESSOR 4SINE AP | ses:

det er N§dad) Saidl fnethB8 cop@sidg: i S in a first memory; and ifthe instruction is in
the first menory, then sending the object fromthe first menory. 3. The
met hod of cieegivinga read eequest feran@bisetadi ng t he obj ect in response to the read
15 request ¢ | : term.ni i bject is in a first nenory; if

t he obj ect slegﬁg th%foﬁefﬁgF%Pﬁsgwﬁ'gﬁ%rd;r?&eﬁé#@ctransm' tting an external read
request f orsetting afijuseficld agsocifted with alstoeagelipcatién fon tHeabjpenmandse. t he ext er nal
read request: 20 determning if there are any not-inuse objects in the

first menory; if there are not any not-inuse objects in the first nmenory,
then: cl eafing #agnoidAR LIRRA, RhEER3HESendf3thd dhief ih tddfok bo thiikag fiel ds to
not-inuse; selecting a not-i1nuse object 1n the first nenory,; 5 repl aci ng

t hao notequestiemmpisgect with the object; and sending the object fromthe first
menory. 4. JThe neth okjﬁcl.ai m wherein,said clearing the pipelined
processor %%%"H‘%‘gg‘eé’ foWg?éFtlm%%?%’cﬁng, whi ch are protected by

i ncl usi on iifthe Betriddition lis ifnthe fifst ARMBBOthen seAling the object from the first memory. -

3. The method of claim 1, wherein said sending the object in response to the read
15  request comprises:
determining if the object is in a first memory,
if the object is not in the first memory, then:
transmitting an external read request for the object:
receiving the object in response to the external read request:
20 determining if there are any not-inuse objects in the first memory;
if there are not any not-inuse objects in the first memory, then:
clearing the pipelined processor; and
resetting all inuse fields to not-inuse;
selecting a not-inuse object in the first memory;
25 _ replacing the not-inuse object with the object: and
sending the object from the first memory.
4, The method of claim 3, wherein said clearing the pipelined processor
comprises: '
emptying all objects, which are protected by inclusion in the pipelined processor.
30

5. The method of claim 3, wherein said determining if there are any not-inuse
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5. The method of claim 3, el n Wnlng I f there are any

not-i nuse 19 SUBSTI TUTE SHE%R\““\@E!% “‘ I

i Pii luwllliblo®kbakdi 11, obj ect I'rst *menory corrpr iPCTAIS00EH460chi ng t he
first nmenory for a not-inuse o‘bj ect. 6. The nethod of claim 2, wherein said
determining if the object is in a first menory conprises: 5 corrparing an
object fromthe read request against all of the objects in the first
menory: |0b3esth@1tb9ﬁ@sémempmﬁomseﬁead request mat ches any of the objects in
the first rre t first menory; and if the

obj ect fromt e rhén ' f-mfjes Jgoggaﬂr?% bé%?any of the objects in the first
1 o nenory, ten tike ﬂh;hedtof icRinn 0f wheeity hadfdetreﬂhmmgmhg/obﬂct #¥Ain a first
conput er -r eadabl e pedi um having stored therein a conmputer program for

mai nt ai NiMFPATHEIPREBEH i n a pi pel i ned processor using inuse fields, said
conputer progr, b%aa r n obj ect;
sends t he obj e@r,‘[ﬂba}nrr]&?g;bp sggkgﬂfr&{eg%arﬁ%ﬁlggm Spﬂl @%?gsﬁér%ﬁfﬁr&ge field
associ at esemuiry;h a storage | ocation for the Obj ect to i nuse. 8. The
conput er - r eadahl e, mmedi um, of Iaim erel Ld send he obj in
response to t%‘%"é’&&%%@& FSH‘E)‘H“?&@Q ?ﬁcﬁé“ ?ﬁ'fs{fé‘e'B etg?" isin a
first Menpd objectRGh thelfie ndedhy i ion is in the first nmenory, then sending
the object fromthe first nenory 9. The conputer-readabl e nedium of claim
7, wherein saifdhe ebige ftqnetbetz:p@crteqmqst does méyp%@gypéthe@mc@aa the-figest
conprj,se ina first nenory, if the object
S no0 et"g)z}g?ﬂ&ltﬁé%& sn‘bn t@%ﬁr&?r anz}’ﬁtti ng an external read request for
t he object recei vi ng the object in response to the external read request;

30 determining if there ar not - i nuse objects, in the first nor i f
Ther e ot e mot dany AdompEsEaBBFaRtiun HVPRSord Btma tampsiet fragam or 7

maintaining inclusion in a pipelined processor using inuse fields, said computer program,

when executed:
15 receives a read request for an object;
sends the object in response to the read request; and

sets an inuse field associated with a storage location for the object to inuse.

8. The computer-readable medium of claim 7, wherein said sends the object in
20  response to the read request comprises:
determining if the object is in a first memory, and

ifthe instruction is in the first memory, then sending the object from the first memory.

9. The computer-readable medium of claim 7, wherein said sends the object in
25  response to the read request comprises:
determining if the object is in a first memory;
if the object is not in the first memory, then:
transmitting an external read request for the object;
receiving the object in response to the external read request;
30 determining if there are any not-inuse objects in the first memory;

if there are not any not-inuse objects in the first memory, then:
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20 SUBSTI TUTE SHEET (RULE,E l“"lulm, l,lu §)ii i iiiiiiiiiH PCT/USO0/ 31460 WO
01/50254 N s clearing the I mls ‘and resg&,{.,*] ? | nuse
fields t WOH?HAuse; selectif n’bt -§ ndse Obj ect int TSt Nnenory;

repl aci ng the not-inuse object W|th the object; and 5 sending the object
fromthe first nmenory. 10. A met hod for nai ntai ning inclusion in a

D e aqreot T or op el AU pBeiebShalimatdid) ot 1o, SO o1 g reoel ving
instruction translati mcsettmglallamscdﬁeldsubhetrm(udeILB) 10 wherein the inuse
fieldis assomategwlth an addr.ess slatlonfor the instruction; and

sendi ng the addr SEECNBANO-IRuSS,AbIgGE ? TRy 1 response to the read
request. 11. The g gﬁ&&@theho@ﬁxedembjh&wiﬂhﬂh&@bj@ctsﬁidj setting an inuse field to
inuse in the |TLB conprises det er mi ni ng if the address translation is
in the | TLB; and sending e ghjgetdipm thefirst mgmodh is in the | TLB, then setting
the inuse fig{d rLess I 12. The
met hod of C|§.dl m %%%%erfeagrﬁméé@amégﬁhlﬁﬁqﬁ Plhl%@gaf T tugm%ﬁ'ﬂ% in the 20
| TLB cofiglds, $£i6 methot eomiprisingg |f t he address transl atlon is inthe ITLB, if
the address translatiqgn is i.n the ITLB, then: transmtting an ext er nal
read requestTf3YNg hEFAL FRAUEtt ?‘iaﬁﬁ“Sth'éE‘el ving the instruction in response to

the external seftﬁ;g%x HRYE Gl to géséjx‘ﬁfaﬁ w r{aetm tlahstitfRNGokedsRie Bkt 1OFLB)IUS €

address trans ions 1n the there are not any not-inuse address
t r ang| awhemin thevinusedieldnis Bsomteqh wrth oh e@dnsn ¢ransiasiop |f<peth¢ mgducpiomaedsor, and

ddr oss. U arfensibg B e s e B TP LB orep oot iR cfulior i i nuse.

address translation with the address translation for the instruction; and

11.  The method of claim 10, wherein said setting an inuse field to inuse in the
ITLB comprises:
15 determining if the address translation is in the ITLB: and
if the address translation is in the ITLB, then setting the inuse field associated with

the address translation to inuse.

12. The method of claim 10, wherein said setting an inuse field to inuse in the
20 ITLB comprises:
determining if the address translation is in the ITLB:
if the address translation is not in the ITLB, then:
transmitting an external read request for the instruction;
receiving the instruction in response to the external read request;
25 determining if there are any not-inuse address translations in the ITLB;
if there are not any not-inuse address translations in the ITLB, then:
clearing the pipelined processor; and
resetting all ITLB inuse fields to not-inuse:
selecting a not-inuse address translation: from the ITLB;
30 replacing the ‘selected not in-inuse ‘address translation with the address

translation for the instruction; and
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21 SUBSTI TUTE SHEET (RULE 26) WO 01/50254 111111111111 pill 11110h

PCT/ US00/ 31460 setti ng thel““llﬁﬂ“um“ ‘ tlmci ated with the address
transl ati oofgkezsdne i nstr Ul it 113. The net ho@CoUSYIAsh 12,
wherein said determining if *thére are any not-inuse 5 address translations
in the | TLB conprises: searching the I TLB for a’hot-inuse address
translation. 14. The nethod of claim 11, wherein said determning if the
addr ess transl at i opetting theninusee fiell] sseciierd iwiths the addgesaseanslatipnt o8 heldr ess f or
the instr.ycti fr. the read request against the address translations in
t he ITLB;lel(i’%ucﬁé}”oéﬁglf'ess translation for the instruction fromthe read
request matches any of the address translations in the ITLB, then the

address translation is in.t ITLB; . and if the address transl at.ion for the
instruction fridm t ke pethgd Pgﬁﬂ@sltl Whaen 53¢ dergrruping Hghera aye gpy R9tdnuse dr ess

translati fgsd fhansBors ih-fRe ITHE BorhfitRe@ddr ess translation is not in the |TLB.
15. A conputer-readabl e nedium having stored therein a conputer programfor
mai nt ai ni ng i sedrcngthe IFL.Bifopapel-mseaddressampslationsi ng i nuse fields, said
conput er program when executed: 20 receives a read request for an
instruction; sets an inuse field to inuse in an instruction translation

| ook asi de bufiger (hdmBthod oP1GHEI INwhéteinisHid Yetefrhifing ifithe ARBQS trasRglon t h an
address translation for the instruction; and sends the address translation
from t he is ithe [TLB eoppsdese to the read request. 25 16. The conputer-readabl e

medi ugp of cl ai : ' e P . ' ' ol .. the 1 TLB
conpr fﬂs es: det@#&rﬁﬁg@?@}%ﬂgﬁg%ﬁ%@gn@%%s P‘%ﬁ F%inl%%]lgsﬁ %%g‘t“ﬁ”fﬁ ;s and if
t he addr aemsltiticamsd the iTtB:is in the I TLB, then setting the inuse field

associ ated w t t he addr rgnslation_to e. 30 17. The
Commat or < 1 o dtihe e i Bion ok PRt i o8 HE S50 ot Tauhemyali™t i o1 0 22
SUBSTI TUlfadekhslafid kb RO I TIHE ThddDRO4d3Ied6Banslation is in the ITLB; and

if the address translation for the instruction from the read request does not match any

15  of the address translations in the 1TLB, then the address translation is not in the ITLB.

15. A computer-readable medium having stored therein a computer program for
maintaining inclusion in a pipelined processor using muse fields, said computer program,
when executed:

20 receives a read request for an instruction:

sets an inuse field to inuse i an instruction translation look aside buffer (ITLB).

wherein the inuse field is associated with an address translation for the instruction; and

sends the address translation from the ITLB in response to the read request.

25 16. The computer-readable medium of claim 15, wherein said sets an inuse field
to inuse in the ITLB comprises:
determining if the address translation is in the ITLB; and
if the address translation is in the ITLB, then setting the inuse ficld associated with
the address translation to muse.
30

17.  The computer-readable medium of claim 15, wherein said sets an inuse field
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WO 01/50254 f 1L M S to mise—+n—theTLB conprises: determning if the
address translationis inth i mwnnl addr ess tra&slj ' |S not in.
the | TLBWORERS4 t ransmitti n&ﬂmﬂm “ﬂgm[ﬁﬁd request for ,@?&é’wﬁﬁ&st ruction;
5 receiving the instruction ®n £espo sLOxt he external read request;
determining if there are any not-inuse address translations in the |ITLB;

i T theng iRtSntRd I cdihiséshuse address translations in the ITLB, then:
cl eari ng"ﬁempi pel 1 ned processor; and resetting all ITLB inuse fields to

not - nuse; t detswhipipg iifithe addmess transiation isdeithedTLBy ansl ati on fromthe | TLB;
repl aci ng the, sel ect i Ln-inyse ress translation with the address
transl ation' ?a‘{‘ﬁ sﬁ%’é%(flﬁﬂfsinghfﬂﬁﬁmgﬁqnhg the inuse field associated
with the addresstrhﬁsﬁﬂ;sihghﬁanerhgrrggdhequehﬁfafmu@ts{reaiohp i nuse. 15 18. A net hod

for maintaining inclusion in a pipelined processor using inuse fields,
sai ¢ net hod corrprqcslmg.theﬂmmmr%spwa;saaoﬁxsqﬁf@malwweaﬁesr;nstruction;

sendi ng the instgyeti-an, | L t.i etting an
inuse field to i %{se, %g?ﬁﬁﬁga@ﬁ?\oﬁh@é?ﬁfﬁﬁgﬁgﬁgﬁi% g@'B\SM th the

i nstruction in aif thens éne mot anymotmosecaditesyEitiktionksdn thEHELBethemd of cl ai m 18,
wherein said sending the.instruction in resgonse to the read request
conprises: 25 det er ni HFAES; CRJEFBH?"?EPF&% is in the ICACHE;, and if the

instruction is in thepk 1TLRSAUsS GRIdE Rondtifisé;nst ruction from the | CACHE.
20. The nethod of claim 18 wherein said sendi ngrt he instruction in

resonse to t heselesHng p Befuinue addmssriravglationdorythed ThBni ng if the instruction
Is in the | CACHE,, .14 .t | LOn 1S i IS%FI}IE! : 23
SUBSTI TUTE SHEEEYe(p}QbEE ‘Bg)sagé%%@8&@%%@#{%&“&%&‘0 ! b4l
translation for the instruction; and
setting the inuse field associated with the address translation for the

instruction to inuse.

18. A method for maintaining inclusion in a pipelined processor using inuse
fields, said method comprising:
receiving a read request for an mstruction;
sending the instruction in response to the read request;
20 setting an inuse ficld to inuse, wherein the inuse field is associated with the

instruction in an instruction cache (ICACHE).

19.  The method of claim 18, wherein said sending the instruction in response to
the read request comprises:
25 determining if the instruction is in the ICACHE; and
if the instruction is in the ICACHE, then sending the instruction from the ICACHE.

20.  The method of claim 18, wherein said sending the instruction in response to
the read request comprises:
30 determining if the instruction is in the ICACHE;
if the instruction is not in the ICACHE, then:
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transmtting an external rea d_reguest—for—the instruction; receiving the

I nstruction in response t.o t'he l“nmt“m\quest det ermning if there
are any notwg gisgss Nstructions ‘mm f there arGI/USKDSHASY
not-inuse instructions in the | tth8n:*5 "cl eari ng the pi pelined
processor, resetting all I CACHE inuse fields to not-inuse; and selecting a
not-inuse instruction fromthe | CAHE; replacing the not-inuse instruction
fromthe | CACHE wi {tRnSTRiEtmg 38 extaenel read reguast fox thadistractione i nstruction from t he
| CACHE. 10 21. A cq ocessing unit
having an instructi g&r%%xgtﬂéh(]ﬁ%@)%gh@egﬁthle%’s({%rrn%gm%@%gu{)F ‘ans| ati on

| ook- asi de buffer (defeiriningdf theraare\anyinottimee istrediohoindikd ICATHE,ESSI Ng uni t,
said nmenory unit ha%/tbg% stored 15 therein cq r’rPuter—execut abl e

i nstructions, and & ﬂE'lf’b?ﬂWl?l‘"'b‘F%‘f‘ﬁE’&F’orfsd? he dACHE; thel t he use of the

| CACHEs and the | TLB, sakfar Qﬂ&i?{a!:es ot ocol controls: receiving a
read request for an instruc |on sett an inuse field to inuse in an

i nstruction transl ati onrésetting d‘slci%.'iliﬁufnﬁmt'em@o fiotTiBE; andher ei n t he i nuse

field is associ ated w.th _an. addr.ess sl or the instruction, and
sendi ng t he addresgdfmgﬁglngﬂngﬁ'?%ﬁ?%% Q‘Eé&f\ﬁgr esponse to the read

request. 22. The eepiavitig@iie nol fusd hsifuctidndiomn tRe ICACHE With thefRirfctivaldnling t he
inuse field to nuse 25 in the ITLB conprises: determni ng if the address

translation is in stsingtignstryction fiem thedCACHE. r ansl ation is in the | TLB,
then: ;getting the inuse field associated with the address translation to
inuse; and if the address translation is not in the |ITLB, then: 30

transnmitting al. extAesomputer ewxtenr @ppeising:f or t he i nstruction; receiving the
rea SUBSTI TUTE SHEET

(RULE- 56) "wio GHRHBRPSerishe it pying 4o Htrupfoncaste (e AR o1 Hegition
translation look-aside buffer (ITLB),

a memory unit coupled to said processing unit, said memory unit having stored
15  therein computer-executable instructions; and
a cache control protocol for controlling the use of the ICACHE and the ITLB, said
cache control protocol controls:
receiving a read request for an instruction;
setting an inuse field to inuse in an instruction translation look aside buffer
20 (ITLB). wherein the inuse field is associated with an address translation for the instruction:
and

sending the address translation from the ITLB in response to the read request.

22.  The computer system of claim 21, wherein said setting the inuse field to inuse
25 inthe ITLB comprises:
determining if the address translation is in the ITLB;
if the address translation is in the ITLB, then:
setting the inuse field associated with the address translation to inuse; and
if the address translation is not in the ITLB, then:
30 transmitting an external read request for the instruction;

receiving the instruction in response to the external read request;
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determnlng If there are a ess translations in the ITLB; if
there are not any not-i nusB!Eﬁﬂ ﬂlEﬁHﬂ tlons I-n th )
cl ear i ngWOH/S#5pel i ned pro s ting all epé'r?_l'g]s?se wel ds to

not-inuse; 5 selecting a not-inuse address transl atlon fromthe | TLB;

repl acing the selected not in-inuse address translation with the address
transl ation for Q&nﬁlﬁfgt associ at ed
with the address&trans aﬂh%{lel ?ny?‘ﬁg“ﬁlgén%%ruckr%%h*‘?gélﬁﬁ%ésgl‘%io 23. A

conput er systemtftlmmarsnast@nyaoqammladdeshtmnslammsnmgxeu'ﬂLB.them ng an

I nstruction cache (1 CACHE unit cqupled to said processing unit,
sai d nmenory unit hawcﬁFG"g%B‘F@EPnFﬁé%‘é‘ieff OBMPut er - execut abl e i nstructions;
and 15 a cache contr GkseRinRlaf TPLB fiftise 6N foQlot-inise;t he use of the | CACHE, said
cache control protocol controls: receiving a read request for an

i nsBruction; sentleadng amotiipuse pddress sranslationdromothe TLB: t he read request;

setting an inuse %ﬁ% fi OC|ated wth

the 20 instr uctrl%n |gt{leh%él i Séeﬁ(%dpeg%rtr%ﬁégt?m ‘%lt?edﬁ?o Pai m 23,

wher ei frafighitidn f@abeé mgmickien;iandt r ucti on from the | CACHE conpr i ses

determning if the.inst ructlgalsmt e .| CACHE; . and I f the instruction
g ionches e

is in the | CACHEHingefie Wusrafield aspreatod pithcthe oaddress

det er m;ai H&idnfo IMd§e. i NStruction is in the 1CACHE, if the instruction is not
in the 1CACHE, then: transmitting an external read request for the

i nstruction; 30 receiving the instruction in response to the external read
request; defernini i r .0 any not-inuse ins, ructions in the

| CACHE; 25§§U8g#%%%gé§¥g§°?ﬁ%h§“%6) WO 01150254 111111 1JI ~~ f

PCT/ USO0/ 314 gfpelined processing unit having an instruction cache (ICACHE),

a memory unit coupled to said processing unit, said memory unit having stored
therein computer-executable instructions; and
15 a cache control protocol for controlling the use of the ICACHE, said cache control
protocol controls:
receiving a read request for an instruction;
sending the instruction in response to the read request;
setting an inuse_. field to inuse, wherein the inuse field is associated with the

20  instruction in the ICACHE.

24.  The computer system of claim 23, wherein said reading the instruction from
the ICACHE comprises: '
determining if the instruction is in the ICACHE; and
25 if the instruction is in the ICACHE, then:
sending the instruction from the ICACHE
determining if the instruction is in the ICACHE,
if the instruction is not in the ICACHE, then:
transmitting an external read request for the instruction;
30 receiving the instruction in response to the external read request;

determining if there are any not-inuse insiructions in the ICACHE;
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Cif t here are not any not-inuse-instruet+ons in the | CACHE, then:

clearing the pipelined proc aI | 1 CACHE nuse fields to
not - i nuse; walhsese! ecting aT ‘ H“I“‘m E ction from t RET/USYRREL60 5
' @ |CACHE with the instruction;

repl aci ng the not-inuse insti
and sending the instruction fromthe | CACHE. 25. An apparatus for

mai ntaining inclusion in a pipelined processor using inuse fields, said
apparat us conpri si rfgheraarﬁnpgqnymemwrmum@amtbe %&*&tb@r i ned processor,
said first nenory stori f instructions; and a second
menory coupled to sai d HS%%&’#‘IM&E%%%;OE%OM menory storing a
plurality of address tn&mﬁngtal]dGACHEmm flelda st nog-diude;phdir al i ty of

i nstructions; wherein said second nenory tE; ECAIéﬁS a read request for an
instruction in sai EF‘??F‘G%%P‘P%‘S}"SSF“SW‘@PF@@F} f 15 sets an inuse field

to inyse in an i ”SI-egwéﬁxgﬁi}nB{ ﬁﬁk%':rﬁ&h&{angﬁ hﬁ%’A@?{ﬂ’M&f thé mstfrdcii&@and wher ei n
the inuse field is assoCi ated an address translation for

i nstruction; wher sinding ghiednstiuctiin froemtheJCACHKEDSs t he address transl ation from
the ITLB in rggponﬁg to the read re Slt %aratus.for

mai nt ai ni ng i AR usfAPPRALES i SEnt ‘BFB%%’E?@I’F‘%W%” P SPEANYS, said
appar at uUsfefde gaidl appatbitus Sorhprisf: mMenory coupl ed to said pipelined processor,
said first menory storing a pluralit instructions: and a second nenory
coupl ed to sairdirsti memoryeGouplod t%aat@mﬁlwﬁwrﬁ@mysa Pt memery SgIMB aral ity of
address t r .. Ieast said plurality of instructions; wherein
sai d ?’i rs;{ixﬂ%%@hhﬁﬂ%gé% ?/rgis a read request for an instruction; sends t he
instruction in gemﬂqneﬂm’ymohﬁed ree 8ald rfiest) ineesitiory, Ssaidsseaond mamayfstming 40 inuse,
wherein the inuse field associ at ed, th 30|nstruct|on|n an

i nstruct |P&Ha'5é8151?é* q%ea%lé fons Jgr a‘éﬁﬁﬁé‘ﬁfi%’r% PE 26) WO 01/ 50254 |
[V 111111111thHein'said'sEédnd'rﬁcrﬂoH | PCTI USOCOWH60 27 A met hod for maintaining

inclusion in a pipelined processor using nuse
receives a read request for an instruction in said plurality of instructions; and

15 sets an inuse field to inuse in an instruction translation look aside buffer
(ITLB), wherein the inuse field is associated with an address translation for the instruction;
wherein said first memory:

sends the address translation from the ITLB in response to the read request.

20 26.  An apparatus for maintaining inclusion in 2 pipelined processor using inuse
fields. said apparatus comprising:
a first memory coupled to said pipelined processor, said first memory storing a
plurality of mstructions; and
a second memory coupled to said first memory, said second memory storing a
25 plurality of address translations for at least said plurality of instructions;
wherein said first memory:
receives a read request for an instruction;
sends the instruction i response to the read request;
sets an inuse field to inuse, wherein the inuse field is associated with the

30  instruction in an instruction cache (ICACHE).
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fields, said nethod conprising: setti n lurality of rruse fields
associated with a plurality of tllm m IHN for urallt of ]
objects woowszs4 5 resetting th seflel ’H§’£°6’é ted with
the plurality of storage | ocations for the plurality of objects to

not - nuse if the pi pelined processor is cleared. 28. A nulti-processor

conput er sy ai_ni. n i ncI sion.in a plyralit of nipelined

nul ti-pr oce or s “gé?ﬁﬁgo%§ é"al"ft figg m @Pe’f‘rl"‘ B‘EElﬁ‘egfpr%‘iiF%r b'F'ﬂEd‘P"EFy of

pi pel i nfglds, b4d fethot corn sors conprise: a pipelined processing unit having
an instruction cache i CACHE) and an instruction translation |ook-aside

buf f er (| TLBFttng anlwishity of inuse fieldsnaseariatesl with a plvralibeefstoragelasationsford nenory
unit ha %Ect ﬁ)@:?é'-n conput er-executabl e instructions; and 1ls a
cache C%h%]&(}) protoco (F of controlling the use of the | CACHE and the |TLB,
sai d&s cache reseutimgthe ;ﬂuﬂdmy@ﬁinumﬁdds@ksacxatedmdh\thmmalmyeﬁstofagquseaionﬁ or an

I nstruc n, .setti an nuse.fie) seln an_instruction translation
| ook as#"ﬂg‘em‘@)’ °P8tf3ﬂ§35° “%li‘é‘?ee‘fﬂ‘ H?Sls‘EW&F%’FEF‘iT"é“'?stom ated with an
address translation for the instruction; 20 and sending the address
translation fromthe ITLB in response to the read request. 29. A

conput er - r eakfabl &\ mult-precessoioeaeputer system dertraintaining tinplusiondn arphiralitpi ni ng

i ncl usi g ined processar dat a,st ri,sing: 25 at
east oniipdt PofiCrpRStor LRI e iR Bt A Wi B B e e

| ncheidi mghi-prédesiopscsmpie: data portion; and at |east one nuse field
associated with said at | east, one data portion. 30. A nethod for

mai nt ai ni ng 3 Rieglined pracsssing unit haxing ap mstiyction sache (ICAGHE mnd an ingguctipe | ds,  sai d
met hod ﬁg{gﬁ{lbﬂogg_as,agbufgp@ﬁ{ﬁUTE SHEET (RULE 26) WD d /50254 PCTI US0001460
L MS setting a first plural ity of iniise fields to inuse, wherein said

i nuse fieldsa moasmbctatpémﬂ twuatmprac:fssmgmp.l mchm:myryoimshaymgmofed)cat i ons
for a fjrst C:)?Iur l'tciﬁl ectts ttlngasecond plurality of inuse
fields YO MR HRTERR® f8°r°ﬁ'fr flelds are

15 a cache control protocol for controlling the use of the ICACHE and the ITLB, said

cache control protocol controls:
receiving a read request for an instruction;
setting an inuse field to inuse in an instruction translation look aside buffer

(ITLB), wherein the inuse field is associated with an address translation for the instruction;

20 and
sending the address translation from the ITLB in response to the read request.
29. A computer-readable medium encoded with a data structure for maintaining
inclusion in a pipelined processor, said data structure comprising:
25 at least one object portion, each of said at least one object portions including:

at least one data portion; and

at least one inuse field associated with said at least one data portion.

30. A method for maintaining inclusion in a pipelined processor using inuse

30 fields, said method comprising:
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associated wth a second p y of s“\iiﬁﬂg | ocations for a second

plurality of objects; 5 rese “Elmm plurality of inuse fields to
not - i nuse Woaise2spi pel i ned pﬂ“‘ red of sai dPETUSE03360r al ity of

obj ects, and resetting the setond pi ural | ty of inuse fields to not-inuse if
t he pi pelined processor Is cleared of said second plurality of objects. 28
SUBSTI TUTE SHE ;Ii_né rst plura!}ty of inuse fields to inuse, wherein saxd muse fields are associated
with a first plurality of storage Iocmons for a first plurality of obJects
setting a second plurality of inuse fields to inuse, wherein said inuse fields are
associated with a second plurality of storage locations for a second plurality of objects;
5 resetting the first plurality of inuse fields to not-inuse if the pipelined processor is
cleared of said first plurality of objects: and
resetting the second plurality of inuse fields to not-inuse if the pipelined processor is

cleared of said second plurality of objects.

28

SUBSTITUTE SHEET (RULE 26)



