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Resource Managenent Schene Field of the Invention The present invenEipmns
relates to conputer systenms. In particular, the invention relates to a
resour ce managenent scheme for caches and buffers. Background In general,
early m croprocessors processed programinstructions one at a tinme. In
these early m croprocessors, the architectural progranm ng nodel exposed
the atom c nature to of instruction execution. To increase perfornmance,
newer i cr opr ddethast ando¥ystem dercm ENUSEFieRespurceMpnagement Sehemet i ons and
executing sone parts of the instructions in an order different fromthe
-order in . which they arrived at the processor. The process of overl apping

t he procepgidwriBé Iiveafignictions is called "pipelining” and m croprocessors
in which prpeltning ts inplemented 15 are called "pipelined _

m cr.opr ocessor $he piesent pivorsisngelates txaenpuputergystens. rin paitighlar,ithe invensiod eglates
different from pro?l;qﬂam order,is called " oatb 0f order execution."™ "Program
or der "3 i stA HESBIGE ?SWE?Fhﬁmﬁ%cﬁaﬁg‘isiaB IPUHEff- pi pel i ned processor woul d
execute the instructions. However, the newer processors still maintain the
i I'lusi on of sequential and atomic instructions in-order to nmaintain the
exi sting Baclgreuwnd ng nodel. 20 FIG 1 illustrates a sinplified block

di agram of a prior art microprocessor 10l designed to execute the Intel
Architecture (Imgengral; sy PHEOPISESSE RIEFSSHRAUPTORTAPHINSIFUCHERS 8PS Y HHTRm MR al |

Intel Archite ’Xgmﬁl i : %gnk
publ i shedﬁ'féeg%wﬁ ﬁeﬁ{&ﬂg@;\éﬁ?@g |oﬁ9c'gplgz%s ,gvé{a%??:lﬁx#%s_eglkgo re é%"lrué% to
as anig nssfushictidneeeguebaer, is a state machine and branch prediction unit

;t';\’at builds the flow of execution of the mcroprocessor. z5 101. To support
‘page tabl e vir TQARCTRASHBEROTIRARES JBYWET TREOPHOCTSSRIF bERAIeTiaRpINg e ATeksssTaR,
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bage. + abl & BYTELS ghe Precifife f3nd il ot e sheybdlos in 38 qrdtiytient O HEST
page tabl grdenin whith tigfa8s@dtat tlteproBbeskor. dhe prdoissuseshepagsing fansrbedskian of

Instructions are fetched over a nenory bus 124 by a nenory controller 115
from a nemstryctions is eplled {'pipelining”rAnd maisrapreqessass inowhichaipelipmgAciplepented. The

T0a ol St raled BRyiRed RutrbpRREFRRRT o o REeSiat el e Hahlcaitts i AlpRIER ™"
f rom i nst gietnPRofAREE arh bider SRANEE but off or8ePexBANioR00“PrbyrardefSd the 6fdepn

decoder 116 and input into an instruction pipeline within an out of order
core execmwhich ahypotheticgl nanepipelingdprecessom would execuigithe inswretons.c bowever,

ti it 118, i pst ti 4s.retired t 1 0. t i.t, 120.
O eS0T b 8 e Pl A R SRR bl 20,
have conpifiefliexfie\ekisiip proBfAghREndéer © means 5 the order in which the

instructions were received I'n the out of order core execution unit 118.
Ret i rement pr oEESsi riljustratss idsimpbified blovk diegrasxekptiriog asb nuropgessand0l

' itti h t hi I . That. i ' .order.
execut | ondeEREaTe sisciy Bieitiel ARhtiBinell D) i ihionsss dibetmlCRpo gt e
bef ore bepnguauinpitiaréietlife sﬁfwaeebeﬁaéﬁ&fs NEmBPRoRXCARAA 1Y, puSidhed 1 897 has

occurred which the retirement unit has recognized. to Unfortunately, the
i |l usi on Afnesegstentionpraxtssntil®, whish isialsoirefesred $o abiahfinstukction sequernicat, & astita t he

e f d l d odi fi i o | , | f di fyi -cod SMO) ,
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gener al , insmradtion tomisiatiemlooktade baffyr (ITEB) Wt2.i The BHLBwehideh pagestableteptriesof . a
conponent and the retirement unit.in the processor will be in the con;%onent,

ei t her asohbingentq phisicrddgsss frapslatiqne Lis _ the page,table futries Tepnegsatie mo

i ncl-usi on_j i t n . nst i

instructi Béﬁ%tmgﬁ%gﬁ%lﬁ puf f%sﬁ ?ﬁ%ﬁs%%ﬂc Lﬂcgﬁgérfl M&% {%‘?ﬁ]ﬁ%“?‘ﬁ t he
| CACHE. | gé¥etdiler DTS fit6in@MindnSory 3641 fdr Rtdreg intoanfistrut o edche (IOABHEY B14e dleon  of
the Pentium Pro pipeline. The 20 physical addresses_of all nodificatiaons to
nenor $0 ar ECACHS ﬁ physically F@NQESEE)- 1énpls§/ of matretiony withingeemery 104356 storeds on
the snoop_hus | 28. 1f.the . addresses f.ound e } CACH hit.r €, 1,8

ot ur nog. PO LE BarbionaneR 4o FRRRORH tobfn e Rer enp 3 TR 28RS
hit, the ~'' out of order core execution unit 118 and retirenent unit 120
are responsi ble for flushing the 1




modi fied instructions. The Pentium Pro maintains | CACHE incl usi on ({JEWS )
victi mcache. 25 The victimcache is expensive in hardware due to" e>2 Y
har dware and area required for the hardware to inplenment the victimcache
and the associated control |ogic. The Pentium Pro al so nai ntai ned

i nstruction TLB (1 TLB) inclusion by using a serialize on replacenent schene
to ensure that any address translation for any instruction between the

out put  dfy thhénstriitiorl deoded] tohamdrisit iRORAtinsttlior BfeleWitths ah But BEorkllB
112.. so The "serialize on replacenent schene” invol ves stopping the | CACHB

114 fr orfOpT BXACHPlyuRthd { 8- uEPeaRmplstiomby thetoubbf enddecore erecution tunit 138 pad

wai ting: he . I uni.t 120 to fipish 2 .~ 9 I"~~t'f 2e74 retiring
A1 tne itucki it Setfe @B e Rnkerhenl o 160 *né SrHiFemeRtopait (70 Progessesai | e

| nexpenshstaiction ifpregrani oragchfief Ry bRl cBdllOpHddrhin L U Rlal e

serialize on repl acenent schene has detrinental 1npac n proces:

per f 8r miheerdenavvetieh the instrucrignsoverd reveivad th thedutf srRchR exeBithainii17g, a
macro i ciiréjn%t Lon in.a 5 pipell ngd processor that provides higher

per f or maneEs ik RLOGESUNE [Refuds Faecking Trrexcenime conpitioRs ahepramiting ehynges hods

d ; ) I ' E ' t f the present -
vent | so Bk ctMAPAIC, TR o of dier cONMCRLL A TR ITh SR Kl pudtipfher  ned

pr ocessovhiaks icany be neomeplétiely diedon® Hsefovet etk bayat \b9'Sthe &fRHHrBEessor’ gaég)g;eequest
for an instr.ucti'?fg,. sgndi ng the instruction in response to the read request
and set EXTFEUERA CPRAien paspcqumed whichitherefirament heit hassecognizedn to i nure. Brief

De i pti ' var.i.oys features of f. | nvention w il
beattbe. appr ATEARONHE Whislon o Rl CH SmiccRbioes it ey o
fol I ows jn drd ptdsencecoD apadmyic Neddr MBlifiBions N M QR moGHEng ledde! @dﬂ{:}g\t g {

sinplified hlock diagramof a prior art m croprocessor- coupl nenory in’

whi ch aRPEAUBRISREH mantangsd TR sensisténey e The bmeli Gorpoiativg Pentitth@Pre2solved

illustr i . a,typical co ter in which an enbodi nent of

20 the g%eg’z%‘?{’ p'% %\%éﬁ {Iegg\?@? hg{:iaf]ﬁii .mﬁF@“tg‘%léiﬁ%S‘?rF&f%e YhRPERPEYagr am

of a tyhkhoah asenidiion”. 0L Eendal, Wiridlusion~ Whi iR Cqfr esent
E 3 'l us kil tg{to%ﬁpgl agrg)?ﬁ l:ge;twga} E/P%

i nvention is utilized. FIG Billustrates a I cal
nul 11 pr eepYLef a cempengnt gnd theskstingnan iunitiin thdproleesdr enlbbéliniRicofipoh&i®
pr esentreim%\r/gsn?é% I s.utili de. 25 FIG 4Aillustrates a bl ock diagram of
m cr opr 8c6s §H L IPHUEHAR 973 TSFEEEE LB thedherucHPR oupl ed to a nenory in which an

enbodi ment ofCAOHEhES§B in | | L L1 ZE: : 4B.i |l lustrates a
bl ock di agram of a plurali ttgﬁggﬁﬂr%%%%ﬁﬁ:aggﬂgélr%grﬁcﬁ&gb%ﬁofW%%%%Pnsyst em
coupl edbatween thgnoutput nf viei KIAGHEearkiottiremidnt ofillt Breinpihe SEACHBY SiACHE S
utili zed.l 30 FIG %&él] ustrates a bl ock diagram of m croprocessors in a
mul ti pr OEESILB S Wedt "(E‘BU‘}fr@(EQ performaMSy detectionaf te Penidemn &ro pipblingi et of

t heaor egigiical AMPERLdsBY dimitlifiddtibhifto Memory are afforded to the ICACHE 114 by the
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 1 18 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 hardwarc 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 [TLB 112..

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

mstructions to the out of order core unit 118 and waiting for the retirement unit 120 to finish
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?,9,~~~~D4 FIG S5 illustrates a flow diagramof an enbodi nent of the
present invention of the nethod for nmmintaining an instruction i & pay on
processor using INUSE fields in the ITLB. FIG 6 illustrates a flow di ég?%
of anot her enbodi ment of the present invention of the nethod for

mai ntai ning an instruction in a processor using INUSE fields in the | CACHE
5 Detail ed Description Enbodi nents of the nmethod and system for an | NUSE

fieldr r escribed. In.t follow ng .

descri p? %@#%%5@%& t}%f&g@%f %r%g? g%tno,cfroﬁ‘?ﬁ‘?éz%%'émgl;@ci%%e ’&ElfpérLi“f@c are set
forth teo aipiemett dnd ffctiveg it WRdRRRIENINID iiusiddC thY 88Mte bRERhéRNE0 1 O
that the present invention nmay be practiced wt hout "t hese specific details.
| n ot heschemsthan dessimepkal impagtsvom proeassorpedformande.devi ces ace shown in bl ock

di agram f or mahFuft her nor e hhe spgecific sg_ uences .in which steps are
present ed and FEIY &rATEPLFEdmathRc 3ndsystem PLYENgE 3 FRSHNHIWCHOR bR t he

Sequenc gefiid p?@ce&’ﬁ{iﬂ%@ m@nﬁ%&r ﬁef@ﬂ‘hé}xc@’j sy l@#ﬂ%?d\?zﬂjf: bhd is %gcﬁg@%@ _of the

present invention. 15 E [ of the present 1 nvention are Cri bed as
al t er nathauesisting owthodnandsystenprongedsdr resour ce nanagenent schenes such as
the use of the victimcache and serialize on replacenent schene. In
accordance with an enbodi nent of the present invention, the iNUSE field

schene, F@ﬁp_éﬁgs#fitﬁgh}@nﬁ%phes and TLBs, requires at |east one additional
state b T ry to 2o indicate that this entry is currently.
"inure." As Bmbedintdnis efilthelipresehs iblentiie pPERSEH MO FbiO falfisihingad NUSE

field lengths of at | east one bit and can, therefore) be altgarna ively
i npl®nelEEYrtioa ina BiPgHIcd pragostorysing dtuse fieldnUBE metbibd wiolves secemgtaread nor e

' i ln- ' i f the.pr. t i ti ltiple.bit field
tehgt nofeatbst for's) i SR Skt of ok D6 o R AR oL S andsfiivg as o
resul t af inudeoficl®xRoPihred withthe pisaditidnad mumebr anch condition. For ease of

explanation, the termINUSE field will used herein to refer to both the
INUSE field and INCI SE bit inplenmentations. Regardl ess of the specific

i mpl erreg%-gftf)gsrcli- t?oﬁ fﬁ@gﬁg&ré is used) that is, as each entry is read into
t he pi 5 for the entry is set to inure. In accordance
Wi tfs an emboghdmeatiow! fdafifed b e TR nvhmiN il C Byl leBRs - 30 is
read fromthe | CACHE, the INUSE field aﬂgﬁﬁﬁd&ﬁ?ﬁﬁfﬁﬁﬁﬁeﬁet to

i nure. T&ETgICe e thei degcripgion; whish follawse athitie morcenpanying drawinps il @AGKE ar e read
by the proc n.and the 4 ...~ 1f~Y 2-7~4 11 VLJSE fields assqci ated

Wi th each Iieﬁgfr]é@b“grgfcé assgpph[ﬁgdibﬁﬁfséigag%n af 3 RrqY 3t MIGHIRERCESSAFRBPIEA i s done
to cl eamehbs ih NHRE i PhisbaiRaR BF ! drésedd tvddlid 'ié‘éttilf]iéﬁ.t' ons will be marked as
i nure and no new entries can be all ocat ed. en thi's happens, the processor
nust be dr ai Fiéd 20llusgitatesi aldlockudiagramsf a@pmical chmppreo dewhich anendodinmadof al | t he
| NL,JSE t&i el ds are ﬁeset r‘.o ot inuse. 5 Simlarly, whenever the processor
pi p& i nd® PESEIARYRAHO" BIES&npl e, when a branch nmi sprediction occurs, the
INLJSE fiel doaang filstfatéestibel 8 ' | g, i@in Wi | ne
drains occur often when corrp?a% gg%?%eﬂﬁ{%ﬁ%é%n%}a?ﬁdecs@%%eﬁﬁ% %Q?%CFI E,
t he | Nusabadira¢nd of thel preseseinwénitionnisntdizgd. i f ever occur. In accordance with an
enbodi nent gl;IE,IeSnglrﬁesent 'l?nvSﬂti on, when an (CACHE m ss to occurs, that
is, when th AIHSTTRICS 2 block Alpgram of adypicsl muldproesrspicent A PIp¢RsSIREERI on | n
the | AihidRinGibdiindiR or ik {resehvaftionss fifl-gd as a vict!mand removed to

make room for the requested i nstruction. I'S ensures that no instructions

cur¥ent |y i rElGhdApillpstatesea bloek dagrame df misoprot@sorstin atrisitipiictsshr éyseing _
i ncl usi on ggherre IS -cheai_)lsaf1 in hardware_ than the victimcache and higher in
per f or FOHBIE LR 2 memaEy bV ich rg smsadimet olbe arssentinvensine ireutilizghoopi ng" is the

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
15 utilized.
30 FIG. 4C illustrates a block diagram of microprocessors in a nuitiprocessor system

coupled to a memory in which another embodiment of the present invention is utilized.
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t5 process of reading the contents of either a cache, buffer, regigster
pi peline to determ ne which instructions or data are present. ep\ge}/it%ﬁe%ﬁ‘:‘
above enbodi nent describes using the INUSE fields in an (CACHE, enbodi nents
are contenplated for using the INIISE fields in an ITLB. In fact, in

anot her enbodi ment of the present invention INUSE fields are inplenented in
both the (CACHE and 20 the ITLB. Wiile INCISE fields are only needed in

ei ther the (EXEHEpstratesea fidwRiifigram3an chivptigmanst ng prédedEinktmioiSofitRe bot h

t he (CACHEHS;}d the LTLB permts their use as a_resource tracking mechani sm
to mai NSRS AYSTHRYALAEEDE YNGR 08 aM e pragesser asing: INYEE fiskds inthetITE.Bor esent

invention, a | j pnelusiop algorithmis as,follows: 25 1. Each
entry has aan:gs%gllci:llﬁ%fdé%Lqmg%gjﬂ erl'{‘ 89?]}%%5.3"%@]%%3@%88}#?9 RYERUBROL | i ne,
an i nsthe aictien fomiingnih@in BEtructiof in 2prodhasr ﬁsjﬂ% INUSH fiklds HSREICABREENT TY" S
associ ated INUSE state field is set to inure, for exanple, 1n one

enbaddi nent the state field is set to a logical one (1) to indicate that

t he ent iIS in use. 30 3. INL1SE fields can be cleared when it can be

known tllr%we‘m M e not inure. 4. No entry, which is marked inure) can

be renmoved. BmpodinEniof the RRHoAMI & ( - . befgpoved. A
B 00 IO T Boph

method is provided to clear the en_an en {0 Nno
| onger sehemeensltsérdredi e thesfolowmgalesaiptiohsor pivpopdisndlekplending, hagérods ai ned
or flushed,. I.n ]??rrbodi r%%s of the present invention, the-entries can be

| TLB pahesiic detasserese fort ¢ proyideiaghorough yndersiangingotthp presentiiovestion s | NUSE

fielyds [aTed g e N ield-cl.ears .whi,ch. can cause
pe?lfoor r%aH%éﬂe]@ oé"g‘@ﬁ‘ﬁ to lﬁt@rglaqelﬁ[eglw @ﬁgﬁgé%sgé?@_gd%ﬁﬂse}g EISENER s i s
when agegieksiwe stonanes andclevizey areeshiohinsini Blodkh@ia@aReFdrRe PESRImMbH. Iiie

draining qQn a mspredicted branch and INIJSE field coloring can be used t
wor k  arSBERIBC Segusnessol| which steps @se preserred jagd perforned rranillusteativierandr iaric h

" rar ko ol AO RS NE Al R SR W B SO TP ) o

i nst r uche presénd ifvieatig. oup conpl et es executing and is retired the processor
knows that all of the other preceding instructions in the group nust also
havé conpl etizabaduaents jof ghe rrressat insenhien ardgsoribeticas| MehBEives ab darfeat al | of

t he insg. ' [ roup can 15 be reset.. This is made possible by the
i n-or di‘?‘?‘%‘%ﬁ%ﬁ s oh?cgatl P‘é"r@ﬂl""ﬁfc FREY Sudt 2othe vs§ ?flh‘i‘ed’r‘ﬁﬁ'b cachenandyough

t he ackaadlize)@ﬁ(i&ﬁl&&meﬁfschmej nstructions nmay have occurred out-of order.
Fig. 1 illustrates a block diagramof a prior art mcroprocessor | O

coupl ed to dnagesdapce with apembadimensafitbe present prventéms the INJUSE feld sdhemer ef er r ed
to as instruction.sequ S, 1sS.a state machine and hranch prediction unit
hat bl AR RS AT TERS nehiin At i ual Saieikiper ok oL EHEY 10 page
tabbe Vididate khalBAR ehtrPCis RRSRAsly I WCr RPra0 0 ﬂ%mb |

instruction transl ati[g[nl | ook %%igﬁwg]uffgga(ﬁﬁé)&rl : @ﬁeﬁﬁ@%ﬂt

“i ncl udewepagremnciutde ENESErfiteid leagthf of atrlesst ohobip Ay a7 kherefdre $6 aliéramivedf | Ons

into nenory 104. Usuall age table entries represent the nost recent, y\
o PReeh o g vl AU ER R Rl Bolar s s o mors than ans bi, "L

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 ckample, a mfsprcdiéted '
25  branch condition. For ease of explanation, the term INUSE field will used heremn 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 is 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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memoyy and instruction cache ( 1CACHE) 114. Instructions are fetched over
the nenory bus 25 | 24 by the nenory controller 115 for menory fo3 May 2064
storage into the instruction cache 114. The 1CACHE 114 is physically '
addressed. A physical address is the |owest |evel address translation and
points to an actual physical |ocation associated with physical hardware. In
contrast, a linear addresses and address associated with a program or ot her
i nf or magyNeIBSHE i : Lflead 1 or

o hor Py ey e el i B hndicBRafisel . PROBICHulL SEF o REBRE

pr ogr amisdornstthetear tiedNURE Gelds GepivaRy aif the istriudérisonl]l beinidiked aEfmeand 04 ar e
stored the |CACHE | 14. Instructions, are taken fromthe | CACHE 114, 6 a ~
9 ~1AY P9iHe¥ euEeeAr Ynaliorated.n When this bapnsas die processar et bendrainedt pf oll an

i nstructi ineld e h f..order core execution

uni t 11?5&%8@(?{%0%&[%41?3%0%3% }qugedéc%ﬁtﬁc H’o ]%‘Fw&ﬁgdﬁﬁ%ﬁf?t&ﬁ 'l?ﬁiuf U$€18, an

i NSt 5 uctSimilarlys wiedneverd they ptdtessoftHip @RS dfinkd,12%- eJaBﬁa‘lé,GWhéﬁfB?%gadeH” 120
n grogram order after they have conplete

processes instructions i
execut i SUSPredictiqnepsiis, thed NS ISdSEsldsare alsd tatetgo mbemlusag] fitir ineidemtpl pipedine

condi ti (such as currence, of. self.nmodifyi code nd conm. t{ing
changes Q{Jacijmaorcgﬁ'i ?@%’twﬁﬁe&ﬁ compnered tothe jime g[{a’tﬁﬁ ég gﬂ gh%fcd‘abéﬁgr thedNgJ S@(é@@t i on
uni t  118IreeRe WilkfardlPSit Ewgloc@rs Which can be conpl etely undone before being
out put by the mcroprocessor if some excepting condition has occurred which
t he retireneln asnidanpawitheseghodiednt ofahé pre$emt invehtior, edich apI0ACHRYEs Such
as mcra roceiésor llge}) tgi?.neﬁnber af instructions in the_ instruction

pi pdl i n8 A% 1Y 1y ¥y th gesifed pstruchpn $aqt dm the K AGHE 2 pBY instrurtiant Igbe i ons i n
the pi paCACEEGharkb® adAdiliRRk B fckith Ald! | f oG8l PRSPy (B PT 09T @M
m?ermry to be certain no lch:!tenges a?\(/:lécdc%:gmcﬁlgﬁdfggggéiegq%ﬁﬁag?gﬂdﬁ?e t 0o
nmuch harafmested mitructios. Phisensusestthatino ilsprucies serfrerdtBln tHelpigeline alremb e ver

having all store i Juctiansg executed by the out of 15 order execution
uni t 113? %ﬁ“@hmﬂéﬁsfédﬁéu%wb%e lswilﬁn?&m lprdwanedharike vistior sach@4 or
into a SHan ' it I8, tri r a
snoop ofﬁﬁ% iﬂ%ﬁ?gg%—ﬁg 114%%?%8%%%#%? %%h@%ﬁfs@%én \J/%'g bBlln vggg‘a to
asslf e pwkessaricyadiig theaonrentsr afadithena padhe) bufker, fe@iterior ipisdite tActem@Re t hat

t he i nst ugtion b#es for an instruction in the instruction pipeline are
guar ant ¥BEhstyctionsqr datacgepesant 4 unti| the instruction is no |onger 20

stored withi : i I i I hat .1 ret i ... In l ase, if
cache coher e‘r;y(]:‘&/lg?]s]é %%ﬁ#%h@d&m@#ﬁg% o] 5e‘1‘| ﬁethgmg%ct{??ﬁsmrﬂ'i té]‘%éﬁgd by the
( CACHE émbddimmtms areRemadrhpiatedtort idthg the INUSE RUsGAGRITLEBS [hH8ct Pl Abtha¥ t

m croprocessor 121 is physically addressed. Therefore snoops, triggered by
store i,?fg‘?‘?‘ﬁ‘l??'?t(? teiprissnifRYRIFIgN INISE Salds prerimplemestad inboth ¢he IGATHE emhpar i ng

t he,phygi aggy: j i QRS _.st or e ithin th E 114
w 1t e TEEBCAHETRURE fids d0h) Hedded PP R IRACHI & e T0ER s Enge o
pages oimphemstipg UOHISE ffieldseinebotls ti IQAGHES snd BleCITLE tpehiit GRiSsctRAl 2
nmefory | ocation was modified. In the case of an address match, indicating
an SMC 'E8RHIFe irepking mechapismytodpaigpingessieces. 14 and i nstruction pipeline are
flushed by t ' t.uni;t 020 apd the new instructions ar.e fetched
from menory qléﬁE%g%ﬂcggﬁ&aagneﬂ?bﬁtdgnﬁ%gpﬁ‘ﬁEquﬁrbtt‘?‘fﬁ’?t'eﬁ’%“irf USATRCIYHOT oy

i nst r ucdlgerithmvis hdioliotvite | CACHE 114 are then decoded by the instruction
decoder t 16 an input into the instruction pipeline within the out of order
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may be considerably |arger the nenory 104 due to wider data bit width and
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necessary to snoop using the physical addresses within the |TLB, t
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operating system already automatically flushes conpleted processes. i 9 i '
~~Y 2: 4 FIG 6) is a block diagram of an enmbodi nent of a nethod for
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gate logic struc{.urg, such that if at |east_one of the tNLJSE bits is inure
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understood that while the present invention has been described mainly in
terms of |TLB inplenented solutions, those skilled in the art will
recogni ze that the principles of the invention may be used advant ageously
with altemative enbodi nents 20 invol ving data caches, data TLBs and wite
buffers as well. Accordingly, all such inplenentations, which fall within
the spirit and the broad scope of the appended clainms, ~ *,, _; will be
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~910 i~tY ~ O-—~r Wit is clainmed is: 1. A nethod for naintaini ngg rpgigua{}@n
in a pipelined processor using inure fields, said nethod conprising:. O
receiving a read request for an object; sendlng the object in response

the read request; and setting an inure field associated with a storage -
location for the object to inure. 2. The nethod of claiml , wherein sai
sendlng the object in response to the read t0 request conpri ses:

det er m nftHt i2nd.t thas oﬁyeel&A(B}iEltrMA Earr bé comiidritly Slishldr With @%dn@ﬁ%ﬁ%k%go“

in the first n sending the object fromthe first ne

met hod of ccp%{?rfﬁmﬂ%vﬂ’fﬂ‘ g ‘2%1%&1%‘&%1?%@ Yies ofsterege lonatnm;spontse tﬁo ﬁ he Ir](caad
f In a first nme

the obj ect i o RopruE 417 EHELHAL A8 des e BR RSt Brinpisesignimmpeine e vl =

request . dsche KOeCHEBj4ddA, mmam\praﬁdédw:ﬁélmﬂ rda bé RIS €§ pr]{’]’g%cﬁlx{ oﬁr na

e first
dre 20 determning if there are any ot nmuse 0
:rgﬁorsy e ﬁlﬁ'ﬁ@rpéﬂ‘élﬂ%d BB ithes VLB aneans thet misirection byvest foe ahyrlﬁgtrﬁmaﬁr,y ihd hen:

| d
ot -1 hﬂ?‘ég‘m“?*’ R dr BRI 41 A0 el ShSkeod o Qve#ﬁé’é?eﬁéémiutgﬁﬁb. g
t he not pagasrens)ahicﬁmt cf%ttﬁ'e 111eB 9P3 Gl th@%oéﬁ{ég 15&%—:1&?%8;9% ﬁgtl?}{g%g |r520,tli 'rs

4. Th t ho f claim3, erel ear
g‘r9 gg;gsd?“‘%ﬁﬁﬁlgg@ct@mmhng (&t mbpmﬂ)saz;]d/\ﬁneqia, Bﬁgerpﬁ%%a\c}k;%g?% %‘*Eﬁiﬂ usi on
Th t of claim
:jgt te:]an %‘: n§' :F Pr &‘ﬁgﬁ'gﬁeﬁ t%\HSPB‘,’%St?"q lfﬂﬁerbgae@ p%gqtrms;lauonmclud%s ammusmﬁemz in
| ISt n i nur
obj ot | EoNHRhAnTCENE S48 pgdRftr ok ke & it yIIRIRE ficly. Pd ablowang oct
in a fiAUSotsepigooitmiiseed (6 peoviBaITITY ifusthl T aPRGIGRI ISt (-

ects_in_the first menory;
agai nst rgq]i&reg a paghtae trgnglatlon the ITLB entry used to perform the translation is marked inuse

using the INUSE field. Since instruction bytes in the instruction cache and instruction
pipeline must have been originally fetched using the ITLB and, as long as no page
I5  translations are replaced that are marked inuse, each instruction byte in the instruction cache
and instruction ‘pipeline will be guarded by the INUSE field entries. Replacement means
writing over a page translation with a new page translation.
As time goes by, more and more entries will get marked inuse. Unless something is
done to clear the INUSE fields, eventually all entries will be marked inuse and no new entries
20 can be allocated. When this happens, the microprocessor must be drained of all instructions
(that is, all executed to completion) and the ICACHE 414A flushed (that is, all cache lines
mvalidated). Once the processor is drained and the instruction cache flushed, all of the C’{:
INUSE fields in the ITLB can be reset ndicating a not-INU SE state for each page translation.
In addition, the INUSE fields can be reset anytime the mstruction pipeline is drained and the
25  instruction cache is flushed for another reason, such as a process switch. In another
embodiment, selective invalidation of caché lines can be performed when a page translation
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 not 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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if the object fromthe read request matches any of the objects in the first
rrem)ry thén the object is in the first nenory, and if the objecfl § il thgs
read request does not match any of the objects in the first to menory, then
the object is not inthe first nmenory. 7. A conputer-readabl e nmedi um havi ng
stored therein a conputer program for maintaining inclusion in a pipelined
processor using inure fields, said conmputer program when executed: t5
receives a read request for an object; sends the object in response to the
read rcleraentis used, lstswrlsndmmé ATHNUSE fieldé edndd chiatddl wheatio REGwh g@at i on
for the use. The conput er - readabi e nedi um of claim7,

wher ei nﬂggéﬁg@%%gc" Hﬁ“SSbJ‘IeCNE’ mr‘@@‘ﬁ%#ﬁs@mtké d ivse @ derreplacssk Atypri ses:
det er midiérfiéht ithat i BotGRisR Chn be rddlac@qf i rst nenory; and if the instruction is
in the first nenory, then sen ng the object fromthe first nenory. 9. The
conput er - r eaddb| éBnilstuatenfa bloek niidgranhefed plgaiitd sEARrdphSceMIeGh 4N - 25
. response to the read request conprises: deternmining if the object is in a
first l,l,lgpgpceqspr EYREB 6P e fosa memoiry int which ian smbrdimeny of piesent itveatiami t ti ng

an ext ad e for obj.ect: recei Vi h I n . response
to theeﬁe)r(hti glrz‘lrs\(gl P{ea Br ?tc?uegtplh%?tyd P RO STors gﬁéh e’HP\éé}h%Q Rotiigur e
obj ect snultiptdoessbi sﬁemafa)dfouglddf to&h@ﬁﬁenﬂfr? 1091 PheRQlorTHS ﬁnﬁ@hr%gé of N the

first menory, then 2~~~ clearing the pipe processor;
and r es&!B; #§ contamed @'efﬂlﬂéqrmcmprmossorsmfnlm mslebmctssbgmtmt IniFiGt 8Bobj ect

in the Laci t he,nof-inure ct. with the object: and 5

sendi ngﬁ% %ﬁ} %Q'ﬂg[’% ?ﬂ%%ﬂ?ﬁ“?‘?‘i’”sf ﬁl?ﬁrfbflf‘ 157 fEp e ith@ h’éﬁaﬂﬁa#qﬁljﬁfﬁ?ﬂ ng

i nqbusmmﬁmbﬁoxacztbheeumedt}ﬁf@ I

copprising: receiving LY SR lor ity ifbddHER Db il RANE BRI | 1
| d t“bF Gufbarefupgtionally equivalesh RetanstcaFiGhaB, bedauﬁsmhmdmhfcaehe(zt EBB), 10

V\/nerel he |Ip0u(r§,%¥§é¢]a$ a;éals ass C|ated with an address translation for the

i nstruc? on ToHE- é FRROPS t peaiosmed ite rmaipain camdie| Z111_‘3BP1Prfﬂlrr*3esponse

0,1 e o eugshbe oy ot U R BT e S 09,

inure field to inure in the i ddr ess
transl atmdﬁ 1i19' pravidese lln?.mBa,ddwsslto both e Imdalraddfess KOOGHBXI19B ahg theTTLRE | TLB,

th S t he inur |.d associated with
& gtlﬁ %now controlFer lg detects external stores into the memory 104" Upon detectmg

n-

an external store into the memory 104", the memory controller 415 communicates to the out
of order core execution unit 118" that a store into the lmcmory 104" has occurred in
- conjunction with the physical address in order to trigger the snoop. Upon the out of order
core execution unit 118’ receiving the signal from the memory controller 415 that a store into
- 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. Ifthe out of order
core execution unit 118" itself performed the store the memory 104", the out of order core
| cxccu;ion unit 118" directly informs the ITLB 412 to perform a snoop and passes the physical
address of the store to the ITLB 412.

25 Ifitis detemlincd 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 {18' signaling the instruction was possibly altered on a ﬁage stored
within the ICACHE 414B and/or the instruction pipeline. An advantage of the linear address
ICACHE 414B is that latency of the mstruction-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 preseht invention, are coupled to
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t he address translation to inure. 12. The nethod of claim 10, Wﬂfﬁ?'
setting an inure field to inure in the 20 | TLB conprises: deter [

the address translation is in the ITLB: if the address translation is not
in the ITLB, then: transmtting an external read request for the
Instruction; receiving the instruction in response to the external read
request; 25 determning if there are any not-inuse address translations in

the | TLBmeimbry Hed'e avlzropmbeasyr BOLC) Bﬁ”\ﬁeﬂaﬂﬂrtﬁ§50théraﬂ§él‘afl)f&% b of e | TLB.
then: cl ea[tj ng the pipelined processor, and resetting al 8 inure fields

to not- QTD%WEEYSI% 1&°’h‘éﬁ5£| neat B htllre R 4 dhsindbstontion deeddee 1HELB; 30
repl aci n I.n-1 nur.e address slation with the address
transl at ?o c}ﬁe lﬁgj Flﬂrs T B% LiSirucppprogessor) (]g) 3 APIRry $entrpligy 41hean nur e

field assaoafai@ad coird Exéchﬁorﬁﬁlﬂf ¢$2 ahll %r}ﬂéfé e udiP i 24 h%"hiter]ﬁ#;l.rc }oé}?sgorég?wse

13. The nmethod of claim 12, wherein sai eterm ning

not - inur elerBenisi vithins ther isshctiohadesoder 1163 the LtPaceormohé 325C, EELERIMS dRe | TLS
for a notx-l nure a ? ? &translatlon 14. The met hod of claim1 [, wherein
sai d det AT HTYYE £ ¢ hEcTgtreaest prig d20's end athes mstrughien am[&f:cdcrpcmsasc to

f th d t th
Soupar L anbitgreddo iRohe irublitn pliRlibd'Of W i S ASor B LR RS avilned St 1"
i nstr uctmmmpfrmamsdrhml(baxdplbyguetsztcermt:ﬁdﬁema%@{ difees adel B8%r ﬁﬁs?rﬁét%n]&ﬂ I ons

in the I TLB, then the address translation is in the |1TLB; and
“addr ess PFYRsMIRTEHS ME @ct%lon ﬁ@t‘h%ﬂ%h%i@%ﬁﬁemwauhgrcemmﬂt wed sTiRot

t t the I TLB, thep. the add
Trand otk BBk AU PR H Sef niil, sPsP L i apes PRS0

stored tdﬂ&rmtrpr@rmm&rem@mﬁi@ dgh@f barRWAdLR LA RSk el fh&\lﬁgg nﬂﬂh& Ha%ecgb el ine@ |

processor 8S|ng inure fields, said conputer program execu

r ecei ve& 140y enly tF‘é&[FéSf!Stm@ﬂWa@f thaseniasaifiimstrucSetssfoaprogramdaireted) has amur ein
an instr |ontook asi eb | TLB), wherein the inure
field i Sugfggsg%?%{mgg&w U oA SEHEPESS fFP&‘ﬁéP%ﬂ%ﬁn% BPrediyethin sie wacei cavhe and
sends t B¢4@drERAtimeaRTrAlditoRs £ TRRET Hnsk

request. 25 t 6. The conputer-readable n@gﬁﬁ%‘g@%%ﬁ%ﬁﬁﬁ&& @ghraé ﬁlgg’al d

set 45 an thefiFtdnstiustian axe simply storad withén thEltBice cavhe U346 wirholitissbdidtededttrmhine

addr ess s in the ITLB; and if the address translation is in
t he ITL@a&?#en s%cf %’Se {4 @i, thedrace gache A 4G cis dhatdheatency i fusher eeduced

t rans| abvéithdtof ﬂi&%@arlﬁ&idressed ICACHE 414B in FIG. 4B and the bandwidth is increased.
| | Retuming to FIG. 4C, instructions are stored in UOP form in the trace cache 414C
after being decoded by the instruction decoder 116", Memory controller 415" interfaces to the
20 ITLB 412 and the instruction decoder 116' in order the store instructions in their UOP form
mto the trace cache 414C. In the case of a miss, memory controller 415' fetchés the desired
instruction from memory 104' and provides it to the instruction decoder 116" Memory C
controller 415' otherwise functions as the memory controller 415 described above in
- referenceto 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 physmal
address of the store. Ifthe 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 1t. Forthis 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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17. The conputer-readabl e medi um of claim 15, wherein said sets an inure
field 22 "1 9 E~t~Y ~0~4 to inure in the | TLB conpri ses: deteqm%q%g@ 4b4
the address translation is in the ITLB; if the address translation i’ 'ﬁg

in the ITLB, then: transmtting an external read request for the
instruction; 5 receiving the instrnction in response to the external read
request; determning if there are any not-inuse address translations in the
| TLB; if there are not any not-inure address translations in the 1TLB,

then: cISHBRCAVGRE {FEruSHieNs|are Bet oxtepeally addressahld. the srate cache 414C ISHLD referred fi el ds
Ci . - Ci t tiop f the | TLB;

ol aci KO feind S a1 AR, e R e 4TUC K incMieddBivecd enl frbe B o5

trans| atinstidcfieh of &erabd)S SlibkehieAD ins@idion Withita Hi& &@%ﬁ&eﬁé@ﬁ'bﬁrgﬁi@&&kﬁt ed

with the address translation for the instrnctiron to I nur nmet hod
for mai Ao ¢fi the tiage icahiedt 4Crand aps pat| exreenhllyraddessible. UBdcagse s eraké eiclis, sai d

t hod .1.Si ng. | Vi d t f I nst tion; di th
st Pucfitah 3 et gail Seam<ly tdiesseh anoons ded perfoion sbysisshaddsessicomperiscnel d to
; | - N . . “Ch the Lostructi )
st ucton gesri® PR P U dyimGoRE oB) Shaelt bRty of 3R ks
sendi ngaddresses 51 thadtace nadhe 4146 pSinikrly Obdchiese tBAtaECEHIRS I 1 A0 BRIl ﬁx?e’arl% 5

determ %&gﬁif, the instrnction is in the (CACHE and if the instruction is
in the fedEsSEd by ihe, fisst mstruetianda ajtrase of nstroetidns osnbs¢quettGACHEioADare Fioe et hod

Fequeat Honm ARrEIE ) Gerk CoRalitier 2R, B tp corhe A3 Refsubeddere |
t he 19 nsperfiatringnSMC daection. t he (CACHE, then: 23 '~ q rur 2o0a~ 24 receiving

1’{}‘ instruction in response to the external read request; determning if
there are anPesRe inquPlysicak eddiessesoars ¢mployed WENGHEE trace cache 414C, it is

necessary to snoop using the physical addresses within the ITLB 412 to detect self modifying

code. Mémory controller 415 detects external stores into memory. Upon detecting an
external store into memory, the memory controller415 communicates to the out of order core
15 execution unit 118’ receiving the signal from the memory controller 415 that a store into
memory 104' s being executed, a snoop is triggered where the physical address of the
~memory location where the store occurred is provided to the ITLB 412 to perform
comparisons with physical addresses contained therein. If the out of order core e_xecuﬁon
unit 118" itself performs a store into memory 104", it directly informs the ITLB 412 to
20 perform a snoop and passes the physical address of the store. If it is determined that the
} 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
~ structions (instructions ignored or disregarded and ovcrwriften).

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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if there are not any not-inure instructions in the | CACHE, then: ‘Qiq\ﬁami A
0

t he .pi pelined processor; 5 resetting all ICACHE inure fields to -inure,
and selecting a not-inure instruction fromthe | CAHE; replacing the
not-inure instruction fromthe ICACI-IE with the instruction; and sendi ng
the instruction fromthe I CACHE. 10 21. (Deleted) 22. A conputer system
conprising: apipelined processing unit having an instruction cache

(I CACI | Bipstamaticarin a pseaeseiriimacchfiiahtewsth étd ReschOR¥emmnden UG &6 (iSRS 2
menory unit coggled_to sai d processing unit, said nmenory uni't

t herei n EBYAR

avi ng stored
L aBschionds fegeived Fpmahe progesion ndsdbek £iond debrgingionge! f or

control |} f..t | CACHE and. the | TLB, said cache control protocol
il 5116 PR enl ekt B8 ot F insiruciinn P deserediin ek Ih Tftbe o

adapted to: recelve a read

fi el d { caddness eranslaion fon Sho ithicitn o BERLARIANAGR ASICPHIELY phBILE) . said

atl on

inure field being associated with an address trans

i nst riuct the ANUSEdeld pssoriatedavith tesdtreanshralation fSumintdieed 3 LBisiset foSaRQNSe to

t he reachrrehgyl(estchSdi ncl udi glg sajd send the address translation fromthe
TTLB i n TRIRORLILE gdisess ransiation as,muse, dhertranslation isprotieted foncbsing reahasedit i on
IS i n thehileTihd; indt iaggr - Li: hon J.s in the | TLB, fhen: set the
inure field _assocfuacfttigg %q?ﬁﬁfﬁgkg%gg}eg%&?r am“f SO Poshiniestoe andraghe i ¢ ¢
addr ess elasien.afThom it DlovktSSSrehe istudtioh istsb@rorBOSAHe BNHEHr&lBd: f&[ead
request for the instr&J.ctLa%n' receive the instruction in response to the
ext er nalSXFEHIPN LG Peline based op theddiwsvtrasiatien wrthe HELB founden blosk 61Gumyd

not -{gnu Sina s ' ' e TTLB: if_there are not .any_  not-nuse
addr ess ﬁ?ﬁgﬁ%ﬁ ons ﬁﬁllah 'E?‘??'é’ aiﬁiﬁ?gbfitﬂee?{?s Gt EveLenafecHiteaplatedn W%l‘}bél!ﬁs or;
and 1 esenchridan bfinfpiemened ied hysicallylirek NEACHH, Sifhedty WkraNSA A SS

I n-nuse addt ess ’

transl ati‘gn fromthe TTLB; replace the selected not
trans| af"®A HACt FE%e address translation for the instruction; and 10 set

the inure fi h @t v Lh the address.translation for the instructi
to inure. 233}.’ ?b@?gltggc]i? @g a%f’ss,&r%‘?ﬂﬁ‘f ot s the hI L Bphendn blpck 515 either
the ITLB or ICACHE sends an external read request for the address translation. Inblock 520,

15 the address transiation is received in response to the external read request. In block 525a
determination is made on whether there are any not-inuse address transiations in the ITLB
by performing a search of the ITLB to find any address translations without the INUSE ﬁelcl
set. If, in block 525, any address translations without the INUSE field set are found, then in
block 540 one of the found not-inuse address transiations is selected. Then. in block 545, the

20 new address translation is read into the ITLB in place of a victim instruction Speéiﬁed by the
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 andrthe 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 mstructions
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 ofpreviousITLBs and, as aresult, 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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a pipelined processing unit having an instruction cache (I CACHE);, o
unprcoupIédpto said processing unit, said nmenory unit having sto’r@cﬁgY “ﬁé
t herei n conput er-executabl e i nstructions; and a cache control protocol for
controlling the use of the | CACHE, said cache control 20 protocol adapted
to: .receive a read request for an instruction; send the instruction in
response to the read request; set an inure field to inure, wherein the

inure field is assocjated with the instruction in the | CACHE: and 25 sai‘d
send t heRCHEMB SEFB rF?ﬁ'@é&%%@%‘XWW%@W@E&%@F&i ncl udi ng: deternine

| CAGHE, |t hen 05,0 i B biBol Mgttt St Bfbodimet oSt 2RGE 9t Bridainite oo | <
not in tihsrucféCmR probessor i acddradrBivithatie Presett AlenfiGR Oln FIGH 851 Hidk dose

instruction; receive the instruction in response to the external read

r equest ;3 requestfopay inshystionsis geqetviedifram tie praeassorae blaak 66 @-detesminatien isuct i ons
in the | . here-are not. an ot - lL.astructions jn the | CACHE,
then:g cl'ear Fl%{'%?%gﬁhggﬁ&ﬁ?tb%§ 35:}/“5‘3_ gn Y}E’gﬁd{iﬁ ﬁéﬁdﬂﬁ“ﬁ’@@ iglpeatedin o

not - s ahe KIKCHEligblocias MtheNli BlotingSa e inslcrdrificl fom et FEACRR! 358t e
not-inuse i'nstruction fromthe ICACHE wth the instruction; and send the
i-nst r uctih bleck ©65n thi ENUSE 4l adsOci2ied with thp prastratticn iiahe MGAGHE B inkgkddmg! usi on
in a pipeli negéﬁrocessor usi ng se fields, said apparatus conprising: a

first nenBFyre AIRTeSHNg fFrauiates,y By mankige fhe, msdugiion asangse; jthe 1nsmm«5éis?_t or .t ng
' ' . ' 1 Rl al irs
a pl ur algrépécted ﬁbﬂﬁ%erldﬁigrtc RE&F wikdn He ﬁgﬁﬁ%g)F ?(Eé’ég%r g\«(\j?ﬁﬁ)é%kselgggﬁg ?Wegn s for

menory, sai d secon ry storing a ress

at heastCA&HE pklusiahj thy nethddndies not émsons: ITIA #cladgemnd menory to: receive a

read request for,.an instryction i-n said plurality of instructions; and set
‘ad i nusg fi ellél’"claoaﬁ@g)* ths mstrucen 15 get make KGAGHE dhemin bieski6 13shellCACHEer 20

' i ' ' ' i n s transgl ation
For the Hioaah eRchBf ol defcs! 1 fhe ReBRGRE Hh Blhch'ool e AEALIEE FockivE e on
f r om t hénstr@ittion in respensens ehetextdritgt réz@adqueeq Ualock $25 d deenttidalien RIHGR SR

ransl ation fromthe TTLB in response to the read request
tra whe&er there are any not-inuse mstnectmns in the ICACHE by searching the ICACHE to

15  pick a victim to be replaced by finding an instruction without the INUSE ﬁe_ld set. If, in
block 625, a noi-inuse instruction is found, then in block 640 one of the found not-inuse
address translations is selected. Then, in block 645 the new instruction is read into the
ICACHE in place of the victim and processing continues with block 650, as described above.
If in block 625 all of the INUSE fields are set to inuse, then in block 630 the processor is

20 stopped from receiving any additional instructions intb the pipeline and the processor is
serialized to guarantee that no instructions remain in the pipeline. In aﬁother 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 mvention, the method uses coloring for
mispredicted branch recovery to prevent the pipeline from never going cmpty‘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 a result, when the last mstruction in
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including: 25 deternmine if the address translation is in the | TkB Mgy 2084
address translation is in the ITLB, then: set the inuse field associ ated
with the address translation to nuse; and if the address translation is not
in the ITLB, then: 30 transmt an external read request for the

I nstruction; receive the instruction in response to the external read
request ; 19 ~rs~'f Q04 z7 determine if there are any not-nuse address
t r ans| athedipdon sequsnge pxitsBhe pipetifrethe nastko diaiowMHatni prEMES AGAIESSs in the

transl at | in the [ TLB t .. ¢l ear the pipelined processor; and reset
all 1 TLglﬁﬂ%erqgeqcﬁcgf%%or}e&hﬂapj ieldsgsgqoiated with thesr instrurtidneem terrases| at i on

from t hg dotLiRiser in-inure address translation with
the |0 address t 7B 26 oHE INDISEHCRT R pl B e Aol con be Ratsramed ol
associ apewhighever nimaberdd gempirgs e bal to®e thdked! For LA Ghds8 Brd il ihf - 26
An appalga%#s f or mai nt %I ning inclusion in a pipelin processor gus_ g inure
fi el’ds, DS aeatphbIsae 98 beassh mispredictions on oh an atbitergbagis. Ciaupl eesbdddn&iof

i peli - s3] ' mory storing a plurality of instructions;
P e pRERRERSBiions Bl IR b B enies o ivbdth 1 edkomtnteroeitey
st or i ngwah pheh @ige tabioin he -1 O t st ,.S.ai lurality of
| ngwith phehr pge ttybi®in e AN §r %Etﬁ?ﬁ%@ﬂﬂ&ﬂ%hé Pichd! éa%ﬁll}récaﬂaga tgtolfl tgfh y

Instructions; said first nenory O recelve a rea

i nst r udNWYE figldprrefanedito as anidiSibit rRepardias s ErHeQuinber SFINUIEHESEd (Set an
inure field being associated with the instruction

inure flLeld '

inoan '8 m%“é?f"%ﬁ“@&égﬁ CHEHENE a5 all oF thed INUEE; bitst eancbé amdividualsponse t o
t haor eadncaiglytsed tdCdnusH P ' ' e instruction is.ip the

| CACHE; Ie:nd i ]‘]?t ﬁe inst rdl}:ggtoi lﬁﬁwggtt?énm}lﬁ%df%ﬂkﬂﬁmgﬁgﬁH“eselgcéf X8I r uct i on
f rom t fiee IMenBEmPediniat, ifieitherumthiotbitssard ét tb Bn (8t s GAOREa 1028 one) then C

the page or line is inuse and if both of the two bits are off (that is. set to a logical zero) then

0

the page or line is not-i.nusc. The inuse state may be checked by outputting each of the

INUSE bits to an OR gate logic structure, such that if at least one of the INUSE bits is inuse
15 the output of the OR gate will output a logical one to indicate the page or line is inuse.

Similarly, if the output of the OR gate is a logical zero, then the page or line is not inuse.

It should, 01‘" course. be understood that while the presént mvention has been described
mainly in terms of ITLB implemented solutions, those skilled in the art will recognize that
the principles of the invention may be used advantageously with alternative embodiments

20 involving data caches. data TLBs and write buffers as well.  Accordingly, all such
implementations. which fall within the spirit and the broad scbpc of the appended claims, —

will be embraced by the principles of the present invention. ' -
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transmit an external read request for the instruction; 30 receive the .
instruction in response to the external read request; deternine i T 5% Kéve 2004
are any not-inuse instructions in the | CACHE 1 9 MAY 2004 zs if there
are not anynot-nuse instructions in the | CACHE, then: clear the pipelined
processor; reset all ICACHE inure fields to not-nuse; and select a
not-inure instruction fromthe | CAHE, 5 replace the not-inure instruction
from t hY¥hatiselaimgd : t he i nstruction; and send the instruction fromthe

| CACHE. 27. A nmethod for maintaining inclusion in a pipelined processor
using inure 1o fields, said nmethod conprising: setting a plurality of inure

fields assocj.at edAvhnbthod fBt Wadltdilidg Qﬁcl?:sg&{) Fﬁg gli]%ﬂéd ?ﬂ:?ceés% .ﬁng:ig.g@ ity of

objects to inure; determning all of t Ity of 1nuse

associ afields, sdid metheosl gomprigingt y of storage | ocations for the plurality of
obj ects being set to inure; 15 cl %ari ng the pipelined processor; and
resétting al C%Ymgﬁéeﬁ}ﬁﬂ‘éffsf QF 380 re fi el ds associated with the

plurality ofs.34if maj&@me%sgﬁf&%?ﬁd@%‘ﬁ“ﬁg‘#iﬁﬁg- of objects to not-inure.

28. A nulti-processor conputer sys aining inclusion in a

plurality 2Geningpinpimisefiell asddidtedwith a3tiige W6t forhe dbjectidisusewner ei n each
of said plurality of pipelined nmufti-processors conprise: a pipelined
processing unit having an instruction cache (I CACHE) and an instruction

-transl ation ook—ﬂﬁ,!' L G1TLB): a.menpry,unji coupled to,sai
processi ng ujr'\i t, sai %@%ﬁc%ﬂr%iwhﬁé%sﬁ'&%’f%%tge ?@e?tﬂﬂ apopse to the rea
conout aequeseemiiBe® | nstructions; and a cache control protocol for
controlling the use of the | CACHE and the TTLB, said cache conttol protocol

?ggapt ed to: detegmingng i thecehjeot ssjuedirstirsmany andst ructi on; set an inure field
0 inure in. i t.] transl ation | ook. asj de .buf.fer 3 | TLB), the
inure field lﬁgf {rlfgﬁgéstiség'éél @?](]a%ﬁr\ﬁf PP Wahe g'gtt#’eolﬁ@?'::ﬁlfrioghthF%FSQ F}"?Emz'y-

instruction; send the address translation fromthe ITLB in response to the

read request; and. ~ 9 P~~", Y ?C0~
: 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 memofy, 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:
3 ) clearing the pipelined processor; and
| resetting alt inuse fields to not-inuse;
selecting a not-inuse object in the first memory;
25 replacing the not-inuse object with ‘the 'objcct; and
sending the object from the first memory.
4. The method of claim 3, wherein said p]eaﬁng the pipe]ined 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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29 said send the address translation fromthe ITLB in response itg ke %ggqad
request including: determne if the address translation is in the iT LB, if
the address translation is in the TTLB, then: 5 inuse;and set the nuse
field associated with the address translation to if the address translation
is not in the ITLB, then: t0 ITLB;, then: 15 transmt an external read
request for the instruction; receive the instruction in response to the
ext er nalobjeeadn tieOfteSinemeBt ®iipridgs: i f there are any not-nuse address
translations in the if there are not any not-nuse address translations in
the 1TLB, cl égarching the fyst inemdryfona assmuse abjettr eset all I TLB inure fields to
not-inure; select ]ﬁ' not - i nure address translation fromthe TTLB; repl ace
the sel ected ot i REHQdRfHasms?. tvharein saifl sietepniniing i sheadlojeatsis int a dirst! at i on
for the phedsdriebinpfisesand 20 the instruction to inure. 29. (Deleted) set the
inure field associated with the address translation for 30. A nethod for
mai ntai ni ng icomparsngoan iobjeat fioRe ke dd HEQEES 21 [ - £i sai d
met hod conpri si ng: settijng a first plurali t?/é)d(’)u%syi%lr%lr}?etﬂyi%gegé 'Potﬁ'::(rilliggrte,
wher ei n"¥J%WY5i nure fields are associated with a first plurality of storage
| ocations for I; | i;ty of obj.ects; setting a second plurality of
inure fields Ifit(ﬁ;ﬁ éﬂﬂ%cﬁtgfommé?%p ﬁé/cglgftdnqthw é“ﬂ‘?fzmj%bl sindhalyst memarynthen a
second fHelwbgdct isyin te fsOma@ery @t i ons for a second plurality of objects; 30
determining all of the first plurality of inure fields associated with the
first plural ffithe gbjest Gpaugbe Irendatciquest does nbhenafdhr sty o e dbjects Mfth@BRCt S
beipg s baure:. ... ~.9 ~i.=sY.c"0Q4 30 determning all of the second

pl UI!(gJ i ﬁ;m%&rtrﬂeg'etﬁ? oBiegtds agfslaéﬁf‘aﬁréﬁmw-t he second plurality of 'storage

| ocations for the second plurality of objects being set to nuse; cleari ng("" _
t he pi pelined processor; resetting all of the first plurality of inure -
fields to nof-inuAsompuitrresiableimgliahhadifig siofedheRRth QIAbd frgin foRUT €

fields to. not-inure. . Cge ..
CARA #g‘ﬂﬁ@‘wgﬂsﬂ"mﬂ Ripelined processeg nsing Anuse fislds, sdd Aowputer program,
" A@ A%wheh éxedutbd:Al - AFK A&v. A". ANu. Al 1\ _. Al\ _. AK A B. Al Y% AyOLCQ+_=C-

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

15. A computer-readable medium having stored therein a.cdmputer program for

maintaining inclusion in a pipelined processor using inuse fields, said computer program,
when executed:
20 receives a read request for an instruction:

sets an muse field to inuse in 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 6. The computer—readabie medium of claim 15, wherein said sets an inuse field |
to inuse in the ITLB comprises: . |
determining if the address translation is in the ITLE; and |
if the address translation is in the ITLB, 'then setting the inuse field associated with
the address transiation to inuse.
30

17. The computer-readable medium of claim 15, wherein said sets an inuse field
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receiving a read request for an instruction;

sending the instruction in response to the read request,

20 setting an inuse field to inuse, wherein the inuse field is associated with the

nstruction 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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instruction; and

sending the instruction from the ICACHE.
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21.  (Deleted)

| 22. - A computer system comprising:
a pipelined processing unit having an instruction cache (ICACHE) and an instruction
15  translation look-aside buffer (ITLB); _
a memory unit coupled to said processing ﬁnit, said memory unit having stored
therein computer-executable instructions; and
a cache control protocol for controlling the use of the ICACHE and the ITLB, said
cache control protocol adapted to:
20 receive a read request for an instruction;
set an inuse field to inuse in an instruction translation look aside buffer
(ITLB), said inuse field being associated with an address translation for the instruction; and
send the address translation from the ITLB in response to the read request
said send the address translation from the ITLB in response totheread Tequest
25  including: '
determine if the address translation is in the ITLB;
if the address translation is in the ITLB, then:
set the inuse field associated with the address translation to
inuse; and
30 if the address translation is not in the I'TLB, then:
transmit an external read request for the instruction;

receive the instruction in response to the external read request;
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23,  (Deleted)

15 24. A computer system comprising:
a pipelined 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
a cache control protocol for controlling the use of the ICACHE, said cache control
20  protocol adapted to:
receive a read request for an instruction;
send the instruction in response to the read request;
set an inuse field to inuse, wherein the inuse field is associated with the
instruction in the ICACHE; and |
25 said send the instruction in response to the read request including:
determine if the instruction is in the ICACHE; and
if the instruction is in the ICACHE, then:
send the instruction from the ICACHE;
if the mstruction is not in the ICACHE, then:
30 transmit an external read request for the instruction;

receive the mstruction in response to the extermal read request;
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U& () - #10% determine if there are any not-inuse instructions in the
ICACHE;
if there are not any not-inuse instructions in the ICACHE, then:
clear the pipelined processor;
‘5 reset all ICACHE inuse fields to not-inuse; and

select a not-inuse instruction from the ICAHE;
replace the not-inuse instruction from the [CACHE with the
instruction; and '

send the instruction from the ICACHE.

10
25.  An apparatus for maintaining inclusion in a pipelined processor using inuse
fields, said apparatus comprising; |
a first memory coupled to said pipelined processor, said first memory storing a
plurality of instructions; and '
15 a second memory coupled to said first memory, said second memory storing a

plurality of address translations for at least said plurality of instructions;
said second memory to:
receive a read request for an instruction in said plurality of instructions; and
set an inuse field to inuse in an instruction translation look aside buffer
20 (ITTLB), wherein the inuse field is associated with an address translation for the instruction;
said first memory to:
send the address translation from the ITLB in response to the read request.

said send the address translation from the ITLB in response to the read request

including:
25 determine if the address translatioh is in the ITLB;
if the address translation is in the ITLB, then:
- set the inuse field associated with the address translation fo
inuse; and
if the address translation is not in the ITLB, then:
30 transmit an external read request for the instruction;

receive the instruction in response to the external read request;
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ITLB; ,
if there are not any not-inuse address translations in the ITLB,
then:
5 clear the pipelined processor; and
| reset all ITLB inuse fields to not-inuse;
select a not-inuse address translation from the ITLB;
replace the selected not in-inuse address translation with the
address translation for the instruction; and
16 set the inuse field associated with the address translation for

the instruction to inuse.

26.  Anapparatus for maintaining inclusion in a pipelined processor using inuse
fields, said apparatus comprising:
15 a first memory coupled to said pipelined processor, said first memory storing a
plurality of instructions; and
a second memory coupled to said first memory, said second memory storing a
plurality of address franslations for at least said plurality of instructions;
said first memory to:
20 receive a read request for an instruction;
send the instruction in response to the read request;
set an inuse field to inuse, the inuse field being associated with the instruction
in an instruction cache (ICACHE); _
said send the instruction in response to the read request including:
25 | determine if the instruction is in the ICACHE; and
if the instruction is in the ICACHE, then:
send the instruction from the ICACHE
if the instruction is not in the ICACHE, then:
transmit an external read request for the instruction;
30 receive the instruction in response to the external read request;
determine if there are any not-inuse instructions in the

ICACHE;
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select a not-inuse instruction from the ICAHE;
5 replace the not-inuse instruction from the ICACHE with the
instruction; and '

send the instruction from the ICACHE.

' 27. A method for maintaining inclusion in a pipelined processor using inuse
10 fields, said method comprising:
setting a plurality of inuse fields associated with a plurality of storage locations for
a plurality of objects to inuse;
determining all of the plurality of inuse fields associated with the plurality of storage
" locations for the plurality of objects being set to inuse;

15 clearing the pipelined processor; and

| resetting all of the plurality of inuse fields associated with the plurality of storage

locations for the plurality of objects to not-inuse.

28. A multi-processor computer system for maintaining inclusion in a plurality
20  of pipelined multi-processors using inuse fields, wherein each of said plurality of pipelined
multi-processors comprise:
apipelined processing unit having an instruction cache (ICACHE) and an instruction
translation look-aside buffer (ITLB); '
a memory unit coupled to said processing unit, said memory unit having stored
25  therein computer-executable instructions; and
a cache control protocol for controlling the use of the ICACHE and the ITLB, said
cache control protocol adapted to:
receive a read request for an instruction;
set an inuse field to inuse in an instruction translation look aside buffer
30  (ITLB), the inuse field being associated with an address translation for the instruction;

send the address translation from the ITLB inresponse to the read request; and
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including:
determine if the address translation is in the ITLB;
_if the address translation is in the ITLB, then:
5 set the inuse field associated with the address translation té
inuse; and 7
if the address translation is not in the ITLB, then:
transmit an external read request for the instruction;
receive the instruction in response to the external read request;
iO _determine if there ére any not-inuse address translations in the
ITLB;
if there are not any not-inuse address translations in the ITLB,
then:
clear the pipelined processor; and
15 reset all ITLB inuse fields to not-inuse;
select a not-inuse address translation from the ITLB;
replace the selected not in-inuse address translation with the
address franslation for the instruction; and
set the inuse field associated with the address translation for

20  the instruction to inuse.
29. (Deleted)

30. A method for maintaining inclusion in a pipelined processor using inuse
25  fields, said method comprising: _
setting a first plurality of inuse fields to inuse, wherein said inuse fields are associated
with a first plurality of storage locations 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;
30 ‘determining all of the first plurality of inuse fields associated with the first plurality

of storage locations for the first plurality of objects being set to inuse;
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' clearing the pipelined processor;

resetting all of the first plurality of inuse fields to not-inuse; and

5 resetting all of the second plurality of inuse fields to not-inuse.




