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superscal ar m cro-architect BRkgtdAd e PXRGHE MUl tiple instructions per
clock cycle at clock frequencies approaching one gigahertz or nore. In

recent year s Tebh@chlbUThd fidseXeflibn i 68PRAM hSd38, Bloc BRGS0 S have
begun to outStrip conputer Systems’ capacities to pro °Ge>1"stF uct i ons
and/ or @aeratbey, apd orpFEUlgr to@nethbdx fiok proeedsingriosdippirationg phbetotgsessor with
dat a/ i nstructisgrgs is the relatively long |atency of the | oad operations
that tr QREPEPDILIALMAY BT RECUARARE BEMOT#dsssyes- system i nto t he processor's
registers. A_typical nmenmory systemincludes a hierarchy of caches and a
mai n Menory. Cotrenthe ayanlatlledepenssiss an oapahleof exetininghi er archy t he
targete IS, | d.,i.e. t cache in which the | oad operation "hits",
For exaﬂrrjpsﬂ-g?[%r{ésaltgaﬁﬂﬁg? Sﬁcﬁdﬁ‘hjggeﬁﬁpﬁ%s?%srtyﬂ%@i(@ GRFtRIRgEEd e, the
cache chgsesthlal thitfCarBRiRAFSOhaCOhbxeclBANE i Al ERGY cl ock
cycles. Load hits_in higher |evel cgg%es futlr}?q{hler u'lt’lr om ﬁﬂg&p]%%ges%or core
have | aFlgek fleguensidsepprodching vaeglgahether meronl arcyntayedrst eetihanytieoaches may
have | a .es of .4.to0 8 clock cycles or 10 or nore clock cycles,,

respect %’\gée}ﬁly'gg ﬁpa{aﬂ&ms ggpgcpgsobﬁf/a)yc gﬁgﬂ QNUSIRR BYTRREE S YREST (RP2EES | 0ad

| at encyicpravide itriclenPifdRsr data hPBroceBifly Cl ock cycles. To avoid idling the
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the targeted data is found, i.e. the cache in which the load operation “hits”. For example,
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and

a load hit in the primary or first level cache, i.e. the cache closest to the processor core,
may have a latency of 1 to 2 clock cycles. Load hits in higher level caches further from
the processor core have larger latencies. For example, the secondary and tertiary caches
may have latencies of 4 to 8 clock cycles or 10 or more clock cycles, respectively. If the
data is only available from main memory, the load latency can be on the order of 100 -

200 clock cycles.

To avoid idling the processor, a compiler typically schedules load operations in a
program flow well before the operation that uses the target data. Compiler scheduling
occurs before the program is executed and, consequently, before any run-time
information is available. As a result, store operations, which transfer data from the
processor’s registers into the memory system, can limit this load-scheduling strategy. If
a compiler moves a Joad that retumns data from a specified memory address ahead of a
store that writes data to the same memory address, the load will return stale data. That
is, the load will not observe the effects of the store that preceded the load in execution

order. As long as the compiler can determine the memory addresses specified by the
1
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overlap and initiates a recovery procedure if they do.

The instruction movement that accompanies an advanced Joad operation is
illustrated by the following instruction sequence, where LOAD, STORE, ALOAD, and
LOAD CHECK represent the load, store, advanced load, and check operations, and x and

y represent the undisambiguated memory references.

WITHOUT ADVANCED LOADING WITH ADVANCED LOADING
INSTRUCTION A ALOAD reg2, memf[y]

INSTRUCTION A

INSTRUCTION B
STORE regl, mem([x] INSTRUCTION B
LOAD reg2, mem([y] STORE regl, mem(x]
ADD reg2, reg3 LOAD CHECK

ADD reg2, reg3
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| oad op&RHEIDHH 2B INSTUELANS dhatmepyhaye werd thy gesubiang stae dubsustprving the oad check

operati < | Qper atd Qn a table entr,
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The present invention provides an efficient mechanism for recovering from 2

(and

failed load check operation.

In accordance with the present invention, a first load operation is executed
to a memory address. A subsequent, load check operation checks the status of the load
operation at a table entry associated with the memory address. The load check operation
is converted to a load operation if the status indicates that data returned by the first load

operation is stale, and a recovery operation is implemented,

For one embodiment of the invention, the recovery operation is implemented as a
micro-architectural trap. The trap flushes the instruction pipeline and resteers the

processor to an instruction following the check load operation.

Brief Description of the Drawings

The present invention may be understood with reference to the following
drawings, in which like elements are indicated by like numbers. These drawings are
provided to illustrate selected embodiments of the present invention and are not intended

to limit the scope of the appended claims.
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o
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Fig. 6 is a block diagram of an enbodi nent of 't he exception/commt unit of

Fig. | opemauons. suitable for inplenmenting the methods of Figs. 3, 4, and 5
as a mcro- architectural traps. Fig. 7 is a block diagram of one

enbodi nent of Fign3 iins floweharoreppdspatin Néne dithodimynt dfa hehbEERcedaie t he
processor_ of Fig. 6, Detailed D scussion of the Invention The follow ng
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under st andi ng of the invention. However, those of ordinary skill in the
art, havi ng Fige4 benB86wchaf rephissntii saiotsuesmbodirhdnt appredicdtie atdwadariche

i nvention. m be practiced. ‘without these ecific dEt ails. In addition,
vari ous WBP FC@IGREAT HYERURIoT pro9r eritg bom a QAWFRECK QREFABPR Ui t s have not
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the present ifgentsdiowphart sersewent yeiapether embpdigentieln methed imni sm f or

recoveri - | i sl.0n. . adv ed ad operatjion and a
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refers to a load _operatiqn that _is schedul ed ahead of an undi sanhi guat ed
d

store. The ao@ﬁn@ésga‘;lt‘?ﬁ'lﬂ 128t phan eped Mgyt Plihe eXTrRHOMERBAY vnifrd8ses t hat
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architectural traps.

Fig. 7 is a block diagram of one embodiment of an instruction pipeline that may

be implemented by the processor of Fig. 6.

Detailed Discussion of the Invention

The following discussion sets forth numerous specific details to provide a
thorough understanding of the invention. However, those of ordinary skill in the art,
having the benefit of this disclosure, will appreciate that the invention may be practiced
without these specific details. In addition, various well-known methods, procedures,
components, and circuits have not been described in detail in order to focus attention on

the features of the present invention.

The present invention provides a mechanism for recovering from a collision
between an advanced load operation and a subsequent store operation. In the following
discussion, an advanced load refers to a load operation that is scheduled ahead of an
undisambiguated store. The advanced load and the store may reference memory

addresses that overlap. When the memory addresses overlap, the (advanced) load and



2 6 MAY 2004 PCT/US0O0/ 32087 store are said to collide. Enbodinents ?B MAWUHL
present wowemdgdsen enpl oy a check | oad operation to det eCE’C&‘H.%ﬁ&SZOB?
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In the follow ng discussion, "collision" refers to nenory addresses that
ei t her over| apAmhiternatef dthbodagleitaF She et irﬁx@ﬂti&?m%g%{g.}/@ﬂ?% iHBfee”ti ally
overl ap when an approxi mate address conparison is enployed. L arly,

r ef er enc 8eBMSBIEP Fhegkdior sellisionhbetweea atvangid loadd ardistoresoTe addr ess t hat

| ' | d ith th t i tion,
Check | oARPaRERal-Hopo BT AR g R ER AR Ratrre o R e fcaliiors

det er mi neForerihple, ame AfhIGdoAbEGNAGHPARED shoad of ﬂf&‘%—g&ﬁbﬁﬁgﬁp‘!s%bgg with an
i ntervening store operation. If no collision is 1ndicated, the oad check
oper at | orPffdictyhethe cplligomacaype rlatthe followdi) distidssmnc tlollissororefess dondi cat ed,
the che tian.ks converted to a_lLoad, and the instruction
pi pel i ne%&ﬁgdg{ég%gs%%%ﬁ%&%vga@ SYER AUl ﬁ%‘i’ﬁsﬁ Qapagiser krsmerioyed 4r ushed
and r est geteadalipovdriap wlsdr aicigpeskitriatadifls e¥Bpad g if@x%ﬂ%yl:@aﬁn%i%?f ati on.
For one enpodi nent of the invention, cache coRt rol Togfc’ conver 4 the
check | od#feEREFHOIBEMPLY addrasses thyge pueriaph indhete memohyt adkirems tha maydintat ed.
Fig. 1 i?J &nhh g,ré}ir?ggram of one enbodi nent of a system 100 that is

P i‘mple

sui tabl e for hting the present invention- System 100 includes a

processor 104.and a.nenor. 108 that are typically coupled through system
| ogi ¢ (not sh&/ﬂ?‘?mq{ﬁ’&cl"’éé’o‘mB@écrﬁfm"cﬁ%&@%ﬁki@ﬂi Qpegationgeddsaed i nto an

i NSt ruct i, @vhnB&Eal ia8freRl REld Vil 110 .an back end 120.
Front end 110 fet c_k?es 5 nstru%@stbg%%ﬁpygﬁcﬁﬁg%atsf)oc?aé%(gﬁ‘fvéggcqlﬁﬂamback
end 120 Pperaseceltijohwitiize idisehingadre opadiionRnif mefcollistst isqndckdd g1l udes a
fetch unﬁc}ad%y and a%odecoder or dispersal unit 118. Fetch unit 114

i ncl udes B ERETR FRFTUPT IS iEpEd @5 P ROIIPGEALIPE IOPY s Hid cllisionss indiested. the
Struct ur efeck @oddt opERATRINYis £08veted 88 a I 2att ' 0RLe SPRUN and
provide themto ct)ﬂf?g ot her resgu?@gl&gf Hg%%%%&%?ﬁ%ﬁﬁxlﬁ—%? 8&‘?‘6#‘{“%& al so

t ypi cal | gxechirs theebetk oad ioppration ot flished asbrtseesdito taihbei@ahehagadwl 1 ow

changes ﬁl@%hg& load operation. For one embodiment of the invention, cache control logic

converts the check load operation to a load operation when a collision is indicated.

Fig. 1 is a block diagram of onc embodiment of a system 100 that is suitable for
implementing the present invention. System 100 includes a processor 104 and a mermory
108 that are typically coupled through system logic (not shown). The resources of
processor 104 are organized into an instruction execution pipeline having a front end 110
and a back end 120. Front end 110 fetches instructions and issucs them to resources in

back end 120 for execution.

The disclosed embodiment of front end 110 includes a fetch unit 114 and a
decoder or dispersal unit 118. Fetch unit 114 includes circuitry to retrieve instructions
from various memory structures, e. g. memory 108 or an instruction cache (not shown),
and provide them to the other resources of processor 104. Fetch unit 114 also typically
includes branch prediction resources to anticipate control flow changes and an

instruction cache to store instructions for processing. The fetched instructions are
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instruction cache to store instructions for processing. The fetched 26 MAY 2004
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di spersal unit 118, which includes circuitry to direct themto appropriate
resources in back end 120 for execution. For one enbodi ment of the

roces sues nmultiple instructions on each

i nvention, or 104 fetches and,i
cycl o of Prdes GassRes Epibd kS, hk m&q%&ﬁgcmgga%eu%fbagtw PREPLIAET
concurrepgsloﬁmggglgfgkecrngqgg\t{gr%ﬁcgﬁbd_ssue group. The instructions of an

i ssue group are stage e Instruction execution pipeline together.

For the discl %ﬁgﬂg %%gclhrr%%{ of icgﬂ\%glgﬁrigo,rm%égédn l%ggécﬁeggaﬂé%%g%snr%l féj(%: cZna

register file execution nodu primary c

advancedidsoaetiGtreeshicidlk of tHe/¥rbddssdradockA IaaAIEbRAKkhed 3¢ back @ISIPOI at ed
with register file 130 to track the availability of data in the entries

("regi st epreuyTeatly peegiedarend tpjap @n is30e gRNEC e drsthstiensef aa dssue grovpard v

i ncl udes _di f ent, execution units fon. the different types of instructions.
For exaﬁ%fg?é% g‘é‘i’(%%:huctlin RIS GTEECUERE P %;mlerll?ﬁc “one or-nore integer (IEU),

menory (MJ), _floatj.n int (FPU), _and branch (BRU), execution unjts to
handl e i nt egefor ﬁ&é?é?@ﬁ@,rnb%e&oﬁgr%sm }Sdaﬁé%%m Bplafey 3 GRIter
respecti i 'ng.g f 0 i an
excepti oﬁféc?n(%nztp&uﬁr?ﬁﬁh@%ﬁﬁgﬂ as %%‘%’3&?9 %ggﬁgdfé%%dgﬁﬁpgdgﬁy%ﬁ?t 190.
Bus uni t (ARATYdA0.r 8l soraboamiuifiddatssonmtdderitemgigerdde $30ro 1144 thend of f-chi p

resources s . as mpry 108 and off-chip caches if present (see bel ow).
XPN 170 mﬂ@ﬂ}rg Of Heaya e Fatrdaisarises ) Phiagise e dad Bigusanmsdale Mg 120

4 _ . c Y . _ : . . h d
Lo det er [yneNihAlialNHENGE LARS Qﬁkﬁopﬁxcrcﬁffk{cﬁﬁtyw>$%ﬁ%98ﬁﬁoﬁ?tt s

of the instrucCtion execution pipeline. In partic ors
t hese r esxamples=xeonti@xmeptle dd@lmayanciutie omsotherdepgt i), memorgdMIst s t he

e S 0. R B G ah b St e e o o
i nstruct hgn;f diﬁt,%ﬂ&'bﬁaﬂhl’:‘tﬁééa{i&%, o) g,’rt@t:%pn of processor 104 when a

failing check oad Instruction Is detecte Enbodi nents of processor 104
ey, | el LS5 BRSOy AR oS B o B AP
separ at eufit QIPNYW20D, Bedonthdyaiayhe d@and a bpg anitde0. Bh$ weihi $0 cdrg®iuni t 190
communications between processor 104 and off-chip resources such as memory 108 and
off-chip caches if present (see below). XPN 170 monitors the various resources in front
end 110 and back end 120 to determine which instructions should be retired when they
reach the end of the instruction execution pipeline. In particular, XPN 170 monitors
these resources for exceptional conditions ("exceptions”) and adjusts the instruction flow
through processor 104 accordingly. For one embodiment of the invention, XPN 170
monitors ALAT 160 to determine whether a check load instruction fails and adjusts the

operation of processor 104 when a failing check load instruction is detected.

Embodiments of processor 104 may include tertiary and higher level caches (not
shown). For example, a tertiary cache may be included on the same chip as processor
104 or on a separate chip. When a tertiary cache is provided off-chip, bus unit 190
controls communications between processor 104 and the off-chip cache. Caches 150,
180 (plus any higher level caches) and memory 108 form a memory hierarchy for
computer system 100 to provide data to the resources of back end 120. The present

invention does not depend on the detailed structure of the memory hierarchy.
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control s communi cati ons between processor 104 and the off-chip CaCheZEMAY 200

Caches #a9p1/48:80 (plus any higher |evel caches) and nenor a
menory hierarchy for conputer system 100 to provi de dat ay?-}olgg%og/ﬁégsources

of back end 120. The present invention does not depend on the detailed
structure of #pe nmenor.y hierarchy. 6 WO 01/48598 2 6 MAY 2004
PCT/ USOO 3208'ASFREHMAESUEH &0 backirad 128 operate aanditd Qpeopnds pihet are pdatided

(oper andgymt ' r lster, file 130 or bypassed to
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various types oad and stor erat 904 SH8 15 cor eboar d

134 i s updafeenidacend fongihyse Aglsoashienpnatiions 88 61Bd bhesolPIRNioRYPSY st em

for data at acﬁ ecified nenory .address, and returns the data to register
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whi ch  thenmb&aus | s : store wites data froma register
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by advagged | oad Sge[ations. For one enbodi nent of ALAT 160, each entry

can be <8frayeSiehieaivavapablea Aydipreeniss Jata dvnes segifterain fdeadaeshd arad, t he
r egi Sterm&@rlcvcwmchﬁ?ndﬁg%c??cﬁ of the target nenory address are destined
), a statli

("target register" n s of the target address. Wen an advanced

| oad is detec i.adi gations, of the target address and target register
are stored iréjg%Telr?p rl?,ﬁu ??cfnglt?[ca"t“lﬁ%csﬁf’t”_ itk thedperpery; addrasaesofdatit t he

target asgees bk nagiiee lodddpRidRink ORo/ &c\@ﬁ(;ﬂog}]rgéh'%}_ﬁ&ggr qgﬁ,ocaif:ﬂgllmtédes a

nonitor unit 164 to observe selected | oa store transacti ons and
updat e (AR DRSSATO itigate the takgebmgimeny yddréssiof ex adpineed Idadameasigdsiestyrt ar get ed

by stor I tagrget address in ALAT 160, the status bit is set to
Undi cat g”@ﬁg{he?ﬁg‘cg‘ﬁtO‘r}}g‘? Es“"%cg SRS Addrats aic destined R dareshisgiGTOR RN DY t he
| nvent | susrahs (6aReAgR0 Witkn b adyS60! BRON AL, il AcHRABLPrhe el Ndi cat e

that data_returned by the advanced |load is not va e co n between

the adPddesrnddaigehirgiserore siathdrio 98 estrypad s sthes biaisser ef indiverd thyt thére
advance%&&%ﬁdf@é’/r&?ster information is valid. ALAT 160 also includes a monitor unit 164

to observe selected load and store transactions and update the ALAT entries
accordingly. For example, if an address targeted by store overlaps a target address in
ALAT 160, the status bit is set to indicate that the entry is no longer valid. For one
embodiment of the invention, a corresponding bit in a scoreboard unit is updated to
indicate that data returned by the advanced load is not valid. The collision between the
advanced load and store addresses means the data returned by the advanced load may be

stale. A check load instruction triggers a read of ALAT 160 to determine if a recovery

operation is necessary.

Fig. 2 is a flowchart representing a method 200 for implementin g an advanced
load operation, using an ALAT or equivalent tracking mechanism. An advanced load is
executed 210 and an entry is made 220 in the ALAT, identifying the target memory
address from which the data is loaded. Intervening instructions 230 are issued and
monitor circuitry updates 240 the ALAT according to selected store and load operations.

For example, stores by a register stack engine and later load operations need not be
7



stale. A check load instruction triggers a read of ALAT 160 to det er%rinzﬁm

a recoveyy g1 /QRes ation is necessary. Fig. 2 is a flowhart £55044 Ng a
nmet hod 200 for inplenenting an advanced | oad operation, lfjéffﬁé anﬂég«lLAT or

equi val ent tracking mechanism An advanced |load is executed 210 and an
entry is made 220 in the ALAT, identifying the target nmenory address from
whi ch t h&pdeEed; $or eaasmbogiment. veninegitdmsicnitct ¢onsare3Be ateendry sdedsand

noni t or ¢i LI . t he. ALAT, according.to selected store and | oad

oper at i o?nésﬂ.:u%Hé or%e%g%gﬁrg%éﬁ‘g? SRy SJq'r%ﬁF%{oérpo %P?EWQ?% adgrgsyeatdr | oad

oper at i otte AlAT. 1Dk nhectis Wi 485 817 afl oMAY A0 mﬁ’:ﬁféﬂ&’i%%%%??
npar es

noni t ored, . For. one_enbodi nent, the nonitor circulitry co e nenory
addr ess 24drsrieHyalidygdt As netedrabovd, other hebrdimmmys mdylempheun(‘Omppdédi ons  of

menory a i ALAT., If a match.is detected, the entry

associ at g%[cgl\n%? ﬁa%’%e&%{aéggﬁ?aﬁﬁs PRADPYC 2ddigs §tPé§"1“H§FaP‘?‘EF§t"’éGPHIA§mﬁot ed
above, ot her xla.gbodi nents may enploy an "inperfect match schene" that
conpar es onl y 1 8oRRECkRRCERLON s b@icelly implsmenied P50an thcgioing o Hiesorigisal The check
oper at i Ofgh ' il - 1.0 int .i.n the or.iginal
progr am grrger g’?‘:ﬁﬁf Jgﬁm? %F’gggb%g%%ggf‘g%n%\lﬁgugﬁcﬁtieﬂdﬁ'§}S ?F@HPSBPOT Y. its

| ocat i onbging oxscltedluldeibioge eaniitdtbetharidavde! iTae UpskspeRtign LML (5t ore. The
check Op&t ion reads the ALAT entry associated with nmenory address
ref erenc VI ASSORI AT dithy aemmory| ddiese referneagd bisthe afvadcedbadt fiftheesul t s

ret ur nedediit it RSt to.be valid (nqot . stal and
processi nrg%,(:l(g)n?i‘%gggqgg%ﬁﬁ?{‘%ﬁ&eﬁ?’é%gaqcﬁs ?Eldoaﬂi%ﬁ}’g’tbﬁéo ngg]pfﬁno,i et ur ned
by the swvpardguotcanganatiass BTed I e BRry StiabAid 240, the PHBLsQERNGE Y €] evant
store oglgég i ons B)ggy have updated the nmenory address after it was accessed

by the YaDGeq 1Rag-arg gssumpd do by 'sale i peonnasrporsrelevaiusere speasonst ed 280.
The pre ) i j ni.sm.f or handl i such failing check
presgpy héd@‘(ﬁ:ﬂ%lcﬂ%fh@%{'ﬁgﬁ%aqess@&pﬂw acc‘?ﬁ%@% 63&?@%&&%@ m'"

| oads efficiently. Wiaile € operations of ne ’

sequent ithislopse, & hecqyeasproteduny BrixeOhted 280, Mke pieBirk @fehQort PRVEHS Gl OSed
sequence. For, eﬁén'gl e,.executing 210 the advanced load and initiating 220
{ bapdiine

the ALATERaRyM spRh faking check deads pEiIcAenaly. entry nmay be initiated
before the advanced load is executed. Simlalry, nonitoring the intervening
i nstructi ons Yhde thedenersipns loé mathad 2000 stiavgl seqrentiatigcthe pratepaingédtdn. | n

gener al 'is I‘lg'ﬁimitcd to the disclosed sequence. For example, executing 210 the advanced load

and initiating 220 the ALAT entry may occur in parallel or the ALAT entry may be
initiated before the advanced load is executed. Similalry, monitoring the intervening
instructions and updating the ALAT accordingly may occur in parallel. In general, the
disclosed methods permit certain operations that are shown as sequential to be reordered
or implemented in parallel, and the present invention is not limited to the specific
ordering shown. Persons skilled in the art and having the benefit of this disclosure will

recognize where particular sequences are to be observed.

A processor performs a number of functions to recover from a failed load check
operations. It retrieves the correct data, identifies and eliminates any operations that may
have used the incorrect (stale) data, and adjusts the processor controls to repeat selected
operations usiﬂg the correct load data. Here, “correct data” refers to the data written to

the memory address (or portion of the memory address) by the more recent, conflicting

store operation.



di scl osed nethods permt certain operations that are shown as sequengifaMaytigo,

be reordepedssses | npl enented in parallel, and the present PH‘ bjA.94y 1S not
limted to the specific ordering shown. Persons skilled in the art and

having the benefit of this disclosure will recognize where particul ar
sequences are o be observed. rocessor perfornms a nunber of functions to
recover from zla:rb P8R %‘HQ‘F‘S‘E&“&% RPHVBB%?%@%%@ checkpig desigrpddo pravidefastect
dat a, i degddutibeforahélcBkiimwhaitfSe A cRRA AL LRRS lédﬁa&ocg?j& ?cﬂfi‘ cenged the

ntr or

I ncorrect &stal_e) data, and adjusts the processor co ol's fféat
sel ect eduin@papbighaedstosd. ripriehempler thedvad drdk dalyaot Hesse ratiag 166¢, «dat a"

adr eas) SFRRE i 1 Fiatem S piats ETRg e aiooK e gy ArdcoRata 8 WrOR) 48508 2
6 VAY 200is oW 11480BGR0AZ fepenPbPuRTRAM RN el DRoh YRR Ay She | 0ad

check is designed to provide fast executlon e case t he
associ at efterabi/mnd ebedkdastrubties, wsiig heldaiadenmddbyathe a8RBics@dadoFatL gd St ore.

For exanpl e. ,the l.oad chec ayse tracking logic, e.g. scoreboard
134, to TATIPIAY CRASSRauFats ﬁ’%%&%ﬁ-@ﬁi} andARR RTINS Maydte edatuted i
returnedyaratld)i s all ows instructions that depend on the target data to
execute concurrently with or after the |oad check instruction, using the

dat a returnedghy e vanced | oad. For the, exenplary code sequence, the
CHECK LQOAD agﬁ‘EA%Bh‘?fr]ns r“ﬁé“?i”dﬁ%scﬁgﬂ’/g BRe %’%E%%F’éa‘%mﬁéﬁoéﬁpﬁm Fig. 3is a
fl ow chaadcordapteosien tticrgre aneiRaRosH 58 Mcotkridy f}%*ho&lcgggozégrbge%faﬁrtﬁ%”ce Wi th

the present invention for recovering froma check peration that
det ect s 31350t MRtGnsRY coBisiansheswedreanmdvanced et amte it vaad vadidambigekey ant |

undi sanmhj t‘ﬁﬁ!i% r “fakling.|.oad.check" |f. no collision is detected
310, tﬂggtﬁgg C ggia(arcgmpfgatde g‘@%“!\?(%%?ﬂ%d”ﬁ&?ﬁ%@@%ﬁ reatedased. If a
col |i si aMOPS20aneé alettbd33M, is ekRed. Oad cBNRM ik JeteC2A%ENAe ﬁ%@ dh@cidjs! oad to
retrieve the updated data fromthe nenory system Since the Toad check

oper at i GV HOdRerditretricxs heungiatzdrdal afoerh ¢l seomEy Spermt Sows tiehat

otenti he. ress. tar ed by the advanced | oad, the
(F:)or rect qg%%/%ﬂépg%%\z}%%}ﬁasbﬁ gpc{%ecf%gcr%%%&f%g&%ﬁ&gé‘r?é‘?:??cr@b??é ¥ st ructi ons
in the gommtalpupdas demeasoiyheldiaathrehesky sy Wl QBad e ekl &ata is

available to the converted load check.

Some instructions in the same issue group as the load check instruction may retire
even if the load check operation fails. An instruction is said to retire if it is allowed to
update the architectural state of the processor. For the disclosed embodiment of method

300, instructions that precede the failed load check instruction in execution order are
retired 340,

The stale data detected 310 by the load check operation may be used by
instructions scheduled after the load check operation. As noted above, one embodiment
of the check load operation does not cause the scoreboard to mark its target register as
unavailable. This allows dependent instructions to proceed with the data returned by the
advanced load. However, this also means that if the load check fails, these in-flight
instructions should be canceled and re-executed. Other embodiments of the invention

may employ different mechanisms to hold off execution of dependent instructions.

For method 300, dependent instructions are canceled by flushing 350 the

Instruction pipeline and resteering 360 the processor to the instruction that follows the

g



even if the | oad check operation fails. An instruction is said to ref HrMAYiZii

it is akigmRmEsdgo update the architectural state of the peaagss8ies7 FOor the
di scl osed enbodi nent of nmethod 300, instructions that precede the failed

| oad check instruction in execution order are retired 340. The stal e data

det ect ed 312 ‘81% t he | oad. check eration may be used by instructions
schedul et % GRZAYT I OHEER! Bisss HsFyRLionadTem Laas Hisciade dyadetamodei ment

of the chggds h2a% RREHAT bPhdfes [I_b(%?gﬁgﬁléﬁ‘énttﬂgtﬁgcq &n@'gﬂkﬁ% ts

target register as unavail able. ows d ‘énde“h Fuct1ons to
proceed wavhilathe Hat wﬁrtﬂnlwdmdntb:;f thmmvcmbmncse@tcbm@lbu keyoeMesd, witthine al so
means that if the g%check f ai l‘i‘ﬁbt hese in-flig i nstructions should be

cancel ed[a’é?r‘?ﬂmrg@gx‘@ﬁh St t‘b!‘ﬁ]é?at e hipdated éﬁtat%“?trwé%fthﬁc wely enpl oy
di f f er enthiogg | SR stOv ! e @ gygat&f(f%ﬁﬁftdﬁ&% {m@@@ﬁ?ﬁ% :hd tﬁ]%g %ﬁ&‘%ﬁc” For

met hod 300, depéndent i|nstructions are cance
i nstructt’n}ouhc}ﬁmhnglcheclelnﬂki opshtér i ng 360 the processor to the instruction
that follows the 9 2 6 MAY 2004 WD 01/ 48598 PCTI USQ032087 check | oad

oper ation. TCFipr £Y&ttschRO86tenShbsEiieAnst § FRMISH00Tod H&ﬁdﬁﬁ@hﬁ ifiAaq Det or e
the correct data is returned by the check | oad operation ar get

regi st ercheek ipakrkeutPra i ageprdance wathl thb Ipe‘:serﬁonv-mﬁmne iviroltidndt is afvatiféon

i nventi on, ard, bit at ed th target register may be set
to indi cat a‘lhﬂég bﬁﬁ”g’cﬂcp'tﬁ‘ﬁtl%?fac%ﬁﬁélaﬁ%h% ?ff freleaparaligf.  This bit may
be resetspuhanivele mnﬂekﬁ&khr;gaﬂlm;acbﬁlsr&tLtm@@omy,omedét&@éqnot Afptnd S spawned

by the fal ling check | oad operation. Fig represents a bodi ment
of a netrh®dd soporied 4Héna]hlsn‘gayfb§ﬁ@lmgf¢raadmplﬂ1bglcommmxfguhtls;mslzmmaccordance

h th hod 300 wh
the 1 ondoRHEANPE, ek iS5hd6 A8 meinfo 48 de o sRReliat tvel y. betore
checki ngndaReib®y, sk 4505hO@strhdtidtOpipQlidel Fésfé@rs'tﬁéofiﬁé ﬁ%l% 4R the reload

is aborted 414. This may be done, fol exanple y cohverting the
specul atipsiictipp fllawing thadriled foad chetX arsi sots 479 tHebmedtodrddiio, met hod 400
retires 440 selected instructions, flushes 450 the instruction pipeline,

resteers 460 Rifes i qoﬂdmtmntmpﬁcmtmlgmt intthér@mntfodthaiiong nidiieod 500l foe | oad
check and sets 470 the scoreboard bit. %% 5 is a flowhart representing
yet anofffEYendpHa nggpadichaek Rparations. f Methodebvea bsgised avherai | i ng | oad

check OQI?SrtﬁiHi&ﬁsthaM}’éﬂaR&j o 8 dRY el Enbs 89 (W8 anced load instruction are also

rescheduled ahead of an undisambiguated store instruction. The dependent instructions
are executed ahead of the load check instruction, and they are also retired before the load
check, if no intervening exception arises. If the load check detects a collision, data used
by the dependent instructions is stale, and any effects their results have on the

architectural state of the processor need to be addressed.

For one embodiment of the invention, a compiler may advance dependent
instructions in this manner, provided it also generates a recovery routine or "fix-up code"
at compile time. The recovery routine may be accessed in the event the check load
operation indicates a mismatch. The recovery routine includes instructions to reset the
register largeted by the advanced load operation with the correct data value, e.g. the
value returned by the second load, and repeat any dependent instructions using the
corrected register values. Method 500 implements an error handler routine to effect the

recovery.



instructions that depend on the data returned by the advanced | oad 7 6 MAY 2004
i nstruct, ?8[?% al so reschedul ed ahead of an undi sanbi g

instrucﬁd(;?ll./ e dependent instructions are executed ahg’%ﬁé%ﬂ oad
check instruction, and they are also retired before the load check, if no

i ntervening exception &rlintges. If the load check detects a collision, data
used by the BH¥TBRYEAO £ Idiahsrsdstermynes L0 vhetheaaposhiialacdlisiore r resul ts

n it et f be add d. F
one.ennoi TRt SR AT PALS Sl bR R Mupafieonne &
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routine | [ Y e : eqi ster target t he
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r et ur nectlyinttseng ecfiight inadct athiEnepdepaiy dREREE@MtirdcN§ bh Wied QRS USi ng
the cor ectéd register values. Method 500 inplénents an” error handl er
routi ne 437 FPTHER Of His PrpesseRidp Jhenpagyed0a Au emoshapd Bng\vtiag0ehiclPCTI USOQ 32087

For met BﬁﬁTpf"_PQQS mgpﬁ&vggpw%lpag{:o determ nes 510 whether a potential collision

occurre no collisi’o étected 510, the | oad portion of the | oad
check is tregted 520 3s a . .If a collision is detected 510, selected

i nstructi onsa%ﬁrémF EﬂbPaW’%g?S‘FHBVWPr‘@G errprkandlies FyHEe indiXadcodesr

exanpl e,that1§ b lof O ih&tnidiens &t 8eFhadReQ i g recede
the I oad check in gé%zclgti on 8rder.c#ﬁe iﬁsiyrtslfg??lgc%a ioge f:':érff‘é}'!|l:l':g.&li‘“f“t‘ij)shed 540
to el ifAyrthe advenged lead insgrctiomsThalbnd drssuctiat is rayxaterd 3¢0dindabe | y or
indirect]y on the stale data. Co | of th rocessor is then passed to
an er r or HEAR] HYISR0S A FTPRHo0 ¢ finys Decbs SbPINE) Sr o fscrieenen.  For one
enbodi mesdd. Of he! f16cdsbrerk BifbcntriBst Rk i OforlaRM W L D& hifd thd e ode”
that is aware ﬁoé‘} ar?y instrucg:tironst tﬁatorﬁgpgndﬂgiﬂﬁ%gﬁ %&P&Fﬁﬁ‘ﬁ‘é@??i on the
dat a r etars rreckd, byd exesutiolv sasumds 53R evithnkd metrtdtion folldhvenk dadfailagigadct i on is
re- execu}]%%o.%o and the dependent instructions are re-executed 570, using

the dat 3 ProVttOBy the re-executed |oad. The processor's architectural

state is corrected when these re-executed instructions are retired, and
execution redtBLicasd With 1§5Reck tq Figt Zuxaripunoncsiticonohmethiods R, 1468 andad

500 may be implemented in orders that are different from those indicated. In addition,
methods 300, 400, and 500 may be implemented in whole or in part through a micro-irap
mechanism. The micro-trap mechanism may be better appreciated with reference to a

parucular embodiment of XPN unit 170.

Fig. 6 is a block diagram of processor 104, including details of one embodiment
of XPN 170 that is suitable for implementing the present invention. The disclosed
embodiment of XPN 170 has a decentralized structure comprising local exception units
670(a), 670(b), and 670(c) (generically, "local exception unit" 670) to reduce signal
transmission times and routing congestion. The present invention does not require a
decentralized structure for XPN 170, and where timing and routing considerations
permit, the operations described below may be implemented through an embodiment of

XPN 170 having a centralized exception processing unit.

Portions of processor 104 that are common to Figs. 1 and 5 are indicated with the
same reference numbers. For example, instruction fetch unit 114, instruction dispersal

unit 118, execution module 140, cache 150 and cache 180 are indicated in Fig. 6.
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check instruction. As indicated with respect to Fig. 2, various oper?téimr?swm
of net hedso1Z@8s 400 and 500 may be inplenented in orders -
different fromthose indicated. In addition, methods 300, 400, and 500 rmay
be inplenented in whole or in part through a mcro-trap mechanism The

mcro-tr ani,s . he,better, appreciated with reference to a
Tt eul e TRGD ARG e A Bt 2RRE R g €S0L) istiom (eragealim of
pr ocessdfexddidion uing! 650 NG 8 trdirken 0 o) E@%ﬂwﬁﬂ{% %Jf%(ép‘%g Sg%doidisnem

suitabl e for inplenenting the present invertion.

of XPN 1ERUpaExerugienamits gﬁ@(ﬁbdﬁﬁl(n)ﬂ:rbmreﬂmamﬁimiraﬁeh@ﬁﬁfoommﬂOn units
670(a), &Bﬁr&bl) § and lr6}(I70é1_;:c). g_]?fneri cally, "local exception unit"” 670) to
reduce sognit CRFERE (Genesigally. e mant post 66MNg Resiryoant iporis 6Ghareistagsrent

i nvent i QcH@aRattRhtrbBMY iréife fen i GEME AL e o0 XPN 170, and
where timing and routi né cons, der at i Sﬁéﬁszlgg?%&%&jﬁ)% H’élrocﬁgfﬂfqn ¢ descri bed

bel ow n@yeddionmpite @80t ed t hr ough an enbodi ment of XPN 170 havi ng a
centralized exception processing unit. Portions of processor 104 that are

common to Fi §r edception hamdligidpdiatiohe dat telird it SABSO" ers. For
exanpl e struction fetch undi?)td 114, i nstrtchti or?%di sgérglgsrg%ﬁ&ﬁtﬁi 18,

execut i dﬁb PEFSEATESPARRTIISAIB ImpdEment hr idBQictipe than Hhcabeaddite fhig. 6. 11

WO 01/ 4 : .USQQ0 ecution nodul e 140 incl udes

Ul 1 pl S B Lt TOr Ba 0E GEGLITT S0PR). FHGHErFAion D an e GRB uni i 650")
whi ch r epired oin itd etirexapbe 660 6€i bredD8&ehElS: o RS iatd S he PAfaBRUS -
Execution units 4?20(‘1) - 650(n) are termnated wth retirenent ports

660( 1) - “BBOLHYNERA LAEEEFEIoN Rogedddri cal |y, retirement port 660). Retirenent
ports 660 are stagin | at ches that control the retirenent of instructions
processed by Fendiedissdrsed spbndimegt oEXBNUTOpeddblbt A eRBPtiok@hnityoept i on

handl i ngmggggsat iconéb eac E_eti enenf. port 660 represents to XPN 170 the
processor Fesour cRYCTYENE of“rf'b? BIREHEC H§ORI58E Hak diedroximate teas(“fasakhed t he

final mso@eeds. FéseapipleIRANMRE:SKERIEIRND) WAkl 820 fach i nstruction in
an issue group is ret_ierI ed from ?t s reti r%n%a%?&pg??’pcéggg%%g? hor ed,
dependi BRjceHed befesetopmit b4 artddnghukiah dispervai tnis i ihabinfiRily] fosalwxespiidon port
654. . : C . :
unit 670(c) receives exception signals generated by execution units 650, ALAT 160, and
cache 180. Local exception unit 670(b) receives exception signals generated by cache
150. Each local exception unit 670 generates local commit signals for an issue group
according to the exception signals it receives from its local resources and the relative
ordering of the instructions in the issue group. Local commit signals from different

exception units are combined to form a global commit si gnal for each execution pont
660.

Commit signals depend or which instructions raise exceptions, the relative
ordering of the instructions, and the types of exceptions raised. For example, when a
load check instruction raises an exception on an ALAT miss (load check failure), all
instructions in the issue group that precede the load check instruction and the load check
instruction itself are committed. Instructions that follow the load check instruction in
execution are not retired unti} the exception (ALAT miss) is addressed. Thus, the
relative ordering of the instructions determines which exception signals received by local
exception unit 670 effect the local commit signals. If multiple instructions raise

exceptions, only the exception raised by the first instruction in execution order is

12



For the disclosed enbodi nent of XPN 170, each | ocal exception unit 6Z$anezﬂm
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excepti on, R‘f@ CATPUCH Jails, drisamings Bréghesirripriy onglobakexceptmonnti ngl y, when

an i nst rgtakia@R areie@Sadirkd 4 B ' hese ar rioritized to

det ermi ne_whi ch to process @f?%r% éﬁ?gﬁé gl'alﬁgl cél(cﬁq’stf)c’é‘k (gﬁcgﬁfoé‘ﬁ]u?aéﬁ{eesenti ng
REG EXENQETP UREWNIt eteaeppsqetd inahs bages rod @f Fihg. enbodi nent of XPN 170 of
Fig. 6. The disclosed pipeline stages represent operations inplenmented by

various bl ocKorahe kmbafinexe 6Pthe ek seit ihSefdit, 1:0a\BRHE 024 fn@l.lrhétﬂgu set0pd check
i nstructi.on thrﬁ%’z&g@t m cro-architectural trap nmechani sm e top row

r epr esert SASEYF 1t REL stags saindlicegmif datafTon 6l spedifiedmaneomgratidpes t s 660

as | oad-s not yet available in the target register. For one embodiment of the invention, the
associated load check instruction does not adjust this bit. This allows instructions that

depend on the targeted data to proceed, using the data returned by the advanced load
before it is validated by the load check.

An ALAT miss exception is generated in the EXE stage and communicated to its
local exception unit in the DET stage. Signal ransmission within a single clock cycle is
made possible by coupling the ALAT to a nearby, i.e. local exception unit of XPN unit
170. Blocks A, B, C, E and F in the middle row of the DET stage represent the
operations carried out by local exception unit 670(c) when it receives the ALAT miss
exception signal and any other exception signals generated by the load check instruction
or other instructions in the same issue group. Exceptions from other resources may be

processed through local exception units 670(a), 670(b).

Block A processes exception signals to generate a local commit signal for each
execution port 660. For example, resources associated with the various types of load

and store instructions include scoreboard 134, ALAT 160 and MU 650(n). Local
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type instructions, i.e. advanced |oads, |oad checks, etc. transit chIEMY 2004

pi pel i ngysbha@gess The m ddle represents operations perforng 55 X0 209C
exception units 670. For the disclosed enbodinment of XPN 1 one | ocal

exception unit collects exception signals fromthe other | ocal exception

uni ts, determ nes, @gﬁ?hest priority or_global exception, and generates a
rest eer %M&P‘é%‘bm&bg? PR *FeruonieSTgisdHan those sppobisas tmmmwbethtrat are

e e STk Pk i lefed RPLESEALPTal Sid0Gn0AMLAMN 0 8 fecorTo M One

enbodi ment “of the pré&sent |nve an a sets a

bit in sefi=bdardl eSkptinn RET 636@ymakes 4 sidiiat@eithing@bmfoct bapbige specified
menory address 1is _nagt yet available in the target register. For one
enbodi ne‘ﬁfmb’POPﬁEn thgy EsveisorP ﬂohé’hlcé@étﬁéﬂa{?%ttld\@adcwhptm §igrsAly, aod lawal does

not adj ;: t [ tlonstht nd on the targeted |
dat a tot%r cee rmt]‘;sﬁlﬁfng43 ﬁ"@lﬁﬁl\éﬁr% ur ne cxbrmn?%%“ %&@%ﬂ Isiﬂal fefore it is
val i dat adcdive frbe theiadocd esstourdes. A&A'Brdﬁr%&sﬁh?a%@fth@ékchﬁuﬂﬁsnﬁﬂﬁé f26miife the EXE

stage and comunicated to its | ocal exceptl on unit in the DET stage.

Si gnal tREAYHEESPHAN RPELA fths mastglienscaf shaassyectroup sﬁndmimjﬁrspossvcbloa iby
coupl i ng:xg‘g_ﬁ oél'd%gc a@rﬁj}g a.fpéxcé 1‘§H|IJ &)cgg_rmexc{:eptl on unit of XPN unit 170.

Bl ocks A e Tow of "the DET stage represent the

operations c d out b ocal exception u it 670(c) when it receives the
AUAT i o5 e lespt TRy Enas T 4ot 19D o Erctb RER e HHch 9. busheat ed. by

the |Oa@xg@rﬁ.ﬁ%mnf%tléékﬁtréébﬂrccg’ranﬁtfgﬁhrﬂmb ek ubﬁ‘ &Jﬂﬁgé Oca'D%‘l“e group.

Exceptions from other resources nay be processe oug exception
units 670¢a) Bl@ﬁf(ﬁ@)gcnamm JAchmactaﬁmeslmbepbmmd smgprnaﬁ:sr indtrgRivarat e a
| ocal commit. each execu ort 660. For exanple, resources

associ af éﬁcl\ﬂof] r? ‘ilfﬁéh%{ﬂsfﬁﬁn tXR5RYO D ARG SheTes IEEFSE FOBHETSI ncl ude
scor ebogd cﬂé}l‘%plc Al'fﬁioﬂ@&uféﬁ@n%cﬁg’p ﬁrfk crsl-aBCﬂAgfehu\épc;p&ﬁﬂ$§ %ﬁd %81 Y 2004

PCT/ USOQ 320 exception unit 670 exception sigha rom -t
resour céssttlmstdlétren nh peontien loeder ta ﬂ\@scta dlzedexchptidn $ighd §eredcaionepeeept | | on t hat

affects t Sign t xec tio 66Q(n Local exception unit

57000 G S Be Rt Bl S R Pl PO soBRHbT Bl b auilr AN t he

i ssue gtemmiggnmhwﬁ&hllhdx&%ﬁhm&%cf @h%ﬁrﬁhc%ﬁﬁ%b% %Jhgmk%m&g fl, jocal
ase

exception units 670 670 make similar determ nations on the
si gnal s ek¢fayion port 66 (n) shoul bc retired or ignored. Similar determinations are made for

execution ports 660(1) - 660(n-1).

Block (B) generates a flush signal that is distributed to resources of the processor
when the corresponding local exception unit detects an exception. The flush signal(s) is
used to clear the pipeline of all instructions which have not yet reached the RET stage.
For example, instructions that follow the failing load check instruction in execution order
are cleared (flushed), an.ci the pipeline is resteered to an exception handler (method 500)

or replay instruction (methods 300, 400).

If multiple exceptions are raised by a single instruction, these are prioritized in
block (E) and encoded in block (F) in stage DET. The encoded, prioritized signals are
forwarded to the central exception unit, along with signals characterizing the exception.
For example, block (C) sets bits to indicate if the exception is an architectural trap, an
architectural fault, a micro-architectural trap, or a micro-architectural fault. These bits
indicate the nature of the local, highest priority exception to the central exception unit.

Encoding the exception signals reduces the routing congestion.
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receive fromtheir |local resources. An order mask maps the exception £ MAY 2004
I'ssu

si ghal swd @mdsée vari ous execution ports to the instructﬂ&qﬁsﬁkz&ge SS
group, and the first instruction in execution order that Ttarsed an
exception is determned. Local commit signals are generated by each | ocal
exception uni VA on .signals fromits |ocal, resources, and

f orwar ded to tgggéa%ed)%gcgﬁsféﬁggl gﬁg%éﬂo?lﬁj fRESPREY @ signalgellegioncpointan thener at es
a | ocal edeapd (@Ordih@iay) er&spPich ahR e W 1bbar@xidhish ol ion.in, execution
order that raises an _exceptional conditi onmlE ﬁgﬁyhgﬁg?%g}drtgggﬁ%oécsa(it

noni t or s SMbpdimeay gbXPA 170 SignaafforhiecH exagtivnahitoaretcoligget B @e RATAT ni ss
exceptiog, i toiks the first instruction in execution order to do so,

t he exce%?i’%%dgtloﬁﬁgi whif USSR SHEBAS SR FeTBBbE 8ot scepsion aidsesieerhock ( H)
conbi nespipbknd BBt 2 Hite Sk 8A0A hhRdIPF G4l mwit si.gnal, which
i ndi cat egitpv\,het_ her the foad cﬁég}?k i nstlrﬁgr;/ljiegﬁ?’%\(}\%ﬁ%gaﬁhg g@ﬁt;all 8’r‘ﬁclp§‘gf‘n

execut i omapde ideagdied) for skroupld, tedatetiiniag from tgrietadable Sided Infémaeiogr M nat i ons
are made i.on.ports 66Q(1) - 660(n-1). Block (B) generates a
flush si B’Iﬁ‘gfl cf‘ﬁaﬁt%i%é‘c r}ég?‘r‘i%ﬁw%%égfb&%a%@@ﬂmmpm presueesorder ohidn t he
cor r espoRsliengok CRér B ARRIdsaN I e ion,. The flu

si gnal (s i? uEged o clear t%‘gﬂ%‘%‘ggﬁ‘ﬁ@@ﬁa‘QP1 Bﬁ?ﬁés)s%cfﬂé‘?%ﬁs‘sﬁﬁi“@glchave not
yet reachelgck hxcleEafiestthygwad chark iestargube is fetigddr uct i ons that fol | ow t he
failing | oad check instruction in execution order are cleared (flushed),

and the pi peIAﬂelri:mariecséxﬁ%cﬁ%chpoﬂﬂc??&%&Rtiﬁ%tibﬁ‘%ly‘?ﬁcnzfggtﬁlﬁf&%%é}?@in or

replay instruction (nmethods 300, 400). If multiple“exc ons are raised by
a si ngl &b ARICKIe3d eReratigTeioacegss apekenpition hentllem Fdbleomiple Bin offiett ernediad i n

bl ock (F) he encoded rioritjzed signals are orwarded to

t he cent]%‘é*éqcer%gp |do|?HE;r tﬁunc;ﬁto? néqygt??gusﬁfjf‘fep%‘}-‘b}?a ’§‘W§c?°éﬂifﬂil?ﬁb°fteﬁﬁ

except | doad. Farmhisxatodimer] 06loff&)sebBlconirich b Q bridh &abe: ddhrds 0 fxCePLT O
a i

is an ar%hitecég"irial trap, an architectural fault, cro-arc ect ur al
trap, or¢ scinfoad fails: Hhis embediment ydiges tthmeebdriaf pipeiinailastes ovfighaat ur e of

the | oc | EQri ti.on to the central exception unit.

Encodi n?uﬁ%} gﬂ@?ﬁ?%hﬂgcﬁgﬁgfgglﬂad%aggxfer?é'of’3&?‘9?@ congestion. 14 WO

01/ 48598 2 51%3{3@00%%??%](#%2&%82087 For the discl osed enbodi nent, block J
t

represents a signar fﬁ?c‘ﬁhﬁf“ts’ﬁ‘écor badiipg &alingtned aherk i ng)
except i asutdlidns. i Ioh@ERICk aXGRREDP T dRired 8 BBV hd b (RE LS SLARES i

detected between an associated advanced load instruction and a relevant,

]
é

undisambiguated store instruction. The mechanism converts a load check instruction to a
load instruction when a collision is detected, flushes selected instructions, and resteers
execution to a specified instruction. The mechanism may be implemented as a micro-
architectural trap under control of an exception/commit system or a branch. For one
embodiment of the invention, the resteer address is the address following the load check
instruction. For another embodiment of the invention, the restesr address is an exception
bandler routine that identifies and re-executes any instructions that depend on the
advanced load instruction and are scheduled ahead of the undisambiguated store. For yet
another embodiment of the invention, a re-load operation associated with the load check
operation is executed speculatively, i.e. before it is determined whether a collision
occurred. For still another embodiment of the invention, the check load includes a

branch operation that branches to "fix-up"” code when a potential collision is detected.
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enbodi ment of XPN 170. Signals from|local exception units are coIIecgngwymg
the RERwotiag®sby block J, which uses the signals to 'de?E&hﬁ.&Qﬁ glo
exception and resteer the pipeline to the appropriate exception ﬁandler or
repl ay address. The gl obal exception nay be identified, for exanple, by
determining fromthe available order information which encoded exception
corresponds Pseskelind indhg art ﬁgPﬁoe%iSP&ﬁ?Slgﬁ agsl deving ole brmaté obthit he i ssue

rou 7 the resteer address is

vai | b e o R oB R v R Rl Bl HEFbE PBRod Eepecrted.  An
al t er nataneghelekofilimeithinake $ddpe pr 8ReDberdded eRihoN May incorporate a branch in
the check | oad operation to access an exception handl er. For exanple, an

of fset provided in the check load instruction nay be used to point
o."fix-up code" for a failed check |oad. For this enbodinent, the offset
set is converted to a branch target address if the check load fails. This
enbodi nent reduces the nunber of pipeline flushes over the nunber involved
in inplenmenting a typical exception handler. There has thus been discl osed
a mechanismfor handling failing | oad check instructions. The | oad check
instruction is deened to fail when a (potential) collision is detected

bet ween an associ ated advanced | oad instruction and a rel evant,

undi sanbi guated store instruction. The nmechani sm converts a | oad check
instruction to a load instruction when a collision is detected, flushes
selected instructions, and resteers execution to a specified instruction.
The mechani sm nay be inplenented as a mcro- architectural trap under
control of an exception/comrmt systemor a branch. For one enbodi nent of
the invention, the resteer address is the address follow ng the | oad check
instruction. For anofher enbodi nent of the.invention, the resteer address
is an exception handler routine that identifies and re-executes any
instructions that depend on the advanced |oad instruction and are
schedul ed ahead of the undi sanbi guated store. For yet another enbodi nent
of the invention, a re-load operation associated with the | oad check
operation is executed speculatively, i.e. before it is determ ned whether a
collision occurred. For still another enbodi ment of the invention, the
check | oad includes a branch operation that branches to "fix-up" code when
a potential collision is detected. 15 2 6 MAY 2004 WD 01/ 48598

PCT/ USOQ' 32087 Persons skilled in the art of processor design and having
the benefit of this
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di sclosure will recogni ze variations and nodifications of the disclosed
enbodi nents that none the less fall within the scope of the appendeZIEW\Y 2004
clainms. 16 26 MAY 26Ul+ What is clained is: | . A nethod for processing

| oad operations conprising: |oading data froma nenory at a nenory address
to a regi®halistlRidegsPonse to a first |oad instruction; observing nenory
access associated with instructions executed between the first |oad
instruction and a | oad check instruction; updating a | oad tracking table
responsi Ve t o RRReIMitiPrétettlg bl SpBrab&lsWeRpridifle first load instruction and
the executed instructions to store informati on on status of the nmenory

addr ess t ar get leaipg/datomn ja memolyor @ nMemery addtes o2 regidenin regpanssodriebioar d
responsi Vig.d AstRR8&H:vi ng a col lision between the first load instruction and
the executed instructions to track data availability of the register;

checki ng t he |ebagivingamerionpceesh hsociztedyithisistpectipes expeutdddgtiveeinthe irst fpadr uct i on,
to determ : : yenory address; and converting the | oad
check ing’%ﬁr}ﬁlgﬁ}gar?ﬁ%gMg%Fg%d&?ﬁg@Octi on if indicated by the checked status
of the nenory updelingssloadtracKing tatristrbspdnsave te bbserning, a dollisiondetweemthe ifisit ng

execut i NGy hGEHSI naRELRLIAN il L EhroMibls, SRECKAEL Bhalys 3. The
met hod of oclaim 2, wherein execu I'ng a recovery operatron furthe

conpr i sesaddresargeted Yy thg fiostdoad instoetdnj nstructi ons in an i ssue group that

i ncl udes the | .check instruct.ion retlres -flushing instructions that
ol | ow the Toa aREAEosh IRl OB bR Bhos S e PUHET LF o

t hat f ol |iostsictidreand dleecexedueikinitmstions ¢ rawk dats aenilabibgtof dre reglderess. 4. The

nmet hod of cl ai . furth oMuLi,sing execut i jcro-architectural trap
2t the 1 oad cmeding o [oA8 e ROTRRS noPore 0 it Ny B BB st et s 5. The
met hod ofdedrminentht, stanfiexf diecmmemoecaddrasg) ahdhe mi cro-architectural trap

conprises: retiring instructions i.n urrent j.ssue .gro 0.and
Cncludi ng. t he 1Bt RHBE R tesh PRy Oa TR Pttt falp BBy BReh & s o1 1 ow
t he | oad stdmescdf thensdntang bddodss.

2. The method of claim 1, further comprising executing a recovery operation if indicated
by the checked status.
3. The method of claim 2, wherein executing a recovery operation further comprises:

identifying one or more instructions in an issue group that includes the load check
instruction to retire;

flushing instructions that follow the load check; and

indicating an address of a first instruction that follows the load check instruction as a

resteer address.

4. The method of claim 1, further comprising executing a micro-architectural trap at the

load check instruction when indicated by the checked status.

5. The method of claim 4, wherein executing the micro-architectural trap comprises:
retiring instructions in a current issue group up to and including the load check;

ignoring any in-flight instructions that follow the load check instruction.

6. The method of claim 5, wherein executing the microarchitectural trap further
comprises:
17



6. The nethod of claimb5, wherein executing the mcroarchitectural tigR
further conprises: 17 2 6 MAY 7004 setting a bit on the scoreboard 1AY 2004
indicate that data fromthe nenory address is not yet available in the
register; and resteering instruction execution to a first instruction that

follows the | oggifghaston thebieb&drd f%rlndlgate thialEtdaotle Qlfem%baddmegs is hotr ther

conprising branching to an error | er indicated by the |oad check
i nst r uct i Y avaglablypetheesgisiss asd cIa|n17 wherein branching to the error

handl er conpri l%@téermgCi@JtrﬁEtan'}kElﬂtl@rptoalqﬁgtmuéth tl;alf'?olﬁ(wvg & 1haRgL&" from an
of fset specified inthe |oad check instruction; d junping to the error

handi er. Osttustipiachi ne readabl e storage nedlunlon mhlch are stored
instructions that are executable by a processor to inplenment a nethod for
processi ng | oad operations, the nmethod conprising: processing an advanced
| oad operat i onTheométhedofgheim 1f fughar somenisprgbrangting tosan emophandtee gidseied by
observin gﬁg@ ssociated with instructions executed between the
advancedqr %%g?ggﬁﬁﬁmgnd a | oad check operation; updating an advanced

| oad address table responsive to observing a collision between the

advanced ¢ oad ﬂ&%&ﬁdd"&cﬁﬂﬂ dﬁ\bi%re%(gﬁlfé %‘r% c}b EﬁteFrHrcﬁJngfgﬁc:o[n%réé ore information

on status of t menor ess tar advanc oad operati on;
updati ng a scodetdsoining anexdp&@ﬁsﬁn\ﬁbe trmrdlbsﬁﬂr\fuongmapffsﬂlspécgiednn thelasd eheck he
advanced &?ﬁﬂu:PBﬁIat'on and the executed instructions to track data

avai l abi |} e register; processing a | oad check operation to
determ ne a sUampsg@dﬂmhemdanaeneturned by the advanced | oad operation;
and executing a mcro-architectural trap when the status of the data
indicates a failing _load check operation. 10. The nmachi ne readabl e nmedi um
of claim®, whémachkinpreatbdlsiaageanedpadonchiedkare pered tinsoncticoptiprarses:

executable by a processor to implement a method for processing load operations, the method
comprising;

processing an advanced load operation to load data from a memory address into a
register;

observing memory access associated with instructions executed between the
advanced load operation and a load check operation;

updating an advanced load address table responsive to observing a collision between
the advanced load operation and the executed instructions to store information on status of the
memory address targeted by the advance load operation;

updating a scoreboard responsive to observing a collision between the advanced load
operation and the executed instructions to track data availability of the register;

processing a load check operation to determine a status of the data returned by the
advanced load operation; and

executing a micro-architectural trap when the status of the data indicates a failing

load check operation,

10. The machine readable medium of claim 9, wherein processing a load check operation
comprises:
reading the advanced load address table to determine whether a subsequent store
operation collided with the advanced load operation; and
triggering a reload operation to the memory address if a collision is indicated.
18



readi ng the advanced | oad address table to determ ne whet her a subseguent
store operation collided with the advanced | oad operation; and trldbéﬁwﬁémﬂ
a reload operation to the nmenory address if a collision is indicated. 18 2
6 MAY 2004 11. The machi ne readabl e nedium of claim9, wherein executing a

i or 0ar ohiyt eCt icHhacyhk ARAGRIREG B8 obl4E WhBRBLEGhEHmiASiELi,ADS 11 om an

i nstruction execution pipeline; resteerin e I nstruction execution
pi pel i ne trap camgpwsi f i ed |nstruct|on 12. The nachlne r eadabl e nedi um of

claim 11, "‘he(rjﬁltsﬂlng%@cttétdﬁgséuht‘?on§?r%&gag%‘irqcno%%@cruhéfﬁpaﬁtet.—{ Qg a bit to

i ndicate the romthe nenor ress i1s available in a t ar get
regi ster. 13. réftecrmgdhiei in@ruptemdabﬂueomdelwmm)i swblﬁﬁdnnchtmmmr ein the
specified instruction is a first instruction following the |oad check
operation. 14. The machi ne readabl e nedi um of claim 11, wherein the

speci f i edl2i nstTheabdcbine readabld meditm ofﬂsTthCWhaeiniupdaingmersmTeﬂmrddl ing r outi ne.
15. The nmachi.ne r he erno handl i ng

Foutine e R T RL B TR S B Rl me S AR B ol EBb s I e

advanced thgadegigger ati on and reexecutes these instructions. 16. The machi ne
readabl e nmedium of claim9, wherein executing a mcro-architectural trap
conprises: flushing selected instructions froman instruction execution

pi pel i ne;13exeCTHein@hine Feadaiemydinm uf ¢laim tlowhetein thef spedifie idtrubtionds & Etst r ed

instructions t use turned by the advanced | oad operation; and
re- executPﬂﬁm?%gépﬂﬂﬁgp?%@@cpﬁ% OPEfé%ns using data updated by the
subsequent store operatlon 17. The nachine r eadabl e nedi um of claim 16,

wherein the hod furth ris er| the.instructi.on_execution
pi pel i ne 1?* ”Eltheﬁ%ﬂtc{ﬂama I 85" wﬁfém e&aac'ﬁ%e%fﬁ*w dAEh the

recovery jh@titiiditin GR BRoEHaRAIng t&utinéd processor conpr|5|ng a fetch unit to
provide instructions for execution; an advanced | oad address table (ALAT)

to store status information for a nmenory
15. The machine readable medium of claim 14, wherein the error handling routine

identifies instructions that depend on data returned by the advanced load operation and

reexecutes these instructions.

16. The machine readable medium of claim 9, wherein executing a micro-architectural
trap comprises:

flushing selected instructions from an instruction execution pipeline;

executing a recovery routine to identify one or more retired instructions that used data
returned by the advanced load operation; and

re-executing the identified instructions using data updated by the subsequent store

operation.

17. The machine readable medium of ¢claim 16, wherein the method further comprises
resteering the instruction execution pipeline to an instruction following the check load

operation when the recovery routine completes.

18. A processor comprising:
a fetch unit to provide instructions for execution;
an advanced load address table (ALAT) to store status information for 2 memory
address targeted by an advanced load instruction;
a scoreboard to keep track of data availability of one or more registers;
19



address targeted by an advanced | oad instruction; a scoreboard to keep
track of data availability of one or nore registers; 19 2 6 MAY 200424& MAY 2004
snoop unit to track | oad and store operations and to update the status
information; an exception unit to trigger a mcro-architectural trap when

i ndi cat ed by t.ﬁhﬁlo% ALt trabiDfoRd mts'tcgélope}a?rons-r iR PR ﬁ:%ﬁéjgtatﬁsf f(yn‘ﬂ'ﬁt n: k

wherein the status |nformat|on I's read 1n response to a

i nstruction anth exkeption seiptoitigger s micre-pichigrstusal trap whircindicaied by thesteys al trap
when the §kablig,, i nformation indicates the Ioad check instruction failed.
20. The processor of claim 18, wherein the exception unit flushes sel ected
instructions and provides a resteer address to the fetch unit. 21. The

processor,of Cf 'J&c%%mé{m’ 8 W% 16@:2%@&1"5 it c?:?.sk-él.ﬂ iRl %ﬁse%ﬁ'loraﬁt

|nstruct|ontha e1oa I NS |on|neecut|on order.
22. The pq’nadessmctlmfamlltm axc@lipn whietriggers thhmiq:reatcéefrcuaddraaydlen thdiseases a

first i nSt Folfl'l%gtllo?lq?dlcates the l{)a c\‘lgékyms[tr%lélglonnnenledZ?) The conputer system of claim

22, wherel'n exce I'ggers a conversion of the 1oad check
instruction to a | oad |nstruct|on when the | oad check instruction triggers

an ALAT Ss exceptian ut er Stel of cla .urther
comr si ). o oo pisfiim b SucRO e Rspf o Mo GHEYRR Eilelitl e i n
t he cacheand@rividak b essteecaidesd t6 thiehfetch osid check instruction to a | oad
instruction responsive to a signal fromthe exception unit. 26. The

conput er system of claim?22, wherein the nenory includes an error handl er
and t he Hxcepthiegioddssiot oﬂcmmee,r\shetdinethfeﬁstehr dddies ihdicdtévan fastrinstrubtiondbaer when

t he | oad ége‘%’:g‘m‘* Q)]a(t]%l:ljegf( 2 tl%rlg$(g{llil0?ﬂ LAT m ss exception. 27. The

conput er *0ad check instruction includes an
i ndi cation of a nenofy address associated wth the error handler and the

exception unit_ branches he |nd| ated ne ess when the | oad
check i nstr uct THPTesEPsghe "H Lay! ﬁ‘le ?teé&@g%f%(ﬂ%cm% tsrﬂ RYWHRRR 2 syst em
Corrpri Si r}géova@ réuthe MAY 2004

23, The computer system of claim 22, wherein exception unit triggers a conversion of the
load check instruction to a load instruction when the load check instruction triggers an ALAT

miss exception.
24. The computer system of claim 23, further comprising a cache controller.

25. The computer system of claim 24, wherein the cache controller converts the load

check instruction to a load instruction responsive to a signal from the exception unit.

26. The computer system of claim 22, wherein the memory includes an error handler and
the exception unit resteers the fetch unit to the error handler when the load check instruction

triggers an ALAT miss exception.

27. The computer system of claim 26, wherein the load check instruction includes an
indication of a memory address associated with the error handler and the exception unit
branches to the indicated memory address when the load check instruction triggers an ALAT

miss exception.

28. A computer system comprising:
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a nenory to store a conputer program the conputer programincluding an
advanced |oad instruction and a | oad check instruction; a processor 2tHaqAY 2004
execute instructions stored in the nenory, the processor including: a

fetch unit to retrieve instructions fromthe nenory; an ALAT to track

status i nf or maf j0flo9 daka dARAEK A, B@fon@p;&vegpfaggéd fadshoat iiglden: 2

scoreboard to keep frack of \ e registers; a
snoop uni kead ostystien endraeadschagkuigstivafioy mat i on in response to | oad and store

operations; ang n%&es dc?&:el:lﬁgmmclﬁoﬁsost& (1t1|n ﬁrhﬁ&r&qgﬁrg&§so§ﬁmﬁﬁ{ngvel y

according to MONi tOr & exception si Ion uni flush one
or nore |nstructlon@ﬁamdmnasmeewen$mudKMxﬂvmlhnHEHMQaa speC|f|ed addr ess

when the |oad check, /K'E}(f Hf'octtrelcg staEus mqgl%{atgior?gh (f‘ k‘ftlrgete& tg)y g\%nce%qoadzj'

instruction;

a scoreboard to keep track of data availability of one or more registers;

a snoop unit to update the status information in response to load and store
operations; and

an exception unit to retire instructions selectively according to monitored
exception signals, the exception unit to flush one or more instructions and resteer the fetch

unit to a specified address when the load check instruction triggers an ALAT miss exception,
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