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« Pl PELI NE NG I NSTRUC T' | ON REPLAY This is a Continuajiphuidpart of
appl i cati%lgqug%oal No. 08/998, 341 filed on Decenber 24, 18%(;{.%36@&@GQQJND
OF THE INVENTION Field f the Invention This invention relates generally
to pipelined processors, and nore particularly, to a replay mechanismfor a
processor pipeline. Description of the Related Art Conputers and many ot her
types of machi nes are ehGRASSFEPRELBEAICIADING HEBISHION RERAY execut es
programed instructions stored in the nachine's nenory. One nay categori ze
conputers and processors by the conplexity of their instruction sets, such
as reduced i nst Thed (504 CoRtinc@RBHLIALSart '0RaPelitaBOH FeolPheX 1gYSOBURY ifABd Set
¢conputers ("CISC'). An architecture is a categorization defining the

i nterface petliRsemhere24idbssor' s hardware and the processor's instT{Etion

set. Afirst aspect of a processor's architecture is whether i
instructions sequentially or out of order. Historically, procemﬂgﬂlﬁmmwmﬂmm
execut ed opaHSROUNDORITHE INVENTION the sane sequential or )

code for the instructions was presented to the processor. This archit&ctture

is the "sequential programm ng nodel." An out of order architec
executes instructions in an order different fromthe order in \Aﬁ@ﬁﬁ’w ‘m““}“\“\
code is prEsddtefdiHeolrivemtpnocessor, i.e., non-sequentially. The I a
nature of software code creates "data dependenci es” and "contr ol *166166*
dependenci es. " Angatdy HeRaNAgney gRREH Mﬁl}ge@ide@t BfodeBsds Uk Qore

mani pul ates an operand x, and the data’at X is a result from an 0 8 JUL
2003 PCT/ psudyudady2tearkpley mashanigmifona miesessoreripeliser uction has a data
dependency on the operand of the earlier instruction. A control dependency
occurs when an instruction can generate two alternative branches of
instructions only one of which will be executed. Typically, the branch

choi ce deperdsription sfondildiged Afre various architectures respect these data
and control dependencies. A second aspect of a processor's architecture is

whet her i nstrucRsRILEERI Adny DthéX ekQﬁ%ﬁcﬂiﬁe?'ap@Ehgﬂ&f&?&&%‘?&éﬁcﬂ‘g, t he

processor fetches |%struct| ons from ry and feeds theminto one end of

t he pi pel i a€’probesspr’pehatrexehates grograhniest ageasictioeacshoretaiget hgenfachinefy sone

function necessary or desirable to process the instructiqn before passing
81.-? Ee"ﬁ& h

t he inst_ruelqnaﬂr)f'oqlﬁemﬁ)éf?teﬁoé‘ﬁ&co UERANh PEOCHAE S sTa e HGR an

I nstructi ofyeif @ﬁst?@é‘t‘i%r%@fg,esdﬁhgﬁ redRRAEnEREHiAS LEUES hBte BNURISE NS
stage m ght execute the decoded instruction. Each stage typically noves the
i nst ruct i onowipdee inttouac mmpledtdoorputers( gdbCie Amyarshitectuan iddvant age i n that

one part of_the pipelipe. is rking on.a first instruction ile a second
part Cor 1 neatseperhan Shae M A%t ket fnet POREEH S < R Aot han
one instrughd gpo@@gopge ifdtacesyesbtat a time potentially increasing the
effective rate at which instructions are processed. Sone pipelines process

| nstructions " SPEGULAIILE! o o pRRECH-A I XRIEAGFI] AMRANS cldditel NSTT UCLT OnS
are fetched and execut before resolving pertinent control and/or data
dependenci éisstrispatisl siguentialie outouo o f préek. cCHistbrva ldigt proaasbore exearttd ol
dependencies will be resolved, executes instruct Long b&éed n the
pr edi cti onSNEARYTHREAN P A HINELTHRANC SRE IR PO RS el B O F’gaf{'?f thefore
eti ring e RSIdriChio B Bl L PRIHSpEORLSS OMhis Heni¥&ithHd &alleon step can
be a challenge to pipeline design. Af t he end

“sequential programming model.” An out of order architecture executes

instructions in an order different from the order in which the code is

' presented to the processor, i.e., non-sequentially.

The sequential nature of software code creates “data dependencies”
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/ and “control dependencies.” A data dependency occurs when a later

instruction manipulates an operand x, and the data at x is a result from an



of the pipeline, the results fromexecuted instructions are tenpor@@i I]UL 2003

stored i Ryg ghaHpster until all data and control dependenci gsrhayfokaen
actually resolved. The pipeline then checks whet her any m spredictions or

ot her ,~ problens occurred, i.e., both generally referred to as exceptions.
In the 0 8 JUL 2003 WO 00/ 42503 PCT/ USOQ OQzZ2 absence of execution
probl ens, the executed instructions are "retired" and results are stored to
ar chi t ect wgaalier infitsecian. dhedperdnsonctiondiascridam deperstaneiytarethe to an

hi t ect | state." 1f.. ti bl th f
cor recti orP RUARRAY, BERHET G b QBT S8 TBr OB SIRE FHACCEn VBT i n: (1)
execut i ng ARtk REbRUGH gé‘néz’%?é t%%té}nﬁ%e@f&ﬁc}b&e& i%ﬁgﬂehgﬂ's (og@ o@lof

executing an instruction that shoul d have been executed; or execut i ng
an instrucwhorh will bei deantett TgptcallyTohe boredhschoiee depdrdscon arcosid baum

correctly, the effects, of execution problens on subs ent execution of
i nstruct i ohide FAEPUE I AEhBectises Erspast H}\%Ctﬁ aﬁ?ia&')‘B Q0T ?A;?ﬁﬂepﬁéﬂcﬁﬁocessor s

"stall" the pipeline upon detecting an exception. |In stallable instruction
pi pel i nes, a nufsecondl dspeehesa RrofesgPs Barshigenserenisprbethes snsthudingh t he

stages of the pi.pel.ine. A pipeldne centroller gen tes a signal to enable
or disabl & E%Sgﬁlgg é%e?%@&t—%i sftne§ Lf.e(P Fii %rgo%gssgqgﬁf\? ptrﬁgesrsgri ger@éesor

regi sters jakerudtisablfesmsoentedy e feddd Fughiians oaé @nfadf tHeapipkBRbedrio the
next stage. After an exception that caused the stall and its effects are
repaired, pipelipedulsi sevecdntstogeser eaeh stiglsl perfeumeingaaoame Suritioreneesseary and
transfers betwee i.pel i ne stages, resunms. 1o operate a. stall.able pipeline,
the pipel i%%dg%m%rlglt_geormﬁgsesdéhetISStrnelEgIngo esf9 st h Ssérll%ﬁ}ﬁ gs#rrug _Of‘htg tE‘Fages of
the pipelingt igter FoPenwhkid)WnetNagé ahilght Terh ieinsRGETI¥RIHS! EH@lstageand
then broadcast a signal to stall or proceed. Since each of these steps

t akes ti memightptiesasie theginshalchion) png the rexdlstageemighitaxect teetheplacatiedg

frequency of th i pel iyne.. _Same. processaor. .pipelines "neplay" in dition to
CaTney BsphulfioRs PEaal FrasR T BI SoTERe 4Bt PSR (8 s asbp i,
exception. |If an exception is, detected, speculative results are,.ignored,

e. g.',o the. ar chi fedPE) P@e&tozfqrsarhaiﬁvmﬁggéa tbﬁh%gﬁff&d'i Rpafiad ot

retired. T, of: : 9 - :
et 1 ot i onprREREE I IRSERL e I ALERTRD Yupllh I SEREHERS WdlRing oy

enpl oyi ng orpl segond inkrudtipha DiiG4notecttopr one ssdrictioontaer bé arbgessediat abl e
fromDg te?ltirr%glf)lo?gﬁtrigllyc?rr\ rggsaigmlgotp\'e e-lf-Peectfe\/Ieprgztie at which instructions are

processed.

Some pipelines process instructions “speculatively.” Speculative
execution means that instructions are fetched and executed before resolving
pertinent control and/or data dependencies. Speculative execution predicts
how data and/or control dependencies will be resolved, executes instructions
based on the predictions, and then verifies that the predictions were correct

before retiring the instruction and results therefrom.

The verification step can be a challenge to pipeline design. At the end
- of the pipeline, the results from executed instructions are temporarily stored
in a register until all data and control dependencies have been actually
resolved. The pipeline then checks whether any mispredictions or other

K problems occurred, i.e., both generally referred to as exceptions. In the

2



21164 stalls only the first three stages of the pipeline. If a prcgbﬂelrul- 2003
. occurs afger third stage, the Al pha 21164 repl ays the i j,pel i ne
*after the ?’eogg?sﬁ)f”ng probl em The Al pha 21164 therefore co |r4ﬂé%0%/g§!5énsi ve
stalling with conpl ex decision-making circuitry necessary to determn ne when
to replay. The Al pha 21164 replays the entire pipeline |line even though the
problem may be |ocalized, Replaying the entire pipeline may be inefficient

i f there aRbserapePhfxgrtiin prokigasuthoexashtad inserugtions aseipratsed! and
processor, _and. the problemwas. | ocalized to one of .the paral|el execution
(i T o The Baitm e SPTPALY af e gae cPE et ey S0 e BETadp 7 csont

t echnol ogy cd B HBTERNGoPA e 8 BeHi R @l seai@.eCIfS@&EuHBRgﬁ@ﬁ%@BEéMrF fid ure to
becone faster in the sense of higher instruction throughput. Current

t echni ques pirocessandierfynex e egorreanion oupineel i nes processi ng can
substantially reduce instruction throughput. The present invention is

directed to overlBxerubign PlobdémkeastproblRuty hatiche redifleqt:s of, one or nore of
the problens set forth above. SUMVARY OF THE | NVENTI ON The invention, in

one enbodi ment, (py ovidesuBnFeidosktE iR @GUhBGld RSt Ak bOAS exddifed®t hod
i ncl udes di spatching and executing a first and second plurality o?
instructions in porti.o a .pl i it (RS e L et her
stages of the pé%i onljia())tfé.sstehteltlp(?)L péerlﬂ)?élgetngcrﬁgnr@‘%%gﬁjﬁeﬂarr& hg%%c?u%%&r’mort

i ncl udes deter r,n'(?i ng i)g‘ aE execut | on ., robI.t mis gnc Li?t ered and repl ayi ng
the first pluralPty oféCHERBT FUHEGHPT, WBOIRSRIFY ermining that the
first pl urafl ity of iRst_ructi ons encountered an eéecuti on problem The

| nvent | on 119 BERSERBINE IBTEH AR SUBRBVAIER T, B ERen P! SrEtiORepToRlemS

processor %inpﬂgsgguieﬂ@ W88 Gh bE gﬂgr\g&;gkntsgﬂg% 080 BeRboifldd Y of

instructions ,: r execution an to execute the plurality of

instructions fet.ched by 4 WO. 42 ~ ~ D03 PCT/ USOO0 .., the
front enq. The a@?yé?ﬂ%oﬁ fﬁrctlRulggggg&rper??ﬁ%%nt“%&t é?%e t &P eqf?’%

i nstructi onnphadephiodX ekt tadlabRy RikRMioApbacds, @ntirhbéd sdRScHRs It | r ement
stage to determine if an instruction had an execution problem The back end

i s non- st alregistess griverprpegsessrthpppgh ithestageoof Hel pigelne. ¢hpipedinet o send an
i ndi cation that ,the instructi.on .nco er ed. fi robl.em fromthe
Bolp Bt & B T GBI R B BB bR o FE B,

retirenent “§F oi n pIp i
i nstructi om&mgestall; exerutiesh oBRighte (SRR EAblébo Ghat tHE RRAWHYHSREX her

obj ects and advantages of the invention wll becone aPparent upon readi ng
the fol | owin®y ternséeired tadbe mext istageantifterpmexeepioaribat cpisedahgstall ar@ i n
whi ch: Figure ncep I | . odl t..of Lpeline
onst ruct edeaiite GREFEPAE e e R R SonaON ALREHBRE ud RIS B LTE 24

depicts a frbgf‘s'tergfﬁ’mﬂi&ﬁﬁ@ier@fbe&s/é@te?ﬁ)dﬁbﬁﬁemaagbstﬂ&@urﬁéont and back ends of
the pipelineillustrated in Figure 1; Figure 2B depicts a second enbodi nment

of a gueue bet werlobags EIONAIIABRE PSehineNOe Gbelie cohREllbNRedds Woickaled I n
Figure 1; and Figure 3A conceptuallI'y illustrates one specific enbodi nent of

t he pipel i s¢atos signalsdrdm thegstage38f the pipetinecdetermirentybdtheero stfll fioen
retirement stage.of .the pipeline of Fiqgure 3A:. Fiqure 4A illystrates an
enbod ment TOFCeeigR IRARDT 15k MR TRRE  aet R ha" PEYieetingiRte

i nstructi ongchibfatess drepsttakb einkd, a8&1bmeAMARth@AbilRNdo stall may limit the

operating frequency of the pipeline.

Some processor pipelines “replay” in addition to stalling. Replay is the
¢/ re-execution of instructions upon detecting an exception. If an exception is
detected, speculative results are ignored, e.g., the architectural state is not
updated and instructions are not retired. The processor corrects the problem

/ and re-executes the instructions.
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Figure 4B illustrates another enbodi nent of a nethod for executi ngai and
retiring {yasdoiddgki ons in accord with the present inventionepysoohoBadUl

* 2003 WD 00/ 42503 PCT/ US00/ 00222 Wiile the invention is susceptible to
various nodifications and alternative forns, specific enbodi nents thereof
have been shown by way of exanple in the drawi ngs and are herein described
in detail. It should be understood, however, that the description herein of
speci fic enbodi neneprosessor enmplopdepirepdast isnihe Alphai 2Médtmamopeodessor,
particul ar forns di éclose but o ,thelgontrary, the intentjon is to cover

al | rodifi cRTEHLCIa aiuwafa’é’ﬁ% rom (4igHpt EARBMERSCPERTaEgNW The A kh@ spirit

and scope o} L1y i I d [ T
DESC ~RI PT| "ol\}tébde;s téSl%Egclﬁ%ll %ﬁ%@?ﬁﬁ%e%f E}E?e pftHe: 3%3%@#233?3&?#’?4 %—IEB
invention atte deststagedtirehgyha Phiadheplayseheshtiof pipellrd yitenelie adaifiagt ur es

of an actual i ntation are described in this specification., It wll of

e . it i on,

course be apfReTat £he hipna; 3l oA hareleresiprbines expensivaskrlinguyith

enbodi nment , oulIS-~: L:npl ion-specifi cj sl to
achi eve the A ooz iR SR LA GRR e ety 18 UL B RISy
system rel aTkhd /AptalRigicnaspiayal theathtonspélinatife ewbhchowghl theapotlemm one

i mpl ementation to another. Mreover, it wl|l be appreciated that such a
devel opnent Mt g tocabiged. iReplunpp dke antire pipelicermsayibagneffiaient Hehare atgt i ne
undert aki ng r_tho f ordinary.skill _in the art having the,benef,it of
this i sl e eafe L er RSN S rrlbifalb AR eRE AR RNt PEr e
non- st al | ablvaspbeteesofo phoef ke pitilkpagidupnegnidd operated in accordance
with the present invention. The pipeline 10 generally conprises a front end

12, a back end I1#pe RthihdYSHEslE b;h%e@stsep& &ﬁﬂ%ﬁ}#a@mmﬁg?@%t12 and the
back end 14. The queue 15 is capable of storing an inter iate state of

t he processtachppjpglyi nEh¢ demanidi pressiwes b aspectd of Hroegssbe ardpteaye i
response to, a repl.ay a.reqguest transmtted over channe /. Referring to
Figure 1, th%ccﬁﬂgtﬁ tei”s”b?h%B?fésee%fta)%‘@glﬁ’eH?sgr%x’fnb%‘rgug}éﬂ‘l'ot“Fﬁ%r_‘tback end 14
rather t ha”te’%ﬁﬁi’e&@s@of: %’Hdﬂiﬁ‘\%eéi&%étigﬂg ix@fﬂipéfﬁ{esyﬁc%lﬁ'@g gin %gégéatrbﬁa@l to

further this distlosure of t ention cl al ned bel ow, JUL 2003 WO
00/ 3503 PCTtadn8@OnBZR2ionhtrgughpull.5 and the back end 14 shall be di scussed
as separate parts of the pipeline 10. Nevertheless, the invention is not so
limted, and theThagkesstt ihdenyn iifncirepetiaioco tdreomiggicorlat lenassoermcin§
alternative enbodi nents. Still referri ngl to Fi gure 1, the front end 12
fetches mack¥: eiiedts Qot9mmer are qffhe mredblgmstset tPHh aB9N8di nent, gener at es

"m cro-ops” LA R OO FATIIECIVERR Fidyngeneral [y an instruction that nmay be
executed by a Si Xecutl I ot shown) of the processor in one or
several clock cygles. So macro-instructi ons may conprij,se veral ..

m cro-ops. Thus, %k‘ﬁéf‘ge 19%8} °be eg‘sbo%dir-rie(ggo%reové%?sr %rsHé%!n edn(?;cgr g’é?(\!/\uehenrg

MBCr 0- i NSt I Ugst heMi®n@NATHE Ee®h&P $ncl Dt bd !iisFchﬁ!irﬁg AfdtexebhgHEe firsttdied f ront
end 12 decodes the macro instructions into mcro-ops and Stores theminto

t he queue 18econseplyaektenllindrustiongties porsionnat 2 pipglorswathpitdisted by t he

front end 12 and.stored in the gqueug 15  .Hereinafter. [nstructiors shall
refer tom é?%@p‘éln& Wiq‘r(fél't‘errucf‘$e(c)l"n%éJ %‘)?epcq.fflgglog tg‘%‘ péﬁéh%# a?%éélae@e‘cu Fon units
located in twhbadikréwrd ihéludesiddiermingtd ifgn eReddti prdblednid ssue group is
a set of instructions or ) ) . . .
encountered and replaying the first plurality of instructions in response to
determining that the first plurality of instructions encountered an execution

. problem.

The invention in another embodiment, provides a processor pipeline.
The processor pipeline includes a front end to fetch a plurality of instructions

for execution and a back end to execute the plurality of instructions fetched by

4



m cro-ops, that is dispatched fromthe queue 15 for parallel executy UL 2003
lssue groupk waysoiave one or nore mcro-ops. I n sone enbodiEMUS)0/

m croops of an issue group are witten to the queue 15 during one clock
cycle. The mcro-ops stored in the queue 15 define an internediate state of
the pipeline 10 can be replayed as discussed nore fully below Figure 2A

il i di 35_0of,.th S Figure 1. Th
quets 35 had fSIR Hol LiREISsers Faud La aHL pa Sreer dRtwm Bt 36t ts or
uni ts (bot hingty RARIC A éi&uﬁ@@‘c‘ﬁr‘%ﬁ(&ﬁ.df-Th;Eh?adkré’f?&%&%%é%gozfaeti'?bﬁm‘érn‘? 1

di spatches the mcro-op of each um 33 of the queue . Sseparate

execut i on unstage tbrdesemeirniicdi imshitustion hedranrbeecudforcpraiems. 3Bhé baekweald t o
t he nunber of paral|el execution units  in the.progessor pipeline 10. In
ot her _enbodinhis]ellape o TRe 58t yelisthst 55 JHIRHER o Gharma! sk sent in | -

units. For s I i I Lc lagic 7
0 8 JUL 200 éé@‘? t?%ﬁg@%&ﬁ%@, %@gzﬁﬁ%g&@?g%dﬁq ?%%1%?? thcgmq%\gue 35
has N col umesti@ereatage ob anreplay peid od thepapairee froen ofhithehAlibktsuction
Referring to Fi gure 2A, the queue 35 includes one colum per parall el
execution ufdy PHIR-e¥eHERdsuitabl e structures may be enpl oyed. Sone

enbodi nent s BWE#%E&W?@N%FWE@ sR&WEigpat ching mcro-ops to one
execution unit. € gqueue 35 of Figure ZA 1S a naster queue, which stores
the mcro-ops for each execution unit in the back end 14. Still referring
to Figure 2A thOtharobjest had admengiges ofhe tnendiom whid beicome- psaeht each

unretired instruction in back, en 4. Each row,of the gueue 35 stores
one i ssue grMPeF BRAMEthe })‘QE‘?WW% ‘[I?féﬂﬁﬂljéiﬁécrﬁ%tfoq ﬁ@drﬁ%qrb-r‘ifgée%ﬁeetonﬁ“te
over-witte : | ro-instructions fromwhich they are decided are
retired. Th?sf?j%ﬂrés gﬂgvue 5 stores an internediate state of the back end 14
of the pipeline 10. The internediate state represents the m croops between
t he di spatch st affeguaredl checdptnally dilustettes anl estendimeteofrapkpadimd 14 can be
replayed fromthe interpedi ate state,stored in the queue 35 w thout having
to replay tKENERYFE %?%EPFF@‘“EO?C‘@W‘I“S e §rf?rieﬁ8"tt‘gwl§f‘gﬁpe 2A, the queue
35 is circular and includes a head r pointer 34, a tail pointer 36, and a
replay pointer 3§y JRe AeathiReamiSt eddboBRhehSof  qLBge baereen Ghe FiLGHRUE
35, or the row whetfe new micro-ops wll be witten to the queue 35. The

tai | poi nt ebagk epds wf she pipelénanidhustratad sy Figsis@ié: gr oup of micro-ops to be

di spatched to the back end 14 for execution. The replay pointer 38 points
to the row contaidin first Lss j Cr j tched in
Fesponse 10 a r oprey e deele h b AT RbP e O £ LERES vbRyBG hERRRT
ol dest, unr eiidr ek &fdscoDieupipeliné Neusttaeatb ir3Biguke 1skadt a back end replay,
the pipeline 10 copies the replay pointer 38 into the tail pointer 36. This
repositions the tail pointer 36 so _hhat the m cro-ops of the ol dest
unretired i ssue gidris Hocwneephallydlustrates Ongrmspites %‘BgPEiHB“TP t€ he queue
35. 8 08 . 20 .42503 PCT/ US00/ 00222 In Figure 2A, the head

poi nter 34 |p§bj%1hrc%;er§%}rgaerg0{és new m cro-ops are witten to the queue 35.
Simlarly, as mcro-ops are read fromthe queue 35, the tail pointer 36 is
i ncrenent ed. Fi ndligyre 3B iHasthates one-engbddimeat iof ébe reticement stpgpaifrther 38 is
incremented. Mcco-ops fromretired instructions are over-witten as the
poi nter 34 iRPEERS Qﬁgiﬁ‘ér& »that the rows of the queue 35 are reused. Wen
one of the pointers 34, 36, or 38 reaches the last entry in the queue 35,
the pointer is i 'W%@@@Aeﬂilursﬁa%% &hBEAENé fohe frietivdd VBish¥chiathiag, queue
35 thereby nmaking the queue 35 a circular buffer. In the enbodi nent” of

Fi gure 2A; texecttang apdi retzingdstiyustions iy aceerd withhthehpregepbiniteaticgy anghd
the replay pointer 38 trails the tail pointer 36. Still referring to Figure

2A, the gueue 35 Pjigsuree%mm@tergteg N80 mbodiment of a method for executing

and retiring instructions in accord with the present invention.




pointer 34 equals the tail pointer 36. In some enbodi nents, eachl 8f JUlqez[m:"
head poi fifo;343and the tail pointer 38 have an extra bit.pdiydodgReniead

" pointer 34 and the replay pointer 38 are equal and the extra bits are
different, the queue 35 is full. If the head pointer 34 and the replay
pointer 38 are equal and the extra bits are equal, the queue 35 is enpty.
In an alternate enbodi nent, one enpty rowis reserved for detecting a full
queue conditi dhhiladbetingendan ipsiusteptiBle fos varieus esedifivrationhendepl ay

poi nter 38 when the queue 35 is, fyll. In,sonme enbodi nents, the entire

D bl | ne A8 P PR TR0 TBERISIE Rt e Shivg e vay of

i1 ust ra%?§m§91§ﬁ?9r@d%@9$sn§rm ape heMintdcABeYEn 1otAl. R S8 e Each
colum 33" of the queue 3 is a shift register. The queue 35 only uses
head and undiekstpoidnherzvad' tha8ahe aledcphyisnchddein shispedfiearhbsdimartts is

m cro-ops, i..e.,, each.issuye group, do in response to retiring a row of
m cro opé‘?tm@“éiﬁge@tl,mﬁha?ﬁ ?rf"&ﬁ‘ticg‘sﬁgg@‘? Eﬁﬁtlﬂlahiﬁ%séib%c?%edt atefor e at
the bott A8y, Ohet e HHEN G B covdNUB mbRSH Y B0 38,9f the
enbodi rre(rPlk{ilé (%?WE gll'guree1 26,:0\ IS e?‘ ?(Zgwg'/-e?y rtn:?e B%a?%% ?@‘\?\f‘%&ﬁ{é? %\fg gueue
35'. O haitetsatjvdshelltnpuatidn' thefsphrigane 2B feuolctheoinseatiohlaardefinad bhe queue
35 of Fi %ure 2A. Tch”ﬂeigng to Figure 3A, the front end 12 of the

non- st al FABHPEPENPRT CR™ of Figure 1 includes, at |east, fetch and decode
stages 16, 18. The front end 12 9 WO 00/2503 0 8 JUL 2003 PCTI US00/ 00222

may be OfDI?PA(ILSE{btWE%QRﬂfﬁk;@ gpemeCirpid W@IMEN?QQ as the front end 12
fetches macro-1nstructions fromnenory and wite € mcro-ops into the

S
ages andl or WAL UngRERRAATF Y Ine HAFEhiBA b E¥isckt P YRloRY 3342, "2l <o

i ncl udes isRyedtadf GingehodQll FAtefesianessivag impiembraakioandeldescikydes an
execution stage 30 and a retirenent stage 32. The back end 14 receives the

ni cr o- opsn dhispipesHiationonkt tridl QieirseHe anpragtated tht igy Gsdavedepmest o- ops,
and retirges ' j j ecks for and
detects é’xeaé‘gflg‘g%ﬂ g?%%ﬁqzegnéggéfrgéﬁf’ é‘xﬂg‘g%{cﬁ%gnrs'ﬁ%ee@%gg ﬁ(/%%gﬁ odi nents may
incl ude addisionlussbagradend athiivertts disptsysireysputifidigolas suctuaar

impl enentation. Still referring to Figure 3A, the stages 16, 18, 30 and 32
of the picpmlmcgméboiyét%nere&?gfzélEyldrga%@@mahamﬂec raints, iehichewill

excl usi ve,_nor, exhaustiv age ' r Ln_vari.ous

al t er nat iv\?@q efﬁ%%ldﬁ531 nfe%#‘?ferﬁ%rr“t%&]@g, %aégﬁhg?eq}nhrﬁe&aﬁﬁs {\}\Af F% ggb’%%ée‘g?ea e, the

denar cat itaass@éh stgRSofBenl 8ffosh) evandif 3 naple xf il titersonJuriing, OGRS SOr
pi peline 10 are not necessarily so crisp . or distinct as mght appear from
Fi gure 3Re TReupneandsstaking forthpseofondinepnedbifhe 258 haging He sake of

clarity i pl aini esent invention. Thus, the precise structure of
t he frontbr}ggépfgt}glrslgﬂtsﬂgg%%gk end 14 in ternms of stages is not pertinent to

the practice qf. the invention. .Still referring,.to Figure 3A ,the back end
1470 the ot palBHE 1 SOHEHRL ANy Bk etrapisca cobipa i Eof tallabie 14 <
control | gfoby¥ssh iﬁﬁ)péllrihoﬁo aoRdtetictell agrloferitad ik iakedtdhficd hAthmot shown)
that are free running. Making the back end 14 non-stallable, elimnates

timng deiresentdsyeciianedhwi pipeliperldt generallytcampressta Gonhenddizk a Byck
li mi nat i | | t t i bst ant i al |
oot P £A0L s DSLRY Ka SATRF RS e s a Al Y,

term " nonfied ghé@bi®is eafa6 of etdrimy pRlinf@maliak patetdfahetprot@sbrt hat is

flushed and replayed in response to an executi on@?robl emrather than
stal | ed. pipelnedrosmivodichehe Sack gadelt May be prplaked ibresponspiaadepian e. 10

a request transmitted over a channel 17.
Referring to Figure 1, the queue 15 of some embodiments may be a
part of the back end 14 rather than separate from the back end 14. For the

/" sake of clarity and to further this disclosure of the invention claimed below,
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0 8 JUL 2003 WD 001 42503 PCT/ US00/ 00222 Still referring to Fi gure B, JYlal003
. back end predi ctions that specul atively resol ve qpéﬂ[z}” ntr ol

) dependenc\%es n’e°e(§jed to execute the mcro-ops. After executi on,gt{bﬂ)gﬁg

m cro-ops and results therefromare tenporarily stored to await conm tnent
to an architectural state. Coonmitting to the architectural state includes
checking to determ ne whet her problens occurred and whet her the predictions
were corr egte qEé@i?Hh@fﬂl@@&hﬂ@eﬂ@)&é&%aﬂ@ﬁ@ﬂé@%gd!&s%@%{aﬁlﬂétrpﬁ?éseof”ﬁ@ner _
known to the art and may be inplenmentation specific. e preci se manner in
whi ch probpipadirgr ©). chisvkebeless.ntbe imyestipalis ot shdimitedeandi theebrdkoend | f a
probl em or jncorrect predigction i i scovered, the specul.ative execution
results ar é& %%%@&ngaﬁ? dﬁ%ﬂé‘t‘j’.‘le%*?cej}ﬂ SORE agg@éﬂaté%%e%o#uqq{gspi pel i ne 10
is flushed or drai neg%i i.e.,_the pi E)el ine 10 is either reset or all

i nstructions i nobtHaeliEkgdRdtigarade the frone ¢neol % ighest Bagxednatroftiansd t he
regi sters e i . i e icub i mgnt

i nclude: ( garncgﬁlglgaglﬁg’g;m— gh%ﬁl%?gg%lﬁl&éggprrg%%g g %hgg%(g%lcrﬁon; (3)
an excepti aticreuphs generalipge frdtduiction that tdyelgakbxddusdd botd omiglé4) a

transl ation | ook-aside register ("TLB") mss; and (5) certain data
dependenci 8¥ecuigehtak (n@'a&%wa} el HomPprogassor iy are O& sheTt SENEYHey be

handl ed w : I ' ' . jati
a1 i mpl oreRtin TanEHERrRs el Lo MR PR Tl oy el kB RG ™ ©

Once a prohbemeisofeteohedoridipontiohte beancbn ificedimitsctedes ARAANIRE-
Again, the repair may be inplenentation specific. Exenplary problens arid '

repair act8PPnclude: (a) a predicate m sprediction, the correct predicate
must be inserted for the replay; or 0 0 JUL 2003 WO 00L12503
PCT/ US00/ 00222 6b)! rafdroag tstligera dnftei front emed 128tdecedeuitite beaaronpl et ed, t he

he updated, and then th t val ye | d. Probl i b
qui okl y el FERHSPTSHBLATNE O A KOS (Briiithe Fuets o edhFihack end

i nternedi atg Sbates e iReuRLBAL KDPrdfaRl By G okt edBU, arldStRe@Rh M can be
identified and corrected in the queue 15 and the execution streamrepl ayed.

The ef f ect guefietlte Heuhhatewindtruiossrshedt eded to theroreps ay .inRefietionng t o
Figure 3A, .the back end 14 .is replayed fromthe. nm,cro-ops of .the queue 15.
The. dot ect FEFCHROEPTLRER A FSCHFOSRETBYS FHa Il B SRAJ4 32 gener at os
t he repl ay requ%s_t. he retirenment stage 32 nakes a replay request to the
queue 15 over t REIIGERIBE LOEIZHFE L@l dSPHE BIRERLS drset Pgﬂ‘i‘%r"z‘%ﬁ)‘oﬁ‘f’n@rpi pel i ne
10 copi es g I i il i 6 rt

repl ay. - ThoncreEBt bR bBHcARL AR bt 1PRINERI G L. s
descri bed ghowps nlist Ratd one of raoreexdcto-ops [t ebirenerabsdimansesha fritsh of

the back end 14 and of specul ative execution r%s lts stor?d t her ei

Resul ts fr ORSINSFYIHRHS BIRP YA EHROVEE AUNE Prid g PG rIark RYER- dXécut i on
probl em and_ t.he i:nst i i (o) Y
architect u?%tcp(gto Etg g F&égﬂgrtﬁ;é n L}ét% % %gﬁ%@ﬁ?}ﬁeﬁg{@r@éﬁﬁgéﬁ?g ?Eeeplpelme

re- execut i Af candespptayedtas\dbqussedneatedntlydebmked f or execution probl ens.

Al t hough the probl em causing the replay should not reoccur, other execution
probl ens m ght @gee. 2A fillastiaes pholpLtivilsr deiredietnt 35wt §ephays ios
requested as set_ torth above. The pipeline 10 eventual |y produces

probl em f r dégureshl Thetqugre Sarhaseeniahi eleannso3hip fedmavessparalifat e, Each
iteration ' : i e

const der at (SR FREPHEY AP RA HloRH BRAESRACChIIAE BREVRLLRER o

i 1l 'ustr at eqd0wsfeFiguhotidiepatchet thet iniawesy ohasdveslandil3l of thbeueeiki 35etyent
stage 32 of Figure 3A. The retirenent hargware 31 includes re{i rement, | ogic
20, a specPBRETAIR exegitiarenniti |1p sppne §m%dgm%°ett ¢ ayurlegs of eplumpg 3945 and

may al so i . : [ BXEeC i AN re
tenporaril y%ﬁgd g?%?%ﬁﬁ%ﬁgéyég?%?i%ﬁgkﬁgéﬁE{Hé{réxlﬁi ﬁlﬂtg%zjrfc Q%Jeruﬁl teIBIB gr%g'nt
lFogic 12 1A dhdtemPodin¥¥ds)tHel@063: BEDNIY $601s00 paRticOod eherexienedomhet her
any e>5ecuti on pr19bl ens occurred dcgci‘i ng t.he Lﬁf(eﬁ\zti on]&%f the instructions
cor r e§ponditils oFIXBENPISn ORe SR ig it daciudes i pasallel afifhmeliedpaicer file
22. if the retirenment logic 20 determ nes that no execution problens
occurred, the retirenent logic 20 wites; the execution results fromthe
specul ative register file 22 to the architectural register file 24 and
retires the instruction. If the retirenent logic 20 determnes that a
probl em occurred, the retirenment logic 20 institutes a back end repl ay
instead of witing the results to the architectural register file 22.

Still referring to Figure 3B, sonme enbodi nents enploy a mask 25 so that
"partial" pipeline replays nmay be performed in response to execution
problens. A partial replay re-executes mcro-ops of a portion of the

o ~ - o g o ”~ A o Y " - ~ Y —




i.ndi cate col ums of micro-ops that encountered execution problens @f§ ddbt 2003
_potentiakk%mgggﬁnd on mcro-ops that encountered executioqxﬁﬁggb@&ﬁz For '
exanpl e, the mask 25 nay enabl e replaying or re-executing the colum of

m cro-ops sent to the individual execution unit registering the problem

Col ums of instructions not dependent on the columms that encountered an
execution problemmay retire normally and may not be re-executed in a
"partial " g EYALEtd! anefiBE Idudtiet 35 RAOW €oldBind 312 eheth icbRIBALolfegH & 20

mai ntains a mask 25 to indicate which instructions encountered an execution
probl em Tepansslor@sof thd dddssa series of 1's and 0's for indicating the
particul ar instructions that encountered execution problens. After reading
the mask 25, thRefeetingeieRigurodiic the quealer 35 irephdessond colustn pet ipassildlr om a
subset of the columms 33 of Figures 2A or 2B. The subset of the colums to
be re- execqnesttigBymis BubpHissrsudiapdestructyres masske empioned. ORE S0l urms 33.

I n one enbodi nen h u LI es N

par al | el e&%@%f%ﬁn%ogrtn@%y%#aegéﬁ g?t&gho%f‘ﬁ?%&t? ﬁf"g g‘ﬁ%@ﬁ%&t%ﬂ% he mask
25 i ncl udesxeubibRalyit 13 he He@OBRZE Fgara2 AUs aXnaStepgueus o@hadzsardd gi t s,
i.e., one binary digit for each parallel executjon unit. The mask data is
an i ndex i @i Bigroreps frr eashupresugion: weitdnabe bask gad tdne execution ports

where a problemoccurred. Referring to Figures 3B and 2A, the retirenent
| ogi ¢ 20 of oneSelirethirmegt ta Figusei2ss thaeurmeldSdareerouarowpltagtareghest to

t he eue 35 in response to detecting,an execytion problem, In response to
rece?\lji gg rtrﬂ%flor’@f.ﬁ age?ghb‘é‘é?t,”eidh’é‘slf |t10801in)r(lt?\§ﬁ)a!§g 661% f‘ﬁegaﬁéﬂ%‘v t?“sn
repositi onge%gégfist&ﬁg%% 1209V erodp @ ,mﬁch@-ogg.plrﬁﬁhpgqeﬁééa Rl ‘rdbyglsy for

t he col umm queue 35°for which the mask data indicates execution
probl ens ozmunoedver-matittem turdisther mvacot-frest rwadiamsrisomy whindt they aveecut ed.

Figure 4A illuystrates .a od 40 of executing instructions in back end
bort1 on. of deCifPpare fetited o Thuph e gie s SREFL AR Ty e RECETE SR Bh S ages. of
the back eﬂﬁ%én&’fm':éfgmeieéip%ﬁn@rl@ OThSkhtelMeite SHRO Y ITRBENts tRE nPigsds- end

portion of pi pel 1 ne non-stal l able. At block 41, the pipeline 10
di spat chesopntepxenutlesdappldr sthge yngdf thierfénal wetretresl $tatet HEhdbadk- et 14

pi peline wthout deternining whether ,sta of the pipeline_are ready to
Pebel ve. t NEAT REFRAEOnE O S e RR e Sfeth Pisckdan e Ruepf 381 ithST0 of

Fi gure 3A b§§h& toaréﬁlgg%ktex\tf?égigéuﬁeqo.oups sequentially fromthe queue 15
to the back end 14. "The queue 1 i spatches instructions and the

i nstructions areg,: i i t-a0; j t ﬁlﬂf&g
whet her the var ?85?@%@&*‘%@“@??@%& aé‘?.a%%\ll‘:g (L)lg{ ﬂfz%f’&}c e rgdtﬁrgaecérent
stage 32 dpbiitsi B&sa Wikbbaitet B6, axdautkepthy psintercdd. ofise hoad poireteeds an

execution problem For example, this step may entail determinin t her an
execut i on PPHBF éentbe cherdd of Ahe geeME v SHéh%fo‘ﬁn‘éﬁ?@s“lﬁé"d?GEﬁ’J’PPgtWV\‘@ﬁ?fck 44,

Lhe queue haikaPid¥se gueaé%is@nrwétéihgoﬁg@pyé BAir 035 HHEhEONRoW B: i &eRONSE TO
determ ni ng that 1 he portion encount Bred an éxecution problem In sone
enbodi ment groupef peicid-opsite ke disphthed toehgbaok endiddbhereertivodi Thent s, the
portion is proper ,subset of whole issue qrou the | ater enbodi nment,

f s.. |
Phe reti r eKERIAY ROIBIErSH PRINSF 2 the SO MR SURE A fiFR! IPHeL BIRUP OIERat i d
not encoun f : httl cutd L 5 ; 2503
heT/ Usoor 055338 PERtEPRIRRETh b A GEN Lo Ry Hguedh BhiH it 05 ik llac
enmbodi ment emteydiiemenis thetcldest, uniretired ishee gesig o6 theoqudiee 35.chb tséart ar al
register file 24 of Figure 3B.,. Referrin o Figures 3B_and 4A, the nethod
40 is sUscéﬁFlf snd rFBE\bgr aRipHEne i‘(ﬁé;o?lfgﬁk‘?§e?|%8rﬂqlﬂ§ri3%§f‘%@ﬁ t(S‘ﬂs execut ed
wi thout pr I!-Iﬂg{% kid8d thi i |soethAathe/ fi ErPOSH FBHeS, by
connitting%? e r§§EY?§§f§ﬁg%h§§gﬁ??géygfgfﬁfggfﬁﬁer file 24 %?jby keepi ng
t he resul t eldestiireetipat idsakigroupdricotmes tie hextagsue groupedispatcbed dewn, t he
contents of the specul ative register file 22 are commtted to the
architectuF%?qPéﬁﬁgger file 24 in response to several instructions
executing without problens. Figure 4B illustrates another method 4~ for
executing instructions in a non-stallable pipeline, e.g., the pipeline 10
of Figure 3A. At block 46, the pipeline 10 specul atively executes an issue
group of instructions. At block 47, the getirenent stage 32 determ nes
whet her any instruction of the issue group encountered an execution
problem At block 48, the retirenment logic 20 transmts an indication of
whi ch of the specul atively executed instructions encountered execution
probl ens, to a predetermned replay point of the pipeline 10, e.g., by
transmtting data fromthe mask 25. The replay point may be the queue 15 of
Figures 1 and 3A. At block 49, the pipeline 10 replays the instructions
whi ch encount ered execution problens, e.g., by dispatching the rel evant
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The method of Figure 4B may al so include queuing the instructions aqa JuL 2003
. vari ous p&b% 7409 t he pipeline 10. For exanple, the i nstrL{,cC{Tiﬂ%})%/Omy be
‘ ha

gueued after decoding. Also, replaying the instructions t encounfered an
execution problemmay entail replaying a potion of a processor pipeline,

for exanple, a back end. 15 0 8 JUL 2003 WO 001 43503 PCT/ US00/ OCQz22
Referring again to Figures 3A, the instruction throughput of the processor

pi peline 10 maylh&igner 2Aselde byad epliatyt 69 it hecrbaekiehss nabheaicrbhsys dke
entire pipeline 10. In sone enbodi nents, replaying the entire processor

pi pel i ne 1O/TEdeN 4@ dhe guenead- naimyilatlb @R reiEpepsase seashiRmetite quptays,
because th Q -of. e i_pel.ipne 10 has_a l.arge, nunber of
stages. | nﬁégugz m%Pf@gﬁéEe{%ér@éé&% etQ%'r E(?:xﬁne@ agfeaflﬁémlcmigﬂtlf’ (Sﬁt"r?ﬁg'l%aﬁt t he

time spent réglahaddinket IDIY BEIrbMGneXeCMiE@RopY Gohe fdireAriaugicfekk . gnd
replay. The particular enbodi nents di scl osed above are illustrative only,
as the i nverei-writtery abdhemitintesBaisdnereaanted goithatdibfef romenef thet qeens 3l ent

t t killed in th hayi he benefit of th

Feachi nge. RE Brretr IR o7 o 8 poit 5 s OS e MAchEn HBEARL et merai 1

of construghd Qe 3geshapohieeeiifirhénBnteat fewrip ar B Qﬁ&giim%nirtrg %rhe
nts

claims below. It is therefore evident that the particular enbodi
di scl osed &HwquenapSiberdhyernedking thogiuduadd armdrcaldr baftan. Jarthat i ons are

prot ect | on B P b adTiEnEe 287 (BF HikboRiet ot PR elh nEhEad #otndrs i
2003 Vhat Bg, gh@itRBdeplhy fbibed ey a0 &liNGointdrSTgAt chi ng and executing a
first and second plurality of instructions in a portion of a pipeline

wi thout fivst deker foebidiy WOFiiee 24308 Rl IRisRASL/ADNOL thilBepyPEl i ne are

ready; determ ning xecution pro m1sS enco and repl ayi ng
the first pbimtetiddyemqfals tisd tait poarter 361 frespoesembodidedres, rdaoh g thBdieatihe

first plurality qf instructjons encountered an execufion problem 2. The
met hod of EPHEF 8,4 § alfna‘?lf}*%ft H?W’garﬁ é§UPtb§t-fffd£W ?‘ﬁég POLRERE plandal ity
of 1 nstructy I e : lur.al iqky: . of
instructi o%ﬂé@giépc}bg t&g%@%ﬁ?ﬁgf‘e ntl gﬁggﬂ% ?gﬁglﬁ%bﬁ&gglﬁgﬁgegrgﬁﬁe% 3r%elgul ts
fromthe fifult Ipthe héad poditer B4tandcthe aaplay3poifter I8etrhequalf ared dhaere2tra wher ei n

the determning conprises checking for - execution prohlemin a single
i ssue gr oz%“éfar?r%lflrailctf‘ﬁcﬂ%‘?ue4. FRABL a%faftemf%ﬁmboaaﬁﬁ%ﬁnﬁgew i ng

resul ts 11 ogyexerulived (R UALAA A Rl eLEY oAl ddIe hdGhb 8 daller 34 .
speculatlve reglsters to archit tural reglsters I'n response to d%ternlnlng
that the sécond lgdswhahi thy replaynpointet 3Hnsedi therpteuerdSasrftdr Iasoeneecut i on

roblem 5. A npthod c ri sing: dispatchi and executin j ssue grou
gf instr ucfmfglf‘}fmés'btg‘g%—rgﬁ& %Pﬁg{‘? ﬁ&ls repnlgyed when the que%eai% l)ecornesg P
full.

Figure 2B illustrates a second embodiment 35’ of the queue 15 of
Figure 1. Each column 33’ of the queue 35’ is a shift register. The queue 35’
only uses head and tail pointers 34’, 36" and physically shifts each row of
micro-ops, i.e., each issue group, down in response to retiring a row of micro-
. ops. The oldest, unretired issue group of micro-ops is therefore at the bottom
row 39 of the queﬁe 35’. Thus, the replay pointer 38 of the embodiment of
: Figure 2A is effectively the bottom row 39 of the queue 35°. Otherwise, the
queue 35’ of Figure 2B functions similarly to the queue 35 of Figure 2A.

Turning to Figure 34, the front end 12 of the non-stallable pipeline 10

of Figure 1 includes, at least, fetch and decode stages 16, 18. The front end 12
9



wi t.hout determ ning whet her stages of the back-end pipeline are r? y Jite 2003
~execute t Qg pgastgsucti ons; determ ni ng whether the instructpongsefoo I ssue
group encountered an execution problem indicating which of the .
instructions of the issue group encountered an execution problemto a

replay point in the pipeline; and 17 0 8 JUL 2003 re-dispatching the

i ndi cated instructions of the issue group fromthe replay point for

re- execut i gRAY &€ of s yhitikrrle sesignakirsn tohRe artras IvesiasdhedroMEbipr i ses

sendi ng mask, 43l 4,40 18 1 2RLAY BOENhembe, TS IRHIO% ObrclalmL G, piher el n

the mask d cates which instruction an o st unretire ue

group encoujiiefeeth. alh exeeuticos dafisddiatents. thdfeom@ddib2 eha ¢ limd|0UE otwber ei n

the re-di spatching conprises sending the indicated instructions to a proper
subset of etegastarsh/ ggdeasired. t he back- end pi peline, the nask data

i ndicating the proper subset of the execution ports. 9. The nethod of claim
5, wherein the dtipatfehiing todiguies®s, thermickgeridhed kssuncigdeapevéral stages

instructions froma queue t ral | el .execution ports, 10. The met hod of
claimo, \A/r?@rfé?r?rptﬂﬁéc‘%sé%ﬁ-s-g}ég gﬁ&ﬁ@“édgﬁ?‘gl’s‘%s PB-%@HH?%SWS%H{Q Bueue
unretired ins I tyat i a j on ts as
Phe i nar cat e s HERE SRR THEVRIPERE 1} -BEALED AT Iicpals BIEaNHalH BN
i ndi cating merfﬁ.rd@ens,seaedjxmg thadliss phattedf manroaopsethd @strds steageed o t he

S

gueue, the mask data indicating executi,)on por%s foC{ instructions that have
encount er edNaifuEk@RE iITH8 [SHEHNER] SREE Srdeekhiaimng de@ctp@ehtieg conpri ses

re- execut ing WALGL 2l ASIHRLT RSN AA¥BdRRENThapahened 4pakha

i ndi cat ed eXecuti oh por A et ho onpri sing: ng a plura |at1y of

instructi Onﬁaﬁéﬁ angfeatses deperdiolg ot Agepadticudapimpeldmetapoacessor for
execution w thout determ ning whether the stages are ready to receive the

instructions; 18gt|] Qefdrdik t8¥ure 34, the stages 16, 18, 30 and 32 of the pipeline

10 above are merely representative and are neither exclusive nor exhaustive
of stages that might be present in various alternative embodiments. Further,
as those in the art will appreciate, the demarcations of stages 16, 18, 30, and 32
and functions in the processor pipeline 10 are not necessarily so crisp or
distinct as might appear from Figure 3A. The pipeline 10 in Figure 1 is
conceptualized for the sake of clarity in explaining the present invention.
Thus, the precise structure of the front end 12 and the back end 14 in terms of

stages is not pertinent to the practice of the invention.

Still referring to Figure 3A, the back end 14 of the pipeline is non-
stallable. Progress through the back end 14 is controlled by flip-flops and/or
staged domino circuits (both not shown) that are free running. Making the
back end 14 non-stallable, eliminates timing delays associated with operating
a stall control network. By eliminating stall control networks, some
embodiments can substantially increase the operating frequency of the
pipeline 10. As used herein, the term “non-stallable” refers to a pipeline, or a
portion thereof that is flushed and replayed in response to an execution
problem rather than stalled. In some embodiments, the entire pipeline 10 is

non-stallable.
10



det ernmi ning which of the plurality of instructions were executed wifthail. 2003
- probl em {Vra)ddogag[ﬁm which of the plurality of instn~ctions,efgeipsied an

' execution problemto a replay point of the pipelined processor; and
replaying the instructions indicated to have encountered an execution
problemfromthe replay point. 13. The nethod of claim 12, conprising
storing consecutive issue groups of instructions in rows of a queue;
wher ei n the sen@titigreforprg keBigsegdéntthabhyk spddidmaker prastioeogs ohigts f rom

t he queue to rallel execution ports. ,14. The nethod ,of claim 12, wherein
the indi catPREEBHPY So8 Er SHEmTEL POy eiPeaaERCRP GREHER 4P SEREH 18 age t o
a queue from-phioph. | SEHELQURS, Phe riefd-464 hAB S B %}%}Efrto%tag@ sequence of
Stages, the nmask data indicating instructions that encountered an execution
probl em 1%emplocanmiyt stodedto ehaimrdmmithenetnan hechitskuddtstatendi cat es
instructio of .an oldest unretired issue group that encountered an
éxecution mdHing &0 the 6FQ§B@§§HP?5?3;5%I”?(Héd‘é%ﬁkb‘?qq‘é‘i‘$\é9 dgetﬁrgme end to
fetch a pl ybhby pPdbleRst SQGERANSAA | Qg @ xecute the
plurality ofﬁ% n%t |Pucti gﬁss #et cehedm%y }t“ﬁ?é&fc%énltg%gﬁ }&t?ig’egggEF%ﬁg conpri sing
a retirenmefrobleagehedkidgtranyribrepdrfommed its tnycuitableemaomat &neavamno execut i on
probl em the bagk end bei ng non-stallabl. e; ggd a channel to send an

i ndi cat i onaFhaRd Ry R&t IMRIEMGRt AR SRt ed TA8 RIRESEIT BN ST BbMEHERr om t he

retirement ' | : e i ndi.cat.edr j on may
bo. 1o’ owocEr o ArdichaRLaYs BBt thateliaMd LGSR IEnERNC e TR ER
i ndi cat i on ordnpeirsesp@edistidn tsodistoiverat! ethensgercutdtivensxechéibneresaltstage ed an

\ ti bl 19 0,0 JUL 2003 18. Th r pipelj f clai
To. wher o RAERER! K958 niTNEBHG Bask S0 HoPEGE e HETALRE. 1 rom
the front endidedr ;i SRALERILR 16 Dack 00 JoNI MEAHHARR inlfe bR i poessor
pi pel i ne of claim’1g, eln the queue 1s to store an Internediate state

of the bacK4end,allohed td esmipthtakereattairearad bipg teistgrd metreyet. i ons di spat ched
for execution but unretired. 20. The processor pipeline of claim19,

wherein the queusesadIREY $6blethsPinubAe iphiti@flaF eWbode@@Rt iyukde: store an
i ssue group of instructions fromthe front end; a first pointer to a next

one of the rows ({p stof£na HRXt issue group of instructions; and a second
pointer to a next’ row of i1nstructions to be dispatched fromthe queue. 21.

A processor pi pghy ne COMRAIL YrHhedicate misprediction;
(3)  an exception, such as a page fault or an illegal instruction;
4) a translation look-aside register (“TLB”) miss; and
(5) certain data dependencies, such as load/store conflicts.

Also, some problems may be handled without back end replay in some
embodiments. These variations are all implementation specific and not

essential to the present invention.

Once a problem is detected, the problem and its effects are repaired.
' Again, the repair may be implementation specific. Exemplary problems and

- repair acts include:

(a)  a predicate misprediction, the correct predicate must be inserted

for the replay; or
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a front end; a back end, the back end being non-stallable; a queueft§oJUL 2003
recei ve inshisti ons fromthe front end to store an inter gdi@dg ghate of '
" the processor pipeline for replaying by the back end; and a channel over

whi ch the back end can request a replay fromthe queue. 22. The processor

pi peline of claim2l1l, wherein the front end conprises at |east one of a

fetch stage and_a decode stage. 23. The processor pipeline of claim?21,

wherei n the queB® comppadetpre£optlictatia §rose mskde waepletasivtie cachr e one
i ssue group of unretjred mcro- received fromthe.front end; a first
poi nter to a next roW?%tegfc?Pg t?ngzlrtcf)‘-%ocpsfreicg Vtathléenl?ﬁgﬁg‘, and a second pointer

to a next row of mcro-ops to, di spatched to the back end. 24. The
pr ocessor )%)‘iogé?mrfépéfr Q?Inali"%rﬂﬁicﬁﬁif\/rﬂ’éff rﬁ‘ephgeﬁ?}éi?et?‘é&ﬁ*ﬁkl?sléso%lgilffthl ar

buffer or [ Shi i - 20

processor %Pgéesﬁh%éhgmg%%?% %thé \%ﬁgﬁée?%lh% %(O:EF%nLéylgbzn%?‘igségge g-rggglfg}:uti on .
st age havidcun be pdarntified yndfcqreecadd éh thxgueatie dS qat the; exandtivhet@am t he queue
has one col umm for_each executi on rt, each execution port to receive

i nstructi offP13%6m bhe efectsy %mmm%&m%ﬁah%orﬁﬁ@éég%be BeRaYi ne of claim

25, conprising a retirement stage to send a mask to the queue in response
to deternini ng Referrisgrtadiigore Bas thabackenddd iarreplagedtiram the ahiceonops

i ndi cate whigch of the.cqlums to replay. 27.. A processor. . pipeline

compr 151 ngo! T usHe i 116 Sretre Tl pulrshP PR BB Bt BeRhck end
having a pdidpabd bynefatbakied b&hla@requUedtOTHENetiZeman AUENE 3D ndIGES] Véplay
instructions fromthe front end to'store an internedi ate state of 't he

processor IEqeki iethoqueepllayiveg thy ahaanphtk émdhe amdodimhanatfigaverAnhi ch

t he back end nay,.request .a partial repl f.r.o he, gueue .. The processor
pi pel i ne oflr'}‘ecli’1 | Hf‘%gld GRerert (He Gk lﬁ%ta%gﬁ‘dp:gige ta) %CPLGFQJIZ%SP %Pr&&ﬁ/s
each row t @p3hPr TheAe ekS&fordbPURe dhickibpt iff@e e RUENS FRERINMERdsIRM t he
front end; a first pointer to a next rowto store mcro-ops in the queue;

and a secodesqpibedtatrover Retesiionrdvaoexedution pisdblem b ciuspandhesh obthehe

gggﬁ gggcuggﬂ%g\%ﬁﬁ?{}b& QFSSQ& gti\r}gséxgpuetié:rg)lré‘snﬂtsfsqgre%at%%rgﬁ(\?c[%slu?g rc'?r'nt '
instructions located between the inst'ruction with an execution problem and

the replayed instructions are not committed to the architectural state.

Referring to Figure 3A, the results of the re-execution are speculatively
stored and checked for execution problems. Although the problem causing
the replay should not reoccur, other execution problems might arise. If a
new problem is detected, another replay is requested as set forth above. The
pipeline 10 eventually produces problem-free results that can be committed
to an architectural state. Each iteration of replaying the back end 14 advances
the issue group under consideration towards retirement of the instructions

therein.

Figure 3B illustrates one embodiment of retirement hardware 31 for

- the retirement stage 32 of Figure 3A. The retirement hardware 31 includes
retirement logic 20, a speculative register file 22, an architectural register file
24, and may also include a mask 25. The results from executed instructions

/ are temporarily stored in the speculative register file 22. The retirement logic
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receive mcro-ops fromone of the colums. 29. The processor pi pen Bn\l}‘“ofmu3
. claim 28, colpLising a retirenent stage to send a mask to plchf)s@ye48: | N

' response“{o determ ni ng an execution probl em has been encountered to

i ndi cate which of the colums to replay. 21 .AYy.A AA Ahl.A

| . Al . AE. A2. AnY. AFF. A. Al . A A A AU. A&R ALUFR A&FR A e. AL3? (\5sdl *+: N
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LY #H# S SNEP SENRESEEHi8ter){le @2g bl Xhp aalieahentabg ] TR erl ead &ne@hea] cal ca] ca
] ca] ca] ca] ca] ca] ca] c”a] ca] ca] c"a] ca] ca).ca] ca] ca] ca]c*a]calcalcal')V)

, P, 1-1. | . . execEtionopeablensyang 6*7‘?'@{1797??%1@5@"3d }N']'rd:fa} ¢a¢ exgadlara) c" a] ca]
cal cal cal cgkgb b sekirlsaLalaRlaaleRiebs 3 Rl SRk Rl Ga eghGal el 6] ool ca
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id Z ; : _
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micro-ops sent to the individual execution unit registering the problem.
Columns of instructions not dependent on the columns that encountered an

execution problem may retire normally and may not be re-executed in a

“partial” replay.

Still referring to Figure 3B, the retirement logic 20 maintains a mask 25
to indicate which instructions encountered an execution problem. The mask
25 includes a series of 1’s and 0’s for indicating the particular instructions that
encountered execution problems. After reading the mask 25, the retirement
logic 20 orders repl.ays of instructions from a subset of the columns 33 of

Figures 2A or 2B. The subset of the columns to be re-executed may be a
proper subset, i.e., less than all the columns 33. In one embodiment, the
queue 15 has N columns 33 that correspond to N parallel execution ports or

/ units (not shown). In this embodiment, the mask 25 includes N binary
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where a problem occurred.

Referring to Figures 3B and 2A, the retirement logic 20 of one
embodiment transmits the mask data and a replay request to the queue 35 in
response to detecting an execution problem. In response to receiving the
replay request, the tail pointer 36 of the queue 35 is repositioned as discussed
above. Then, the replay proceeds selectively for the columns 33 of the queue
35 for which the mask data indicates execution problems occurred.

Instructions from other columns are not re-executed.

Figure 4A illustrates a method 40 of executing instructions in a back-
end portion of a pipeline, e.g., the portion including the execution stages of
the back end 14 of Figures 3A and/or 3B. In one embodiment, the back-end
portion of the pipeline is non-stallable. At block 41, the pipeline 10
dispatches and executes a plurality of instructions in the back-end pipeline
without determining whether stages of the pipeline are ready to receive the
instructions. As an example of block 41, the pipeline 10 of Figure 3A issues a
plurality of issue groups sequentially from the queue 15 to the back end 14.
The queue 15 dispatches instructions and the instructions are executed in the
execution stage 30 without checking whether the various stages therein are
ready. At block 42, the retirement stage 32 determines whether the executed
instructions encountered an execution problem. For example, this step may
entail determining whether an execution problem occurred in instructions of
one issue group. At block 44, the queue 15 replays a portion of the executed
instructions in response to determining that the portion encountered an
execution problem: In some embodiments, the portion is a whole issue
'group. In other embodiments, the portion is proper subset of whole issue
groups. In the later embodiment, the retirement stage 32 retains the results

from the instructions that did not encounter problems committing execution
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results therefrom to an architectural state. In one embodiment, commitment

entails writing the results to the architectural register file 24 of Figure 3B.

Referring to Figures 3B and 4A, the method 40 is susceptible to
variations. The results from the instructions executed without problems
may be retained, in various alternative embodiments, by committing the
results to an architectural register file 24 or by keeping the results in the
speculative register file 22. In the latter case, the contents of the speculative
register file 22 are committed to the architectural register file 24 in response

to several instructions executing without problems.

Figure 4B illustrates another method 45 for executing instructions in a
non-stallable pipeline, e.g., the pipeline 10 of Figure 3A. At block 46, the
pipeline 10 speculatively executes an issue group of instructions. At block 47,
the retirement stage 32 determines whether any instruction of the issue
group encountered an execution problem. At block 48, the retirement logic
20 transmits an indication of which of the speculatively executed instructions
encountered execution problems, to a predetermined replay point of the
pipeline 10, e.g., by transmitting data from the mask 25. The replay point
may be the queue 15 of Figures 1 and 3A. At block 49, the pipeline 10 replays
the instructions which encountered execution problems, e.g., by dispatching
the relevant instructions from the queue 15 to the execution units (not
shown). At block 50, the retirement logic 20 of Figure 3B commits results
from instructions, which did not encounter execution problems, to the

architectural register file 35 of Figure 3B and retires these instructions.

The method of Figure 4B may also include queuing the instructions at
various points in the pipeline 10. For example, the instructions may be
. queued after decoding. Also, replaying the instructions that encountered an
execution problem may entail replaying a potion of a processor pipeline, for

example, a back end.
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pipeline 10 can use twice as many clock cycles as a back end replay, because
the front end 12 of the processor pipeline 10 has a large number of stages. In
such circumstances, the practice of the invention may cut the time spent in

half by correcting execution problems through back end replay.

The particular embodiments disclosed above are illustrative only, as
the invention may be modified and practiced in different but equivalent
manners apparent to those skilled in the art having the benefit of the
teachings herein. Furthermore, no limitations are intended to the details of
construction or design herein shown, other than as described in the claims
below. It is therefore evident that the particular embodiments disclosed
above may be altered or modified and all such variations are considered
within the scope and spirit of the invention. Accordingly, the protection

sought herein is as set forth in the claims below.
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pipeline without first determining whether stages of the portion of the pipeline are ready;
determining if an execution problem is encountered; and
replaying the first plurality of instructions in response to determining that the first

plurality of instructions encountered an execution problem.

2. The method of claim 1, comprising:
retaining results from the second plurality of instructions in response to determining
that the second plurality of instructions did not encounter an execution problem, and

flushing results from the first plurality of instructions.

3. The method of claim 2, wherein the determining comprises checking for an execution

problem in a single issue group of instructions.

4, The method of claim 2, comprising writing results from executing the second plurality
of instructions from speculative registers to architectural registers in response to determining

that the second plurality of instructions did not encounter an execution problem.

5. A method comprising;:

dispatching and executing an issue group of instructions in a back-end pipeline
without determining whether stages of the back-end pipeline are ready to execute the
instructions;

determining whether the instructions of the issue group encountered an execution
problem;

indicating which of the instructions of the issue group encountered an execution

problem to a replay point in the pipeline; and
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6. The method of claim 5, wherein the indicating comprises sending mask data to the
replay point.
7. The method of claim 6, wherein the mask data indicates which instructions of an

oldest unretired issue group encountered an execution problem.

8. The method of claim 6, wherein the re-dispatching comprises sending the indicated
instructions to a proper subset of execution ports of the back-end pipeline, the mask data

indicating the proper subset of the execution ports.

9. The method of claim 5, wherein the dispatching comprises sending the issue group of

instructions from a queue to parallel execution ports.

10.  The method of claim 9, wherein the re-dispatching comprises re-sending from the
queue unretired instructions that have been dispatched to same execution ports as the

indicated instructions.

11.  The method of claim 9, wherein the indicating comprises sending mask data from a
retirement stage to the queue, the mask data indicating execution ports for instructions that
have encountered an execution problem; and

wherein the re-dispatching comprises re-executing unretired instructions that have

been dispatched to the indicated execution ports.

12. A method comprising:
sending a plurality of instructions through a sequence of stages of a pipelined
processor for execution without determining whether the stages are ready to receive the

instructions;
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replay point of the pipelined processor; and
replaying the instructions indicated to have encountered an execution problem from

the replay point.

13.  The method of claim 12, comprising storing consecutive issue groups of instructions
in rows of a queue;
wherein the sending comprises sequentially sending the issue groups from the queue

to parallel execution ports.

14. The method of claim 12, wherein the indicating comprises transmitting mask data
from a retirement stage to a queue from which issue groups of instructions are sent to the
sequence of stages, the mask data indicating instructions that encountered an execution

problem.

15.  The method of claim 14, wherein the mask data indicates instructions of an oldest

unretired issue group that encountered an execution problem.

16. A processor pipeline comprising:

a front end to fetch a plurality of instructions for execution;

a back end to execute the plurality of instructions fetched by the front end, the back
end comprising a retirement stage to determine if an instruction encountered an execution
problem, the back end being non-stallable; and

a channel to send an indication that an instruction encountered an execution problem
from the retirement stage to a replay point from which the indicated instruction may be re-

executed.

17. The processor pipeline of claim 16, wherein the indication comprises a mask to

indicate instructions that encountered an execution problem.
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of the back end, the intermediate state comprising instructions dispatched for execution but

unretired.

20.  The processor pipeline of claim 19, wherein the queue comprises:
a plurality of rows, each row to store an issue group of instructions from the front end;
a first pointer to a next one of the rows to store a next issue group of instructions; and

a second pointer to a next row of instructions to be dispatched from the queue.

21. A processor pipeline comprising:

a front end,

a back end, the back end being non-stallable;

a queue to receive instructions from the front end to store an intermediate state of the
processor pipeline for replaying by the back end; and

a channel over which the back end can request a replay from the queue.

22.  The processor pipeline of claim 21, wherein the front end comprises at least one of a

fetch stage and a decode stage.

23, The processor pipeline of claim 21, wherein the queue comprises:

a plurality of rows, each row to store one issue group of unretired micro-ops received
from the front end,

a first pointer to a next row to store micro-ops in the queue; and

a second pointer to a next row of micro-ops to be dispatched to the back end.

24.  The processor pipeline of claim 21, wherein the queue comprises a circular buffer or a

plurality of shift registers.
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27. A processor pipeline comprising:
a front end to prepare instructions for execution;
a back end having a plurality of parallel execution units;
a queue to receive instructions from the front end to store an intermediate state of the
processor pipeline for replaying by the back end; and

a channel over which the back end may request a partial replay from the queue.

28.  The processor pipeline of claim 27, wherein the queue comprises:
a plurality of rows, each row to store one issue group of unretired micro-ops received
from the front end;
a first pointer to a next row to store micro-ops in the queue; and
a second pointer to a next row of micro-ops to be dispatched to the back end; and
wherein the queue has one column for each execution unit, each execution unit to

receive micro-ops from one of the columns.
29.  The processor pipeline of claim 28, comprising a retirement stage to send a mask to

the queue in response to determining an execution problem has been encountered to indicate

which of the columns to replay.
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