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A PROCESSOR USI NG A RESCHEDULED REPLAY QUEUE FI ELD OF THE | NVENYI T
“invention \g§@§/réa)l j)y relates to processors, and in particular to processors
5- having a pPa;? system for data specul ati on. BACKGROUND AdR USSRy
function of nobst conputer processors is to execute a stream of conputer
‘instructions th re retrieved froma storage device. Many processors are
designed to fetc REPUASHDERENNENGY OB RS INBsPROCESSOES or e
fetching the next 10 ingisNEiA kscEHUL %?%g?eééﬁ , there is an

a

assurance that any register or nenory value dified or retrieved
by a givengi r Lon Wil be available to instructions followng it. For
" exanpl e, Cm S 43MPY set of instructions: | : Load nenory-] into
regi ster-X, 2: ded.nrve Lstgr-x register-Y into register-Z, 15 3: Add
register-Y regi StefZM R EERYY SERESVIP RReessoTs.sand s prtictlanoto pomessotshe
" cont ent3 of havérgorigplay kystemn foeditas@iculitiollne second instruction adds the
content of register-X to the content of register-Y and stores the result
in regi st BAZKGROUNDI rd i nstruction adds the content of register-Y to the
content of register-Z and stores the result in register-W In this set of .
instructions, ilhstprioety findiod cintsCdnipuiy BroeesIsds tiab e denendentys nstructi ons
because thgiL.6 j ends.on.the result, of and prior execution of
i nstruction L. Fﬁgg%ﬁféﬁs @%Parsfe%ﬁvc hﬁi"?t%?"'—"% dexiemoMany ageessoisere val id  dat a
i n i nst r udesignedito Fratomanitnstionokd exesih A ifstRc B Ebetn® Fit Bk tHe RSLy UCt i ons 2
and 3 | ks g8RGE" proper results. Wth traditional fetch and execute
processors, the ';eué@}lg]g%f’sr FUerT off P P 2HB@ngsdhatasy ssgistaroememery valehe fir st
i nst ruct i d1at isanodificsiEretyieeddyatabetn ifstichorniil 12 avii®le8 GRRrid,ast r uct i on may
not be di gpgtsdy rocess til a signal is received stating that
the first | nst"sgc%?qg%gﬁ Ig’ cggﬁp?rg'gce{én‘é‘ﬁg‘gﬁﬁoé IStragtignfiar |y, because t he
third instruction il Lodépemdent i rdgisgersgcond i nstruction, the third
instruction will not di.spat che til an _ipdication that the second
i nstruction has pr d'pé?ﬁf“é‘i%%tr%gﬁ% BRIREFEESI ved. Therefore, 30
accorti ng to the tBadidtrapmdr-Y etgifteaDdnexegistéewnet hod, this short sequence
f inst ' in | ti than T=L, + L, + L3, where
o ey bt o AInet RGPl n XS 8fmbony i regier- X The second

instruction adds the content of register-X to the content of register-Y and stores the result

in register-Z. The third instruction adds the content of register-Y to the content of
register-Z and stores the result in register-W. In this set of instructions, instructions 2 and
20 3 are considered dependent instructions because their execution depends on the result of
and prior execution of instruction 1. In other words, if register-X is not loaded with valid
data in instruction 1 before instructions 2 and 3 are executed, instructions 2 and 3 will
} generate improper results.
With traditional fetch and execute processors, the second instruction will not be
25  executed until the first instruction has properly executed. For example, the second
instruction may not be dispatched to the processor until a signal is received stating that the
first instruction has completed execution. Similarly, because the third instruction is
dependent on the second instruction, the third instruction will not be dispatched until aﬁ
indication that the second instruction has properly executed has been received. Therefore,
30 according to the traditional fetch and execute method, this short sequence of instructions
cannot be executed in less time than T=L; + L, + L;, where T represents time and L;, L

and L3 represent the latency of each of the three instructions.
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and L3 represent the |latency of each of the three instructions.
02/ 39269 2 8 APR 2005 PCT/ US01/ 50735 To increase the speed of ro&F ?@g
“later, ﬁ%{e? instructions may be selectively chosen and s@gc |y
execut ed "¥fort to antici pate the results needed topcrarseasesthe
throughput of the processor and decrease overall execution tine. Data
specul ati on may.invol ve specul ating that data retrieved froma cache nenory
is valid. 5 Pr %Ee@gteﬂﬁt 7 PeELUPrenssTing s depprdeoninsthationsahay bet ri eved from
t he cache se&ctadylchostD¥RNBEGul c is invalid, the
results. of .the executi onsgof %ﬁﬁgpeégtgéégqgtg?ée rItn)efgg‘ghtn Ef’ ﬁ%'tltfﬂ‘éetdf%ns are
di sr egar ded norgase {E‘ﬁéh'BPdE’é%%fdPe paegesorgpd derrgase oexzébm:axttohe;mmﬂdwctl on t hat

was executspeculdfioa VN cONRM: urres that..data in a
cache rbrem:i; ¥ ar. e tgg?rl elh:st(:%hcétt |§m?%1(%tasrtgﬁ(eé%ceg%+t RFESh s h§ t he
resul t Y 1EhgSee ﬁ%FWSFW'OQﬁth@Wde[ﬁroesthmtadhamgddﬁt| onis

dependent Hdvaiver, sfaes tHeahiaOf th a fromthe
execut i on _of %prﬂnst Fuction toér@hé f@\ﬁWaKQ tﬁ@%g%tgﬁoifthe% cr"d(Q,P Pgtt'i’ i s dependent

wi |l be sEBFEGUTHY SX¢uted dnshctions er&cdneegam;gxdshmmotdm badi® upd@fea i n the,

cache nenexecuisithd inbeuctidh it fis 42 on attempts to access
t he Ioca%hagg in l(?ache memt)ryS hT&gE%g%égﬁggﬁt@% r B PEHRUONESHESent on

t he resul 33 1p g Gache megrory fre cpreesy) that d, thﬁhélﬁlCﬂ@tmmtdmmoﬁt@me&Bsu&t is
dependent froMhhase RerubRRE o whEdiShd dept instruction nust
be re-executed.. For exa 0I e, whil mfﬁé@?ﬁﬁn?%% gk ?@%‘tﬁpﬁﬁ”a %¥st ruct i on

2 may be RZLEYPlYg SP‘??‘MBB# Hhed @ta%%wwtmwuonsfammmmoaos phikled | vel y

accesses pfrbgnviabtbie: 3&% where the result

of Jinstr ugi:r 0 E%ﬁ: W‘tl bde%g":sdtdgIrneew!h(%%ﬁ“ﬁﬁn a%ca?@n | i ép[e? %?W?”%h@%@‘cut es

assuni ng 5 CAfipg mempry il beamluébsothctm tb@mtstan:tmn &Ifcnimeto(haﬁd?@tmrmr y is

valid, tlibefiok hecaenesiiib struction 2
0 g’n I(PIE db}ﬂ:%&édf %SJQ&IO% Ep& nceng n !ﬁ\ﬁ éesels H‘B? B{ﬂ

is sycces; f.ul Isy ecul atively executed In adv: Fon of
i nst roct i%HCFesutRL the ipstrustien ?rht!hrch éiedependenh sWhercth duad 2nisdes tHeeacinpl et i on

of |nstrtﬂﬁztde@éhdkmﬁs@cﬁgﬁ&ugrggrggk&gmgheck may be made to confirmthat the
specul ative egecutl og: was successful. 1n this way, processors 25 increase

their executi b LHERYE While tostrestign b s exsputingeipstrictign 2 neybeekéard ihn advance
by  specphraliél ¢edtythexieariciia kﬁ%@&léﬁ%ﬁ)} &'aeggﬁtﬁe gaqge %trgd @n}ét i an that needed

data will be available in cache 9 dlinst ances
i nst r uct PSS MAREThBReTE H@d@%’é‘fﬁmswgmdw&hhmﬁmr@ Ieﬂm:whgdnstﬂuatnt:hﬂse

Si tuztl i oaxcutthessaRRG Al cattie . Mr B SGME BFinE BRIEHELS RIS AYSLmRS & S ecut ed.

then the execution of instruction 1 has completed. If instruction 2 is successfully
speculatively executed in advance of the completion of instruction 1, then, rather than
execute instruction 2 at the completion of instruction 1, a simple and quick check may be
) _ made to confirm that the speculative execution was successful. In this way, processors
25 increase their execution speed and throughput by executing instructions in advance by
- speculatively executing instruction base don the assumption that needed data will be
available in cache memory.
However, in some circumstances instructions are not successfully speculatively

- executed. In these situations, the speculatively executed instructions must be re-executed.
30 '



30 2 2 8 APR 2005 WD 02/ 39269 PCT/ USO /50735 BRI EF DESCRI PTI ON %S‘ng
BRAW NGS Figure 1 is a diagramillustrating a portion of a proge i 2005
accordi ng tWOoan/39mpbodi nent of the present invention. Figure 2 is a block
“diagramillustrating a processor including an enbodi ment of P&TiUReI/fM7esent

invention. Figure 3 is a flow chart illustrating a nmethod of instruction
processi ng according to mﬁﬂb@?&bﬁ@?‘n% d}p sent invention. DETAILED
C i of the present

DESCRI PTI ON A. | @,toruod:(lcti on ] .
i nvention, a processdr ' UBEaM Wedratinar posipeofid p;bi:ééﬁir)éc&?ﬁ‘iﬁ%'ﬁ%ﬁf
i nstruct i onsmbodimentutud gBseanfvaldogws for replay of unsuccesstully

executed i nstruc%iocl)]ns . Specul ative scheduling allow the scheduling |atency
for instructions 8" beisthlecietiagrandllvseptinya RS MidcArdeemUn R d gk Hpct i ons
t hat wer& nthe prsertdessfion.| y execut ed when they were original yngiﬁ’spatched
to an execution ﬁth. An 15 instruction is considered not successfully
execut ed when t hasifst Isgdiovosharntdliustrating et bf inARtibNPete IRLccoPdin &N

i nstruct i ontownesboditiepsf e SreQafindlfif,0 @ cache niss, etc. For exarple, a
menory | oad instruction nmay not execute properly if there is a cache niss
during execution, thereby requlElT8JLERDERCRIRILAGON t0 be re-executed. In
addition, akl ibnsbdwtiohons dependent thereon nust al so be replayed. 20 A-
chal | engi ng asp f such a replay systemis the possibility for |ong

| at enc;r/]g nstr Ut %%ﬁ'ggi‘i’)a‘b?r%fiﬂ"aﬁé of tequgsbnttiinentien b rocss BPrAAbd faeXecut e
many ti r’resSMﬁbﬁ'&lyﬁme@M&jfﬂgr@H&%%§&%l l!!ti/o'n Wt@ {S{?g I atencip I nstructions,
in certai n?/ﬁ'ic tg‘?ﬁ%%ﬂa%ces, sever al _con_al nand 2l P igalay et pasecdssfullesol ved
serjal l'y. Vhen thi ©8%r Speculgbve sshediiling elifowstes stheduling 1Ridy 3or €P ays for
al't” depend@structioss tb be rédaBed. 'ﬂﬂgir(gp;gf:%g{egmi_eg( sever al instructions 25

i ncurring szﬁc‘!e?;falll sequential cache m sses. § YHeh s Yt dceunos when a
chai n g_f dependent FHiEt piies ther yvers erigimaply aljspached! o ah BRGHH #hit. Sgver al

i nstruet i ongrwtgn . acksideddn R sucBGARI T, This results in a cascading set
of repl aygjadlg Ghyd.nstruction must r'&ﬁ‘i@'t(‘—gr}&e@}qq:gﬂww Bereaashvith ss i n
t he depen encn? pqﬁ%.orﬁ’bf“%&?ﬁl“@,osﬁowtungrd mdene b 4 dashd Mk Q0 Fend

i nstruct i ehemplemancroty isdd ihfRciONBal AbGIEY, g}gégﬂ%} ron i??)éactl)g e execut ed

mul tiple : P P
during execution, thereby requiring the instruction to be re-executed. In addition, all

Instructions dependent thereon must aiso be replayed

20 i
A challenging aspect of such a replay system is the possibility for long latency

instructi i
structions to circulate through the replay system and re-execute many times before

executi ] i i
uting succcssf;slly. With long latency mnstructions, in certain circumstances, several
conditi i i -l
onditions occur which must be resolved serially. When this occurs, each condition
. results i ; i i
| ) sults in extra replays for all dependent instructions. This results in several instructions

Incurring several sequential cache misses. This condition occurs when a chain of

58]
L )

depe i i i hai
pendent instructions are replaying. In the chain, several instructions may each take a
cache mi hi i i |
he miss. This resuits in a cascading set of replays. Each instruction must replay an

extra ti IS5 i
time for each miss in the dependency path. For example, a long latency instruction

and instructions dependent on the long latency instruction may be re

“ ' . -executed multiple
30 times until a cache hit occurs,

o)



30-tinmes until a cache. hit occurs. 3 2 8 APR 2005 WO 02/ 39269

PCTTUS01/ 50735 An exanple of a long latency instruction is aZgnbPf ZMSd
“instructi@g d.Roygich there is an LO cache miss and an LI cache mss (i..
on-chi p caché msses) on a first attenpt at executing an PATUSUDFG7EMN. As a
result, the execution unit may then retrieve the data from an external

menory device er al bus. This retrieval may be very 5 tine
consuni ng, reqﬁzﬁ%ﬁg p?%?/‘gar Q¥ Barydtige i acpemery logthipstugtier msgachy and

repeat ed theregxadill ¢ahe m‘xsstahﬁsn LoBght aﬁ@rw deP@H ELLRL FY {&Eé QR hetore its
source datzﬁ‘%ﬁ??m%ﬁ cone avai | abl e wast es val uabl'e execu 3n resour ces,
prevents ot NSt T UCE FOASTPTISh &xassttitihe exeauipn uritmenstben srevaltie

processor dagtfeomcyn eﬂbﬂﬁﬁﬁ&h&qcﬁ@ﬁ@&dﬁbﬁ@n%ﬁeﬁ@l ﬁﬁb%lsmtevalgn ¢Rl.ay, queue is
provi ded fof. & ctions. After unsuccessfut exécution of

58{ i g the. 10 F H
an instruction > THas rﬁ%‘f‘F‘ﬁf:f‘?VSW hugdred cjosk eyales: iAmyendeqsesadeartd regeatedon t hat

have al sor@rmummrhislmyngaxew@m inBfRas G ilsRolibgard R o eue untl|
e nmenory

the data % bﬁ%\;a%é fnbl uires returns,

| ocati on dar 42 1UabIG EFqeytiongesaupses PF‘?VF@TS otheeinbinstions fomrxéstiognsi der ed
r eady forancémemaaesoncraﬁpfocessaﬂ@ieﬁs when the data for a nenory |oad

I nstruction reﬁ 5 external menory, the menory |oad instruction

may then be sc E:dﬂ U Preed a‘f°8F e A1 eMpdimsntda replay %élmlﬁdmdqdrfertstmmglthms may

then b siphedwbved Afitransexceshll eRRuen A8 RIRINY {5,9 Euég F et on hfs t
agram i us ralng

conpl ete rchitecture Figure 1 is a’

a porti oﬁngﬁ" g c}c@g’%‘g& therean it haye @ Oawuc%ﬁélrbb@ﬁpmdltamfstotdden gpreesent -

|nvent|orr€P1AVhwammI the daEglic QKOs Efes rdSht l{lﬁ:}t i9 JaEl? &no r&ront enﬁ
or 'the |ns ructions, the

(ndt sho |.] ocat.ing. system resources
i nstruct \ll@nsog\?&é a%b‘ vt"‘bd gbﬁ’&%‘%gﬁé"%ﬁme‘pp@gﬂd}c@uea@(fost ores
| nst ruct iegemition Emragmme ahélethe dﬂemraxn&w%aaqnﬁ@&bmeﬁuﬁm% uctions as

safe @r yps a?Q sed_.on whet her .the data Tequire e instruction is

avai | abl & TR Hirdnepery ?Péid"%réi‘ﬁm‘trﬁa}%fbﬁé'énmé?dw fopexealtidmoaigh only one

schedul eanmenesdedemsanmbnsmameme sdramlibd sk BeecdfSeo¢ it tn%ogg lobd'®
i nventi og,, trm{l t |h e sclhegul ers may be coupled to rep ay g Schedul er
30 may re- REP'REFy ucti ons to execute the instructions out of

rogr am Br der soemmeu&m.Qf ficiencies inherent with data specul ation. To
prog p
avoi d excessi ¥l q\o{g r%_ﬁ\éxhl ch, decreases processor throughput,
i ncreases energy' c SE{/H%‘E Iysirpting 2postioneia peressop aigeording to an
20 embodiment of the present invention. Allocator/renamer 10 receives instructions from a
front end (not shown). After allocating system resources for the instructions, the
instructions are passed to replay queue 20. Replay queue 20 stores instructions in program
order. Replay queue 20 may mark instructions as safe or unsafe based on whether the data
) required by the instruction is available. Instructions are then sent to scheduler 30.
25 Although only one scheduler 30 is depicted so as to simplify the description of the
invention, multiple schedulers may be coupled to replay queue 20. Scheduler 30 may re-
order the instructions to execute the instructions out of program order to achieve
efficiencies inherent with data speculation. To avoid excessive replay looping which

. decreases processor throughput, increases energy consumption and increases heat emitted,

30 scheduler 30 may include counter 32. Counter 32 may be used to maintain a counter for
each in.struction representing the number of times the instruction has been executed or
rep]gycd- In one embodiment, a counter may be included with replay queue 20. In
another embodiment, a counter may be paired with and travel with the instruction. In yet
another embodiment, an on-chip memory device may be dedicated to keep track of the
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30 -schedul er 30 may include counter 32. Counter 32 may be used to maintain
a counter for each instruction representing the nunber of tirgkg ARR 2005
“instructi Hggﬂﬁaen executed or replayed. In one enbodi nent, a counter
may be inc 8 th replay queue 20. In another enbodi nerrcr/gso¢asser - may
be paired with and travel with the instruction. In yet another enbodi nent,

an on-chip de be dedicated to keep track of the 4 2 8 APR
2005 WO 02/ g@%ﬁ*ﬁcﬁﬁ%@éﬁﬁwwﬁ -alt this smbediofentthe opehigicognternsdyriect i ons.
In this errtao@ssmrw,reﬁm;eqmethm&%%ﬁkrﬁw D6 cn@GEegred by replay queue 20
and/ or schedul e g‘,eg and/ or, checker In dneterm ning the order in which

i nstructions vm FETURIRe the pr "e‘%@&@t“é'tﬂuctmssmémﬂl sent t30e eiwested, he dat a

dependenci e@leddlenm*uﬂield@ﬁsdeﬁaﬂeﬁd‘&ok%@% ofi LSt
det er ni pi ng_t he or der ngecutlon of |nsltlrucia‘tg‘%gﬁ‘h‘?i ncfesoémsb‘ﬁbgﬁlﬂn a

combi nat i o of ¢ e MeEEY o EMfeHYNR iasrupiongaThatiis based bn acombinatioand tHehe

ant i ci pat edatedgenddndlts of m;dﬂ& inls@@dtioHC4rdq antﬂ:@ leq egecutcg(]netgb?a%) £ney ; of the
on o

i nstructio chedyl er determ.nes the or

i nstruct | oﬁgﬁu ES?Feﬁm‘ &gga of e dstrpetions b mhctBQertdetedmhesrth& treenidret her a
nexi mim numaamoﬂfof ﬁisaﬂbttdr@nscrﬁﬁul.‘:reﬁ;ﬁé/ﬁr Ras ogceurred, In this
excessi ve rﬁgxx instructions that ar‘gduh%gg%/mc%ep"wgﬁ‘ihﬁ%”ﬁg can be

avoi ded, d %e’%e?’é'to@?r?r reRlayshas akeatip pcaured.ehuatbia tiagrexedssiot her

i nst r Ukt i crqﬂays&fkrsdubtw 3kt BRIMOTe ﬁgﬁg X lon unit 40

Al t hough on ns e o pdpl n Icg?%ag\%lde% gx{g%{'rgqu}m% sfy§te?1h o
ulmﬁﬁmﬂtsxnmt:b& tgoupl ed to

xecution unit 40 is
descri pti 0?150%5‘033[ ﬁe the frecition AT othen ipstyycdons
mul.tipl e esechésibsir £0. Anh&:Pﬁ ofIFRAC IR Mo (ritS10SE BS rﬁi’«#eaesg &gﬁc}' i @g/g% cution of

|ntruct|9catw§nq%ﬁgllur 15 of executlonu
the instraett dhey P”?‘BPHE’B“WH’CG&?C&F'P@PMSMhmﬂoupleﬂ toonwlggle in an attenpt

to match Bdhlemdatahﬁﬁﬂéﬁilﬂﬁjaﬁﬁ&,s 2 schlf BS t he expect
conpl gtio 1 er. gg‘r&ﬁﬁh&tp ytexseccut Hﬁgﬁ rﬁ%f?clf\g%#rgmonﬁr?”‘ﬁﬁ%ﬁﬁfﬂ@y

i nstructio Q "lc%” 10§ upk ¥ecutien of fisogstrustions ispefaged iy mtide adDoray al so

be used tof sdanginianatiemiet to@khtcH thé 84 execution unit 40
in an unexecyted @Iaged form AIt?ﬁ%)ﬂﬁ’q%ng{@szgﬁkﬁmcmms\%%nh%c‘ipg Ctepi ct ed,

some fornioF §'t°3§fﬂ f a’i"é“&'@n‘?‘%ﬂ%ﬂ!swommwhrsbetgnmsgumhod may be used.

Af t er exe:mpendem @h chb emb&EMEMCE itSHne pes ;whet her * execut i on
was succes ;Lti In ope enboth ment o EJEEEB@FB&Q]sg%Eﬁ&g‘m%n #%Pzing the

dat a depeﬁ {pn in, pasafie] withegxeeutiop gt 4ﬁﬁtlawmb¢vetedadedaychéadm tAlhbughache mi ss
occurfed salgink meeRsis depit@e abine Foraf of?séofr{eé‘?s &gﬁ’%‘&%?othw&%m%%&}m} cally,

t he checker che%Fs whet her replay is neces
After BXECUI!OI] of the instruction, checker 60 determines whether execution was
successful. In one embodiment, this may be achieved by analyzing the data dependency
) of the instruction, and whether a cache hit or cache miss occurred at the cache location of
25 the needed data. More specifically, the checker checks whether replay is necessary by
checking the input registers of the instruction to determine whether the data contained
therein was valid. To determine whether replay is necessary, the checker may check the
condition of the result of the execution to determine whether a cache hit occurred. Other
condition may also generate replays. For example, two instructions needing the same
30  hardware resource at the same time may cause one of the instructions to replay, as two
instructions may not access the resource simultaneously. .
Ifthe instruction executed successfully, the instruction and its result are sent to
retire unit 70 to be retired. Retire unit 70 retires the instruction. Retire unit 70 may be
-coupled to and communicates with allocator/renamer 10 to de-allocate the resources used
5



checking the input registers of the instruction to determ ne wpet tlﬁ;Rtlaﬁs
data contained therein was valid. To determ ne whether replayéi 2
‘necessary‘% e checker may check the <condition of the result of the
execut i on YO ¥ ni ne whether a cache hit occurred. Q her PCEARG AR may
al so generate replays. For exanple, two instructions needing the sane 30
har dwar e resout ce at the same tinme may cause one of the instructions to
replay, as™ ’"sfrH%tfc’r"u&efliﬁn@“r?ﬁyﬂaﬁ@ﬂsoetc@egﬂed toand e&ﬁmn@featss With fepgousl y. | f
the i nstr ugielb®no @(ﬁ&ﬁtﬁ@t@y ructl on result are
sent to retire T;lL_JmT to be rewbge%beeé?gf Séfﬂﬁlef‘ec‘i‘ﬁ g?’oé'gj fehe

i nstruct i JAMOKE TR theeplayyguennyIfithe instotbredidinot ERCLtE ORBIBATAL DS B

al | ocat or /sefsai@insttibtioR b8k 8 kdpR5 A Qurces use 8 APR 2005 WO
02139269 PCT/ usoE/ 50735 by the i nstg"r‘%g??‘lé“ﬁae%?"“?%“‘a’ﬁﬁta%fﬁ'ﬁwdé?so be
coupl e t iSRRIy deqpe beginstagain digxl thy instyunsioe. Bﬂorte&nﬂab@iﬂ%nt tdpady t he

i nstructi Q[ne:lbazorbﬁﬁ& iBEEES ko\lchyd .and |d be renoved fromthe
repl ay queue. |f the i nstructclyon dﬁﬁ%% S%Xegh? ger Repsgrbpdigentchecker 60
sends t he "TRR FUGE¢ 2&map he thought pEas upsahoduied rzmaqudlem&heem@z%&nbﬁmar@ycl e,

al so ref epasel bk % KPS fProb RCH: r the
instruction, In one enbodi mer?t s capl'rﬁ'yanhgéelgﬁecﬁ'é&? gf‘ﬂ’r‘ %‘“ ‘?ﬁé’i‘?'ﬁctl ons to
schedul er BBy &0 maintainsthe i msnrzwtvonememgwnrmw repl ay queue 20 nay be
“thought of as Podk&eliROVhEGnd Rl ct.ions are passed
back to sc e%ul er 30 for reschedu |Sﬁ%mg§e a%geatetﬁg}f? ﬁ‘iﬁjrr'f}l L'R%Bhe enbodi nent,
replay q JBEHERIRY Avrate 2 may matinteio wiseid bits fpleady iagihtisiethat id Qoil O

deter m n&eW&emylcmém 1R B3s ShRY the scheduler, in one
enBodi msﬂJ ﬂai/ queue 20 rm lﬁrrg?rﬁ‘?m@g?g'?esugt)ggfaylﬁ?at'%mf‘&rm@%ﬁ & nstruction
that is 6€fa valig bi & h{lishhlitansia regdy tin 'EHWSpIe)ndpmdtmmﬂherép%nga&mugue 20 may
mai nt ai N ofe (BRF &ie SAHELthe st Ichect@D o - it d a ready bit.
The pI aé g éée sets t he Srrg([:) a ggggtehgtgh?c s SUBd at(l?e)m%?‘cf‘? Swhen t he
instr cti® WE S¥ecuting sycressiudly, b@@p!avnacuetdamhmmutmaﬁhMasrﬂqlfe conpl et ed

execut i ommuq&qggifdé{ bk s the d bit to one (1) or
true ﬁg i nst rluctE:S});Eéh lggdab)g&é]r? E%ﬁmgﬁcﬁluf%e R B e Yueue. The
replay q §‘t ¢ fre Glhomrqegmen iblhet lnstolcnmls(lﬂ)m arecﬁtﬁdmeummt ishe

i nstruct iven th8 instrudiior X BGHE LBuk! T eﬁpﬁiq?eue&y;""gl] rquS;eob' g%twrél tion is

bei ng execut& The repl ay” queue se true
when t helff gt BF“Pé‘EﬁPF é@gcqf\e?e@édﬁﬁrdhc mtmqt:nstdmtntamreﬂmoﬁxmwe are known

to beo 20res®@dbhe rdd¥ HiASY. F to as .a source valid bit
because CEQ?S sert&t?o ‘one alg!%ergﬁyrc?toz&\?ﬁgﬁlrc?%gl C{sbolpl?ecf@‘ése 9P S FRO0%st r uct i on

are val i) or true when the sources for the instruction are valid.
Figure 2 is a block dtagram illustrating a processor including an embodiment of
the present invention. Processor 2 includes front end 4 which may include several units,
} such as an instruction fetch unit, an instruction decoder for decoding instructions, that is,
25 for decoding complex instructions into one or more micro-operations or pops, and an
instruction queue (IQ) for temporarily storing instructions. In one embodiment, the
instructions stored in the instruction queue may be pops.  In other embodiments, other
types of instructions may be used. The instructions provided by the front end may
originate as assembly language or machine language instructions which may, in some
30 embodiments, be decoded from macro-operations into pops. These pops may be thought
' of as a machine language of the micro-architecture of a processor. [t is these pops that, in -
one embodiment, are passed by the front end. In another embbdiment, particularly in a

reduced instruction set computer (RISC) processor chip, no decoding will be required as
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Fi guré 2 is a block diagramillustrating a processor including an

enbodi ment of the present invention. Processor 2 includes fron §r}ﬂ>R1 005
whi ch may mwehustesseveral units, such as an instruction fetch nft, al‘?
instruction decoder for decoding instructions, that is, 25 frar/ukeeedizng

conplex-instructions into one or nore mcro-operations or pops, and an

i nstructi ony@Hed e ohd Q. e rarjly storing instructions. In one

enbodi ment, the iOnstr%%gogﬁsggg%iﬁf’%he%ﬁc‘tqﬁ%m%%@-ﬁsemblbr(bangq@wadtf&ypogg pops.
In ot her enPJ8F REAESSOL. Gtstver forth ¥@es, Bk rishiHELLAN be used. The

i nstructi ong,prpyi g‘%d l§¥ tEe front end nma Orig"g%%%gggﬁ’é}”&%%’@ﬁbwwanguage
or machi ne |'anguagé I n&rFHeYiHssagsingrictians, machisokBgdge BERANAE LS he DE
decoded f r olkerracr o- operations into pops. These pops may be thought of as a
machi ne sl anguag e mcro-architecture of a processor. It is these pops

f t
that, in one eﬁ%gﬁﬁ% ,‘m%ﬁ"é‘flﬁ‘?a?é@éfdﬂ@yertlﬁenﬁymmivem&ruckiﬂn@iﬂ%mﬁﬁpg
(RI'SO)

enbodi nment ,uopafibindidndEdd4.i ] instruction set conputer
processor %%Ep {O,r:tg’pgeq()di ng o\;ﬂv? ?lf‘&gdg&rggtqﬁ&}cﬁé'&”é{%“%W!O‘ZP@%@@S&U(BMA\PR 2005

PCT/ US01/ 5 ogical gougees andownlegicordeesans e MRe e RISC
R a3, 1 he

assenbly | &piab@gistntnbh@oRdPSini9h 08 pLrocessor. As set
termi nstr@j}_ons refers ?09)2‘?1'35}”9 {:Or°8558$£° nAnG emgpdimant o egistpapss tabissenbl y

| anguage i HEt PUBE! inised teemant Ingichlaegistagao physicaliehis@Sror BORlS R Hite form

. d
one enbbdi dstihatioal PEAGQI (R 10 recei ve instructions A the form of
pops from front,.end ’Zﬁ I nuongggg%eo%ﬁmgi CT RANqTY, addressesi ofmemgryionahdide t he

i nst ruct i oA P STHFRSE te srvams reigrsalogioaliregisterangh tg@?c§|5&9§' negi@f hﬁcnat ton. The
0 |

souy ces arpgloddesi hitRidcafte 6 ical registers (not shown) w n processor
2.‘""Ir n one epbadi ment. a re fns?% gfgy%%ﬁg%e‘ﬁé‘b?eém"f RTINS Asymbly langesket 0 map

| ogi cal r S§TE ST &%plpigenrding tortbglmeletrehitturé RoHOW GE he,.10
1 int e §2,4n§$§/at[ 5%%%%5% of

desti nat i arcludBrst emd EBRUKG, he actugl internal ne
Menor y . on chip dedi cat%(sjlog%gsr%?l§/[8r5§§ayr Jnappes 9 physiedl cegisteregiusti er s ar e

t ne
t he regi sf'se?%re&%‘?’P edobkﬂnﬁﬁém-processor architecture that may be recogni zed

by persons w i AjiGRESER | code. For exanple, according to the
o ngE-bgﬁf,%gﬁ%&P@%q“F‘Eg%ﬂs tReplay qhens A0decdimledand EBX.

I nt el Arcthitﬁﬁ(‘:dt rg known as |

fSuch Iogr;ripd iaf’g ihggii ?-er}gghmbob'e olnapthedul;eoismbpﬁsieﬁg% ad 89 jﬂ‘? ﬁya #&%&8%%5 as,

or exanpifa i . r/ renaner is coupl ed to ay queue

20. Repl ay gzgue_ Igg’ i_glaggé%q@élegﬁgé Yg%eh"é’aaﬁg% e replyiaveusy FScbedujercite

schedul er"'{P&"gEpnitustionsgecetyed drosi thpképflay quaBe YRRHMei LI ég%méﬁe i nvention,
chedu

nul ti20l e nsgitedidpeichedWYenife EQA{PJ;&?HJ,&I}EQ}? tepl ay queue. T8r 30

ysical registers, are marked valid to
ex . . . .
xecute the instructions, and when mstructions are determined to be good candidates to

execute speculatively. That is, scheduler 30 may dispatch an instruction without first
| determining whether data needed by the instruction is valid or available. More
| } specifically, the schcdg[er dispatches speculatively based on the assumption that needed
data is available in the cache memory. That is, the scheduler dispatches instructions based
on latencies, assuming that the cache location holding needed input to an instruction will
result in a cache hit when the instruction requests needed data from the cache memory
during execution. Scheduler 30 outputs instructions to execution unit 40, Although only
| one execution unit is depicted so as to simplify the description of the invention, muitiple
30 execution units may be coupled to muitiple schedulers. Execution unit 40 executes
received instructions. Execution unit | 18 may be comprised of an arithmetic logic unit

(ALU), a floating point unit (FPU), a memory unit for performing memory loads (memory
data reads) and stores (memory data writes), etc. '
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di spatches instructions received fromthe replay queue 20 to be execut ed.

I nstructions 20 may be di spatched when the resources; nanely p%i (ﬁl

" registersyodhByiRrked valid to execute the instructions, and AFR 2005
instructions are determned to be good candidates to execBCBUSHI/50735
specul atively. That is, scheduler 30 may dispatch an instruction w thout
first determ @Kg&t}ggetﬂgp data needed by the instruction is valid or

avai | abl e. Mor & speci el Ry bereuriedieduiliple vels of mhwsnsiseivat fivivel y based

on the asswph dasnmuhbt rentedednd R5vidad axd Sap¥aiball g dJn@ hligafaghe menory.
n

That is, th r di t ches jnstruct’lons base Patren i es,
assum ng teﬁg‘;{tﬁ;& g'giglgg é““’?@g‘gPﬁQ%aﬁB? WG Hosadé ! icpbasyttan 46 , ambt r uct i on

will  res@kieriahmemonuleeichs tia weaivry Ruéshsdiell ON ASQUE ﬁ,teg hQrg’tE‘}‘S&‘glte%%t a I rom
S IAsttructions to

the caghe during .execution, Schedul er 30 outpu
execut | Oncﬂ%@?ﬁ S\z{%n m&i"’tdﬁ%ﬂg‘f‘f’cﬁﬁTexllatecb‘ﬁ’éﬂpéﬂ%ﬂficbmimachci memepiaad bil/nig as to
sinplify 198 Gaisrepineowhethedrbgues @y @itk isMBundlhd BEE: 30,EXEGYt LN units nay

be coupl ed.d i chedul ers. ecution unit 40 executes “ecei ved
i nstructi g)r%;sefPn ﬁéﬁ%%‘%’%ﬁ& mﬁqonﬁ IFeAd Iy b Agseted od thefsame semicbidretar diel 0gi ¢

uni t | (AL®)sxestiohoali HOgA ed dathbin khBlbvedi SR IRT Writth] b 1l cROLL0T M N0

menory | o a?(nﬁg%r% d@ta&@ﬁds and stores (nenory data w e?}, etc. 7

WO 02/ 392 ‘g APRZ6pEme St 84 mckk Liedchbnsystent 46 @retayptedencoupl ed

to mul%i phedieel prosessbr Zmvinile ¥ 2danticosSiedh BAR 1ML LS B3 LA Ao gt {1 eved and
. &

to "‘hiCha‘i’lﬁ'{P%&’{’?ﬁ’ be stored. |n one enbodi nent, executio i's
coupl ed to SIS s 3kt Gahe systan pay be i ldey en wmdiktrdjacamdo thexitler nal

menory deetteeysteh andresmpled th GRURSELRARAE lalaSle ri.ped . heregin, the
K f Via 2 he ﬁé%g%%gﬁ?cnéo}gf'néqi?ﬁ ng cache

terms Caﬁgﬁ‘b§¥§t em i £C| uges all cache relate

menory and Nitl M as? +oGioee fXEam msy &¢ facated offitea diepf thegrrestsed data is found
in the cache Helatrryquebiel basRutisY sdiedd i ot esl s JBMmgry device and
may be | ogcated ntéohe sane se%lconciuctlorod‘?%&ﬂgg“fogééeh&f PSR nit 40. As
such, " data can 'gné SP P AW 1 SiHexm aceipd datefromadditoud ddvelswdmemorwi ckly. | n

one enbodévientSuch @qneahmas yeiame oahtherlorpRENE, IFLAR L0 Bfs hocated on 10
S OoCa e le O

the die S Wwhile L2 cache syste [

pr ocesso‘?gcsgyg fr%f?" @‘ﬁ%ﬁﬁ%ﬁ%mﬁ{?ml,ﬁmnw deyidseisdyistacim syaembis, iificl uded on

the di e tdiate eetded & ridnéounti in L a6k Syt s, A0CLGON BIPAD L8y BORrEREUT | ON UM !
0 7 "a

via a nmeap uest controller. In suc an e I men Rache system
may be | oc%%%%’ggfzﬁd%fjﬁgta om e nextdevs! eloBemey devitesdwhizhrieguest ed by executi on
uni t2040 enwodintent, maybeiertel(d! GREREy 83(5e M Hibd t&g e i.on_unit, 4Q,.,my
attenpt to. retnieve r}}eedggl data from addui?’ti onal® %g@rggggftewg%qs$2.
mexternal bus mterface 48 may be coupled to memory request controller 42 and external
bus 82. In ene embodiment, external memory devices may include some, all of, and/or
multiple instances of L2 cache system 84, main memory 86, disk memory 88, and other

) storage devices, all of which may be coupled to external bus 82. In one embodiment,

8]
Ln

main memory 8§6 comprises dynamic random access memory (DRAM). Disk memory 88,
main memory 86 and L2 cache system 84 are considered external memory devices
because they are external to the processor and are coupled to the processor via an external
bus. Access to main memory 86 and disk memory 88 are substantialty slower than access
to L2 cache system 84. Access to all external memory devices is much slower than access
30 to the on-die cache memory systems, In one embodiment, a computer system may
include a first external bus dedicated to an L2 cache system and a second external bus
used by all other external memory devices. In various embodiments, processor 2 may

include one, two, three or more levels of on-die cache memory systems.



devi ces. Such requests may be made through nenory request contr.ol 1&;
After LO cache system 44 i s checked, the next |evel of rrem)ry C%SZEEDS
cache @hem 46. the data needed is not found in L I cache system
execut i1p% 40 may be forced to retrieve the neededpciaiisnifsham t he
next | evel of nenory devices, which, in one 20 enbodi nent, may be external
menory devi ces upled to processor 2 via external bus 82. An external bus

interface 48 ma&? 158 apempligitotierdriaiasp ¢ regitridsim menbiyptAceiitichdinaiad next er nal

bus 82. Inaa t&Hhﬁd&fEEecm devi ncl ude some, all
ot 2 o8 S e, P Bt HoRemoborS, i sk

of , and/ or Htéué l e |nstances of cac
menory 88, °% the atest &g@l Odwmasdevaclet Lofcavit syltertram, ehdeethi8d to

" external basio82d bjxm%éhees cach @g@m’wé 86 conpri sgis dynami c

random gccggs mam)r§ menory IS{AERDY cache
system 34 8%-eThedHus épehmewp@rlnqtasmagh mtﬁmonelanerb@?@dﬁﬁshﬂﬂ%eare ext er nal

to the provdeser n@&ﬂ:d&f?g ssor,via an external bus.
Access to ; nory 8 3 :QQ%%LEH (%{e'?r‘grﬁe Jé%mreé'cg%aeﬁﬂtfqnem'voétﬁﬂ?@? t han

access to @%@@ﬁ ‘éay’é’é"é rweezpry ﬂ@fmg atlttyv &irlfuteretaecasl Inne@empodlRehCRS | S Much

sl ower thanasaﬁd?m&chég)yst@nhbe on-di e cache nenory systens. In one
enbodi nent gglrrrputer systemmay include a first external bus dedicated to

an L2 cache sy st&Sehd furthss inshdeseacplap alechnism mqﬂdn&myeda,hd cletheisoaxd er nal

nmenor ylode egigpquetd 20 araHkiger gAML J.oce ncl ude one, two,
three or evel s of on-die cggﬁg ey @%"M‘ecm)é(mémﬁﬁ?{a%% VO

02/ 39269 ﬁ&‘tﬂq Prostidesmtyyldp remlay aspie 26g 'ﬂns teplagt nebhanidn@pRvidedhat er from

menory, exsauitiond HaPivkreddt BB uted ad the data f each of the
mepory deyi ﬁ%cf from farstest tgtes%%gles{u“} ay% RE” CE%‘S%P%H{RYQ He oF&st est

| evel = of S?eﬂteﬁitsfe%qmtueSQawévcsymI@hbmemssmhmkedadfdheater 60,fiel | oned by

LI cache parslie?Mith@xed N di sk nmenory 5
88. Thg tJﬁ e toI ad ”ﬁ’é‘r}grﬂ@a?ng‘?éggégﬁé’gég‘“é@é‘ﬁv%%aﬁ‘%aﬁg}aYr?E ry level is
d.

accesd '"SW’Fé'H“St b2 fixedipumbrivhclipek eyeisn saithiat the irﬂumdzonttﬂﬂﬂle(iﬁéo@nb@ﬁﬂ,t eved by

execut i OnandritstcotBspbidial AsGH ay rmry device to allow
for future accesgsp InI %nes emdhgs%é‘ E&%hmweﬁ%{/ a§’9stem 44,

Pr ocessor™ImeRtit Hge- mwariays Smhoillemtayhermmtt&noémgcﬁm m{gt qa_duels(amgfl ecker 60

d 10 2RunIeE f
22 ecutio L‘&?n??eﬁ%mghﬁd %IQ’;m gﬁg d P chéf?eggg&d)'é] Ofﬁ %ﬁ%ue Cogl c}(' ng tﬁw‘rJ g m2 0.

This r epI°£§39§’e{§5r?é‘i‘ff’%‘fﬁ”ﬁﬁﬂéﬁﬂ°ﬂewtbhatag6d thewghugttging qudub 30 lﬂ\ﬁrafemﬁi begecut ed
succemsf ukéytddaNrolsh ERTEXRCHEED. 9 1 %F}Jiu@x,e g 60%?1&5?15’515@0 i ment., st agi ng

queue 50.nay .be coupled between seh 0p gairjtgjned
in staging queues 50 is provided to checker 60. This copy of the instruction may then be

routed back to replay queue 20 by checker 60 for re-execution if the instruction did not
execute successfully.
-) - ‘Checker 60 receives instructions output from staging quene 30 and execution unit
25 40, and determines which instructions have executed successfully and which have not. If
an instruction has executed successfully, checker 60 marks the instruction as completed.
Completed instructions are forwarded to retire unit 70 which is coupled to checker 60.
Retire unit 70 un-re-orders instructions, placing the instructions in original, program order
and rettres the instruction. In addition, retire unit 70 is coupled to allocator/renamer 10,
30 When an instruction is retired, retire unit 70 instructs allocator/renamer 10 to de-allocate
the resources that were used by the retired instruction. In addition, retire unit 70 may be
coupled to and communicate with replay queue 20 so that upon retirement, a signal is sent

from retire unit 70 to replay quene 20 such that aj] data maintained by replay queue 20 for
the instruction are de-allocated. '



parallel with execution unit 40. In this enbodi nent, staging queue 50 may

delay 15 instructions for a fixed nunber of clock cycles so thatp h,ng 2005
i nstructi%‘; %ﬁghe execution unit and its corresponding result 1h the

st agi ng queué @;’ enter the checker at the sane nonent i nplc®gksysyarious

enbodi ments, the nunber of stages in staging queue 50 may vary based on ‘
t he anount of agi n%soi del ay desired in each execution channel. A copy
of each di spat U1 tragcrsryRHarayate consideet trsneugifulTbRgifgleqsabg. 50 N

paral | el tDhdrabfigoBthoRXembt ution unit 40. In this manner, a
copy of the inst i on mi%?%%ﬁwﬂp%ﬂét% gcﬁidﬁﬁe“&ﬁ%cé’é"gé%e’i*tgmblrrﬁ‘?/'?lded to

ctl
checker 60°°"HHPE Aggiptuifillsd souic denendincn prnmayut wisim eurck 08 egrdiack to repl ay

queue 20 bystakeckKBrdebéhde@ onlths [ if the instruction did not execute
successf ul | cﬁsﬁfbfckgggm rggctei@geﬂgp%g(??ﬁé{’sl%lﬁgo%ﬁﬁ'ﬁﬁgasfrf°6ﬁﬁ"scf’ﬁﬁleff’ﬁ queue 50

and exécut’ date) depgpeengieray prusethewhiret isationGh eRigchave execut ed

successf ulunyucandfutlyiiCihe BaY&t B for ki Lastruction has executed |
er 60 marks the eis?@-'tdr: lE}C o|E %‘r'lallﬁ@cé sFEteadime , iy et ed

successful] h

instructi 5%%*#@%%‘9%"%@! RPrueken is gotavailablOaswbineh dits acaephid tie checker
60. Reti rultingiin £ @adheij@- orders instructions, placing the instructions in
original, programorder and retires the instruction. In addition, retire
unit 70 is cou%ﬁ%’& epodimegh sheskentrmaavemait@in BRbLMKBOWARs icdfbbiEEb @N | S
retired, tradktheredBinkssd? sé leldGL . or/,renaner 10 to . de-al]locate the
resources, that were useéblgfléstsh{gl aréﬁlért%%aiécr%éqpﬁw&ﬁ@llﬁ”sﬁﬂ thegker 60et i re
unit 70 nt&)}cﬁ%m%mf@éhef e sprcecdatanivas adit or voridat progtayxRURMELFAR SO t hat

upon retiingfRtibn. Afist ANabtnicBoPRRbeer QML LR, WH L. 70 to repl ay queue 20
suc¢h that E€1§f|n data mai ntai ned bytbfeé]p{kgént%aﬁyﬁee&?&bf%?y USEI§ePrElpRtd ¢2dei on are

de- al | oc &F&FRIng Wheghongiia semees\i thoingnr6en RER W60 1BOTRcEweRE On of an

I nstruct ivahid aBs%ebgiRmA RS | l.tiple reasons. The nost
cormq? r easons E’r‘ﬁi an ungﬁlﬁ??’f ﬁg%gﬁ%?e;&égég%%dwg‘ﬁﬂo%ﬁdé'?‘t"é'F‘PHi? repl ay
condi'ti ofUAF IR dHertp pr eafulfibled deta denpadmiencand caningiaktion WORN BersRH KL Of a
current répgiglegucti on i s dependent on the result of another instruction

whi ch has not .yet conpleted 5 successfully. This data dependency may cause
the current iﬁ'?’r"lﬁ'@:fqr{’g?ﬂ cprdidions aayencludesamacksmiss (4.3, dobrdehiataGaishget data for
t he sour éint $n thell oaahd ‘ i.on, t.i me hat .is, . . the result of a
predecessor instructi on@?tgﬁlnag%lmgég?#%g‘ 3)’é%°°§r85trft8ﬁ”ad‘é‘f‘&°§‘E’a‘%§€é’outi on tinme
resul ti néo’?’ﬁséf’rﬁgliﬁ%’ triadend), |hiddem ereeotyodtipmedencics; hamkte badktonB): BRI Ntai n a

t abl 20 kngiMiows d§ﬁ%ﬁ'§§é@@jﬁgiaﬁ%n§ fhstructions, etc. In one embodiment, L0 cache system
44 and L1 cache system 46 may be coupled to checker 60. In this embodiment LO cache
system 44 may generate an L0 cache miss signal to checker 60 when there is a cache miss
at the LO cache system. Such a cache miss indicates that the source data for the

) - Instruction was not found in L0 cache system 44. In another embodiment, similar
25  information and/or signals may be similarly generated to checker 60 to indicate the
occurrence of a cache miss at L1 cache system 46 and external replay conditions, such as
from any external memory devices, including L2 cache, main memory, disk memory, etc.
In this way, checker 60 may-determine whether each instruction has executed
successfully.

30 If checker 60 determines that the instruction has not executed successfully, checker
60 signals replay queue 20 that the instruction must be replayed, re-executed. More
specifically, checker 60 sends a replay needed signal to replay queue 20 that also identifies
the instruction by an instruction seqhence number, Instructions that do not execute
successfully may be signaled to replay queue 20 such that all instructions, regardless of
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10.track the readi ness of sources such as registers. Scoreboav\&%v Fgﬁ &%
used by checker 60 to keep track of whether the source data é 2
*correct p&'c% ’}92 execution of an instruction. After an instruction has
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sources for the instruction were valid. |If the sources were not valid at
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I ncl udi ngthL% cache, main rrermrg sk nmenory hecker
may det er ni N&SRREFRLAT Boy RVatlal Pﬂéfqaéh Ch%ﬁ@&bdnﬁmmesmaceﬁﬁsu{ul:tybn i80 |f
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chécker 60 Sold nal s, Iglgy auﬁﬁedum t(jﬁ%%htﬂlélg?%g &usc" o%sar%dlt“oﬁ‘g repl ayed,
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specific cc? [CUnmBt ances under whi'ch the instruct nytgie t%’3<E‘ecut e

successf 11 §ERMPRIYRS Bioymatientodhe Wcébb’ ayeugu dilas ﬂmlmecmmn&y‘ ek Such
uncondi t 'mﬂ‘ttion“@ pbrayleRd ﬁi&%bkz%cé"’ﬁ‘)e#c Jo?fmd 41 gﬁmﬁ& QR Fapl¥ Bl Eor sl @t enci es
mal S SPPL8Y S35t i ons

o

‘t’)\’gf[ \(/:\Qe:]e%hd t@ B%t gngza?rgﬁpléyeﬁlj@qjés may be set to aﬁ:ses o
Some long latency instructions may require many iterations through the replay
loop before finaily executing successfully. If the instruction did not execute successfully
on the first attempt, checker 60 may determine whether the instruction requires a relatively.
long period of time to execute (ie., a long latepcy instruction), requiring several replays

) | before executing properly. There are many examples of long latency instructions. One

1]
n

example is a divide instruction which may require many clock cycles to execute.

Another example of a long latency instruction is a memory load or store
instruction involving multiple levels of cache system misses, such as an LO cache system
miss and an L1 cache system miss. In such cases, an external bus request may be required
to retrieve the data for the instruction. If access across an external bus is Tequired to
30 retrieve the desired data, the access delay is substantially increased. To retrieve data from

an external memory, a memory request controller may be required to arbitrate for
ownership of an external bus, issue a bus transaction (memory read) to the external bus,
and then await return of the data from one of the external memory devices. Many more
clock cycles may be required to retrieve data from a memory device on an external bus
11
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5 As instructions may be specul atively schedul ed for execution (i_e.
before actually waiting for the correct source data to be avail asze‘NDBn?ﬂU5

“the expec&‘%ﬁ]i on _that the source data wll be available, if it turns out

that the $0UPX¥?tfata was not available at the time of execufga Rp;st hat
the sources are now valid, checker 60 determ nes that the instruction is
safe for repl aﬁ and signals replay queue 20 that the instruction needs to
be repl aye@FSUTRHAED $mpated thliedimendeded woerice dhed Roras-cAPlcadlPiykiabke or
correct ‘atsuthg, fdreRafile, ' but; ;t hat the ta sources are now

avai l abl e and read ,'ﬁ@hg‘?ﬁ%w%%&agt%r%cﬁ%f SYHeP- gﬁ s Apstothensediois  safe
for repl ay Bt @i‘f’g%‘ap@ eepinal/mefenyale2e drads ah keteinabbuslphi fRrhGioneP! ay safe.

I'n one enbedif@tiche iGed @RLAY; mark a replay safe bit as true and
clears_an.in-fli ghtebiltesﬁgbq%{ %?ﬁ%&%%‘ff“&ﬁ%e Fepstdsres e e dpngildencyi n one

enbodi Trent™U¥HEERer 60 may signal replay 15 queue 20 with a replay safe bit
paired with anpuagd hiGkiaQuk}d LElels.|n her, 20 enbodi nents, the signals
may be reEI.aced Wiéth_t_hél c_h}eg)ﬁgklé‘g%cﬁéﬁl%e‘g liclfgf lang datengy iRstmstiondin d
acconpany PY8E PREGE hftiibprssibletthas an épsttrastionueayesirclibteah it di8inhie TRaBXSGUL i on Of

the i nstiimes apPviicte FOIRLEL es were not and are still not
avai | abl e, the replay safng %ﬁnhrbgﬁg?# %{gmfnﬁ’\-lﬁw 2Yifupug g toseheduiend@d, t hat

is may beOSEECUGn puif 4@ to oberker fbang bask egiy. Thisighuati RESLERY: 16RAMehE MRNY

| ter a0 oriasthdetion gy bORpLOR! Bof: f finally executing succéssfully.
1f the instructi,onydi dpngt %(f%fgh%ggbg%%ggégxﬁmcwn thigjgstryction at t enpt |

checker GUMfETSaHBt RrCHRIpR Skpfan Hisrexedusion pipe lintcind @Bes’ REMINIOR FeBulcld Wikl el V.

| ong per icodidakvd bR alise (O . a l.gng | atency instruction),
requiri ngﬁseve‘rfal re Ig)%g%g%?roégetr@”e)%su‘?ﬂ?'%bgﬁr"‘@ﬁ'&’q ecytf @pdmgl e many

exanpl es “SfeUfeongeesHbn dyorenvars thereinmmyshe iing additiena matracticns dilingrde

i NSt ruct degendbit Gho Y rdsBf Ui clock cycles.to execute. Another

exanﬂje o.f‘lﬂgz;\l Ionbol atéﬁcgefﬁgtlgﬁl% fegﬁ}pﬁngtr'éc}/‘ﬂ’éﬁ’sf“& W’ﬁéﬂ"’éﬂﬂ}’sf?l?ﬁa@dly _

i nst ruct FEHAHVENM PEORstlY exashiing. slhebsdapbndeacihensyisiomifics s€sutesUCh as an Lb

cache sy By Mt Sk stem nm.ss. |In such cases, an external
propBly &Nl At %Jr 3608 {a%%%xlléjsq—lﬁzgoa Igturng %

bus request may be require to retri _Pmtth%eﬁf%{ﬂruction. | f
access aUFUSY da¥iceacernyig dpdavasting equiaddidotadex@Rutidi reidty@s! Hge desi red dat a,

t he acceasfmetak hcBes ke mipncreased, To retrieve data from an
ext er nal rrgrmra?/aa %‘%E%%Qtr@%ar%%%h%g%\ay 8??“@!""@5}’%@%&5?‘?@@ f¥aarbitrate

for owfBPSHEE Biccufipnanicurcaaimayveastd msiee, and hia idor@BE SR IDRLERMRr Y read) to

t he 2oxt exdlon issh jterd i tyr.n. of .the data fromone of the
ext er nal g,grcr,gry devi {CP%S? . Qﬁgey%ngragkﬁc?lfg%ﬁynﬁ?)’é’lsé‘g‘?ﬁ’ﬁ?r‘%’é’fdi‘%ﬁ'dﬁi"?fé@fto

retri ev@CUIMRETES Brihe fommbrsduckaithomgbputan ext ernal bus 11.2 g APR 200 WO
For example, where several calculations are being performed for displaying pixels

ont a display, an instruction for one of the pixels may be a long latency instruction, e.g.,
.} requiring a memory access to an external memory device. There may be many non-

25  dependent instructions for other pixels behind this long latency instriction that do not
require an external memory access. As a result, by continuously replaying the long
latency imstruction and its dependent instructions, non-dependent instructions for other
pixels may be precluded from execution. Once the long latency instruction has properly
executed, execution slots and resources become available, and the instructions for the

- 30 other pixels may then be executed. To prevent this condition, long latency instructions
and instructions dependent thereon are kept in the replay queue until the sources for the
long latency instruction are available. The instructions are then released. This is achieved
by storing long latency instructions and instructions dependent thereon in replay queue 20.
When data. for a long latency instruction becomes available, such as whe!n returning from

12 |



PCT/ USOI / 50735 ver sus when conpared to the tinme needed to retri 2“% gﬁka

fromon-chip cache systens such as, for exanple, LO cache syst (o] | 2005

'cache'sysm ngqgs, due to the need to retrieve data from an external
menory devi cE oss an external bus, load instructions i mweahusoigesache

m sses of on-chip cache systens nmay be considered to be long latency 5

instructions. During this relatively long period of tine while the |ong

| at ency i n8? PHERFISIFRQY dpdrs dhedpaglatesexinstictivs aplissdcbbmichtiadiudtiodsnst r uct i on

may Ccircul akagthen bk e 61 nb i anywhere fromtens to
hundreds of iterati OI’_]S-{:’ @%ﬁep&?@éﬁghfgﬁqgﬁ%h HEReEmbagimang thigecut i on
unit 40 t omEhBEKEPMBlshsA gy petting tgaplid biTirtoeghd elamring brefeRink @ fals@ ok ONQ

| at ency 10zerd)$ter diledr i e e S ce t.a _has returned,
hstruct e e sl W R B0 g pel | ne

this i nst r{i}c't&‘{}gn unnecessarily occupies

and uses eX&EUPTSRINEY Msiructionghd antructions @kphadeet thereon. allnlthis aie6diientot her

i nstructi omgenwd @plafG8eucqRNs et thX may, . execut e .successfully.

Mor eover, herf ngly?%e r?ac(r;?/ Sadd,itti%%g]te?foﬁg‘%rlan RSHY RArIeHonPE avaflaisndent
upon the r&SSFEY &t of Hedongoltgnesaingtinsyion muayrbaetito rrusyhhwsivaiihg the kdpidyar |y
repeat edl yjudiz t6 idi€hé BeQoi. ALY i ecuting. These dependent

i nstructi O‘[S]S I\[l/r Il nat execut elgl)t lrngtg)%?ilg{i/L%dnlﬁ%stf"%ﬁ?qsecgp?wgmdg"trﬁ" Biths he | ong

| atency i ASERYET iIBHIF BemResslons stanehmseyetionsaill notmemetassshty delgy exeeeitayi Ng and

wast i ng evésthaddhide EntGX8aefibRNp . The nnecessary and excessive
i terations which rra)g/%gq?:u.r bef odrge e{ er%rﬁé:fg Esflnmpg)cfvcﬂ'égﬁgghqﬂ'éfsdngr wast e
execut i onTEROYF EUSUMpBHERN inslsereaspdivben tha noh-dependanc nemsiony ekadkde ihat ency. In

addi ti on, paalhwhiiehalibmNaehBYinGAkE %9\?'4?@9&'1‘) °9féfaiﬂ%§t ructions and greatly

reduce processor performance in the formof Tt 'd t hroughput. For
exanpl e, wher é" SBYEREPdimentcr jone lasnsy dnstrudsion mypybe identifedladdibadédsibayi ng

pi xel s asplay gieapbaYand@die | ' f. ne_aof .the pixels may be a | ong
D e opandac bRmole bl s Jhey it sl ipns hekembnal - momor y

| at eng, inzj}ﬁ e.g.,

devi c®. TIEFRETEY upan Hisrdgngatenciiageustion maynisobe diade g @plapighare i xel s
behi nd t hWhed B gorldRicANGYsih Bk 1dhe Ok 0 .not. require an, external
Menory acgceﬁsna. 8 resusilt%bédhgéﬁtg%m%ﬁ%f@onrtgBF%W@“? ﬁ&c‘r%@y 'Y at ency

i nst r uct iCGATEARICH 35 forepanBienwhendata tetirmsditsn amenerdebas it datieihidesi ons f or

other  piaked BmipRYioR 8f PRI MG Indif; ecyti.on. Once the |ong |atency
i nstruction has pl?operlE;S]lexecu{I{é@Fpag&)%e%’ght@ﬁ%?O& etéﬂ‘?c?ffa@:%‘gﬂrl% become
Yé

avai | abl &€25h Hstryrtionrep peus) thesy tranbfers3e instherions ts etisediRy 36 i8Ratbe
execab edthe Téhellh js LLkOs .atency,instructi ons and
the TehgRaeNSThsthelisn SAEL bddfional ng.lctl?rﬁ én?}yetb?'hée B é

instructions dependent thereon are kept 1m &Y fiti | the
sour ces P5F"the long latency instruction are available. The instructions

R e
, etc. refore, in one embodiment, when a long latency
) insfruction is identified and loaded into replay queue 20, all additional instructions which
25  do not execute properly and are programmatically younger may be loaded into the replay
queue as well. That is, in one embodiment, younger instructions may have sequence
numbers greater than those of older instructions that were provided by the front end earlier
in time.
To avoid unnecessary replay of instructions, a counter may also be used. In one
30 embodiment, a counter may be combined with the instruction and related information as it
is passed from replay queue to scheduler to execution unit to checker within the processor.
In another embodiment, a counter may be included with the replay queue. In yet another
embodiment, an on-chip memory device may be dedicated to keep track of the repiay
status of all pending instructions and may be accessible by the scheduler, the replay queue,
13



When data for a long latency instruction becones avail abl e, suct}e F\ﬁ
returning from12 2 8 APR 2005 WD 02/ 39269 PCT/ US01/ 50735 an ext nh ZUUB

" menory dewoc&,m;(ge | ong latency instruction and i'ts dependent instructions
may t hen sent"by replay queue 20 to schedul er 30 for repCausotomene
enbodi ment, this may be acconplished by setting the valid bit to true and

cl earing, t|n to,fals zero, the other bits, such as the
in-flight g‘ﬁ"?ﬁ'% g'feépﬂ‘bwsﬂgﬂkﬁ%?rf*b%ﬁwerﬁh@erc@awrzlua;t be s wemaintal o t he

|l ong | at enthy nhmbetrrafmmte@m afftudtdnthby ereon,, In this
' play tueue F%g?ﬁ%#ﬁg{?%ﬁagésour%;g eSAMRL | ong

enbodi nent,, Li, 9@ g%’%y
| at ency i NPy ?(gﬁ Piresfi s 2 piseuction ghecgunter fof thefinstrugtiva thyng | at ency

i nstructi (ﬁutmwlcdde/ ieinciethehtetl €Thd dbuSiteF B Y ue to reI ease
the long-lg tF nstruction and jnstr uctgédg%sb?%gﬁéep %eu%iémf‘%%y 8PPS89t he

sc hedul er. %“‘f?ﬁﬁsﬁ%ﬁy CXFUHEN PRinESons ik comtor pride widckssAdly enevue@essari |y

del ay ex edutonmmﬁdhinﬁéntpﬂah eéheﬂﬁleréﬂ@é?&'lﬂﬁmer 1h8 %Eﬂ&fgrtfbpthct: méﬁuc{tfg,ﬁr&g%pggs'eg when

i nproved, i ase power  consu
t he non- de%ge%lge%gi g?ﬁ%ﬁ?@?‘%@ﬁg‘a@mwhﬁhﬁ 1epke . Iléthewbmdter éxbezdt g | at ency
i nstruct i omxanai,ttse rnetrutrtmmoé ndt%&ed@l&@to Ue%a%?ecﬁmfgl tﬁ é‘fj’é"fﬁ‘lbg ng'ﬁl atency

|nstruct|?_l}tr[]rqfém q lrl} &Jed and | oaded 1nto repla d one or
nore addifronal i hder fhen thedata ip gvaﬂalﬂgtthwmnmmsn mecﬂneme fot5 be
depend@nt exeputiont mcbmmdoanxeaﬁmoa% AL oaded into replay
queue 20. di tion causi n%the ong LR §§m| ﬁk{hfﬁ'ac?ﬁﬂ"to not

conpl ete succg@sﬁgﬁmaﬁ Ing spegj @ﬁﬂé‘&fm‘gﬂl@*’mfm Offtmtumsaﬂrpﬂl& wayrt&aragaatya returns

from an ewopishedkehbehedlifichadkifaph8ndl S5 on of a division
or/mul ti pl\lg%t on operation or gorrp et (')'ﬁﬁrg Ié“tr?g tc%r '8ﬂsgll’aslb5‘f’bncy
i nstruct iR f&pl ay queue 20 then transfers the |nstruct|ons to schedul er

30 so that. 20Atmulang'ﬂn§¢tr§ag)y, pdststiygt i on and the additional |nstruct|ons
rrayt en be r execute wever, it may be difficult to

Fit Sits e Py
i dent'; fy depe *?1%iﬂPUcPPFféH@%@a@wthdd@f@mmonhﬁodesﬁ@ﬁcmmry

dependencto asemigidemert REHRS RERNL ihikn® en a long | atency
v cf?gn?:l“ ogdglg ‘??R‘gmr‘ggf%“g}g%"“i&ce‘ T'Ci a3ddi t i onal

i nstruction |s :l%cgr&tlfle

i nst ruct PEHE 8 359“??81“3585&1’5%%&?%*9? alberated fomde sith ﬂm@@aﬂim&‘tifeal ly

younger imagrudi@nt, gededing fdn@m! is, in one
uadion ng MR f r3BhRY asqiﬂgwﬁ u?ﬁlocvfl bnu}i‘ﬁ é:i;sgu ISR 1 han

enmbodi rret@)t é %nﬁ I nstructions may ve sequence
those of ""Sf B&Fed I 21quGHs: |36H§3“tﬂﬁabl%rlé4 @gmndedfm; mstrec:fcmeﬁuthﬁﬂd earlier in

L |S rené?O ;I'(r)lscgﬁdeuldﬂ BASEEELERRRIhERERY ofthe InISldidRS én%nexpec?ecf: lgtlégélgsrofneg al'so be
' tnstructions, as shown in block 116. A check is then made to determine whether a counter
for the instruction is set to zero, signifying that it will be the first time that the instruction
will be executed, as shown in block 118. Ifthe counter is set to zero, the instruction is
) then executed as shown in block 124. If the counter is not zero, a check is then made to
25  determine whether the counter for the instruction exceeds a system specified maximum, as
shown in block 120. That is, a check is made to determine whether the maximum number
of replay iterations has been exceeded. If the counter does not exceed a system specified
maximum, the instruction is executed, as shown in block 124. If the counter exceeds the
system specified maximum, a check is made to determine whether the data sources for
30 the instruction are ready and available, as shown in block 122. That is, a check is made to
determine whether the instruction is safe to be executed. If the instruction is not safe to Ee
executed and if the maximum number of replays has been exceeded, the replay loop is
broken, and flow continues at block 1 16, as shown in blocks 120 and 122. That is,
whenever the instruction is not safe for execution and the maximum number of replays or
14



30 -enbodi ment, a counter nmay be conbined with the instruction and rel ated
information as it is passed fromreplay queue to scheduler to exg&gti on
‘unit to CQ@d‘g,%g,{’ 2\@%thi n the processor. In another enbodi nent &8 tgﬁﬂ5may
be incl uded wthk't he replay queue. In yet another enbodi mastnugiseisschip
menory devi ce may be dedicated to keep track of the replay status of all
pendi ng in%&%&ﬁti ons_an y be accessi ble by the schedul er, the repl ay
queue, 13 PR 2 6%5° SOPPBIeY FrT progdt¢ bOTB Bie alng/for thé hetreggker . | n
any of thesgeaikbizodi nents, the counter may be used to nmintain a the nunber
of times an insff'tfl-]’é:“ on has been executed or replayed. In one enbodi nent,
when the scheduter® PEEUPR S being axseutadearithsfirst tishe ifibel nb@lictiba s $it8o be

" i nstruct i opxavated,autiPive riag Ay nh8bdr . The.counter is used to break
repl ay giepgrpgfnix. I o%%s and 5 to. a?f"g_{/g?g{’@ﬂﬁh“ye}%‘:e“é’gﬁ?iﬁ%ksaw%e@;f

i nstructi on?” AL CORFHTTGE SyRetingthe instreasion udsishoveximdildokd 24. [ithe si&saa8R0di Ment
t he schedutieere tirdaiaictibelshRingleR&uta . the ipnstruction has exceeded
a machi ne %@SSMJ &d maxi mum_ nunber o tgéegfsgg}%l.ganFerFetg‘ESW"élha%%eeds t he
maxi num tye FHEETTe thedRetustion s exseisd whetdier ay notthe data dreichs undiiablet e dat a
required Bistiay, the BSditied @D b 512898 , t he, data, i s available, the
instructiqp is dee saf e ?_or 10 ?)%}é%%!tv?g'h%%:c(%%f'sg{‘?ﬁ’gm?q? ¥ Arterias Hod, any
i nstruction cannst I ABHREHCHOR At Fecassak asshomn imbloek tharif theut@cdrme

speci fi0ed imsnattinnmvasLo Succedstul tRd AEhON SontihflestalbS Y Lhe replay loop is
br oken V\,h(a% l.%Sgreule)[é’nachi.ne sgeci fied nﬁi‘?‘_’#ﬁ%ﬁ&ﬂ%@?wﬁsv BF HeicBrEeHas been
exceeded. " C. PhEdndrmeted rlie siarabs tes seit ngtht GubtegiynefyRgitiut haf | OW char t
i | lLustr at exgudormesshatduabssiiSha Hetik i ccordi.ng to an enmbodi ment
of /t he pr%&@u tdovention. . A pl urellls?r?f/tﬂ%% ﬁ?ﬁélb fggeé‘fal}egﬁlggg‘?rge'fz%@?%df as
shown in BI'ock 110" SFEIEAT 1seyensrdesasshewn irebloc 126cthe atbthi@fonysRavidt h t he
execut i oninoludinh@lacinaxhé Wekk@RSs i.nipﬁl&lrMﬁ
i t

o

I r m ng of resources, as shown
in bl gck#ﬁi. Tge instructions are _gﬁgﬁldgcqgaczﬁnﬁgéys&%[?é?m% ustfown i n

bl ock 114 EXSEEYOR: Bid EmeViadeinturinmsandselutad inf@hasion 6di Relqhased on dat a
dependenchewn f bibtie13gst ruct i ons and expected | atencies of the

i nstructions, ,as sgown in block 116. A check is then nmade to determ ne

whet her a coult &F9ther smbpgimen dherchieelss for data ayetjabilty 2ed excesdigthé ydphg t hat it

wi || be techentéd may bd fe@rséd)gh thidEmbdis ' i e _executed, as shown in
bl ock 1 Icgerslgr%s’the{n(r:;gu;t er itsfpggt toéﬂzd'g;r%é,?(gtl%%\nm?*g?rrﬁ@i corequed iphen
as :

execut ed” bicgbedieat, ajchedkiismedaotienn vbethatthe RBk@uctidn gheck i s then

made 200 28e det A itiis) ehaWigthlt€bn IsRReGRIN Ak (frudilg ;d NS L e,Ca:[ check {5 made ds a
system SReg fied maxi nuhm as
etermine whether the maximum number of replays has been exceeded; if it has, the

replay loop is broken, and flow proceeds to block 116.. If the maximum number of replays
has not been exceeded, a specuiative execution proceeds.
) 9 - In the fc-Jregoing specification, the invention has been described with reference to
25 specific embodiments thereof. It will, however, be evident that various modifications and
changes can be made thereto without departing from the broader spirit and scope of the
invention as set forth in the appended claims. The specification and drawings are,

accordingly, to be regarded in an illustrative rather than a restrictive sense.
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shown in block 120. That is, a check is nmade to determ ne whether the

maxi mum nunber of replay iterations has been exceeded.- If the counter
does not exceed a system specified maxinum the instruction ig @W‘%‘ﬁé@
as shown in block 124. If the counter exceeds the system specified

maxi mum a check is nmade to determ ne whether the data sources for 30 the
instruction are ready and available,~as ghgwpy in block 122. That is, a
check is made to determ ne whether the instruction is safe to be executed.
If the i”de%&Q{ﬁlédsis“Ot safe to be executed and if the maxi num nunber of
repl ays has been exceeded, the replay loop is broken, and flow continues
at block 116, ags,shown in blocks 120 and 122. That is, whenever the

i nstruction is nOtPTESAESOLCOMEISIE i on and t he maxi mum number of repl ays or
14 WO 02/39269 ,~2 8 APR 2005 PCTMBOr O735 executions is exceeded, further
repl ays ar e 23FRIO% ARQUS to meqeive hplugrlity of Bistrutionshst ruction is  available. |f
the instruction is being executed or the first tinme, if the instruction is
safe to be amxeeutiedunitto efecubethephiratity ofindieictiofs; r epl ays of the
instruction has not been exceeded, 5 an attenpt is nmade at executing the

i nstructi ong salsedal®BBudl ﬂg{éﬁ i L Wher :
instruction is being e&g‘%:g%tg?%?ér t g&ﬁ&?ﬁ@@%&gﬁgﬁ,&hen ttgﬁgg@éﬁln‘ctdr has
not been : i Il ] ut ed t he not e data for
't i s ava Tanre el foP Skicdibh 18 ihreERCH St bt en Bl oE T A
check- is. thecg. mage ho dtgt erm,ne }'.f. t he_executjon, of the instruction was
successf UPSTALODR I priicht 1BF gpmbenet tipes thepluglity gEmstructicnshas bpah was
not successful, the nethod continues at_ block 128 where the counter for
the inst re¥eeRigh and tp dispate epeljinstrietion eff the aluraliy o instruictions to théexepution
signifying that that execution was unsuccessful and the instruction should
be rescheathil @thet when theccomater idoes ndtfexcesder miakianum hutnber bieplays bk, dfthies
successful, as shown in block 126, the instruction is retired, including
pl aci ng tdd@nied Fr'thé irisfiistid P88 At | | “@%" g@.ﬁgﬁ ces
used 15 by the instructi odrﬁqe’gﬁg&;%mvi ngﬁ%nhrgﬁiﬂ?léétor?u té%%wgﬁg relate h

i nformat i; . ue, as shown in block 130. In another enbodinent,
t he checklg owg’]éétcg?eé\%fl ability and exceeding the replay counter may be
reversed. In.this er n@ggl nt ~ bl ocks 120 and 122 may be executed in
reverse or deiecker copp d4eeMion WE%WWB@%@%&FWW t he

instruction is 20 safe, and, if it is, the instruction is executed. If the

i nst r uct iegecuted suseessirly, and eouned tosthemetday queuddo comimmicdietothe repley maxi mum

nunber of replays has been exceeded; if it has, the ‘
queue each instruction that has not executed successfully.

2. The processor of claim 1 further comprising:
an allocator/renamer coupled to the replay queue to allocate and rename those of a
plurality of resources needed by the instruction.
3. The processor of claim 2 further comprising:

a front end coupled to the allocator/renamer to provide the plurality of instructions to

the allocator/renamer.

4. The processor of claim 2 further comprising:

l6 .



replay loop is broken, and flow proceeds to block 116- If the maxi num
nunber of replays has not been exceeded, a specul ative exec%ggﬂﬂﬁroceeds.
In the foregoing specification, the invention has been descri t4005
reference to 25 specific enbodinments thereof. It will, however, be evident
that various nodifications and changes can be nmade thereto w t hout

departing f roithaibtoqagsihs phfrhﬁtfy@f%s_‘ﬁ%e&&s?%ﬁﬁé‘d tol tA¥ BREdIRArARREL Torth

in the appended clains. The specification and draw ngs are, accordi ngly,

to be regqigggq,fit ¥ i [ restrd glive se . > 2 8
APR Z- Gog ai nsﬁé\ﬁ’\}grtalhlk%b'%#g?ﬁn%}é I éﬁatt @S@%@th@g@a&%ﬁ%@i%ﬁfeg t? | ay
queue to receive a plurality aof instryctions; an execution unit to execute
the plural® ?gptg?rqlﬂg?rﬁﬂ(’cppgﬁ licafe @ ?EIL?P%IF Sh%ﬁﬁfpége Blfi??ﬁ%ﬁe?%errepl ay queue
and the execution unit to sgecyl atively schedule instructions for
execution, to PnEReRESEsser ebelgimd Whareinghewretire unitisfurthet ¢qupledto the replay
instructions to reflect the nunber of tines each of the plurality of

i nstruct i qneudtasommamicax e cetiredignahothéwont sfrhe plurslgtofimsinctiohd i metibdt he
plurality of instructions to the execution wunit either when the counter

does not exceed."ﬁhéwpfobessawﬂ@mﬁﬁfﬁ%e&%@ﬂn?ﬁangf, if the counter for the
i nstruction exceeds the maxi num nunber of replays, when the instruction 1is

safe to exe ' cslsu,ﬁ[@ _execution unit to determ ne
whet her eacﬁ%%gtogﬁg?%gn aéﬁélleﬁg%gé@geéﬁg%%ggful |y, and coupled to the
repl ay queue iug lctomgung catle to tgie regl ay queue each instruction that has
not execut el PSIREELLFERA! MemerydeICEEdUor of claim | further conpri sing:
an all ocator/renamer coupled to the replay queue to allocate and renane
those of a 3PSy requesicopiroler cawledde dozicxsputionunis tn ehigini dats fram thieat
processor of claim2 further conprising: a front end coupled to the

al | ocat orleassoameachesysptenvamicthe iphurpkityrofiekteynad indmia iy ideeiceans to the
al l ocator/renaner. 4. The processor of claim2 further conprising: 16 2 8

APR 2005 a r et 7.Fheitbéeskér d18 6 SvHehdin Bettddst dncéachB SdtbihcoipPiseLHRE €d tO
t he checker to receive
level cache system and a second level cache system.
8. The processor of claim 6 wherein the external memory devices comprise at
least one of a third level cache system, 2 main memory, and a disk memory.
9. The processor of claim 1 further comprising: |
a staging queue coupled between the checker and the scheduler.
10. The processor of claim 1 wherein the counter is one of a plurality of counters
_such that each counter of the plurality of counters is paired with one of the plurality of
instructions.
11. The processor of claim 1 wherein the checker comprises a scoreboard to
" maintain a status of a plurality of resources.
12. A processor comprising:

areplay queue to receive a plurality of instructions;
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those of the plurality of instructions that have executed successfully, and
coupled to the allocator/renanmer to comunicate a de-allocate?2% iR

the allocator/renamer. 5. The processor of claim4 wherein the retireurlt
is further coupled to the replay queue to comrunicate a retire signal when
one of the plurality of instructions is retired. 6. The processor of claim
further corrmtil&ishgvoatechﬁalsmimﬁﬁaﬂheﬂ&?ﬂhﬁmitﬁﬂfﬁsﬁﬁ@icﬂﬁ; the processor; a
plurality of external nmenory devices; and a nenory request controller

coupl ed to tdigemreadidhedulefyi doubRd BRivich tﬂ@fei’:ldé{/ @ggg faﬁc% ﬁ{e %Jea?tﬁ}n i gache

systemand the plurality of external nenory d The processor claim
6 wh i . [ first..l | .

Syst om and huEimsBtlonR 16 RENor R Co BB B el St T BT e i n
Systom o UrROE G § 0 6 nE RO Bibicpen of trprdughibceaumiclpnehan tpen

further conprising. a staging queue coupled between the checker and the
schedul er exe@itedrpad o epremwigicatsfeagh instmetiothef the plurhktycdinttexctioss tortke of a
plurality of counters such that each counter of the plurality of counters

i s pai r edewgautionmeits wheh ehapdamnédr idoys @t exteslt 4 makinOi nuiber d) ¢ tRE 06@fAgOr of
claim 1l wherein the checker conprises a scoreboard to nmintain a status of

a plurali for thé insBaoHRAKcedt thé MRk RGEA HfbEPEPIch Ry Gy
receive a plurality of instructions; 17 2 8 API%b%g’S %%%ggé?équ\%sgget%%ti on
units to ﬁé&ﬁ&ﬁ&%*&@aj@iﬂﬁ-%ﬁty of instructions; at |east two schedul ers

coupl ed between the repldy queue and the execution units to schedule
instructions for execytion, to i ncrement counter for each of the

ol r a1t 0y of chfket Feili it s euPPh ST hnSecirmias Woether ad insisiotion beme
plurality of instructions has been executed, and to conmmuni cate each

i nst r uct i SfeeBledsHecessftHyy andycogpled ie therepiayguevota trmmunisatsteacininstri¢tionvhen
t he counter does not exceed a nmaxi mum nunber or, if the counter for the

i nst r uct i thathaswed exicutddesugeessfully nunber of repl ays, when a data required by
the instruction is available; and a checker coupled to the execution units

to determ ne WRtTRprestor sTeldigcid ﬁ&hgpéomﬁygﬁﬁ Lt ed s ucc_essf ully, and
coupled to the replay queue to communi cate each™instruction ‘

a plurality of memory devices coupled to the execution units such that the checker
determines whether the instruction has executed successfully based on a plurality of
information provided by the memory devices.

| 14, The processor of claim 12 further comprising:
an allocator/renamer coupled to the replay queue to allocate and rename those of 2
plurality of resources needed by the plurality of instructions.
" 15. The processor of claim 14 further comprising:
a front end coupled to the allocator/renamer to provider the plurality of instructions to

the allocator/renamer.

16. The processor of claim 14 further comprising:
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that has not executed successfully. 13. The processor of claim 12 finther
conprising: a plurality of nmenory devices coupled to the execuzﬁmi 535
such that the checker determ nes whether the instruction has t g
successfully based on a plurality of information provided by the nmenory
devices. 14. The processor of claim12 further conprising: an

aBocat or/ r enartite widtipl retrd the phealitgRif stBUEHEs, touplbd RURAL héker fo5RadHe t hose
of a plurality of resources needed by the plurality of instructions. 15.

The procesisfe oPthdpatdhi 4f fitbdt esgﬁ?%{&?%Jg&g‘%ea.sf.l&%géﬁlﬁ?,%ﬁ%%&lﬂ%? ﬁcEe fhd e

al l ocator/renaner to provider t instructions 10

af | ocat or/ T ssor of claimi14 further conprising: 18 2 8
APR 2005 Sﬁ‘r%e}‘t%nﬁré% t°t%%%’§§‘?g§"§e ?ﬁs-a@f’a?tsﬂarvﬂ E?f"L? ﬁ'@?‘i"‘&& F%’é‘?ﬂ coupl ed to
t he checker to éeﬁ'ﬁi ve thosg of the plurality of .instructions that have
execut ed succeddf HPF Procgisgr ebclam 46 phiereia thegehipcwivis fusbeneerpied te themuni cat e
a de-allocate signal to the allocator/renaner. 17. The processor of claim
16 wher ei Feplaequeseite gommunidate 4 totird signalovipdneshet of thdpluralgp biinstruetionstio
conmuni cate a retire signal when one of the plurality of instructions is
retired, fdbiredd met hod conprising: receiving an instruction of a plurality
of instructions; placing the instruction in a queue with other instructions

of the pluraligyg ,Qfmetju;@&wﬁtigig lS; specul atively re-ordering those of the
n

plurality of instructions in a Schedul er based on data dependencies and

the instrucfl.on: es: di tching.one of the plurality of instructions
to an execuﬁcgﬁlﬂﬁﬁ%gﬁ%&m&%&aw@@b&Wﬁw&% a counter reflecting the
nunber of tinmes the.instructions has been executed _does not exceed a

maxi mum nunBBFIghe msiruction n a queug wathQiherisstrycgions pbthe pluralirafons  exceeds

~the maxi num nunber of replays, when a required data for the instruction is

avai | abl anstyesons;i ng the i nstruction; determ ni ng whether the instruction
execut ed successfully; routing the instruction back to the queue if the

i nstructi onspaculatioglyee-@edtrig those of the plurality of instructions in a scheduler based on
data dependencies and the instruction latencies;
dispatching one of the plurality of instructions to an execution unit to be executed
 either when a counter reflecting the number of times the instructions has been executed
does not exceed a maximum number of replays or, if the counter for the instructions

exceeds the maximum number of replays, when a required data for the instruction is

available;

executing the instruction;

determining whether the instruction executed successfully;

routing the instruction back to the queue if the instruction did not exec_uté
successfully; and

retiring the instruction if the instruction executed successfully.

19. The method of claim 18 further comprising;
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successfully; and retiring the instruction if the instruction executed
successfully. 19. The nethod of claim 18 further conprising: ?a ZA?EAEES
2005 allocating those of a plurality of systemresources neede gy e
instruction. 20. The nethod of claim 19 wherein retiring conprises:

de-al | ocating the.pluraglity of systemresources used by the
i nstruction be%ﬂr%)ggﬁ?é{hloﬁee%g&ﬂé“ﬁﬁiw Hésiﬁt@n reporags neasled hydhaingtructddr. t y of

rel ated data frorEOtt},g queue, 21. The method of claim 18, wherein the
counter is one of“‘a Pme&hq(i%fcéﬁ‘mblﬁm’hereﬁuetmgcbﬁfpﬁe@sc;h of the plurality
of instructions in the scheduler, further conprising: maintaining the

plurality of cscallosating fbmﬂthaplltrﬂ&ym%t@xhsrdo%}ée@%Eﬁ%%‘?ﬂ{%;{ﬁgﬁcggﬁ @%&?521
et no m

t he corresponding instruction has been executed. 22.
wher ei n eacketwéd;t he plurality of counters for the instructions is paired
with each of the plurality of the instructions. 23. The nethod of claim 21

wherein the prehéihg edhsthRHohahe aip‘clur%iif)yr §elaed J]a%a fi'g](l:lhﬂelg lcjjluglie'. 20

21. The method of claim 18, wherein the counter is one of a phurality of counters,
one for cach of the plurality of instructions in the scheduler, further comprising;
maintaining the plurality of counters, such that the counters reflect the number of
times the corresponding instruction has been executed.
22. The methof of claim 21 wherein each of the phurality of counters for the

instructions is paired with each of the plurality of the instructions.

23. The method of claim 21 wherein the plurality of counters is stored in the

scheduler.
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